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Introduction

1. Introduction

1.1. Construction and function of biomembranes

Cells are the structural and functional units dkabwn living organisms. These “building-
blocks” of life are self-contained and self-mainiag: they can take up nutriments or expel
waste, carry out metabolic reactions and reprodoemselves. A cell membrane confines
these complex entities from the external environimereserving their internal integrity. In
addition to the delimitation of the cell as a whirlam the extracellular environment, it also
maintains the characteristic differences betweem tbntent of each organelle (e.qg.
mitochondria, lysosomes, Golgi apparatus) withire thytoplasm. Furthermore, the
membranes are hosting various types of proteing;hare involved in many fundamental
processes, e.g. establishing ion gradients ovemtrabrane or acting as sensors to external

signals.

Despite the great variety of cells, and functionsyt exert, the general structure of the
membrane remains. They are formed by a thin filmipéls and proteins retaining their
organization via non-covalent interactio@ngerand Nicolsort”! proposed a fluid mosaic
model of the membrane structure, applicable to rhmébgical membranes, such as plasma
membranes and intracellular membranes (see Figdie The non-covalent interactions
between the lipids constituting the matrix of thembrane imply a certain degree of
translational and rotational freedom of the lipatsd the proteins in the bilaydfrye and
Edidin? suggested that the intermixing of membrane commsneas due to diffusion of

components within the membrane.

“The fluid mosaic structure is therefore formadlgalogous to a two-dimensional oriented

solution of integral proteins in the viscous phasljgd bilayer solvent !
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Figure 1.1: “The lipid-globular protein mosaic modéd with a lipid matrix (the fluid mosaic
model); schematic three-dimensional and cross-seactial views. The solid bodies with stippled
surfaces represent the globular integral proteins,which at long range are randomly
distributed in the plane of the membrane. ™!

A protein-free lipid bilayer remains impermeablent@st hydrophilic molecules, allowing
the formation of gradients over it (see Figure 1EJpecially high resistance against ion
intrusion is shown, independently to their sizeisTis mainly due to the charge and the
solvation shell around them, preventing their enimnythe hydrophobic core of the

membrane.

Hydrophobic molecules: “
0,, CO,, N,, Benzene

Small uncharged e
polar molecules:
H,O,Urea, Glycerol

Large uncharged
polar molecules:
Glucose, Sucrose <=1

lons:
H', Ca®™, K', Na', CI I

Lipid
bilayer

Figure 1.2: Relative permeability of a lipid bilaye to different classes of moleculet!
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The controlled transfer of ions or waste acrossntlieenbrane has therefore to be mediated.
Special membrane proteins are responsible for thasfer of particular classes of
molecules. They mainly belong to two major grougarier proteins and channel proteins.
Carrier proteins bind selectively the solute to tbensported and over a series of
conformational changes release it on the oppogleeaf the membrane. Channel proteins,
in contrary, create a hydrophilic pore across tleentorane, hence allowing the transport of
the species by diffusion. In addition to these @mynregulatory functions, other types of
proteins are responsible for the major part ofrttetabolisms occurring in the cell or at its

periphery, including recognition of other cellgyrsaling, and catalytic processes.

During the last decades, this high selectivity arghnization of cell membranes has been
attracting increasing scientific interests, esgdfcias an inspiration for the design of
biosensor platforms. Unfortunately, biological meartes are composed by hundreds of
different components. Due to this complexity, thdirect use for sensing purposes is
limited * ' Simplified approaches had to be developed in otdesbtain selective and
reproducible responses to defined stimuli. For tpigpose, various types of model

membranes have been developed.

1.2. Model membranes

Membrane processes can be reconstituted and studiedifferent types of model

membranes. These models, similar to the natural breames consist of amphiphilic
molecules which are able to self-organize in cantdth an aqueous medium. The main
driving force for this self-organization is the mgghobic effect, where the hydrophobic
parts of the molecules tend avoid interactions wittter® ” The amphiphiles used in the
vast majority of the examples for the conceptionmafdel membranes are lipids or lipid

based molecules, in analogy to their natural aygeet

Depending on the preparation process and the despplications, different types of lipid
assemblies can be constructed. In most casesirtietuses either lack of accessibility for
specific measurements or long term stability. Thesdlems have been overcome by the
developments of solid supported membranes (SSNts}.iftroduced bysackmanff! they

couple the fragile lipid membrane to a solid sudistrand consist of a bilayer membrane
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directly spread over a hydrophilic solid supporEM& can be prepared, either by direct
liposome fusion on the surfdte'® or by a combination of Langmuir film deposition
technique$t” Beyond the mechanical stability introduced byghpport, the planar bilayer
can be characterized by various surface analytozd$ since both sides of the membrane
can be accessed. A major drawback of the SSM=iprbximity of the proximal leaflet to
the substrate, only separated by a thin water |ggetOA). As a consequence, the
incorporation of transmembrane proteins is hindedad to the lack of submembrane
spacing itself or to the denaturation of proteiosimng in contact with the solid.

To enhance the applicability of such planar membrsystems to the study of embedded
proteins, various systems were derived from the S$proach, producing a decoupling of

the bilayer from the substrate. A non exhaustisiedf examples is depicted in Figure 1.3.

J ANAN)
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Llpld bllayer [ (/\\/ (/\\/ (/\\/ (/\\/ (/\\/ (/\\/ (/\\/ (/\\/ (/\\/ (/\\/ (/\\/ (/\\/ (/\\/ (/\\/ (/\\/ (/\\/
VALY A A
$00606060006066000066
Solid substrate | |
oo
D) NS
] (XY XX X YAVAVAVEVAVAVAVAVAVRVAY
VAR R \/\/\'\\iii\’\’\’\’
HH,KKKK NAVAAAA X}
y y \Hf \&/ \Hf \Hf \Hf M M M \/ \/ \\/ \\/ \\/ \\/

Figure 1.3: Different types of SSMs; A) original sgtem®, B) polymer cushioned bilayef** *¥,

long polymer-lipid cushion™* **) D) SSM over nanoporous substrat&$' *”) E) tethered bilayer

lipid membranes. &%

In this study, the approach of tethered bilayeidlimembranes (tBLMs) was favored. The
proximal leaflet of this type of model membranecwvalently bound to the surface by
anchor lipids. These lipids consist of hydrophathains being inserted in the bilayer, that
are directly linked to a short hydrophilic spadetraethylene glycol in our case) to create a
submembrane ionic reservoir. The hydrophilic moittyminates with a surface specific
anchor group being responsible for the immobil@atf the lipopolymer on the substrate.

This system unifies the advantages of being vallst addressable with different surface

4
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sensitive methods and permitting the study of fiometlly incorporated proteir& 202
The major drawback is the distribution of proteaver the complete substrate that prevents
the simultaneous and individual addressing of chffié types of proteins, that is highly

desirable for all sensor related applications.

1.3. Patterning of bilayers

The lateral fluidity of lipid membranes is essentiar the activity of the embedded
proteins. On the other hand, this intrinsic feaianesponsible for the continuous mixing of
all membrane constituents. The patterning of thenbrane in compartments is therefore
necessary for the creation of integrated devicak gpatially separated and addressable

fluid membrane patches with different chemical cosifon.

The selective polymerization of lipids was firsttroduced to enhance the long term
stability of liposomeé*?® or bilayer lipid membranes (BLM&Y *°! From these efforts,
different classes of polymerizable lipids were fgsized, with the reactive unit based on
acrylates or diacetylene groups and mainly locatetie hydrophobic chairf& 27 3032

few examples of polymerizable groups are showngure 1.4.

----CSC-C=C---- //—Q

CO--
-- _OC/\/\/

XX CO- - f@*o““
el T HOOC /

=(—oo---- _ -Nzg

co---- @

Figure 1.4: Examples of possible polymerizable grqs for lipids.
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Starting from these available monomeric lipidserécstudies demonstrated the possibility
to pattern SSMs on quartz surfaces, produced bygrbair film deposition techniqué®:

%4 Briefly, after bilayer formation on the substragephotolithographic mask was applied
under water over the probe and the sample was kMdiated. Thus, the structures in the
mask could be reproduced in the bilayer as a paiged film. Subsequently, non
polymerized lipids were removed and replaced, destnating the versatility of the process.
The major drawback of this method, as previoushcussed, is the direct vicinity of the
substrate below the membrane, posing problemdéintcorporation of proteins.

Other ways to pattern the bilayer were followedthsy structuring of the substréte®® or

by microcontact printing of the bilayEf: *® In both cases, the use of polymeric or
inorganic barriers on the substrate is discusséey Tpermit the creation of membrane
arrays confining the lipids and impeding their dsifon. As for the previous system, they
suffer from the proximity of the substrate in th@se of protein incorporation studies.
Furthermore, the organization of the lipids at baeriers is not known and could be a

source of leakage current if the system would bestigated on its electrical properties.

1.4. Topochemical reactions

In the following study, the cross-linking of lipidgas done via diacetylene groups. Since
diacetylenes do polymerize in a topochemical manaébrief introduction is presented

here.

1.4.1 Definition

The term topochemistry is derived from the greekdvttopos” meaning “place”. It was
introduced byCohen and Schmidf*® and describes chemical reactions in predefined
structures. The kinetic of reactions in isotropiedia, where the reactants are free to
diffuse, is essentially influenced by the electooand steric effects due to the molecular
structures. In contrast, topochemical reactionstakang place in a defined lattice system,
where the diffusion is greatly reduced, if not siggsed. The correct disposition of the
molecules before start of the reaction is thusiafudhe structure of the monomer crystal
determines if the reaction takes place or not actates the stereochemistry of the product.
Optically active organic products can be selecyalhieved if the preferred conformation

of the molecule remains “frozen” in the crystaloprio the reactioff> 4!
6
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In some cases, topochemistry permits the realizaifaeactions which are not possible in
an isotropic media, as shown by the photoinitiatederization of trans-cinnamic adftf!
Briefly, within the lifetime of the excited statéhe probability for a molecule to find a

reaction partner in an isotropic media is very lowmdering the formation of the product.

1.4.2.The concept of “reaction cavity”

Cohenand Schmidtformulated the “principle of topochemistry” andit&d that solid-state
reactions only occur with minimal motion of the mor molecule§®

If polymerization takes place in a crystal, thectem path is controlled by the lattice.
During the formation of the reaction complex, utihié transition state, the reactive center
Is in close contact to its crystalline environméltte reaction centers -molecules or part of
them- occupy a certain volume (“reaction cavityi) the starting crystal. This cavity is
defined by the volume of the reactive groups intaohwith the other reacting group¥.

The reaction proceeds with a minimal deformatiothefsurface of the reaction cavity.

The matrix should also show some flexibility to @ecunodate the convergence of the
reactive centers during the bond formatfthFor diacetylene molecules, a rotation of each
molecule is induced in a way that the interactioith rest of the lattice stay minimal (see

Figure 1.5).

Figure 1.5: Rearrangement of the diacetylene groups the lattice upon polymerization.
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As already observed at the end of thé" X@ntury, the polymerization of diacetylene
molecules forms colored cryst&d. The coloration is due to a repetition of tripledan
double bonds in the backbone of the formed polyfiee. kinetic of the polymerization can

easily be followed by an increase in absorptiothefdiacetylene crystals.

1.5. Aim of this work:

The molecular mechanisms of proteins involved i ribgulation of the cell metabolisms,
as for example the creation of protein-complexesnduthe immunological response, are
only partially clarified. Our current knowledge @amning the role of the different actors
during the various processes still remains ventteeal, despite all the technological
progresses of the last decades. This remains ®mn, vt is assumed that the role and
interplay of each constituent of the system is igedg defined, through molecular self-
organization and molecular recognition. In this teay the creation of a cell mimicking
environment represents a very promising approach the study of the molecular

interactions or the selective usage of naturalljuogng mechanisms for sensing purposes.

Some artificial systems have already been conceivebducing protein-friendly
environments. Based on tethered bilayer lipid memés, established as stable and reliable
model architecture for biosensiiy, ** the possibilities to pattern the membranes were
investigated during this study. The ability to ¢eeanembrane corrals would allow the
separation of sensing proteins on an electrodg,aaral probing their response on the same
analyte simultaneously.
As suggested by the scheme in Figure 1.6, the mesiglatform would allow the electrical
detection of binding events at the sensing proteissg separately addressable electrodes.
Moreover, a polymerized bilayer surrounding thesgamareas would hinder the proteins to
diffuse over the substrate.
Therefore, two questions had to be addressed dthisgroject:

- the design of a structured substrate, meeting ¢qairements to accommodate a

model membrane,
- the synthesis of selectively polymerizable tethelipitls for the formation of

effective diffusion barriers.
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Figure 1.6: Schematic representation of a sensindgtform.
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Materials & Methods

2. Materials & Methods

2.1. Nuclear Magnetic Resonance (NMR)

NMR spectroscopy is the most powerful tool for gteuctural determination of organic
compounds. Furthermore, it is a non destructivehotetand requires only small amounts of
material.

This technique is only applicable to those nuclkiol possess a spin quantum numtber
greater than zero. The most important of such mwdefar as the characterization of
synthesized organic products is concerned ‘efeand *°C, both of which have a spin
quantum number of 1/2. Other nuclei with non-zesim sjuantum numbers atér and*'P,
with I = 1/2;*N and?D, with | = 1,*'B and**Cl, with | = 3/2, and many more.

Nuclei with non-zero spin quantum numbers can bagimed of as tiny spinning bar
magnets. This spinning magnetic field creates anmtag dipole, the magnitude of which is
given by the nuclear magnetic moment L.

In the absence of an applied magnetic field thelenuare randomly orientated. In a
magnetic field they align in respectively to it.eflhumber of orientations which the nucleus
can adopt is limited by the spin quantum numberiaretfjual to R+ 1. Thus, those nuclei
with | = 1/2 have two possible orientations in the magrfetld (+ 1/2 and — 1/2). The two
orientations are associated with different enempells, orientation against the magnetic
field being of higher energy and thus having a lop@pulation. The difference in energy
between the two spin states is dependent on thenituneg of the applied magnetic field
and the nuclear magnetic moment. The frequencyadfation necessary to effect a
transmission between the two energy levels is gbyethe equation:

(2.1)

wheren is the frequency of radiation? is the magnetic moment of the nucle@s, is the

strength of the external magnetic field, is Planck’s constant, antl the spin quantum

number. Thus, the larger the applied magnetic figh@d greater the energy difference

10
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between the two levels and the greater the frequehcadiation necessary to effect the
transition between the two levels.

The basis of the NMR experiment is to subject thelei to radiation which results in a
transition from the lower energy state to a higbee. The precise difference in energy
levels between the two spin orientations is depende the particular location of the atom
in the molecule, because each nucleus is subjetttetaliffering effects of the magnetic
fields of neighboring nuclei. In NMR spectroscopgse differences in energy are detected

and provide information on the chemical environnmrthe nuclei in the molecule.

In this study, NMR spectra were measured on a Br&kespin 250 MHz spectrometer,
using an automated software for the recording ef ghectrum (Ilcon NMR 3.1.8). The

processing of the spectra was done using MestRi@ase.

2.2. Mass spectrometry

Mass spectrometry is an analytical technique usedhie determination of the molecular
weight of organic compounds. In a typical mass speteter, an organic compound under
high vacuum is bombarded with electrons. This ieduthe loss of one or more electrons
from the molecule followed by various fission preses giving rise to ions and neutral
fragments. The positive ions are expelled from ithrézation chamber and resolved by
means of a magnetic or an electrical field. The srgsectrum is a record of the current
produced by these ions as they arrive at the detethe resulting spectra is a plot of the
abundance of each species again their mass-toechatig.

The mass spectra presented in this work were mpeeidron a VG ZAB2-SE-FPD
spectrometer (Spectrofield). This type of spectri@mean resolve samples with masses in
range of 250 — 3500 g/mol.

2.3. Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a veryellwknown and easy method to
accurately obtain the thermal properties of malterith measures the energy necessary to
establish a nearly zero temperature difference é@&twa substance and an inert reference
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material, as the both substances are subjectedetatical temperature regimes in an

environment heated or cooled at a controlled rate.

Figure 2.1: a) Heat flux DSC, b) power compensatioBSC

Two types of systems are commonly used, the heataihd power compensation DSC (see
Figure 2.1). In the heat flux DSC the sample amdréference material are enclosed in the
same furnace. The enthalpy or heat capacity chaarga®gistered via a low heat resistance
coupling below the samples, measuring temperatuiflerehces. In the power-

compensation DSC, the temperatures in the sampleed@rence furnace are kept identical
by varying the power input, directly in relationttte enthalpy or heat capacity differences

between the sample and the reference.

With this method, we can precisely determine phiesesitions or reactions occurring in the

sample material. It is mostly used to measure neelbir crystallization processes and glass
transition temperature.

In this study, a heat flux DSC model 822 from MattToledo (Greifensee, Swiss) was

used.

2.4. Langmuir — Blodgett films

2.4.11sotherms

“Today (...) I plan to tell you about the behaviormblecules and atoms that are held at the
surface of solids and liquids. The chemist has ldegcribed molecules that are held in this

way on surfaces as adsorbed molecules. | will showthat we can have adsorbed films
12
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which really constitute two-dimensional gases, tumensional liquids and two-
dimensional solid.”
— Irvin Langmuir, Scienc& 936 84, 379.

In the bulk of a liquid, molecules experience thene attractive forces in all direction (see
Figure 2.2), whereas at the liquid/gas interfa@séhforces cannot be compensated. As a
result, a force applies to the molecules at théasardirected towards the bulk. The liquid
tends therefore to reduce its surface and takpberisal shape. The line force acting on the

surface molecules is the surface tengion

Figure 2.2: Forces experienced by molecules in theulk of a liquid and at the liquid/air

interface.

When applied at the air-water interface, amphiphitolecules having both hydrophilic and
hydrophobic part will spread and orient themselgasthe surface in order to minimize
their free energy. The resulting surface film i€ onolecule in thickness and is commonly
called a monomolecular layer or a monolayer. Winenarea available for the monolayer is
large, the distance between adjacent moleculelage and their interactions are weak. In
this case, the monolayer can be regarded as aitmendional gas; it has little effect on the
water surface tension. If the available surfacea asereduced by a barrier system (see
Figure 2.3), the molecules start to exert repulsiveees on each other. This two-
dimensional analogue of a pressure is called sarfaessure,P and is equal to the

reduction of the pure liquid surface tension byfitm, i.e.:

P=g-9 (2.2)
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where g, is the surface tension of the pure liquid apds the surface tension of the film

covered surface. The surface pressure can be neddsyithe Wilhelmy plate-method. The
forces resulting from the surface tension are meason a partially immersed platinum
plate. These forces are then converted into sugfaessure (in [mMN/m]) with the help of

the plate dimensions.

Figure 2.3: Schematic drawing of a Langmuir — Blodgtt — Kuhn film transfer apparatus.

By spreading a defined amount of amphiphilic moleswon the air-water interface, it is
possible to determine the mean molecular afe (A2/molecule]), i.e. the mean space
occupied by each molecule. A surface pressurelactaerm is measured by moving the
barriers to compress the film and simultaneous rciog of the change in the surface

pressure.

The thermodynamic variablB is the derivative of the surface free energy waspect to
the intrinsic variabléA. Therefore changes in the slope of fheA isotherms at constant
temperature can be used to identify and charaetetiase transitiod®: *”!

A typical isotherm for phospholipids is shown imgtie 2.4.
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LC

LE-LC

LE

Figure 2.4: Typical P -A isotherm of phospholipids.

One can distinguish five different phases, charetd by a change in the slope of the
isotherm.

G: the gas phase, the interactions between thecoiekeare too weak to be noticed,

LE: the liquid expanded state,

LE-LC: transition plateau,

LC: the liquid ordered state,

S: the solid state.
After reaching the solid state, the monolayer at@ point where it can not be compressed
any further and the pressure falls with decreaaneg. This is referred to as collapse. When
collapse occurs, molecules are forced out of theatayer, as illustrated in Figure 28
Other collapsed structures are also possible fquhgshilic molecules. If they possess a
highly polar head group with respect to the noreptdils, micelles can be formed. In this
case, the molecules are arranged in spheres, h@thbdlar head groups on the outside and
the hydrocarbon chains toward the centre. If thedigroup is not strong enough, spherical
vesicles can form, in which the double layer shapeshell with water both outside and

inside.
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Figure 2.5: Possible stages of a monolayer collapgming from the top to the bottom diagram.

2.4.2 Film deposition

The Langmuir-Blodgett (LB) film deposition technif* *? involves the vertical
movement of a solid substrate through the monolayeinterface. The surface pressure
and the temperature of the film are controlleditst foring the monolayer in the desired
phase followed by the transfer. The resulting makacorganization in the LB film will
depend on these initial conditions.

In this study, the lipid monolayer will always barihed via a Y-type deposition if prepared
with the LB method (see Figure 2.6), namely a hgtilic substrate is pulled out of the

water subphase entraining the compressed monaéjipopolymers.
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Figure 2.6: Y-type Langmuir-Blodgett film deposition; a) monolayer before deposition, b)
transfer of the first layer by pulling up the substate, c) transfer of the second layer by pulling

down the substrate.

2.5. Membrane Preparation

The assembly of tBLMs on solid substrates involdégerent preparation steps, starting
from the creation of an ultra-flat substrate, redgcthe defects setting up during the
membrane formation until the vesicle fusion on anotayer, to achieve a complete bilayer.

We present here the different cleaning and prejparadutines used along this study.
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2.5.1Template stripped gold (TSG)

As described in the introductory part, the tBLM<s arery thin films build up by

amphiphilic molecules which cohesion rely on intekecular forces, such as the
hydrophobic effect and van der Waals forces. Thg small length scale of the lipids and
their interactions in the Z-direction, impose aywlaw surface roughness of the substrate in

order to reduce the defects, as can be schemwtsesdh in Figure 2.7.

X

Figure 2.7: Schematic representation of the effedf surface roughness on tBLMs.

The most versatile substrate for solid supportethbranes is gold, due to the possibility to
apply a broad spectrum of surface analytical methoe.g. electrical impedance
spectroscopy (EIS), Surface Plasmon Resonancergpeapy (SPR) or Quartz Crystal
Microbalance (QCM), directly on the membrane. Th#ofving approach described by
Hegner et af* for creating ultra-flat surfaces relies on thet fédmat evaporated gold does
not properly adhere to oxide surfaces and can tsgped” down by gluing a support on
the back. With this method, samples with root megunare roughness of approximately
0,3nm can be prepared.

Briefly, gold is evaporated by physical vapor depos (PVD) (Edwards vacuum Ltd.,
UK) on freshly cleaved mica sheets or cleaned petissilicon wafers (Crystec, Germany).
The fresh gold surface is glued (EPO-TEK 353ND4oxgpTechnology, USA) to a glass
slide (BK7, Menzel GmbH, Germany) and cured at T5@5r 60min. The mica or silicon
wafer is mechanically stripped down, revealing adgsurface templating the mica or
silicon wafer. Since the latter are atomically,fkary smooth gold surfaces can be obtained
with this procedure. The procedure is summarizeeigare 2.8.
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Figure 2.8: Preparation steps of TSG; a) evaporatio of gold, b) gluing of the glass substrate,

¢) curing of the epoxy glue, d) stripping.

2.5.2Cleaning of oxide surfaces

Different non-gold substrates have been used tongiuhis study, e.g. polished silicon
wafers, BK7 glass or quartz. To ensure the cleas$irof those substrates, they were always
subjected to the following treatment:

- 10min ultrasonic treatment (US) in a 2w% Hellmaselution (Hellma, Germany)

- thorough rinsing with ultra pure water (MilliQ, Mpore, France), followed by

10min US in MilliQ

- 10min US in ethanol

- 60min at 65°C in a bD,/NH3/H,O (10/10/50) solution

- thorough rinsing with MilliQ

- storage in ethanol

The substrates cleaned with this procedure showeshalow contact angle (WCA<10°)

revealing their high cleanliness and hydrophilicity

2.5.3Monolayer formation by self-assembly

The self-assembling of molecules on a substratant@riented organic monomolecular
layer from a solution is nowadays a quite known amdespread technique. It relies on the

high affinity of a functional group of the molecutethe surface material.
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The most prominent examples are alkane thiols, hvegontaneously bind to gold, silver,
platinum, palladium and other transition metalstHe early 1980, R.G. Nuzzo and D.L.
Allara started to characterize organic disulfide§ on gold substraté¥: >3 and revealed
their tremendous potential for the covering of éasyirfaces. The disulfide molecules were
found to be very closely packed, having nearlydbesity of a bulk, with almost vertically
stretched chains (tilt angle of approximately 30Fhus, the properties of the covered
interfaces were not influenced by the underlyinddgsubstrate anymore but directly
dependant on the chain length of the assembledculele Furthermore, the strong specific
interaction between sulfur and gold (binding enefy ~150kJ/mol®?) allows the
formation of monolayers even in the presence odrofilinctional groups.

Moreover, the same type of mechanisms could beregéy the binding of silanéd to

oxide or nitride substrates and carboxylic acidsnatal oxid&€®'.

This preparation method has been also used forfdimeation of thiolipid monolayers
during this study. Solutions of approximately 0,Zmigthiolipids in ethanol were prepared,
where freshly stripped TSG slides were immerse®fohours. Afterwards, the gold slides

rinsed with ethanol and dried under a nitrogerastravere ready-to-use.

2.5.4 Bilayer formation by vesicle fusion

The formation of bilayers by the fusion of lipidsieles on hydrophobic substrates is not
fully understood. Kalb et al*® tried to explain this mechanism by a three stegibvgay:
first the docking of a vesicle to hydrophobic sagathen the opening and the spreading of
the outer leaflet of the vesicle, and finally thpresading of the inner leaflet as the original
picture from the publication shows it (Figure 2.9).
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Figure 2.9: Possible pathway for vesicle disintegteon and fusion with a supported

phospholipid monolayer®®.

In this study, the hydrophobic monolayers of diglegte lipids were prepared either by LB
transfer or self-assembly.

Vesicles of 50nm diameter were produced by extrusioa 2mg/ml phospholipid solution
in MilliQ. These vesicles were added to the monetaynmersed in buffer solution (20ul

vesicles/1ml buffer), typically 100mM NacCl. The iois was usually done overnight.

2.5.5Bilayer formation by rapid solvent exchange method

Another way to create bilayers on top of a hydrdptiononolayer is to so-called rapid
solvent exchange. In this method, a small amouatlgdid solution of higher concentration
(7 to 10mg/ml) is prepared in a water miscible soty such as ethanol, and spread over the
monolayer. After 10min incubation time, the restipids is vigorously flushed away, first
with an ethanol/water (25/75) mixture, second withter (or buffer solution) in large
excess. To reduce the surface energy arising floeniriteractions of the hydrophobic
monolayer in contact with water, the free lipidsexable into an upper leaflet, exposing the
hydrophilic groups to water. The prime advantageshis method are the possibility to
create bilayers very simply and rapidly and alsd¢oable to flush the rests of adhering
lipids or agglomerates from the surface of theyeitaby intensive rinsing’ >
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2.6. Water contact angle (WCA)

The study of the interactions of a solid with lidsiiat its interface can give an idea of the
attraction/repulsion forces acting between the ®lements. By measuring the contact
angle of a liquid droplet (in our case degassetewyateposited on a substrate, we get a
numerical value directly proportional to the ingaial energies. The relation between the

interfacial energiegy (same as il.4.1), respectively the solid and the liquigl, the liquid
and the vaporsg,,, the solid and the vaporgy, and the contact angle is described by

Young's equatiort™”

g COSG=4d.»- & (2.3)

An implementation to Young’s equation has been garéd by Bartell and Bartell

introducing theadhesion tensioA, defined a™

A:gsvo -G = gyCos ¢ (2.4)

They showed the linear relationship between theneosf the contact angle and the
adhesion tension which increases with the hydragtyilof the substrate. Following their
definition, the substrate is hydrophilic for 0°<W€®0° and hydrophobic for

90°<WCA<180°. We would rather start to considerubstrate as hydrophobic from a
WCA>75°.

By probing the substrate with a water droplet, \aa measure its hydrophilicity. Table 1

gives some examples of WCA for different substrates

Substrate Contact Angle [°] Substrate Contact Afjle
Silicon Wafer
PTFE 112 <10
(clean)
Polyethylene 103 Glass (clean) <10
Human Skin 90 Gold (clean) 0

Table 1: Examples of WCA for different substrates.
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The question of the wettability of gold has beeeatjly assessed in the past, due to the fact
that gold surfaces have been found as well hydhepil0°) as hydrophobic (~ 50°-65°).
Smithreviewed these works and showed that ultra puld giofaces are water wetting, but
since gold is very rapidly contaminated by the smwinent (carbon dioxide, oxygen,
alkanes) it becomes hydrophoBf€. In our study, we used template stripped gold (see
1.5.7), where the clean gold substrate is strippeddresctly prior use, reducing drastically
possible contaminations.

The modification of a substrate with anchor lipicensforms a hydrophilic glass, silicon or
gold substrate into hydrophobic, since the ordail&gl chains are pointing away from the
substrate. The degree of water repulsion of a sarflepends greatly on the quality of the
monolayer formed on top of it. WCA measurementsobex therefore a very easy way to
roughly estimate the quality of the prepared film.

In this work, the WCA measurements were done falgvthe sessile drop method, using a
DSA 10 apparatus (Kruss CA, Germany) with the safenDrop Shape analysis v1.5.

2.7. Ultraviolet-Visible Spectroscopy (UV-Vis)

Ultraviolet-visible spectroscopy (UV-Vis), as thimplest type of absorption spectroscopy
iIs among the oldest of the fields of scientific gpkzation. First limited to visible light,
then consecutively extended to the UV and infrapectra. Intensive studies in the early
1800 recognized the presence of “characteristiquigacies” for the absorption by
functional groups in molecules.

UV-Vis spectroscopy is based on the absorptionhaitgns in the UV-visible spectrum of
light by molecules, undergoing electronic transitid he electrons of the highest occupied
orbitals are exited to unoccupied orbitals; thishe so-called HOMO-LUMO transfer.

Most of the transfers occur betweeror n-orbitals and the*-orbital (see Figure 2.10).

Figure 2.10: Schematic representation of the eleain transfer in a molecule.
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The groups of atoms absorbing energy in the madsglinown as chromophores, are often
unsaturated functional groups, but also heteroatamtis free electrons. In conjugated
systems, the orbitals overlap and the energy nanefs the excitation is reduced, causing
a red shift in the absorption spectra.

The positions of the absorption peaks depend onsthestance and except for minor
changes are not influenced by their environmentthéamore the laws of absorption,
introduced byBouguer, LamberandBeer commonly known as the Lambert-Beer v
draw a quantitative relation between the absorbght land the concentration of the
absorbing material.

The highly conjugated polymer backbones, obtaingd the polymerization of the
diacetylene monomers possess a strong absorptibe idV-Vis region that can be used to
determine the kinetic of the reactiGh > &3 &4

All the experiments were performed on a Perkin-Elbrmmbda 9 UV-Vis spectroscope.

2.8. Electrical Impedance Spectroscopy (EIS)

Electrical Impedance Spectroscopy (EIS) is a wickssh technique in material science for
the understanding of processes occurring at tleefatges of conducting materials and their
environment. This method has acquired a place oicehn biophysics, for the monitoring
of processes occurring across membranes. It takest cadvantage form the fact that
membranes build an impermeable barrier to ionsthatl protein activity often involves
translocation of ions from the cytoplasm to theraogtllular fluid (or vice versa), directly
measurable as a current. On this basis, numeradgesthave been performed to examine

the properties of the bilayer first, then progresssi tending to the creation of a biosen$or.
21, 65, 66]

2.8.1Physical basis: definition of impedance

In an ideal electrical circuit, the relation betwmesltage (E in [V]) and the current (I in
[A]) going through a circuit element describing hissistance to the flow of electrical

current is described by Ohm’s law:
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R=— (2.5)

where R (in [ ]) represents the resistance.

However the response of complex systems cannokeberided by Ohm’s law since it is
limited to ideal cases and is therefore indepenttent the voltage levels or frequency. For
a more detailed description, the concept of impeddd in [ ]) has been introduced.
Electrical impedance spectroscopy is performed gplyang a sinusoidal potential to the
system and measuring the resulting current. Theltheg current has the same frequency
than the applied potential, but phase shifted Esgere 2.11}°"

Figure 2.11: Potential — current relation versus tine; a) pure resistance, b) resistance and
capacitance.

In order to take the phase shift into account,rdsestance R is replaced by the impedance
Z as follow:

2 =E0 . E;expimt)
l(w) Toexp( (- /&)
=Texpl W ) (2.6)

=|Z(w) expl/ ¥ )

where E, and |, are respectively the maximal amplitude of the pti& and the current,
Is the imaginary numberi(:\/-_l), / the phase shift andv the radial frequency
(w=2pf).

For this reason, the electrical impedance contavosparts, the real4¢) and the imaginary
(Z¢) one:

Z(W) = Z&w) +iZ ¢%) (2.7)
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Measurements were performed in the frequency dagmaen sinusoidal potentials of
defined frequencies were applied over the membeantkethe resulting current responses
were measured.

The obtained impedance spectra are plotted in dheaked Bode plot (see Figure 2.12),

with log frequency on the X-axis and both absoldkies of the impedancﬁ((w)‘) and

the phase-shift/({# )) on the Y-axis.

Figure 2.12: Simulated Bode Plot of a simple eleachemical RC system.

2.8.2Measurement setup

The impedance spectra were recorded with a comatigreivailable pAutolab impedance
spectrometer with a Frequency Response AnalysisAJFRiodule from Metrohm

(Filderstadt, Germany). Sine wave potentials weppliad to the system and the
corresponding currents were recorded. Amplitude&QrmhV were used, over a frequency

range from 2mHz to1MHz.
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Figure 2.13: Design of the used EIS cell.

The home-made measurement cell used is depictEdyure 2.13. The gold substrate was
acting as a support for the membrane and as wokdggjrode of the system, closing the
measurement cell on one side. A quartz slide cltiseatell from the other side permitting
the UV illumination of the substrate during the m@@ments. As reference, a Dri Ref 2
electrode (World Precision Instruments, Berlin, Bany) was employed and a coiled
platinum wire acted as counter electrode (0,8mmmdtar, 99,9%, Mateck, Jilich,

Germany). Liquid inlet and outlet were used tofildise cell. The cell had a buffer volume
of 1ml and an electrode area of 0,385cm2. The t®slitained by fitting the spectra with

equivalent circuits were normalized to a 1cm? etstd size.

2.8.3 Evaluation of the impedance data

The membrane response can be described in ternas natwork consisting of several
resistances and capacitances. The aim is to uaddrsheir physical origin, i.e. attribute
them to a specific part of the system consistingmofking electrode, membrane and
electrolytes (sometimes defects can also be takandount).

The simplest model used here to fit the tetherethibmane system is presented below (see
Figure 2.14). This is a four parameter network imgy of electrolyte resistance,R
membrane resistance,Rmembrane capacitance,@nd a capacitance due to the Gouy-

Chapman-Stern layer at the membrane/electroly&efate Ges

27



Materials & Methods

Figure 2.14: Equivalent circuit used to simulate tthered bilayer membranes.

2.9. Optical waveguide spectroscopy

A waveguide is a thin layer of dielectric matemath a refractive index larger than 1. Light
can propagate through the material due to the iatiinal reflection at the interfaces of the
dielectric when the angle of the incident lightalsove the critical angle of total internal

reflection:

n .
. _ " 'surrounding
sin qcritical - (2 8)
nwaveguide

Under specific reflection angles, constructive lifgeences occur when the light is reflected
at the waveguide/surrounding interface. These dpeaifgles of enhanced intensity are
called modes. During light propagation in the waudg, the total reflection happens
partially outside of the dielectric material, ciagta standing wave of light, decaying in
intensity exponentially away from the interface. Ttieeoretical description of this

electromagnetic phenomenon is provided by the Méxeguation, predicting two wave

equations, one for each polarization directionafsd p-polarized, leading respectively to

TE and TM modes) with their solutions describing stagdvaves across the waveguide.

The solutions of these equations and thereforedabelting modes vary if the surrounding
media changes in refractive index, thickness osidg@as showed in Figure 2.15.
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Figure 2.15: Waveguide carrying an additional probelayer, resulting in an angle shift of the

mode.

In this study, optical waveguide spectroscopy waeduto determine the transition
temperatures of the monolayer on a substf8tdhe membranes were transferred in a
compressed state on a $i00, waveguide, using LB film transfer technique. The
waveguide was then subjected to a temperature (@/bpC/min), using a Pelletier element
and the resonance angle of the different modesre@sded each two degrees. A melting
or glass transition temperature in the film appeass kink in the temperature-waveguide

mode angles, due to a change in the thermal exgpamsefficient as well as in the

thermal refractive index coefficiekt®®

2.10Fluorescence recovery after photobleaching (FRAP)

Fluorescence recovery after photobleaching (FRAP3 useful method to determine the
molecular mobility of diffusing species in two dimsonal architecturd® "™ From the
analysis of the experimental results, diffusionfioents and percentage of recovery after
bleaching can be calculated.

Several experimental methods have been used ipatteto determine the lateral diffusion
in membranes. Methods based on bimolecular reactooh as Heisenberg spin
exchangB?, fluorescence quenchitid or neutron scatterit§’ measure diffusion over

short distances. Whereas FRAP single particle tracking (SPTY ’®, nuclear magnetic
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resonance (NMR)" "® or dissipation of electron spin resonance (ESRjignal gradients

measure diffusion over larger distances.

2.10.1.Measurement procedure and evaluation

The main steps for the FRAP method are as followst,Rhe membrane is fluorescently
labeled with @1mol% 1,2-dioleoylsnglycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (DOPE-NBD) in 1,2-diphytansytglycero-3-phosphocholine
(DPhyPC) (see Figure 2.16). The ability to bleach flmorophores irreversibly with an
intense light pulse is a prerequisite for laterdfudion measurements. The sample is
mounted in a water cell on top of a fluorescencerosicope and an area of the membrane is
focused. A small spot of the membrane (4,2um iméeir) is illuminated with low
intensity laser light with the appropriate waveldn@88nm) to excite the fluorophores.
The fluorescence intensity is from now on continlpuegistered via a photomultiplier.
Then, the light intensity is briefly elevated abadl@f-fold (reaching an intensity of
approximately 2W) over 60ms. This induces a rapid areversible photolysis of the
fluorophores (more than 90% are bleached). Aftexr bheaching period the light is
attenuated to the previous level. If no lateralfudiibon of the investigated membrane
component takes place, the fluorescence signalesvtly the measuring beam remains
constant. However, if lateral diffusion occurs, iacrease of the fluorescence signal is
observed due to the non-photolysed fluorophoresrieng into the illuminated area from the
surrounding (see Figure 2.18). The time dependericthe fluorescence recovery is

proportional to the lateral diffusion constant.

Figure 2.16: Chemical structure of DOPE-NBD and DP#PC.
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The measurements were performed on a home-build FR&Rp, using an Olympus IX70
microscope and an Innova 90 laser (Coherent IramtaSClara, USA), as shown in Figure
2.17.

Figure 2.17: Scheme of the FRAP setup.

The following simplifying assumptions were made: thser light intensity used for the

measurement is low, so that photolysis is neglegihlring the record of the fluorescence
signal. Second, the fluorophores can be irreverdikdached within a time period that is
brief compared to the diffusion time. The range iffudion constants measurable with this

technique ranges from some pnfas 10°um2.s*.

From the obtained recovery curve, the diffusionfitccient was fitted, using the Simplex

method’”

-2ty
f®)=F -[R- F]* & expt * I, Zo I 25
t t (2.9)
r2
[ =——
° 4D

where | and |, are the Bessel functions 0. and 1. order, gnthe characteristic diffusion

time.
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Another parameter that can be extracted from thasorement is the percentage of
recovery, defined by:

Relative recovery % *100¢ (2.10)

0

Figure 2.18: Typical FRAP measurement, whereF is the fluorescence intensity before

bleaching, F,the intensity directly after bleaching and F, the recovered fluorescence; in red

the fit curve.

2.10.2.Theory of diffusion

Two theories for the diffusion in homogeneous Blgyhave been formulated. The first is a
continuum hydrodynamic model for diffusion of pel#is the size of which is much larger
than that of the solvent. This model describes W diffusion of integral membrane
proteins in lipid bilaye® 8 The second is a free-volume model, which takescirount
the discreteness of the lipid bilayer and is theebest suited for the description of lipid

diffusion % 2

Basically, in a homogeneous, two-dimensional systieendiffusion coefficienD can be

defined through the relation:
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r2 = 4Dt (2.11)

where r2 is the mean square displacement of a randomlymgavacer, and is time.

This mean square displacement is the second mowierihe Gaussian probability

distribution of displacements.

C(r,t) :Lexp - (2.12)
4pDt 4Dt
which is the solution of the diffusion equation,
% = DN2C(r,t) (2.13)

C(r,t)is the concentration of the fluorescent mateniathe spot radiust the time and\2

the Laplace operator.
Hence,

rz = C?ér9C:(r,t)js:4Dt (2.14)

whereds = prdr.

Whenever the probability densit¢(r,t)is a Gaussian distribution at long times (large

distances) the diffusion coefficient is a well-aefil quantity.

Even if the diffusion in two dimensions is for theost part understood from a theoretical
point of view, confusion raised from divergencesexperimental results. There are some
discrepancies between long range and short rarffesidn coefficients. To resolve the
differences, theories have been formulated thatglbbeyond the scope of this study.
Anyhow, FRAP as a long range diffusion measurenmeethod, is valid for the type of

guestion we want to solve.
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3. Ultra flat heterogeneously structured substrates

The aim of this study was to develop a new metlwodHe patterning of membranes, based
on the anchored lipids model. Previous attempiséate membrane corrals were reported
by polymerizing solid supported membranes (S$MWr spreading vesicles over substrates
structured into an array of welf§: 3 *® As discussed in the introduction, SSMs were not
of direct interest because of the lack of submenm#ipacing, inhibiting the incorporation
or even causing denaturation of transmembraneipsotiie to contacts with the substrate.
Also the utilization of macroscopic polymeric bars, patterned on top of the substrate
would not fulfill the expectations, since the agament of the lipids in direct vicinity with
these separators is not known and can be the sofileakage current. The synthesis of
anchor lipids with polymerizable groups was thereforeferred.

In parallel, a bottom up approach for the membrap&tterning was also followed by
engineering the platform. The construction of &, flaterally structured substrate was
undertaken, combining gold pads embedded in asildioxide matrix. This would permit
the straightforward and selective assembly of tle@atayer onto these patterns using thiol

or silane anchors.

3.1. Photolithographic Structuring

3.1.1.Concept

Studies of tBLMs on microelectrodes have recerttigven the advantage of size reduction
of the working electrod€®! The specific resistance per cm? of the bilayeraieed the
same as on larger electrodes, but due to the ssimdl of the substrates the overall
resistance is dramatically increased and the ctgrera decreased.

In order to reach a micrometric structuring of gubstrates, photolithographic patterning
and lift-off technique were combined in a procesduding different evaporation steps as
shown in Figure 3.1.

This procedure was based on a reversed TSG appradehe the ultra-flat gold acts as
templating substrate. The selective evaporationsi€éon oxide (SiQ) followed by
chromium (Cr) on the open free gold (Au) spots (it of the substrate being covered by
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the photoresist), created wells for the evaporatiotihhe gold electrodes. Chromium plays a
role of adhesion promoter between silicon oxide goldl. Silicon oxide was achieved by
the thermal evaporation of a silicon monoxide preou with a partial pressure of

2.10%mbar oxygen in the chamber.

Figure 3.1: Scheme of preparation of microelectrodg a) spin coating of photoresist on TSG,
b) structuring of the resist with photolithography, c) evaporation of SiQ and Cr on the
photoresist, d) lift off of the resist, e) evaporabn of gold, f) gluing of a glass slide on top ohe

gold and curing, g) stripping.

3.1.2 Photolithography

This technique, well known from the semi-condudtmilustry, imprints patterns into a
photosensitive resin by high energy illuminatiorWVdight) through a chromium mask.

The photoresist used was a negative type AZ nL@DZMicroChemicals, Ulm, Germany),
where the exposed resist remains after developniéet.resist is made out of novolak, a
cresol polymer synthesized from phenol and forntajde (see Figure 3.2).

To mixtures of novolak oligomers, typically 8 to 20
monomers, photoinitators belonging to the group of
diazonaphthoquinones are added, reducing the adkali

solubility of the resins upon UV-illumination. Afte
Figure 3.2: Novolak resin  completion of the photolithographic process, théymeric
film can be removed without remnants by an overnigh
immersion in N-methyl pyrrolidone (NMP).
The lithographic process:

- Drying of the substrates on a hot plate at 1101 fminutes
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- Spin coating of the photoresist at 4000rpm for 20peoducing a film thickness of
5,5um

- Soft backing of the film at 110°C for 60sec

- UV illumination with a mask-aligner (MA-25, Karl S8 GmbH, Deutschland) for
2sec

- Hard backing of the film at 110°C for 50sec

- Developmentin AZ 726 developer for 50sec

- Evaporation steps

- Removal of the photoresist by overnight treatmeitit WMP

3.1.3.Success and limits of the method

The described procedure was based on the possitalipeel off a structured Sidilm
evaporated on a TSG substrate. As prerequisitbetsticcessful construction of an ultra-
flat gold / SiQ array, the stripped oxide film had to be as fiatlee TSG template. For this
purpose, probes without photoresist have first l@epared by the successive evaporation
of SiQ (50nm), Cr (5nm), Au (100nm) on TSG substrates gingéd on freshly cleaned
glass. The roughness of the obtained films wasraéted by Atomic Force Microscopy
(AFM, measurements done by H. Burg, AK. Butt, MPIP)e chemical composition of the
film in cross-section has been obtained with Enddggpersive X-Ray spectroscopy (EDX,
measurements done by Dr. I. Lieberwirth, AK. WeghPIP).

From the AFM picture (Figure 3.3) a RMS
roughness of 0,76nm has been calculated. This
value is higher than for a typical TSG but still
flat enough to properly accommodate a tBLM.
Some major defects are nevertheless present on
the surface, taking the forms of larger peaks with
a typical base width between 25 and 50nm and a

with height ranging between 1,5 and 3nm.

Figure 3.3: AFM height image of the stripped SiQ surface.
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For EDX measurements, a part of the thin film hasrbmechanically removed from the
glass slide and embedded in a polymer matrix. is Way, a transverse cut of the film
could be performed and so expose all the compordrtee film. On the scanning electron
microscope (SEM) pictures in Figure 3.4, the susivety evaporated films can be clearly

seen due to the difference in electron densithefmaterials.

Figure 3.4: SEM pictures of a transversal cut of @hin SiOx/Cr/Au film.

The EDX analysis done simultaneously with the SEMges (see Figure 3.5), confirmed
the assumption, predicting the detachment of th@, $iom the Au of the TSG. The

buckling of the film was due to the mechanical strapplied to remove the glued film from
the glass slide. For this reason, the parts oBig appearing in lighter gray are simply in
the background.

The material analysis was done following

the white line in the inset of the picture.

The great advantage of this method is the

guantitative determination of the elements

with respect to the position on the sample.

On each side of the film, a high signal of

carbon, coming from the epoxy glue and

the polymer matrix, was recorded. The

composition of the film was as expected,

with gold on the left hand side and a

chromium-silicon oxide combination on

the other side. As a side effect of the EDX

study, the ratio of oxygen to silicon could

also be determined and is approximately

2:1. as for silicon dioxide. Figure 3.5:EDX analysis of the SiQICr/Au film.
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In a second step, photolithographically structusatstrates were prepared, accordingly to
the preparation method described before 8#dl). Figure 3.6 shows the AFM pictures of
a 25um gold square pattern in a gi@atrix.

Figure 3.6: AFM pictures of an embedded gold eleatde; A) height image, B) phase image.

On the height image, clear traces of a step betwleertiwo areas can be distinguished,
whereas the phase image reveals the differencardhbss between the both materials. The
calculated RMS roughness of the gold pad was 1,2Manich is already to high for
tBLMs.

The following line scan over the gold pad undesiriee existing step at the edge of the

electrode (see Figure 3.7).

Figure 3.7: Line scan over the gold electrode.

Markers ‘ Red ‘ Green ‘ White

Vertical distance
10,23 nm

1,36 nm 7,64 nm
between markers

Table 3.1: Vertical distances between the markersnathe line scan.
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The reasons for the step at the edge of the gelttrele could not be precisely addressed,
but were presumed to be directly related to thetgresist process. Also the surface
roughness of the gold was too high and a surfassiyetion by self-assembly of a

protective monolayer had to be considered.

3.2. Direct evaporation through a mask

The rest of the work related to the creation okhmgeneous ultra-flat substrates has been
done by Nicolas Vogel during his diploma thesislized at the MPI-P and filed at the
Institute of Organic Chemistry, University of MainZhe results presented here with his

permission only summarize his work.

3.2.1Protection of the TSGs with monolayers

The TSGs were functionalized with SAMs of differghiol-molecules before application
of the photoresist. The tested molecules wererenge from G to Gg, with different end
groups rendering the surface either hydrophilidigdrophobic. The chemical structure of

the used molecules can be seen in Figure 3.8.

Figure 3.8: Thiol molecules used for the surface nalification of the TSGs.

The complete covering of the TSGs with thiol-mowyels did not lead to significant
successes. The stripped substrates showed nunoefets, e.g. gold pads sticking to the
TSGs producing three dimensional cubes or holéisamprobe.

Afterwards, an attempt was done to only functiarelihe cavities on the TSGs, after the

first evaporation step and lift-off of the photasts Two thiols, namely 3-
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mercaptopropionic acid and 11-mercaptoundecanoid, aaduced breaking in the
predetermined plane of the probe.

Figure 3.9: AFM pictures of the stripped probe modiied with mercaptoundecanoic acid after
lift-off.

The resulting probes were analyzed with AFM (segufé 3.9). A ring appeared at the
edges of the gold pad with a height of approxinyat€élnm. Moreover the RMS roughness

of the stripped gold was again in the order oft®,2,0nm.

3.2.2Direct evaporation

The use of TSG as templating substrate was abaddondavor of silicon wafers.
Therefore, trials were done to passivate these silidime-monolayers in order to reduce the
adhesion of the evaporated {i€@ the substrate. The silanes used for this per@os

presented in Figure 3.10.

Figure 3.10: Silanes used for the passivation of ¢hsilicon wafers.
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Hexamethyldisilazane, n-octadecyltriethoxysilane d an heptadecafluoro-1,1-2,2-

tetrahydrododecyltrichlorosilane induced successéplaration in the predefined plane.

The principle of the preparation method is depidtelligure 3.11.

Figure 3.11: Scheme of preparation of microelectrogks via direct evaporation; a) passivation
of the silicon wafer with silanes, b) fixation of he mask on the wafer, c) evaporation of Au and
Cr on the wafer, d) removal of the mask and evapot#n of SiOy , €) gluing of a glass slide on

top of the gold and curing, f) stripping.

The advantage of this method compared to the pusvdme using photoresist is the absence
of organic residues that could stick to the surfatter lift off, leading to an enhanced
adhesion of evaporated material (Au or Ji the template.

The Au/Cr evaporation was carried out through arometer meshed mask. In this study,
transmission electron microscope (TEM) grids witksim sizes between 5um and 50um
were used. Additionally, colloidal monolayers weraployed as masks to produce patterns
with nanometer dimensions. Extremely smooth sutestrevere obtained without any step

between the two materials, as can be seen in Fgyileand Figure 3.13.
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Figure 3.12: SEM pictures of the hexagonally structred substrate after stripping.

Figure 3.13: AFM pictures and line scan over junctbns between two materials obtained by

nanosphere lithography (550nm colloids); A) heighimage, B) phase image, C) line scan.

42



Ultra flat heterogeneously structured substrates

3.2.3Selective functionalization of the substrates

After the construction of these ultra-flat, hetezngously patterned substrates, the selective
functionalization of each part had to be shown. fhig purpose, SAMs were selectively
deposited on each material, rendering them hydroipghsince both Au (clean) and SiO
are of hydrophilic nature. To reveal the hydrogityi, or hydrophobicity, the samples were
cooled with dry ice, inducing condensation of wadeoplet on the surface. Through the
changing of illumination on the optical microscopéher from the top or from the bottom,

the two different surfaces could be seen indepehden

On the first sample, the gold pads were functiaeali with perfluoro-1,1-2,2-
tetrahydrodecanthiol, turning them hydrophobic &eeping the SiQ parts hydrophilic;
whereas the second sample on the contrary wadz&ithmwith n-octadecyltriethoxysilane.
The optical microscope pictures in Figure 3.14 shihwe samples before and after

functionalization.
The pictures clearly reveal the change of wettgbdif the gold pads or the SjOnatrix

with respect to the type of monolayer employed.sTtemonstrates the possibility to

selectively deposit a monolayer on each surfacegaddently.
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Figure 3.14: Functionalization of the substrate: A)and B) reference sample, without
functionalization, C) and D) sample functionalized with perfluoro-1,1-2,2-

tetrahydrodecanthiol, E) and F) sample functionalied with n-octadecyltriethoxysilane.

In order to determine how sharp the transition ai@olayer between two materials was,
AFM pictures were taken at the SiG Au interfaces, on samples modified with n-

octadecyltriethoxysilane.
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Figure 3.15A shows the AFM height image of an oy flat substrate, partially covered
by a monolayer on the Sj@reas. A clear sharp transition at the edge df bwdterials can
be seen. The monolayer formed over the,Si@rt (right side of the picture) does not show
any defects while the Au area (left side) is né¢eted by the silane-monolayer formation.
This proves the possibility to independently fornmormolayers on the respective area

without affecting the other part.

Figure 3.15: AFM height image (A) and line scan (Bdf a structured substrate at the Au - SiQ

interface, after modification with n-octadecyltriethoxysilane.

Figure 3.15B shows the step analysis, performetinvithe dashed box on Figure 3.15A.
As previously noted from the AFM height image, thés a step-like transition due to the
presence of the monolayer on the sample. The ovetsii the line scan on the lower side
is most probably an artifact. Depending on wheeedtep height is measured, a monolayer
thickness ranging from 1,8nm to 2,4nm is determifidds value agrees well with the one
calculated in the literature of 2,1 with the assumption of fully stretched molecules,

tilted with an angle of 30° with respect to themat.
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4. Synthesis

4.1. General remarks

With exception of heptacosa-10,12-diyn-1-ol and thepsa-10,12-diynoic acid, kindly
provided by Prof. Ringsdorf, all the reagents wpoechased form commercial sources,
mostly from Sigma-Aldrich (Schnelldorf, Germany)dansed without further purification.
The solvents were purchased from Fischer Scientdiderau, Germany) in HPLC grade
and the dry solvents from Across Organics (affdtht Fischer Scientific, Niderau,
Germany).

The purification after each reaction was done blrmoo chromatography, using Acros
Organics (Geel, Belgium) silica gel 60A with a pgv& nitrogen pressure. All reactions
were followed by thin layer chromatography (TLC) Alugram Sil G/UV form Macherey-
Nagel (Duren, Germany). The developer used to teheapresence of molecules on the
TLC was a mixture of resorcinol monomethyl estet aulfuric acid (1:1) in ethanol.

The purity of the obtained products was checked Wi¥R and mass spectrometry.
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4.2. Ether linked molecules

4.2.1 General procedure

CHafCHZ&—E?ECfCEC(»CHZtCOOH LA, CHs(-CHzﬁ-éEC-CECfCHz‘)?H
1 ? 2
Tos \o%o BF,.Et,0
b)
4 o oH
CHS{CHﬁ—é:Ec—CEC{—CHQto\/Q -~ CH3<-CH2?—QCEC—CEC%CHQtO\)v,,//OTOS
KoCOs
c) 3
BF 3 Et,0 1

d)

o) gl
CHQ(—CHQtCEc—cEc{CHQto o Br%v iﬂo © o oo cmolom o
cm{cmtczc—czc(»cmto} T CH:ich—_c —co= cionz——o} <V % O

5 e)

f) HCl conc.

9
DL-0t-| L|p0|c acid

CHSfCHZ)»C c-c= c\LCH27¥o ~— CHS{—CHA—C c-c= C%CHQ%O o
CHS{CHﬁ—c c-c=c{en, )—o} <\/ 9\/\ w DMAP Chs{ ety 7LC c-c=clcH, fo} {\/ %

TD2(EO),LA

(3-isocyanatopropy|)triethoxysilane EtsN

CHstszLC c-c= C{ch}O JOL N (
cHQ{CHﬁ—c c-c=c{cn, j—o} %V >/\O " s °
TD2(EO),TES

Figure 4.1: Synthesis scheme for TD2(EQ)A (8) and TD2(EO),TES (9)

a. Tricosa-10,12-diyn-1-o2) &

a<
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3,59 (10,1mmol) tricosa-10,12-diynoic acid in 25drly diethyl ether were added to a
solution of 0,77g (20,2mmol) LiAlidin 30ml dry diethyl ether. The mixture was heaied
reflux for one hour. The reaction mixture was thgoured into a separatory funnel,
containing 100ml of an ice-water mixture, acidifi@ith a 5% HCI solution (pH ~ 1-1,5).
The ether layer was dried over J8$&), then filtered through a silica gel packed colutmn
give 3,22g (yield: 96%) of tricosa-10,12-diyn-1¢8) in form of white crystals.

'H NMR (250 MHz, CDC}) [ppm] 3.62 (t, 2Ha), 2.22 (t, 4Hb), 1.61 — 1.38, @hic),
1.33-1.18 (m, 22Hd), 0.86 (t, 3He). The alcohok@n form —CH-OH could not be seen.

b. 2-hydroxy-3-(tricosa-10,12-diynyloxy)propyl p-mdb@nzenesulfonat) (86,

a 70
|

.d
C K\O) - N %

OH
e

Vi

0,819 (3,55mmol) (2S)-(+)-glycidyl tosylate werdroduced under argon in a 250ml three-
necked flask and diluted in 50ml dry dichloromethaimhen 1,30g (3,91mmol) & was
added to the mixture and stirred until completsalistion. Approximately 30ul (5-7mol%)
boron trifluoride diethyl etherate were added driggw The reaction mixture was stirred
overnight at room temperature and monitored via TA@er completion of the reaction,
20ml of water were slowly dropped to the reactionneutralize the remaining boron
trifluoride. The aqueous phase was extracted ttirees with dichloromethane and the
combined organic phases were then dried over Mg8€@er filtration and concentration,
the reaction mixture was purified via flash chroogaaphy. Eluents: hexane/ethyl acetate
(1:1); R @0,60.

Yield: 1,509 (75%)

'H NMR (250 MHz, CDCY) [ppm] 7.78 (d, 2Ha), 7.33 (d, 2Hb), 4.14 — 3.91, @Hic),
3.62 (t, 1Hd), 3.50 — 3.29 (m, 5He), 2.43 (s, 3R(P2 (t, 4Hg), 1.56 — 1.41 (m, 8Hh), 1.30
—1.17 (m, 22Hi), 0.86 (t, 3Hj)).
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c. 2((tricosa-10,12-diynyloxy)methyl)oxiraré):

Ha  Hb

W><cg f
e

a9y 0 X
(0] . 9
h AN I
f\Y/
h

In a three necked round bottomed flask, a solutioh,77g (3,16mmol) o8 in 100ml dry
methanol was prepared under argon. The solution seated down to 0°C and 0,87g
(6,32mmol) KCO; were added step-wise. The mixture was left stirfior 3 hours at 0°C.
The reaction was monitored via TLC. Eluents: heXethg! acetate (3:1); Ra 0,40. After
completion of the reaction, the reaction mixturesvp@ured in sat. N}LI, then EtO was
added. The phases were separated and the aquesses gotiracted three times with,@t
The organic layer was washed with brine until tiggeeous phase reached pH ~ 7. The
combined organic phase was dried over MgS€ncentrated and used without further
purification.

Yield: 1,239 (98%)

'H NMR (250 MHz, CDC§) [ppm] 3.77 — 3.64 (m, 1Ha), 3.61 — 3.44 (m, 1HH),7 —
3.07 (M, 2Hc), 2.78 (t, 1Hd), 2.62 — 2.55 (m, 2HEP2 (t, 4Hf), 1.57 — 1.41 (m, 8Hg), 1.29

—1.16 (m, 22Hh), 0.85 (t, 3Hi).

d. 1,3-bis(tricosa-10,12-diynyloxy)propan-2{&i):

The coupling of the second tricosa-10,12-diyn-stand to the molecule was preformed

with the similar procedure as for b).
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Materials: 1,239 (3,216mmol) df

1,169 (3,48mmol) of

~ 30ul (0,22mmol) of boron trifluoride diethyl ettate

in 40ml dry dichloromethane.
Purification via column chromatography. Eluentsxdnee/ethyl acetate (1:1); Ri 0,65.
Yield: 1,219 (55%)

'H NMR (250 MHz, CDC}) [ppm] 3.87 (m, 1Ha), 3.65 (s, 1Hb), 3.52 — 3.34 @HCc),
2.22 (t, 8Hd), 1.57 — 1.41 (m, 16He), 1.29 — 1106 44Hf), 0.85 (t, 6HQ).

e. 1,3-bis(tricosa-10,12-diynyloxy)-glycerol-2-tetragkene glycol, THP protectd@):

f

ASENGET S —
A f 0 o o OO
€ 3 ‘\f)A\—dy N o ~ O/b a~o” b

C

In a 100ml three necked round bottomed flask, atswi of 0,50g (0,70mmol) d in 20m|
dry THF was prepared under argon. 17mg (0,71mnumd)usn hydride were added to the
mixture and allowed to react for one hour underis] at room temperature. A solution of
0,83g (2,4mmol) of 1-bromo-tetraethylene glycol, FrHbrotected X2) (see following
synthesis procedures) in 20ml dry THF was addegwiie by a dropping funnel to the
mixture and was left stirring overnight. The reantiwvas monitored via TLC. Eluents:
hexane/ethyl acetate (1:1); R 0,65. As a side product of the reaction, a snmatitfon of
unprotected 1,3-bis(tricosa-10,12-diynyloxy)-glyale2-tetraethylene glycol was also fund,
and kept with the main fraction for the further d#pction in the next step. After
completion of the reaction, some drops of waterewearefully added to the reaction
mixture to neutralize the non-reacted NaH. The N@mBsolution was separated from the
mixture by a concentration — dilution (with THF) eentrifugation (9000rpm, 20min)
procedure repeated at least three times, untiledarsentation of salt could be found after

centrifugation. After the last centrifugation thangples were merged and dried over
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MgSQs. The solution was concentrated and the productifigdir with flash

chromatography.
Yield: 270mg (40%)

'H NMR (250 MHz, CDC4) [ppm] 4.61 (t, 1Ha), 3.91 — 3.78 (m, 4Hb), 3.78.61 (m,
14Hc), 3.54 — 3.35 (m, 9Hd), 2.22 (t, 8He), 1.90.43 (m, 22Hf), 1.42 — 1.14 (m, 44Hg),

0.86 (t, 6Hh).

f. 1,3-bis(tricosa-10,12-diynyloxy)-glycerol-2-tetrbgtene glycol(7):

® <
4
O
Y~

O\/\O/\/O\/\O/\/OH a

N J
~ b

a

270mg (0,27mmol) o6 was introduced in a 50ml round bottomed flask disdolved in
DCM. 0,6ml of HCI 37% were added and the reactioxtume was left stirring overnight.
Small amounts of NaHC{Qwere added to the mixture in order to neutralieedxcess HCI.
The solution was filtered over a frit and the solvevaporated. The product was used
without further purifications.

Yield: 240mg (99%)

'H NMR (250 MHz, CDC4) [ppm] 3.78 — 3.54 (m, 15Ha), 3.51 — 3.33 (m, 11Hb}2
(t, 8Hc), 1.67 — 1.41 (m, 16Hd), 1.41 — 1.11 (mHé% 0.86 (t, 6H).
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g. 1,3-bis(tricosa-10,12-diynyloxy)-glycerol-2-(tetthglene glycol-[D,La lipoic acid
ester])(8) "

—
m ]
K X\ | k
I N k — e
m \i /( oy d sS. N
——k A § K o\/\!\ ¢ </
| \_/J
i )) 3 )j O\/\O/\/O\/\O/\/O / K ‘\g
| Kk e d a 0 J

In a 250ml one neck round bottomed flask, 276m@4ihmol) D,La lipoic acid and
272mg (1,34mmol) N,N’-dicyclohexylcarbodiimide (DE@ere dissolved in 70ml dry
DCM under argon atmosphere. The mixture was statedom temperature for 30 minutes
before the step-wise addition of 240mg (0,26mmbl}.cAfter another 30 minutes stirring,
30mg (0,26mmol) of 4-(dimethylamino) pyridine (DMARere added and the reaction left
stirring overnight. The reaction was monitored ViBC. Eluents: hexane/ethyl acetate
(1:2); R @ 0,85. After completion of the reaction, the miguwvas diluted with 150ml
DCM and successively washed with a solution ofQ@ and water. The organic phase
was then dried over MgS(and the solvent evaporated. The purification wasedwith
flash chromatography.

Yield: 120mg (45%)

'H NMR (250 MHz, CDCY) [ppm] 4.19 (t, 2Ha), 3.72 (t, 2Hb), 3.68 — 3.57, (l@Hc),
3.54 — 3.42 (m, 5Hd), 3.39 (t, 4He), 3.22 — 3.0Q M), 2.43 (m, 1Hg), 2.32 (t, 2Hh),
2.20 (t, 8Hi), 2.00 — 1.79 (m, 4Hj), 1.72 — 1.42, BHK), 1.22 (m, 46HI), 0.83 (t, 6HM).

See NMR and Mass spectra in appendix.

h. 1,3-bis(tricosa-10,12-diynyloxy)-glycerol-2-(tettaglene glycol-[3-(triethoxysilyl)

propylcarbamate])9) &2
i
/—/%
i [¢]
h X h

| R N \g /( oy d a Cgr—\i
i % O\j\o o 0 \/h\/S/' O/C\/

g%(—/ d) C/\o/\/\/\o//\b/\(f/b

i g 0 ) CQ
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In a 50ml three necked round bottomed flask equippégh an argon inlet and a reflux
condenser, 100mg (0,11mmol) of, 33mg (0,13mmol) of (3-isocyanatopropyl)
triethoxysilane, 5 drops of triethylamine were auuced in 25ml dry THF. The mixture
was heated to reflux for 48 hours under argon apimexe. After completion of the reaction,
the mixture was concentrated and purified withHlabromatography. The silica gel used
for the chromatography was first passivated 10 tesuwith a 5% solution of
hexamethyldisilazane in the eluent. Eluents: helahgl acetate (1:2);Ra 0,75.

Yield: 80mg (63%)

'H NMR (250 MHz, CDCJ) [ppm] 4.95 (s, 1Ha), 4.12 (dt, 2Hb), 3.80 (qd, HH&E69 —
3.44 (m, 19Hd), 3.40 (t, 4He), 3.15 (dt, 2Hf), 2(228Hg), 1.64 — 1.41 (m, 14Hh), 1.41 —
1.11 (m, 57Hi), 0.86 (t, 6Hj), 0.65 — 0.56 (m, 2HKk)

See NMR and Mass spectra in appendix.

4.2.2 Synthesis of the spacer part

¢
oC

>
<

by

Figure 4.2: Synthesis scheme for the spacer part tfe lipid

i. Z-bromotetraethylene glyc¢11) &

Br\/\o/\/o\/\o/\/OH
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Appel Reaction

A solution of 10g (51mmol) tetraethylene glycol at®l8g (56,6mmol) tetrabromomethane
in 50ml DCM was prepared in a 250ml three neckeshddbottomed flask, equipped with a
mechanical stirrer and cooled down to 0°C. 14,9gm@ol) triphenyl phosphine were
added stepwise over 30 minutes. The mixture wasvall to warm up to room temperature
and stirred overnight. The DCM was then removedeundicuum and the remaining oil
taken up in hexane. The hexane extracts were teleand concentrated to oil, used in the
further step without purification.

Yield: 12,509 (95%)

j.  1-bromo-12-tetrahydro-2H-pyran tetraethylene gly¢i) P

C
—

BI'\/\O/\/O\/\O/\/OO b
N J a0

b

370mg (1,9mmol)p-toluenesulfonic acid monohydrate was added tolatisa of 12,59
(48mmol) of 11 and 7,37g (87mmol) of 3,4-dihydrd42pyran in 200ml THF at room
temperature. The mixture was stirred for 2 hourd #re solvent was removed under
reduced pressure. The residue was separated bwy fthsomatography. Eluents:
hexane/ethyl acetate (1:2); & 0,47.

Yield: 12,549 (76%)

'H NMR (250 MHz, CDC}) [ppm] 4.61 (s, 1Ha), 3.91 — 3.39 (m, 18Hb), 1.9D.38 (m,
6Hc).

4.2.3Discussion of the synthesis way

Different ways of synthesis have been tried, mosibncerning the coupling of the
hydrophobic chains to the glycerol part. Variouparés in the literaturé’® 8/ cite the
possibility to couple at the same time both alkighios to a mono-protected glycerol.

Although the method presented by Pfeiffer &f‘alwas designated to produce 2,3-diacyl-
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snglycerols it has been modified by Lee efdito end up with the ether-linked lipid. The
preparation of the triphenyl-protected glyceraliescribed in Figure 4.3.

XJL A 6, ><{>\_ﬁe

*{ Loy
> L0

{ T,
® -

Figure 4.3: Preparation of 3O-tritylglycerol from 1,2-isopropylideneglycerol .

The intensive preparation steps of th®-3tylglycerol are not the only reason why this
approach has not been used. We experienced in ®thtresis for different studies that the
simultaneous ether coupling of two alkyl chainsvaninal diols has very low yields. This is

due to the apparition of side-products, the mosnroon would be the mono-ether,

resulting from the loss of reactivity induced by thterical hindrance of the side groups
after the first addition.

Another route, also known as ti&harpless asymmetric epoxidatiaquite similar to the

one used in this study should be preferred if tloelpct is thought to be produced in larger
quantities. The expensive but “convenient” glycidgkylate can be replaced by allyl
alcohol, where the double bond is selectively @adito an epoxide intermediate which is

directly reacted with the prepared alcoholate asvshin Figure 4.4. After closing the
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epoxide ring a second time, the alcoholate candded another time, from the other side,
producing the 1,3-O-bis alkyl egcer@H The mechanism of the Sharpless epoxidation is
believed to involve attack on the substrate by mpmund formed from the titanium —
tartrate complex that also contains the substratethe peroxid€? °®! Furthermore, by
using optically active tartrate, the reaction isrgbpecific and either enantiomer can be
prepared, if the second alcoholate attached differa the first. This route is a reliable way

to produce bigger amounts of products at lowerscost

@

Titanium(lV) isopropoxide O
(IV) isoprop R-c© ®Na

Diisopropyl tartrate

R.
N-"0H - o/l\/OH > 07y OH
Cumene hydroperoxide Titanium(IV) isopropoxide OH
~
?
~o P\O/
HBr - AcOH
0
R-0 Na NaOH
R. _R R.
O/\/\O - O/\7 - R. O/\/\ Br
OH Titanium(IV) isopropoxide O O\ﬂ/
~
CI) (0]
~o P\O/

Figure 4.4: Preparation of 1,30-bis alkyl glycerol from allyl alcohol
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4.3. Ester linked molecules

4.3.1Double stranded anchor lipids

090 o o
" Hac—(CHﬁ—czc—cEc{cm}—o C-CH  HS-CH,—COOH mc—{cm}—czc-cEc{CHﬁ—o—E—CHz
Hac—(CHzﬁ—cEc—cEc{CHztOH -, H .,
13
1 Ei%}'s Hsc—(CHﬁ—c c-c= c(»CHza—o c cH i-Propanol H;,C—(»CH—‘&—C c-c= C<~CH2§—O c: CH-S-CH,—COOH
a) 2 b)
DiAP \ HO%V >/\°H
H3C—€CH2+C c-c= c{-CHQ}—o c CHy 5 Hac—QCHz-);aczc—cEc(—CHzto—('i—CHz

DL-a-| L|p0|c acid

Hc—{m}—ccc C-(-CH?—OCCHSCHCO%\/%)K/\/\(» —c-c= 2 o
5 o o 2 B'\C/ICA Hac—QCHz-)g::c-c:c(—CHzto—g—CH—s—CHQ—c—o ; OH

4
HC2(EO),LA d)
€)
EtN (3-isocyanatopropyl) triethoxysilane
o

mc—{cm)—c c-c= c{—CHQ}—o C-CH, 6 <
mc—{cma—c c-c= chHZ}—o c: CH-S-CH,—C— o{’\/ >/\ )I\N/\A& o
o\
HC2(EO)4TES W

Figure 4.5: Synthesis scheme for HC(EQDA (5) and HC(EO)4TES (6)

Heptacosa-10,12-diyn-1-¢13):

Heptacosa-10,12-diyn-1-ol used in this part hasibeedly provided by Prof. Ringsdorf,

but can be prepared by following procedure (seergig.6)>*
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HZC:CHQCHZ%OH
9

l Br,

HsC—{-CH,+C=C-H BrH C—CHBr(*CH }*OH
—€ a’]_B 2 2 9
l CHs-MgBr, I, l C,Hs-OK

H3C—€CH2§1—BCEC—| H—CEC(*CHZtOH

mc—%owi—gzc—cchcmtw
1

Figure 4.6: Synthesis scheme for Heptacosa-10-12xdi1-ol (1)

Starting from hexadec-1-yne, reacting with ethylmegjlum bromide in diethyl ether,
followed by the addition of iod, 1-iodo-hexadec+ieycan be obtained. Undec-10-yne-1ol
is obtained by the bromination of undec-10-ene-fbilowed by the elimination with

potassium ethanolate in ethanol. The both compsnamre coupled via the Cadiot-

Chodkiewiecz coupling reaction involving copperi@s.

'H NMR (250 MHz, CDC§) [ppm] 3.62 (t, 2Ha), 2.22 (t, 4Hb), 1.61 — 1.38, @Hic),
1.33 - 1.18 (m, 32Hd), 0.86 (t, 3He). The alcohotgn form —CH-OH could not be seen.

a) Maleic acid-bis(heptacosa-10,12-diynyl)-este4):

20g (51,5mmol) heptacosa-10,12-diyn-1-dl3)( were added to a solution of 2,49
(25,8mmol) maleic anhydride and 1,3g (7,5mmol) Ipgoesulfonic acid in 150ml dry
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chloroform. The reaction mixture was heated touref24 hours with a water separator.
After completion of the reaction, the mixture waashed once with water, dried over
NaSO, and concentrated. The product was purified trongginystallisation in acetone and
flash chromatography. Eluents: petrol ether/etlogtate (95:5).

Yield: 149 (58%)

'H NMR (250 MHz, CDCY) [ppm] 6.23 (s, 2Ha), 4.18 (t, 4Hb), 2.22 (t, 8HEB1 — 1.38
(m, 12Hd), 1.33 — 1.18 (m, 64He), 0.86 (t, 6H).

b) Succinic acid-2-thioglycolic acid-1,4-bis(heptacek® 12-diynyl)-este(15)°:

9 0
ef_/%a
g o) d
A Z f
h N oz o
e a OH
e
h f =z g o
NG v 7
g

0,65g (7,06mmol) thioglycolic acid and 13ml tetrdinygethylenediamine were added to a
solution of 3g (6,44mmol) 014 in 50ml dry THF. The reaction mixture was thenrslyo
heated to reflux and consequently left stirring fwo days at room temperature. After
completion of the reaction, the solvent was evagdrathe remaining solid dissolved in
ethyl acetate and acidified with 2N,$0,. The mixture was consequently washed three
times with water, the organic phase dried ovesS@a and concentrated. The product was
purified with flash chromatography.

Eluents: chloroform/methanol (20:1).

Yield: 2g (56%)

'H NMR (250 MHz, CDC4) [ppm] 4.18 — 3.92 (m, 4Ha), 3.90 — 3.75 (dt, 1HhH4 —

3.33 (m, 2Hc), 3.03 — 2.65 (m, 2Hd), 2.22 (t, 8HeR4 — 1.42 (m, 12Hf), 1.41 — 1.12 (m,
64Hg), 0.86 (t, 6Hh).
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c) Succinic acid-2-(thioglycolic acid-[tetraethylendygpol ester])-1,4-bis(heptacosa-
10,12-diynyl)-este(16) :

Wﬂ

i 9 =z
N J 3

0 OH
s/\{fo\/\o/\/ ~ 0T
v
(3

In a 100ml one neck round bottomed flask, 0,5052mol) of15and 110mg (0,52mmol)
DCC were dissolved in 25ml dry DCM. The mixture vetisred at room temperature for 30
minutes before the step-wise addition of 1,0g (%v@2M of tetraethylene glycol. After
another half an hour stirring, ~10mg (0,01mmolP&fiAP was added and the reaction left
stirring overnight. The reaction was monitored ViBC. Eluents: hexane/ethyl acetate
(1:2); R @ 0,40. After completion of the reaction, the miguvas diluted with 150ml
DCM and successively washed with a solution ofQ@ and water. The organic phase
was then dried over MgS(and the solvent evaporated. The purification wasedwith
flash chromatography.

Yield: 230mg (40%)

'H NMR (250 MHz, CDCY) [ppm] 4.33 — 4.22 (m, 2Ha), 4.17 — 3.92 (m, 4HhB5 —
3.54 (m, 16Hc), 3.54 — 3.33 (m, 2Hd), 3.03 — 285 2He), 2.22 (t, 8Hf), 1.64 — 1.42 (m,
12Hg), 1.41 — 1.12 (m, 64Hh), 0.86 (t, 6Hi).

d) Succinic acid-2-(thioglycolic acid-[tetraethylendygpol ester-[D,La lipoic acid
ester]])-1,4-bis(heptacosa-10,12-diynyl)-es(&r) :

9

\/\/\/\/\/\/\/\/\/\/\/\ 1 | st
€ J
S o\/\O/\/O\/\O/\/O
%/—/ a
k \/\/\/\/\/\/I\/\/\/\/\/\ /\“/ c © ‘\')\g/
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The ester coupling of the D adipoic acid to the molecule was preformed with similar

procedure as in c).

Materials: 115mg (0,10mmol) 46

105mg (0,50mmol) of D, la lipoic acid

105mg (0,50mmol) of DCC

~10mg (0,01mmol) of DMAP

in 20ml dry DCM.
Purification via column chromatography. Eluentsxdiee/ethyl acetate (1:2); Ri 0,80.
Yield: 190mg (80%)

'H NMR (250 MHz, CDC}§) [ppm] 4.32 — 3.99 (m, 8Ha), 3.84 — 3.76 (dd, 1HbY4 —
3.50 (m, 12Hc), 3.38 (d, 2Hd), 3.13 (dd, 2He), 2-92.64 (m, 2Hf), 2.53 — 2.26 (m, 3HQ),
2.22 (t, 8Hh), 1.98 — 1.53 (m, 18Hi), 1.54 — 1.69 66Hj), 0.84 (t, 6HK).

See NMR and Mass spectra in appendix.

e) Succinic acid-2-(thioglycolic acid-[tetraethylenelygol ester-[3-(triethoxysilyl)
propylcarbamate]]-1,4-bis(heptacosa-10,12-diynys}es (18) :

. k 0
N — [
/Ii Z ;o K /\d
NE N iz ' o a \, k

X i c f H j w0~

L — o S/\ﬂ/o\ﬂo/\/o\/\o/\/o\n/N\/\/S'\

) Z d c———— g m 0—\

| )| // K (¢] e (0]

N $ 73
k

The functionalization ofl6 with (3-isocyanatopropyl) triethoxysilane has beealized
with the same procedure as the one described imder the ether linked molecules.

Materials: 115mg (0,10mmol) 46

29mg (0,50mmol) of (3-isocyanatopropyl) triethoase

3 drops of triethylamine

in 20ml dry THF.
The purification was done via a passivated coluhmomatography as for h).
Eluents: hexane/ethyl acetate (1:2);®0,75.
Yield: 409 (30%)
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'H NMR (250 MHz, CDC4) [ppm] 4.85 (s, 1Ha), 4.30 — 4.15 (m, 2Hb), 4.15.60 (m,
6Hc), 3.80 (m, 7Hd), 3.73 — 3.59 (m, 12He), 3.58.33 (m, 2Hf), 3.15 (dd, 2Hg), 3.02 —
2.64 (m, 2Hh), 2.22 (t, 8Hi), 1.71 — 1.38 (m, 14Hj)32 — 1.13 (m, 66Hk), 0.85 (t, 6HI),
0.67 — 0.54 (m, 2Hm).

See NMR and Mass spectra in appendix.

The NMR spectrum ofLl8 shows rests of (3-isocyanatopropyl) triethoxyslamith the
target molecule. Due to the delicate cleaning ptace, in order to avoid the hydrolysis of
the triethoxysilane group during chromatography,clvese to use the product as presented.
Furthermore, the LB method of deposition reducesb dhe amount of impurities in the

film, since (3-isocyanatopropyl) triethoxysilaneedmot remain at the air-water interface.

4.3.2.Single stranded anchor lipids

o
HSC—éCHZ?;sCEC-CEC%CHQtCOOH T, H3C—QCH2-}1—3CEC—CEC\LCH2 tg_ofvo%%
3
20

19 HO%\/ O}AOH
3

DL-a-Lipoic acid

EtN b) DCC
DMAP
c)
22 < 21
o 1 o 9 i
H30:tCHz-)»CEC*CzchHA-C—O‘%\/O}/\O T o Hsc—QCHQi—sczc—cEc(»CHztc—o%\/()}/\o)M
3 O\| 3 S~g
HC(EO),TES HC(EO),LA

Heptacosa-10,12-diynoic ac{d9)®*:
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As in the previous part, the heptacosa-10,12-diyacid used has been kindly provided by
Prof. Ringsdorf, and can be prepared with the sameedure as in pa#t 3.1, by replacing

undec-10-ene-1o0l with undec-10-eneoic acid.

'H NMR (250 MHz, CDC}) [ppm] 2.33 (t, 2Ha), 2.22 (t, 4Hb), 1.49 (s, 6Ht)26 (d,
30Hd), 0.84 (t, 3He). The acid proton form —COOHldmot be seen.

a) Heptacosa-10,12-diynoic acid-tetraethylene glysiee(20):

0}

a
SO O
& e————— ¢ 0 N o OH/

d e

b

In a 50ml one neck round bottomed flask, 1,50gn{@nol) of 19 and 0,78g (3,70mmol)
DCC were dissolved in 20ml dry DCM. The mixture wasred at room temperature for
about half an hour before the step-wise additioi,®8g (48mmol) of tetraethylene glycol.
After another half an hour stirring, ~80mg (0,70mMmof DMAP was added and the
reaction left stirring overnight. The reaction waenitored via TLC. Eluents: hexane/ethyl
acetate (1:2); R@ 0,27. After completion of the reaction, the mixuwvas diluted with
50ml DCM and successively washed with a solutioNefCO; and water. The organic
phase was then dried over MgSénd the solvent evaporated. The purification waised
with flash chromatography.

Yield: 1,109 (51%)

'H NMR (250 MHz, CDCY) [ppm] 4.21 (t, 2Ha), 3.77 — 3.37 (m, 15Hb), 2.802(Hc),
2.22 (t, 4Hd), 1.75 — 1.42 (m, 6He), 1.40 — 1.17 30Hf), 0.85 (t, 3Hg).

b) Heptacosa-10,12-diynoic acid-tetraethylene glycsiee(D,L-a lipoic acid ester)
(21):

d e a a
O/\\/O\/\O/\/O\//\O d

Y -
g e = f b S-g
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The ester coupling of the Dadipoic acid with 20 was preformed with the similar

procedure as in a).

Materials: 350mg (0,60mmol) @f

630mg (3,0 mmol) of D,la lipoic acid

630mg (3,0mmol) of DCC

~ 60mg (0,50mmol) of DMAP

in 20ml dry DCM.
Purification via column chromatography. Eluentsxdmee/ethyl acetate (1:1); K 0,50.
Yield: 350mg (76%)

'H NMR (250 MHz, CDC}) [ppm] 4.26 — 4.14 (m, 4Ha), 3.85 — 3.49 (m, 12Hh),3
(dd, 2Hc), 2.53 — 2.16 (m, 9Hd), 2.08 — 1.41 (mH&R 1.41 — 1.07 (m, 30Hf), 0.84 (t,
3HQ).

See NMR and Mass spectra in appendix.

c) Heptacosa-10,12-diynoic  acid-tetraethylene  glycol stee[3-(triethoxysilyl)
propylcarbamatef(22):

The functionalization o20 with (3-isocyanatopropyl) triethoxysilane has beealized

with the same procedure as h) for the ether linketecules.

Materials: 350mg (0,60mmol) @0
178mg (0,74mmol) of (3-isocyanatopropyl) triethsigne
3 drops of triethylamine
in 30ml dry THF.
The purification was done via a passivated colummomatography as for h).
Eluents: hexane/ethyl acetate (1:2);&®0,75.
Yield: 370mg (75%)
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'H NMR (250 MHz, CDCY) [ppm] 4.95 (s, 1Ha), 4.28 — 4.11 (m, 4Hb), 3.78, (6Hc),
3.72 — 3.57 (m, 12Hd), 3.15 (dd, 2He), 2.30 (t, Ri2f22 (t, 4Hg), 1.70 — 1.08 (m, 47Hh),
0.86 (t, 3Hi), 0.60 (t, 2Hj).

See NMR and Mass spectra in appendix.
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5. Thermotropic behavior of polymerizable tBLM

Diacetylenic lipids have to assemble in a crystalliattice in order to polymerize. Upon
heating, they undergo a phase transition from @idigrdered to a fluid phase, disturbing
the diacetylene organization between the lipids #mas inhibiting the topochemical
reaction. The thermotropic properties of the sysitesd anchor lipids were therefore
investigated with DSC as bulk product and as a rayeo film with optical waveguide

spectroscopy.

5.1. DSC experiments

Calorimetric studies of the polymerizable diacatgdipid 1,2-bis(10,12-tricosadiynoyl)-

snglycero-3-phosphocholine (gPC, see Figure 5.1) were reported in the literdffirg
The main aim of these studies was to determinetieets of phase transitions
on the bilayer structure. Depending on the typaggregates DLGPC forms in
water, i.e. multilamellar (MLV) or small unilameflavesicles (SUV)
suspensions, conversion to either gel phase oraulstructures by cooling
under the phase transition temperature was obseD&d measurements of the
phospholipid showed transition temperatures ranfiog 36°C — 40°C for the
hydrated MLVs or SUVs to 43,1°C for the dry lipids.

Figure 5.1: Chemical structure of DGsPC

The synthesized TD2(EQNES and TD2(EQLA, which have similar diacetylene chain
length as the D&PC model compound, were investigated by DSC. Teenthl spectra

obtained are depicted in Figure 5.2. Table 5.1gthe peak temperatures in each sample.

The probes were first cooled down to -140°C afteerb introduced in the furnace.
Afterwards, a linear temperature ramp of +10°C/mias applied on the samples until
220°C. The enthalpy changes in the probe duringetheating phases were recorded and
are depicted by the red curves. Once the samplasvad the upper temperature range,

they were cooled down with a rate of 10°C/min td0IC. The enthalpy changes in the
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probes are represented by the blue curves. Figid® Shows a third curve in green,

coming form a second heating phase with the samangers as the first.

Figure 5.2: A) DSC of TD2(EO)LA, B) DSC of TD2(EO),TES.

Peaks 1 2 3 4
TD2(EO)LA -11,11°C -2,73°C -0,54°C 12,49°C
TD2(EOLTES -15,00°C -4,09°C -2,31°C 8,96°C

Table 5.1: Extracted peak temperature from the DSC# Figure 5.2.

Each heating curve of the DSCs showed two endoibep®aks and one exothermic

located between both. The first endothermic evemespectively at -2,73°C for
TD2(EO)LA and -4,09°C for TD2(EQYES were attributed to the melting of the
tetraethylene oxide chains of the molecules. Pateag¢thylene oxide is melting at
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temperatures between -5°C and -2°C. The followixagfleermic peak could not be directly
addressed but is believed to be due to rearrangenoérparts of the molecule after the
ethylene oxide chains regained in mobility. Thet kasdothermic peaks at 12,49°C and
8,96°C were assigned to the melting of the diaeetylchains.

The cooling curves of the DSC thermograms, only ilekhone exothermic peak,
corresponding to a crystallization, although asteao were expected. It is known from
literature that the freezing point of tetraethylayigcol is located around -9,49%! The
crystallization temperatures of -11,11°C and -15D@or respectively TD2(EQLA and
TD2(EOXTES may suggest a concerted crystallization of kdiicetylene chains and

ethylene oxide together. However, this issue haveen addressed.

5.2. Optical waveguide spectroscopy

The optical waveguide spectroscopic measurements dene by Christoph Hoffmann
(AK. Knoll, MPIP).

After measuring the transition temperatures of hee lipids with DSC, monomolecular
layers were investigated with optical waveguide csscopy. Monolayers of

TD2(EOLTES were transferred by Langmuir-Blodgett film ster at a surface pressure of
32mN/m (water subphase temperature: 9,5°C) in @idigondensed state onto a silicon-
titanium oxide waveguide. The film was allowed ty dvernight in a desiccator.

The transition temperature of the film was measuredir as described previously (see
Chapter Materials & Methods, 2.9).

The graphs in Figure 5.3 show the plots of theative index change in the monolayer, in

function of the temperature both for the transvesieetric (TE) and transverse magnetic

(TM) mode of zeroth order.
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Figure 5.3: Variation of the coupling angle with clanging in the temperature; A) TE mode, B)
TM mode.

The plots of the coupling angle variation of theh® with respect to the reference (same
waveguide measured under the same conditions, wtithwonolayer) over the whole
temperature range could be fitted with two différdéinear fits. The kink in the plot
indicates the transition temperature in the morelayor both TE and TM modes, the
transition approximately occurred at 42°C.

This result contrasts with the one obtained from II8C method, on the bulk product. On
the other hand, they are in perfect agreement thighphysical constants determined in
previous literature, predicting an acyl chain nbgltween 36°C (hydrated) and 43,1°C (dry)
of DC,sPC. This dramatic shift in the melting temperatwan be related to the
intermolecular diacetylene organization, which ighty enhanced in a liquid crystalline

monolayer.
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6. Langmuir films

The surface pressure-area isotherm, measured @am@niuir film balance gives valuable

information about the properties of a monolayere &nhchor lipids have been characterized
as films formed at the air-water interface. As diéscl before (see Chapter Materials &
Methods), the form of the Langmuir isotherm givesoimation about the interactions

between the lipids.

The lipids studied are again depicted in Figure 6.1

Figure 6.1: Chemical formula of the anchor lipids tudied by Langmuir film technique.

The isotherms of the molecules were paired, acagrth their chemical similitude. Hence,
three groups are presented, the first one of lipwigd with ether linking, then the single

stranded ester linked and finally the double steahelster linked lipids.
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6.1. TD2(EO).LA and TD2(EO),TES

The Langmuir isotherms of the ether linked molesll®2(EO)LA and TD2(EO)TES at
20°C, 15°C and 10°C are depicted in Figure 6.2.

Figure 6.2: Langmuir isotherms of TD2(EO)LA (A) and TD2(EO),TES (B) at 20°C, 15°C,
10°C (indicated in the legend).

Upon compression, an important shift of the meatemdar areas (MMA) at the gas to
liquid expanded (LE) phase transition was measdoedboth molecules. The surface
pressure in the TD2(EQ)A films started to rise at 175 A2/molecule and 340
Az/molecule for TD2(EQ)TES. This shift is directly correlated with the esiaf the anchor
group. The triethoxysilane group is bulkier aslipeic acid and induces repulsion between
the molecules on the surface at higher MM#s!® The transition gas-LE is therefore
governed by the hydrophilic parts of the lipids.eTinansition to a liquid condensed (LC)
phase is most probably dominated by interactionadsen the hydrophobic parts. For both
lipids, the gas-LE transition showed only littlenjgerature dependence.

The TD2(EO)4LA films show an LC/LE transition plateau at MMAs gamy from 70 to
75A2/molecules ending with a little increase in face pressure before collapse at
40A2/molecule and 30 to 31mN/m. The film at 10°@Idobe compressed above this limit,
creating an LC phase collapsing at 23A2/molecutk Z0mN/m.
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The temperature had a significant effect on thehewns during the LC/LE transition
plateau, inducing an increase of the surface pressuuthe same MMAs with decreasing

temperature.

TD2(EO)4TES: the isotherms of the films compressed at 20°C EfilC show a collapse
directly after the LE phase at MMAs of 95A2/molez{20°C) and 90A2/molecule (15°C),
at surface pressures of 30-31mN/m. This is similar TD2(EO)LA at the same
temperatures. But unlike TD2(EQA, the LE phase was greatly influenced by the gean
of temperature, producing the contrary effect dereei.e. the isotherm are shifted to lower
surface pressure for the same MMA at lower tempegat

Finally, the 10°C isotherm fades from the LE inl& phase with a little transition plateau,

collapsing at 26A2/molecule and 41mN/m.

It was reported that diacetylene lipids behave likeir saturated counterparts but with
lower critical transition temperatur€8% Therefore, the expected response of the isotherms
to lower temperature would be a lowering of thefae pressur€® This behavior was
displayed by TD2(EQYES, where the LE part of the isotherms constasitijted with
temperature, to even induce an LC phase at 10°Gh®ather hand, the increase in surface
pressure during the LC/LE plateau before collapsetre TD2(EO)JLA isotherms was

related to the enhanced compressibility of the nheyess at lower temperatuf8™!

With the comparison of the isotherms of both molesyuit is possible to determine which
part of the lipid has the greater influence on fifra properties at which MMAs. As
described previously, the gas/LE phase transittomainly influenced by the hydrophilic
part of the molecule, determining the space eaul kan occupy before interacting with
each other. Identically, at the LE/collapse traosit the occupied space of the
TD2(EOXTES molecules is almost double than for the lipead terminated one. But on
the other hand, the surface pressure at the celléfps the isotherms at 20°C and 15°C,
showing no LC phase) is identical (30-31mN/m), betinerefore related to the packing of
the hydrophobic chains. Finally, the collapseshaf LC phases occur at the same MMA,
demonstrating again the interactions between theetlylene chains, being the same for
both lipids. The difference of surface pressuréhatcollapse is probably due to the ability

of one anchor groups to order and be compressed than the other.
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Nevertheless, the crystalline state of the monetayeecessary for the topochemical
reaction can only be obtained under cooling ofghlephase, what makes the stability and

therefore the reactivity of the prepared monolatenom temperature questionable.

6.2. HC1(EO).LA and HC1(EO),TES

The Langmuir isotherms of the single stranded dstked molecules, HC1(EGQ)A and
HC1(EO)TES at 20°C, 15°C and 10°C are depicted in Figuse 6

As for the ether linked molecules, a large influeioé the anchor group could be seen as a
shift in the gas to LE phase transition. The triamsi starts at 165A2/molecule for
HC1(EO)LA and 280A2/molecule for HC1(EQJ)ES.

Figure 6.3: Langmuir isotherms of HC1(EO)LA (A)) and HC1(EO),TES (B)) at 20°C, 15°C,
10°C (indicated in the legend).

The temperature did not have a large influencehenisotherms during the LE phase as
before. The pressure at the collapse for HC1{E®)nonolayer decreased with decreasing
temperature, indicating a reduced compressibititthough the contrary was expectéd
and also seen for both other double stranded lipids

The films collapsed at comparable MMAs, i.e. 32-3@dolecule for HC1(EQ).A and 40-
44A2/molecule, but not at the same surface pressuagbe related to the anchor groups, as

previously discussed.
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6.3. HC2(EO).LA and HC2(EO),TES

The Langmuir isotherms of the single stranded dstked molecules, HC2(EGQ)A and
HC2(EO)TES at 20°C, 15°C and 10°C are depicted in Figute 6

Figure 6.4: Langmuir isotherms of HC2(EO)LA (A) and HC2(EO),TES (B) at 20°C, 15°C,
10°C (indicated in the legend).

As for all the other isotherms, the effect of thlaree end group could be clearly noticed.
The first phase transition occurs at 175A2/molecide HC2(EO)LA and at roughly
340A2/molecule for HC2(EQJES. A correlation can be seen between the TD2-lgid
HC2-lipid series: although having different hydropic chain length, the gas/LE phase
transition remains at the same area per molecaldjrming the assumption that it results

from the interactions between the hydrophilic ckain

HC2(EO)4LA: the transition from the LE phase to the LC/LE @#at occurs at relatively
low surface pressures, ranging from 4 to 10mN/rdiceting a rapid organization of the
hydrophobic chains in crystalline domains over wiele temperature range. At the onset
of the LC/LE transition plateau, an “overshoot #siéion”, very characteristic for very stiff
films is observe&™ 1°? The collapse pressure of 57 to 63mN/m was coreliehigher
than in the case of TD2(EQA, but the MMA remained the same with 22A2/molexul
The increase in the surface pressure at collapselased to the 4 additional methylene
groups in the hydrophobic chains and the hydrogemdé due to the presence of ester
bonds at the central glycol linker of the HC2-lipidrhe effect of the temperature was as

74



Langmuir films

expected, with a reduction of the surface pressluneng the plateau with decreasing
temperature.

HC2(EO)4TES: from a very pronounced LE phase a direct transitbovards the LC phase
is induced at approximately 15mN/m without any LE/transition plateau. The collapse
with an MMA of 41A2/molecule is again the double fas the lipoic acid analogue, but
with a comparable surface pressure of 53 to 57mN/he isotherms show an opposite
temperature dependence, compared to the HCZ[RQ).e. a decrease of the surface

pressure with increasing temperature. The reaspet it be clarified.

Both HC2(EO)LA and HC2(EO)TES undergo a crystallization at the air-water riiaiee

upon reduction of the available area per moleceNen at room temperature. Hence, it is
possible to prepare ordered, liquid crystallinenfilon the Langmuir trough and transfer
them afterwards on a solid substrate, ensuringctbation of a polymerizable monolayer
even at room temperature. Since both lipids cartdwalently bound, either on gold or

silicon oxide, selective functionalization of hetgeneous substrates can be achieved.
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7. UV-Visible spectroscopy

The topochemical polymerization of diacetylenesuléng in a conjugated backbone made
form alternating double and triple bonds, exhiliitosg absorption bands in the visible
spectra of light. This results typically in a deldpe or deep red coloration of the films.
Hence, the study of the UV-Vis absorption specparupolymerization is a very reliable
and easy-to-apply method for the determinatiorhefreaction kinetic.

Diacetylene monomers are known to absorb in the bd&arange of light (<300nm),
making them sensitive to photolithographic polymmation. The molar absorption
coefficient of 1,2-bis(tricosa-10,12-diynoyd)rglycero-3-phosphatidylcholine is as high as
5,1.10M.cm™*®! However, the monomers do not absorb in the visilalg of the light
spectra (>300nm).

The evolution of the absorbance spectra with adwgngolymerization of the diacetylenes
was intensively studield® 3% 31 43 %\jith low conversion, the polymer initially absorins
the range of 620-630nm, producing a blue film, wheonverts slowly to the more stable
red form (490-550nm) with increasing polymerizatidegree. More specific studies on
diacetylene phospholipids identified the absorptitaxima at 490 and 529nf!

In order to determine the polymerization kinetictioé synthesized anchor lipids, UV-Vis
spectra were recorded in transmission from 820n@2@nm between two UV irradiation
of the film. The monomolecular films were transéetronto substrates as ordered films
from the surface of an LB trough. The polymerizatwas achieved by UV illumination at
254nm at room temperature under &dmosphere, using a 6W laboratory hand lamp at a
distance of 5cm, delivering 5,8mW.&m

7.1. HC2(EO),TES on quartz

The polymerization kinetic of the silane baseddipiC2(EO)TES was followed on quartz
substrates. The monolayers were transferred eacigdressures of 50mN/m from the water
subphase via LB transfer with a deposition speethah/min.

Figure 7.1 shows the evolution of the UV-Vis spactith increasing UV illumination

time.
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Figure 7.1: Evolution of the UV-Vis spectra of HC2EO),TES on quartz with UV irradiation
time.

The absorption spectrum of the diacetylene lipidnatayer before illumination can be
separated in two parts. Under 350nm, the diacegytgoups absorb light, allowing the use
of high energy UV irradiation as a source of iniba for the polymerization. From 350nm
to 820nm, no other absorption band was recordedjroung the monomeric state of the
film. Upon polymerization, the film increasingly sdrbed in the blue region of the visible
spectra, but not enough to be seen by eyes. Atair6 UV irradiation, the photoproduct
absorbed at 490nm and 530nm as expéttet] This so-called “red form” of the polymer
is associated with a backbone of alternating doabk triple bonds. The formation of the

intermediate blue form could not be observed inaase.
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The increase of the polymer film absorbance at B8Gmith respect to the non polymerized
monolayer is plotted in Figure 7.2 as functionha trradiation time.

Figure 7.2: Relative absorbance of the HC2(EQJES diacetylene film in function of the

irradiation time at 530nm.

The kinetic of polymerization was followed by theciease in absorption at the maxima of
530nm. The plot shows an exponential rise of theogiiion with time. The sample was
completely cross-linked after 60 to 70min UV treatiy with a fitted relative absorbance at
t of 5,72.10%a.u. As stated before, the absorbance was quitellmato the little thickness

of the film.

7.2. HC2(EO)4LA on quartz

Monomeric films of HC2(EQLA molecules were also transferred in the LC phi@dea
surface pressure of 52mN/m) on a quartz substréte avconstant deposition speed of
Imm/min.

The following plot in Figure 7.3 shows as previgudie evolution of the absorption bands

in the region from 220 to 820nm upon UV irradiatmiithe sample.
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Figure 7.3: Evolution of the UV-Vis spectra of HC2EO),LA on quartz with UV irradiation

time.

As in the case of HC2(EQIES, the characteristic peaks for the conjugatedkii@ne of

polymerized diacetylenes appeared on the UV-VistsaeAlso, the intermediate blue form
of the polymer was not formed in the early stagéshe polymerization process. The
kinetic of polymerization was followed as the irase of the absorbance at 530nm with

increasing irradiation time. The results are phbiteFigure 7.4.
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Figure 7.4: : Relative absorbance of the HC2(EQLA diacetylene film in function of the

irradiation time at 530nm.

With a time constant of 11,09min, the polymerization rate of HC2(EBIDA seems to be a
little higher than for HC2(EQTES having a of 18,48min. This difference in kinetics is
probably due to the better packing of the lipoiaterivative in the film, producing bigger
crystalline grains, according to the Langmuir isoth studies (see Chapter Langmuir
films) and the following fluorescence micrographsdg Figure 8.2 and Figure 8.5).
Nevertheless, the fitted absorbance are in both films comparable, with 5,433k0u. for
HC2(EOXLA and 5,72.10a.u. for HC2(EQJTES. The amount of cross-linked lipids on
each sample is therefore of the same order of madmieven if the obtained grain size of
the polymerized crystallite differs (see Figure &l Figure 8.5).
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8. Photolithographic patterning

As demonstrated before, the polymerization of tipg Imonolayer can be initiated by
ultraviolet light. This offers the possibility teelectively shine light on defined spots by
means of a photolithographic mask, creating a patiepolymerized and non polymerized
membrane. The scheme of the process is presenteigure 8.1. The ability to
tophotographically structure the monolayer was & waportant requirement in order to
accommodate the membrane with respectively toubstgatd>> 103 104!

After cross-linking of the lipids, the monolayerssarb light and emit fluorescence in the
visible spectra due to the conjugated backbones &tows the observation of the created

patterns with fluorescence microscopy.

Figure 8.1: Photopatterning of the light sensitivemonolayer; a) deposition of a lipid
monolayer on a substrate and application of the m&son top, b) after UV irradiation, removal

of the mask, revealing the structured surface.

The microscope used was equipped with a 490nmadiait filter and a 560nm long pass

emission filter.

8.1. HC2(EO),TES on quartz

The silane anchored molecules HC2(EXBS were transferred as monomolecular films at
50mN/m on quartz substrates (deposition speed: tmmj/via LB deposition and
subsequently UV irradiated for 60min. The fluoresse micrograph reveals fir cone like
aggregation structures after polymerization (Fig8r2). The aggregates did most likely
grow as isolated domains gathering together upompcession of the film at the air/water
interface’®® %! At higher compression these isolated crystallsiands, forced to form a
solid film (seen Chapter Langmuir isotherms, in)6d&d not fuse to a homogeneous

crystalline monolayer.
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Figure 8.2: Fluorescence micrographs of an HC2(EQ)ES monolayer on quartz prepared at

a constant compression rate.

In order to diminish to defects in the film andderthe islands to fuse to an homogeneous
crystalline monolayer, a multi-step creep methoctarhpression was appli€d® Figure
8.3A shows the preparation process of the HC2{EE} monolayer by the multi-step
creep method. Briefly, after spreading of the Igpahd evaporation of the chloroform, the
monolayer was compressed and hold to a surfaceyeesf 10mN/m. The variation of the
monolayer area was measured, while maintainingtinece pressure at 10mN/m, allowing
the molecules to rearrange. This rearrangementagasmpanied by a reduction of the
area. After equilibration (30min to 1 hour) thenfilwvas compressed further to 20mN/m,
and the procedure was repeated. After the last gtepmonolayer was transferred on the

quartz substrate with the usual procedure.
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Figure 8.3: A) Flow sheet describing the multi-stegreep method, B) fluorescence micrograph
of HC2(EO),TES monolayer on quartz after a multi-step creep ampression (with MPIP

patterning).

A significant enhancement of the quality of theganed monolayer could be achieved with
this method as can be seen on the fluorescencegnaph in Figure 8.2B. The crystalline
grains were fused together, improving dramaticétly quality of the polymerized film.
Some defects and grain boundaries could still le@,spresumably due to the presence of
amorphous material between the grains. In liteeathie contraction of the monomeric film
during polymerization has also been repoft&d? probably inducing in turn the distortion

of the crystal lattice at the grain boundaries.
After the optimization of the monolayer qualityphotolithographic mask was applied on

top of a new sample to imprint patterns. Figure ghéws fluorescence micrographs of

structured lipid monolayers.
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Figure 8.4: Fluorescence micrographs of patterned 82(EO),TES monolayers prepared with

multi-step creep compression.

The black squares on the pictures are made of nbymerized lipids. The edges of the
squares are well defined meaning that the polyrataa, once initiated, did not expand in

the areas covered by the mask. This would enableatterning with micrometer precision.
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Polymerized structures with submicrometer size @also be considered, but only with
optical setups delivering highly parallel and foetidJV light.

On Figure 8.4B the cracks or defects between gi@nsbe clearly seen. The quality of the
prepared film seems to be not as good as the oesemied on Figure 8.2B. Further
possibilities to improve the fusion of the lipidagrs formed during compression on the
water surface could be reached by implementing rthati-step creep process. Defect
diminished monolayer were reported by spreading lipeds on water surface at

temperature above the transition temperature, cesspand then progressively cool down

the subphase to induce crystallizattsi!

8.2. HC2(EO),LA on quartz

Films of the disulfide ending lipid HC2(EGA were also transferred via LB deposition
(deposition speed: 1mm/min) at 52mN/m on quartzssabes. The anchor lipids were
therefore only adsorbed on the surface and notleotha bonded.

The microscope picture in Figure 8.5 shows a polyaed monolayer of HC2(EG)A on

quartz.

Figure 8.5: Fluorescence micrograph of polymerizetHC2(EO),LA on quartz.

85



Photolithographic patterning

In comparison to the monolayers of HC2(EUBS in Figure 8.2B, the crystal grains are
much larger, ranging from 50um to 250um. The grhmundaries can be clearly
distinguished as white lines. Within each grainresmaller domains can be identified from
the difference in the gray scale, resulting form $imtering of single crystalline domains at
their interfaces forming larger two dimensionalstajs.

The previous study of the Langmuir isotherms ofhbanchor lipids already indicated the
ability of HC2(EO)LA to form very pronounced solid phases upon comsgioa (see
Chapter Langmuir isotherms). The resulting smatietision of the crystals in the case of
HC2(EO)TES can be therefore attributed to the steric lainde between the silane anchor

groups.

Patterning of the surface was also undertakengubie same photomask as before. Figure
8.6 shows fluorescence micrographs of the polyredrigtructures. The non polymerized
squares of the membrane array presented in Figare fgave a side length of 100pum and
are separated by 25um barriers. The defects idlithesion barriers between two possible
neighboring “sensing areas” are quite few and Ugulal not span from one to the other. In
further developments, such arrays could be polyzradriover millimeter sized electrodes,
reducing on one hand the sensing area and onhkee lvdnd impeding the inserted proteins
to laterally diffuse over the membrane.

As presented for HC2(EQNES, if the defects are too numerous for the camaig
application, an improvement of the quality of thensferred monolayer can be reached by

applying the multi-step creep method.
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Figure 8.6: Fluorescence micrographs of patterned 82(EO),LA monolayers on quartz.
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9. Electrical impedance spectroscopy

Biosensors rely on biological recognition mecharsidm detect and quantify an analyte in
the studied sample. This biological recognitiontaeys has to be coupled with a read-out
system that transforms the molecular signal in tfiable dimensions. In this study,
tBLMs were used as model environment to accommoutatechannels, switching their
conductance by the recognition evEnt? & 2021 23,45 10%5nqyctance changes in the
system can be easily measured with electrical irapeel spectroscopy (EIS).

To prove the potential applicability of membranestied by the new anchor lipids, EIS
measurements were performed. Monolayers were formedelf-assembly on freshly
stripped TSG substrates. The bilayer formation wfierwards completed via vesicle

fusion.

9.1. Valinomycin

Valinomycin is a polypeptide macrocycle of twelveits obtained from bacteria of the
Streptomyces strains. This ionophore has a hydkoptavity, binding highly selectively
potassium ions and a hydrophobic shell, due tspeeial arrangement of the enantiomeres
constituting the ring. As can be seen from thecstmal representation in Figure 9.1, the
alternate coupling of optically active peptides, D- and L-valine, D-hydroxyvaleric acid
and L-lactic acid over amide and ester bonds, fercearboxyl groups to point inwards the
ring. Whereas the six remaining are oriented inglame of the ring, building hydrogen

bonds with the neighboring amides groups, stabdjzhe structure.

Figure 9.1: Structure of the valinomycin-K" complex°®
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The coupling constant of potassium ions in the dagé higher than for sodium ions. The
transport of the ion occurs in four distinct stefpsthe first step, the mobile carrier forms a
complex with the metal ion at the membrane-aqueoligtion interface. Then the formed
complex migrates to the opposite surface of the bmane, overcoming a high energy

activation barrier, releases the metal ion andugédé back to the initial membrane idg.

Due to its high selectivity, this polypeptide icarger is very frequently used for the testing
of model membrane systems (innumerous publications)

In the following experiment, this ionophore was déoypd to prove the viability of the
presented system as a sensing platform.

9.2. Building the bilayer

As described in the introductory part, the ancliwid$é were tethered overnight via a self-
assembly process of HC2(EQQA. The created monolayer was rinsed thoroughlyhwit
ethanol. The water contact angle of the samplegadbetween 100° and 110°. The vesicle
fusion process can be followed by EIS (see Figu2g The fitted values from the plots are

presented in table 9.1.

Resistance [M.cm?] = Capacitance [tF.cfh
Monolayer 0,020 2,77
Vesicle fusion; Oh 0,059 2,35
Vesicle fusion; 0,5h 0,36 1,35
Vesicle fusion; 6h 1,25 0,92
Bilayer 1,44 0,92

Table 9.1: Fitted membrane resistances and capacitaes form the EIS measurement during

bilayer growth.
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Figure 9.2: Bode plot following a vesicle fusion oa HC2(EO),LA monolayer.

The resistance of the membrane to the diffusioron$ across it increased with the time.
This increase is especially pronounced in the $ipsthours of the vesicle fusion process. In
parallel, the capacitance of the membrane decreasg#idating a better charge separation,
in turn denoting the reduction of defects. The idgrece spectra were fitted with a simple
model (see Figure 2.14), only taking in account tesistance and capacitance of the
bilayer, the resistance of the electrolyte and dhpacitance due to the ions in the water
reservoir beneath the membrane. It is possiblextanée tBLMs systems much more in

details by introducing other parameters in thebiit this goes well beyond the scope of this

work [109. 110]

9.3. Introduction of Valinomycin in the tBLM

To the 1ml of 0,1mM KCI buffer solution in the measment cell, 20ul of a valinomycin
solution (Img/ml in trifluoroethanol) were addedftek two hours incubation time, the
measurement cell was rinsed with 5ml 0,1mM KCI bufind an impedance spectrum was

measured (see Figure 9.3). The fitted values flwarptots are presented in table 9.2.
90



Electrical impedance spectroscopy

Figure 9.3: Bode plot of a HC2(EO)LA bilayer functionalized with valinomycin.

Resistance [M.cm?]  Capacitance [UF.cfih
Bilayer 1,44 0,92
Valinomycin / KCI 0,4.10 1,06
Valinomycin / NaCl 0,62 0,87

Table 9.2: Fitted membrane resistances and capacitaes form the EIS measurement after
valinomycin incorporation.

After valinomycin incorporation, a 3800 fold decseain the membrane resistance is
observed. The capacitance stayed almost consthotyirsg that the integrity of the
membrane remained. The KCI solution was then exgddwith a 0,1mM NaCl buffer
solution to impede the ion transfer across the mand by the ionophore. The resistance
increased, ranging back in the region of the inhitayer, also the capacitance decreased
again a little. The recovery of the resistance nascomplete, since the removing of afl K

ions in the measurement cell is only possible ¢ergéain extend.
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This shows the possibility to employ the newly $wsized anchor lipids as platform

environment for the functional incorporation of {@ios.

9.4. Polymerization of the bilayer

The effect of the polymerization of the tBLM on thedectrical properties was also
investigated. In Figure 9.4, bode plots of a bitagee displayed, showing the evolution of
the electrical properties directly after polymetiaa, 24h and 48h after polymerization.

The fitted values from the plots are presentedcloet 9.3.

Figure 9.4: : Bode plot of a HC2(EO)LA bilayer after polymerization.
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Resistance [M.cm?]  Capacitance [UF.cfih
Bilayer 21,92 0,70
After 20min UV polymerization 0,37 0,68
24h after polymerization 1,27 0,77
48h after polymerization 1,04 0,78

Table 9.3: Fitted membrane resistances and capacitaes form the EIS measurement of a

bilayer after polymerization.

As described in the previous chapter, diacetyleimasf are reported to shrink upon
polymerization> ®3 The effect of this shrinkage could be seen undeoréscence
microscopy, by non-polymerized areas between twstalline grains. Under impedance
spectroscopy, the disturbance of the film inducgdhe UV polymerization results in a
large decrease in the membrane resistance. Howeneeigapacitance remained constant,
attesting in turn that the membrane remained teth&r the substrate.

The partially cross-linked films were measured a@ah and 48h after UV irradiation. The
membrane partially recovered its resistance asudtref the “self-healing” ability of a fluid
tBLM. The distal leaflet was composed of DPhyPC johhare free to diffuse. The free
lipids were then integrated in the defects, redyitire free energy of the system, resulting
from the exposition of hydrophobic chains to aqueauedia, thus completing the
bilayer*!
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10. Fluorescence recovery after photobleaching

The aim of this study was the development of aepaittg method for tBLMs. Two

approaches have been successfully followed, firstdynthesis of polymerizable anchor
lipids, which can be selectively cross-linked osugface, second the conception of laterally
structured substrates. Both approaches can be npedhbitaking advantage of the
conductor/insulator patterning of the substrate @énedselective deposition of a monolayer

via self-assembly.

In order to show the efficacy of the anchor lip@s diffusion barriers, substrates were
prepared having a gold matrix with embedded ,Silidcs and selectively coated with
HC2(EO)LA. After polymerization of the diacetylene lipiden the gold parts, a
fluorescent bilayer (1mol% DOPE-NBD in DPhyPC) wigposited over the tethered lipids
covering the gold matrix and over the hydrophili©Sdiscs. The objective was to create a
bilayer so that on the gold surfaces a tBLM wasmied, using the polymerized
HC2(EO)LA as monolayer and on the SiParts a type of SSM, suspended within a tBLM
structure (see Figure 10.1). It was shown previptist lipids preferentially form a mono-
molecular layer when they spread on a hydrophalifase and bilayers on a hydrophilic
surfacg!*?

Distal leaflet

Proximal leaflet

Figure 10.1: Preparation of the polymerized tBLM ontop of the structured substrate; a) self-
assembly of HC2(EO)LA, b) UV polymerization of the monolayer, c) depogion of the bilayer

via rapid solvent exchange.

To prove the possibility to create an archipelaffiuod membrane bilayers corralled in a
solid matrix, the diffusion of the free lipids ovéne SiQ discs was studied. FRAP
measurements were performed over the discs, hawisge inferior to the laser spot,

allowing the bleaching of a complete island at ofldee mixed architecture was expected
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to have a fluid distal leaflet, connecting the mmatecular layer over the tBLMs structures
to the upper layer of the bilayer on the oxide sliand a confined proximal leaflet in the
SSM bilayer.

Additionally, a selective chemical bleaching of ttheéorophores in the distal leaflet was
achieved. Following an experimental procedure thiced by Mcintyrd!*® to determine

the phospholipid membrane asymmetry by fluorescassay, the NBD fluorescent groups
were reduced as depicted in Figure 10.2. The reduagent, sodium dithionite, can only
access the fluorophores in the outer leaflet, dube sealing properties of the bilayer. This

enables the separate measurement of both leaflets.

Figure 10.2: Reduction of 7-nitro-2,1,3-benzoxadiai-4-yl-labeled lipids to 7-amino-2,1,3-

benzoxadiazol-4-yl-labeled lipids with dithionite.

10.1Sample preparation

In Figure 10.3 the flow sheet of the substrate potidn process is presented. On a clean
silicon wafer, covered with a protective layer oT E) silica beads of 2um in diameter
(Duke Scientific Corp., CA, USA) were spin coatednfi a low concentrated ethanolic
solution at 1500rpm for 60sec. Once the beads smead over the surface, layers of 50nm
Au and 5nm Cr were evaporated. The glass microsghgere removed from the substrate
by intensive rinsing with THF. Subsequently, 110oh&iOx, 5nm Cr and 100nm Au were
consecutively deposited before gluing of the micope backslide, similar to the other
procedures (see Chapter Ultra flat heterogeneaatslictured substrates). The additional
layers of Cr and Au after evaporation of the ,Siddscs serve as shield against back-
fluorescence. Samples were first prepared withcis tsupplementary layers and
fluorescence raising form the epoxy glue throughttansparent SiCdJayer was impeding

the FRAP measurement.
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Figure 10.3: Preparation of the FRAP substrates; apurface modification of a silicon wafer

with OTE and spin coating of the silica beads, b)ugcessive evaporation of Au (50nm) and Cr
(5nm), c) removal of the beads with THF, d) evapot&gon of SiO, (110nm), e) successive
evaporation of Cr (5nm) and Au (100nm), f) gluing & a microscope slide, g) curing of the

epoxy glue, h) stripping of the substrate.

After fabrication, the substrates were functionedizwith the dithiolane lipids via self-
assembly according to a procedure described bésee Chapter Materials & Methods).
The lipids were subsequently polymerized with Uhadiation, producing diffusion barriers
for the proximal leaflet. Finally, a bilayer wasriited using the rapid solvent exchange
technique allowing the production of mixed fluid nme and bilayer as can be seen on
Figure 10.1.
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10.2Bilayer formation

Figure 10.4: Micrographs of a FRAP substrate on thesame spot; A) DIC image, B)

fluorescence image.

On the micrograph in Figure 10.4A an assembly oddhSiQ discs can be recognized in
the center (white arrow). This structure, resultinrgm the agglomeration of three silica
beads during the spin-coating process can be &toglished on the fluorescence picture
(Figure 10.4B), resulting from the bilayer formaticsome lighter fluorescent patches were
also found on the surface of the tBLM, where nmifascence was expected due to the
guenching properties of the underlaying gold swfathese structures were assumed to be
multilayers or vesicles formed spontaneously dutimg rapid solvent exchange process,

even though the cell was extensively rinsed aftedipid deposition.
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Anyhow, these supplementary lipid structures weirectly bleached by the chemical
treatment, whereas the membranes remained halfeBaent. No picture of the half-
bleached membrane can be shown due to the too imtasity of the fluorescent light

emitted.

10.3FRAP measurements

The introduction of the free lipids in the membramgng the rapid solvent exchange
technique was preformed in a 5ml flow cell allowithg vigorous rinsing after deposition.
The substrates were kept underwater when trandfesrthe measurement cell on top of the
microscope. The buffer solution in the measuremehtwas containing 10mM HEPES and
0,9% NacCl (pH 7,4). The SiQliscs were first located on the sample with tHéerdintial
interference contrast (DIC) mirror unit of the nuscope and afterwards observed with the
fluorescence mirror unit, having an excitation rtgtween 470 and 495nm and a 510nm
long pass filter for the emission. The samples wWeceised according to the fluorescence
image.

FRAP measurement were performed as described i 2.1

10.3.1Lipid diffusion in both leaflets

The fluorescence recovery was first measured oh hedflets of the labeled SSM. As
mentioned before, the bilayer spot was bleacheheg by the high intensity laser pulse. A

typical recovery curve is shown in Figure 10.5.
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Figure 10.5: Fluorescence recovery curve of a SSMer a SiQ, disc.

An average over 20 bleached spots on two diffesamiples gave a relative recovery of
54%z 10%. This result agrees well with the assumptioadenthat the fluorophores would
distribute equally on both side of the membrane #rat only the upper leaflet of the
membrane would experience recovery.

Anyhow, the diffusion coefficient over the same @@asurements is ranging between
0,5 and 7.18umz2.s" with an average value of 1,7:30mz2.s". The dispersion of this value
is too high to make meaningful appreciations alteeitmembrane itself.

But even if a quantitative conclusion cannot bewdrathe diffusion coefficients are still
very low with respect to pure SSMs which exhibithitity of 3,5 to 4um2.2 on clean
hydrophilic glas$® ** Other previous studies already underlined thenstiafluence of
immobile phases in the form of a tethered monolayerthe diffusion of free-moving
lipids** %) They showed that the mobility of the lipids wasagty reduced <1pm2.§)

if not suppressed when the ratio of the anchongiddito the free lipids increase over a
certain threshold. In our case, the assumption lamade that frictions between the
hydrophobic chains of DPhyPC and of the polymerifipiis barriers surrounding the

measuring spot affected the diffusivity.
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Fluorescence recovery after photobleaching

10.3.2.Lipid diffusion in the bottom leaflet

The distal leaflet of the membranes were bleackedrding to the method of Mcintyfe-!
Briefly, 1ml of a 1,0M NaS;0, solution in 1,0M Tris (pH 10,0) was added to ti@en® of
10mM HEPES and 0,9% NaCl buffer present in the om&ag cell. The mixture was
homogenized by a gentle agitation and a pause ah Sor the reduction of the
fluorophores to occur was observed before furtf®AF measurements.

A typical recovery curve of a bleached system @ashin Figure 10.6.

As expected, the proximal leaflet recovery did stodbw any recovery. The same result was
obtained on all the spot measured. This demonstitéte possibility to create membrane

corrals; the lipids in the inner leaflet being daefl within the polymerized regions.

Figure 10.6: Fluorescence recovery curve of the pxomal leaflet after chemical bleaching.
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11. Conclusions and outlook

Solid supported membranes have been establisheedasable model membrane system to
investigate phenomena occurring at the cell intedfa’” Due to their outstanding stability
and electrical sealing properties, tethered bildy@d membranes (tBLMs) are especially
suited for the study of ion channel proteins emieedéh the membranés: 2> 1% |n
principle, a tBLM consists of a lipid bilayer, withe inner leaflet covalently attached to a
solid support via a spacer group. Such architesthaee decisive advantages that can make
them useful for biosensing applications, where nramé proteins are used as actual

sensing unit§> !

For such applications, structured membranes, mddai by
polymerization of the leaflets, could be very effee in confining incorporated proteins in

defined domains or corrals.

So far, polymerizable phospholipids have mainlyrbesed to stabilize liposomes, for
example in the pioneering work performed by Ringsdet al.'*® Regen et af?’
Chapman et df” and O'Brien et a® More recently, the selective lithographic patteei
of phospholipids containing diacetylene groups datidssupported membranes has been
demonstratef> "1 This approach allows the creation of membrane yarnaithout
introducing external barriers on the substfte®® We combined the functionality and
stability of a tBLM with the possibility of patteimg the lipid layer using diacetylene lipids,

thus opening new possibilities for the creatiomiokensing architectures.

Typical biosensor platforms use noble metal elegsoin combination with insulating
silicon oxide or silicon nitride matrices. The rehlallenge for the structuring of substrates
addressed to support tBLMs is the requirement ofeatieme smoothness to prevent
defects. Therefore, the usual way of manufacturimiggrated circuits, known from the
semiconductor industries could not be used, siheeprocess is creating higher surface
roughness and steps, due to the selective evaporatimaterials in a bottom-up process.
In this study, a reversed approach was developepoditing first the materials for the
patterns of the exposed surface on a ultra smadbstsate, producing a clean, flat and
structured support for the tBLMs once the templass removed. This versatile process
flow is applicable to a broad range of materialstwape and size of the patterns.
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We were aiming at a sensor chip, where a membrangdvgpan structured device surfaces
regardless of their chemical nature. Thereforeedifit anchor lipids were synthesized. Two
different surface binding groups, a dithiolane grdar gold surfaces and a triethoxysilane
group for oxide or nitride substrates, allow thiesgve functionalization of the respective
surfaces. The elongateall-trans configuration of the ethylene oxide chains provale
maximum decoupling from the substrate, while gi#irmitting the formation of highly
ordered monolayef$'® A prerequisite for the solid state polymerizatafrdiacetylenes on

a solid substrate is the highly ordered packinghef monomer§3Anchor lipids with
different hydrophobic chains were synthesized dmeddffect of the alkyl chain length on
the ability of the films to form a liquid crystatle (LC) phase was studied.

Monomolecular layers were investigated using Langrilin techniques by spreading the

lipid monomers at the air-water interface and camgping the resulting film to the point of

collapse. The measured isotherms showed a cleiar $tate phase upon compression for
two of the lipids, namely HC2(EGDA and HC2(EO)TES, indicating the packing of the

diacetylenic chains in a LC state. Long fatty acidhins with diacetylenes groups were
forming a light sensitive crystal lattice, allowingplymerization at room temperature.

Shorter chains resulted in a shift of the phasestt@n temperature of the monolayer below
room temperature and thus made the film insensitveV light. Furthermore, compared

with the dithiolane group of the lipoic acid, thalky triethoxysilane group led to a shift

towards higher areas at the same surface pressdréicnot allow the creation of films as

well packed as for the lipoic acid analog.

Diacetylenes can be polymerized in a topochemigahtldition within the crystal lattice by

UV-light irradiation in a nitrogen atmosphédfd. The exclusion of oxygen is necessary to
prevent the formation of ozone under UV leadingh® destruction of the backbone of the
polymer. The formation of a highly conjugated pognua backbone between the anchored
lipids induces strong absorptions in the visiblecpum and can be followed by UV-Vis

spectroscopy. The resulting fluorescence also scouthe visible spectrum and can be
used by fluorescence microscopy to visualize tHgrperized areas. Since the monomers
do not absorb in the visible range, the polymelrateaction was directly followed as an
increase in the absorbance. Monolayers of thedipvdre transferred onto a quartz slide
and UV-Vis spectra were recorded as a function e polymerization time. The

characteristic peaks of polydiacetylene fiims a0 48m and 529 nm appeared with
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increasing UV irradiation tim&® The absorption at 529 nm increased until saturatias
reached after 60-70 min of irradiation showing tred of the reaction. Further, the
monolayers were selectively polymerized using aknhsnce creating different structures

in the films, and these structures were observeltlioyescence microscopy.

The newly synthesized tBLM system was then evatuate its ability to functionally
incorporate proteins. This was done through EIS smesment with the test protein
valinomycin. The creation of bilayers was followbg the resistance increase over the
membrane, parallel to the decrease in capacitareeintroduction of the ionophore in the
system produced the expected drop in resistaneetadiine transfer of potassium ions from
one side of the membrane to the other, inducinglectrical shortcut. The inhibition of this
transport was achieved by replacing the potassasodlium ions, directly reflected by the

recovery of the membrane resistance.

Finally, the engineered substrates were functiaedlwith a hybrid membrane of anchored
and free diffusing lipids. To demonstrate the paitisy to use polymerized monolayer as
diffusion barriers, FRAP measurements were perfdrnan fluorescently labeled
phospholipid SSMs, corralled by a polymerized tBlstucture. As expected, the SSM
exhibited only 50% of fluorescence recovery, intigg that only the distal leaflet was
mobile. Further measurements on the proximal leaiftdy, confirmed this assumption by
showing no recovery at all, the fluorescent meméraeing of the same size as the laser

spot.

The photolithographic polymerization of tBLMs prassd here makes it possible to create
patterns with resolutions theoretically only lintdtdy the diffraction of light and the
propagation of the polymerization within the crysttomain. This design of hybrid
membrane arrays, which suppresses the undefinededtierts arising from the contact of a
membrane with a solid barrier, offers the uniquande to enclose proteins over sensing

fields without resorting to foreign material.

Future studies based on this approach could bdajmeand characterize the applicability
of the hybrid system further. First, the mobility the lipids within the corral could be
probed in size dependence of the SSMs. Intuitidis tes that with increasing size, the

mobility of the phospholipids within the membrar®sld increase until it reaches the one
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observed in pure SSMs on hydrophilic substrates. mbdification of the SiQpads on the
substrates with small hydrophilic silane could bebed in order to bring a sort of cushion
beneath the free diffusing membrane. Furthermoeeeldpment of the substrates could
also be envisioned, by using ordered colloidal nteyers, leading to the construction of
nanometer scale honeycomb structures and thenedm@meter scale membranes.

Finally, through the incorporation of fluorescerm®teins, the study of single molecules
diffusing in a hindered environment, simulating ialdigical membrane, can be achieved

and probe the existing diffusion theori&s**%2
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12. Appendix

12.1'H-NMR and FD-Mass spectra of the synthesized anchdipids:

Figure 12.1:*H-NMR spectra of TD2(EO),LA (8)

Figure 12.2: FD-mass spectra of TD2(EQLA (8)
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Figure 12.3:'H-NMR spectra of TD2(EO),TES (9)

Figure 12.4: FD-mass spectra of TD2(EQJES (9)
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Figure 12.5:'H-NMR spectra of HC1(EO),LA (21)

Figure 12.6: FD-mass spectra of HC1(EQ)A (21)
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Figure 12.7:'H-NMR spectra of HC1(EO),TES (22)

Figure 12.8: FD-mass spectra of HC1(EQTES (22)
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Figure 12.9:'H-NMR spectra of HC2(EO),LA (17)

Figure 12.10: FD-mass spectra of HC2(EQ)A (17)
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Figure 12.11:*H-NMR spectra of HC2(EO),TES (18)

Figure 12.12: FD-mass spectra of HC2(EQJES (18)
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