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Abstract

On the way to make personalized medical care accessible to a large number of people,

many hindrances need to be overcome. Biosensors, consisting of active areas in a non-

interacting background, are a crucial technology for which researches are seeking. The

permanent update of the patients conditions e.g., the early detection of cancer, requires a

fast, sensitive and selective analysis of a blood sample.

We gained more insight into the human genome and genetic mutations in healthy and dis-

eased tissue through the DNA microarray technology. However, proteins, not only genes,

provide information about a course of disease and the potential therapy. Furthermore,

membrane proteins are the targets for more than 60 % of todays therapeutic drugs. The

direct application of the DNA microarray technology to proteins is challenging, espe-

cially when membrane proteins are involved as these are prone to denaturation and loss

of activity upon removal from their natural environment, the lipid membrane. Although

fluorescence as an analytical tool is well-established and widely used in biology, it suffers

from the fact, that the dyes bleach upon exposure to light and the biomolecules need to be

chemically modified in order to label them. Nowadays, the expectations, that medical care

can profit from nanotechnology, are high. On the one hand higher density of active spots

on the surface, hence a higher throughput of more target molecules, might be feasible.

On the other hand, novel sensing approaches, among them the electrical nanowire-based

biosensing, the electrical sensing of ion channels positioned on nanopores/grooves, and

the optical sensing based on nobel metal colloids are potential approaches where biotech-

nology could benefit from nanotechnology.

Although the search for always smaller and faster devices is a central issue, there are

still many open questions which can be addressed via microtechnology when the creation

of oriented tissue and organs is of interest. Moreover, there is a need to locally in situ

manipulate structured surfaces in the micron and in the nanorange, without the need of
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UV-light. This would be very desirable for cell studies or local control over the density of

immobilized nano-objects.

The aim of this thesis is to provide a universal patterning platform for biosensing,

which is applicable in the micron- and nanorange and which is not limited to immobi-

lizing one specific nano-object and can be extended to cells. The patterning approach is

based on the Molecular Assembly Patterning by Lift-off (MAPL) method optimized for

the micron-range which transforms photoresist patterns into a surface of active patches

of biotinylated poly(L-lysine)-grafted-poly(ethylene glycol) (PLL-g-PEG/PEGbiotin) in

a bio-resistant background of PLL-g-PEG. Such a surface was transformed into an ar-

ray of single-stranded DNAs by selectively adsorbing complexes of biotinylated DNA

(bDNA) and streptavidin (SA) via the avidin/biotin linkage. Then, different nano-objects

tagged with the complementary DNA were selectively immobilized to the surface via the

DNA-DNA interaction. Furthermore, a tool to in situ manipulate the multistep surface

modification is provided.

Within this thesis, the possibility to convert such a single-stranded DNA array first

into a homogenous vesicle array and then into a heterogenous functional vesicle array is

presented. The multistep surface modification was characterized in detail using Optical

Waveguide Lightmode Spectroscopy (OWLS) and Quartz Crystal Microbalance with Dis-

sipation (QCM-D). It was found that the amount of adsorbed complexes of SA and bDNA

and subsequently of the hybridized complementary DNA depended on the molar concen-

tration ratio of SA to bDNA in solution and the ionic strength of the buffer. Furthermore,

we were able to control the shape deformation of the immobilized vesicles by tailoring

the DNA density on the surface and on the vesicles. Surface-sorting of different kinds of

vesicles requires a stable linkage between the vesicles and the DNA, which could only be

provided by the maleimide-thiol linkage and neither by the a single cholesterol tag nor by

the incorporation of ‘free’ cholesterol into the vesicle membrane. Moreover, there were

two ways identified, which allowed for the successful creation of a heterogenous vesicles

array; 1) sequential vesicle immobilization using a crossed channel microfluidic device or

2) by spotting the linker complexes of SA and bDNA and subsequent surface-sorting of

DNA-tagged Annexin functionalized or BSA loaded vesicles.

Down-scaling the multistep surface modification into the nanorange was success-

fully performed using Extreme UV Interference Lithography (EUV-IL) to create the re-

sist nanopatterns. An adapted lift-off protocol enabled the transformation into a single-

stranded DNA nanoarray. Gold colloids between 5 nm and 100 nm were tagged with
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DNA and it was possible to guide single gold colloids onto pre-defined areas on the sur-

face. The gold colloid dot array has the potential to be applied for optical biosensing

using Localized Surface Plasmon Resonance spectroscopy (LSPR). The gold colloids on

a nanoline array were brought into contact by enhancement. First direct current measure-

ments showed that the gold nanolines were conductive and have therefore the potential to

be used for electrical nanowire-based biosensing.

Fluorescence, a widely used detection method in biology, is considered to be a non-

destructive technique. However, we found within this thesis that photobleaching can be

used to locally manipulate surfaces. Photobleaching-induced patterning, a novel devel-

oped technique, is an approach which takes advantage of reactive oxygens (1O2) which

are created during photobleaching in order to damage/remove DNA as well as strepta-

vidin. It was found that the effect could be suppressed by the addition of vitamin C and

glutathione, the native agents to neutralize 1O2 in the body, to the buffer solution. Fluo-

rescently labeled streptavidin within the multistep surface modification is used as a ‘bio’-

photoresist in this novel patterning technique. The hybridization of nano-objects tagged

with the complementary DNA was suppressed in areas which had been exposed to laser

light (photobleached). The density of immobilized vesicles or gold colloids via DNA was

found to depend on the amount of fluorescently labeled streptavidin on the surface. Fur-

thermore, the re-activation of the photobleached areas was made possible by adsorption

of SA or complexes of SA and bDNA. By doing so, the local exchange of vesicles on

the surface was shown. Although the degradation was limited times possible, this in situ

patterning method, which can be used in aqueous solution without the need of UV light,

has the potential to be applied for cell studies or to be combined with nanotechnology,

e.g., to interconnect nanolines.

Biotechnology can benefit from nanotechnology for instance from novel detection

methods such as LSPR or nanowire-based biosensing. Furthermore, nano-engineered

surfaces can further improve known technology platforms. The electrical characteriza-

tion of supported lipid bilayers (SLB) including incorporated ion channels on flat con-

ductive substrates suffers from several problems. Among them are the accumulation of

the ions underneath the channel which limits the sensitivity or the close proximity of

the protein to the surface might interfere with the protein’s performance. The use of an

electrically insulating free-standing membrane on a nanotopography is expected to over-

come these issues. In our approach, we are nano-engineering surfaces with the aim to

create a free-standing membrane from vesicle fusion. We are optimizing the interaction

between a nanostructured surface and vesicles by varying the composition of the surface
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and the lipids in the vesicles. A SLB which contained lipids in the gel phase i.e., DPPC

is expected to be more likely to form a spanning membrane over nanostructured surfaces.

Vesicles containing DPPC and DOPC lipids formed a SLB on silica in a lipid composition

ratio DPPC/DOPC = 3/1 in the presence of Ca2+ ions at 40◦C. Furthermore, we showed

that the creation of a free-standing membrane on a silica nanotopography was not possible

by using POPC or DPPC/DOPC vesicles. Moreover, a novel surface-engineering strategy

is presented which might favor the spanning of a membrane over the direct contact to

the underlying nanotopography. We try to benefit from the fact, that vesicles containing

phosphatidylserine lipids can selectively adsorb and fuse into SLB on silica in the absence

of Ca2+ ions. The presence of a vesicle layer or a SLB was shown by AFM and a Fluo-

rescent Recovery after Photobleaching (FRAP) on an metal oxide contrast between SiO2

and TiO2, which was created via colloidal lithography, for instance. However, no reliable

indication for the presence of a free-standing membrane has yet been found.

Although researchers have learnt a lot about how cells interact among each other or

with their environment, there remain many unanswered questions e.g., there is not yet a

lot known about the process of cell-cell fusion. Within this thesis the online monitoring

by AFM of the local reorganization of the membrane-associated cytoskeletal network at

points of apposition in fusing myoblasts was possible. First indications were found that

Annexin VII might be one of the key factors involved in the formation of tubular struc-

tures between fusing cells.

Tissue engineering is aimed at the creation of well-organized (functional) tissues. MAPL

had already proven its capability to create a cell array in previous studies. In this the-

sis, the MAPL process was adapted such that stripes of extracellular adhesion molecules

(fibronectin or laminin) surrounded by PLL-g-PEG were created. Fibronectin was more

suitable for our surface-engineering approach to linearly align myoblasts and the multi-

nuclear myotubes. Moreover, it was possible to grow myoblasts inside of a microfluidic

channel to ∼60 % confluency. This will in future give access to investigate single my-

otubes in a fast and reliable way.

The presented patterning platform was proven to be applicable for vesicles, gold col-

loids or cells in the micron and nanorange. Moreover, the photobleaching-induced pat-

terning opens up the possibility to locally manipulate pre-fabricated patterns. The multi-

step surface modification might in future find key applications in the field of biosensing

or tissue engineering, being it nanowire-based sensor or substrate for myoblast research,

thanks to its stability, reproducibility and flexibility.



Zusammenfassung

Auf dem Weg personalisierte medizinische Versorgung einer breiten Menschenmasse zu-

gänglich zu machen, müssen viele Hindernisse überwunden werden. Eine Schlüsseltech-

nologie nach der Forscher suchen, sind Biosensoren, die aus aktiven Regionen umgeben

von einem resistenten Hintergrund bestehen. Die ständige Aktualisierung der Patienten-

daten, z.B. die Früherkennung von Krebs, setzt ein schnelles, sensitives und selektives

Analysieren einer Blutprobe voraus. Dank DNA Microarraytechnologie haben wir mehr

Erkenntnisse über das menschliche Genom und genetische Mutationen in gesundem und

krankem Gewebe gewonnen. Allerdings können Proteine und nicht nur Gene Erkennt-

nisse über den Verlauf einer Krankheit und deren Behandlung liefern. Membranproteine

sind die Zielmoleküle von mehr als 60 % aller Medikamente. Die direkte Anwendung

der Microarraytechnologie für Proteine ist eine Herausforderung, vor allem wenn Mem-

branproteine involviert sind. Diese neigen zur Denaturierung und damit zum Verlust ihrer

Funktion, wenn sie aus ihrer natürlichen Umgebung, der Lipidmembran, entfernt wer-

den. Obwohl Fluoreszenzdetektion etabliert und weitverbreitete in der Biologie ist, hat

sie Nachteile, da die Biomoleküle mit einem Fluoreszenzmarker chemisch modifiziert

werden müssen und das Signal mit zunehmender Anregung ausbleicht. Die Erwartungen

der medizinische Versorgung in die Nanotechnologie sind hoch. Einerseits ermöglicht ei-

ne grössere Dichte aktiver Stellen auf einer Sensoroberfläche einen höheren Durchsatz

und eine gesteigerte Messeffizient. Andererseits liefern neue Messmethoden, darunter die

elektrische nanodrahtbasierte Messmethode, die elektrische Messung von Ionenkanälen,

die über Nanoporen oder -rillen positioniert sind, und die optische Messung auf der Basis

von Edelmetallkolloiden ermöglichen, vielversprechende Ansätze, bei denen die Biotech-

nologie von der Nanotechnologie profitieren kann.

Obwohl die Miniaturisierung im Trend ist, können viele offene Fragen bereits mit Mi-

krotechnologie angegangen werden, z.B. wenn die Herstellung von orientiertem Gewebe



xiv ZUSAMMENFASSUNG

oder Organe von Interesse sind. Ausserdem gibt es ein Bedürfnis, strukturiere Oberflä-

chen im Mikro- und Nanometerbereich lokal und in situ manipulieren zu können. Das

wäre hilfreich für Zellstudien oder um die Dichte immobilisierter Nanoobjekte zu kon-

trollieren.

Das Ziel dieser Doktorarbeit ist es, eine universelle Strukturierungsplattform für die

Biosensorik herzustellen, die im Mikro- und Nanometerbereich anwendbar ist, die nicht

auf die Immobilisierung eines Nanoobjektes beschränkt ist und ausserdem auf Zellstudi-

en erweitert werden kann. Der Strukturierungsansatz basiert auf der “Molecular Assem-

bly Patterning by Lift-off” (MAPL) Methode, die für den Mikrometerbereich optimiert

wurde. Dabei wird eine Oberfläche fotolithographisch strukturiert, wobei aktive Stellen

mit biotiniliertem Poly(L-lysin)-grafted-poly(ethylenglykol) (PLL-g-PEG/PEGbiotin) in

einem bioresistenten PLL-g-PEG Hintergrund geschaffen werden. Durch die selektive

Avidin/Biotinbindung können biotinilierte DNA-Einzelstränge (bDNA) über Streptavidin

(SA) immobilisiert werden und eine strukturierte Oberfläche in einen Array von DNA-

Einzelsträngen umwandeln. Anschliessend können verschiedene Nanoobjekte, die mit

der komplementären DNA markiert sind, selektive über die komplementäre DNA-DNA

Bindung adsorbiert werden. Des Weiteren wurde ein Werkzeug zur in situ Manipulation

der mehrstufigen Oberflächenmodifikation bereitgestellt. Im Rahmen dieser Doktorarbeit

wird die Möglichkeit untersucht, eine DNA-Einzelstranganordnung zuerst in eine homo-

genen Vesikelanordnung und dann in eine heterogene funktionalisierte Vesikelanordnung

um zuwandeln. Die mehrstufige Oberflächenmodifikation wurde mit der optischen Wel-

lenleiterspektroskopie (OWLS) und der Quatzkristall-Mikrowaage mit Energieverlustauf-

zeichnung (QCM-D) charakterisiert. Es hat sich herausgestellt, dass die Menge adsor-

bierter SA- und bDNA-Komplexe und die darausfolgende Hybridisierung der komple-

mentären DNA abhängig ist vom molaren Konzentrationsverhältnis SA zu bDNA und

der Ionenstärke der Pufferlösung. Ausserdem sind wir in der Lange, die Deformation der

immobilisierten Vesikels zu kontrollieren, indem wir die DNA-Dichte auf der Oberflä-

che und um das Vesikel anpassen. Sortieren verschiedener Vesikelarten auf der Oberflä-

che setzt eine stabile Bindung zwischen dem Vesikel und der DNA voraus, die nur mit

der Maleimid-Thiol-Bindung und weder durch eine einzelne Cholesterinmarkierung der

DNA noch durch den Einbau “freier” Cholesterine in die Vesikelmembran erreicht wer-

den konnte. Zusätzlich haben wir zwei Wege gefunden, um die erfolgreiche Herstellung

einer heterogenen Vesikelanordnung zu ermöglichen: 1) sequentielle Vesikelimmobili-

sierung mit einem Crossed Channel-Microfluidic-Device oder 2) durch“spotten” der SA
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und bDNA Bindungskomplexe und darauffolgende Oberflächensortierung DNA markier-

ter annexinfunktionalisierter oder BSA-geladener Vesikeln.

Die Miniaturisierung der mehrstufigen Oberflächenmodifikation in den Nanometer-

bereich wurde erfolgreich durchgeführt, indem die Fotolacknanostrukturen mit der Ex-

term UV Interferenz Lithographie (EUV-IL) hergestellt wurden. Ein angepasstes Lift-

off Protokoll ermöglichte den Transfer in eine DNA-Einzelstranganordnung. Zwischen

5 nm und 100 nm grosse Goldkolloide wurden mit DNAs markiert. Dadurch war es mög-

lich, die einzelnen Kolloide auf eine vordefinierte Stelle auf der Oberfläche zu dirigieren.

Die Goldkolloidpunktanordung hat das Potential, als optischer Biosensor basierend auf

der lokalisierten Oberflächenplasmonresonanzspektroskopie (LSPR) eine Anwendung zu

finden. Die Goldkolloide in einer Nanolinienanordnung würden untereinander in Kontakt

gebracht indem sie vergrössert wurden. Erste Direktstrommessungen zeigten, dass die

Goldnanolinien leitend sind und daher das Potential haben, für elektrische nanodrahtba-

sierte Messungen angewendet werden können.

Fluoreszenzdetektion ist eine nichtdestruktive und weitverbreitete Methode in der

Biologie. Allerdings haben wir im Rahmen dieser Arbeit herausgefunden, dass Fotoblei-

chen dazu benutzt werden kann, die Oberfläche lokal zu manipulieren. Die neuentwickel-

te Technik “Photobleaching-induced Patterning” ist eine Möglichkeit, aus den reaktiven

Sauerstoffradikale (1O2), die durch Fotobleichen kreiert werden, Vorteile zieht, um DNA

sowie Streptavidin zu beschädigen/entfernen. Es wurde herausgefunden, dass durch Hin-

zufügen von Vitamin C oder Glutathion, die natürlichen Zusätze um 1O2 im Körper zu

neutralisieren, zur Pufferlösung dieser Effekt unterdrückt werden konnte. In dieser neu-

en Strukturierungsmethode kann fluoreszenzmarkiertes Streptavidin als “Bio”-Fotolack

in der mehrstufigen Oberflächenmodifikation benutzt werden. Die Hybridisierung von

Nanoobjekten, die mit der komplementären DNA markiert wurden, konnte in den Regio-

nen unterdrückt werden, die zuvor dem Laserlicht ausgesetzt waren (fotogebleicht). Die

Dichte der immobilisierten Vesikeln oder DNA-markierter Goldkolloiden hängt von der

Menge fluoreszenzmarkierten Streptavidins auf der Oberfläche ab. Ausserdem war die

Reaktivierung der fotogebleichten Regionen möglich, indem Streptavidin oder Komple-

xe aus Streptavidin und bDNA re-adsorbiert wurden. Das wurde getan, um lokal Vesikel

loszulösen. Allerdings war die Degradation nur begrenzte Male möglich. Diese in situ

Strukturierungsmethode, welche in wässriger Lösung bei neutralem pH ohne UV-Licht

benutzt werden kann, hat das Potential für Zellstudien oder in Kombination mit Nano-

technologie, z.B. um Nanolinien zu verbinden.
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Biotechnologie kann von der Nanotechnologie profitieren, z.B. durch neue Detekti-

onsmethoden wie LSPR oder nanodrahtbasierte Biosensorik. Zusätzlich können durch

nanomanipulierte Oberflächen bekannte Technologieplatformen weiter verbessert wer-

den. Die elektrische Charakterisierung von Lipiddoppelschichten inklusive eingebauter

Ionenkanäle auf flachen, leitenden Substraten haben verschiedene Probleme. Darunter ist

die Ansammlung von Ionen unterhalb des Kanals, welche die Sensitivität limitiert und die

Nähe des Proteins zur Oberfläche kann die Proteinfunktion beeinträchtigen. Die Benut-

zung von elektrisch isolierenden, freistehenden Membranen oberhalb von Nanotopografi-

en könnte diese Probleme überwinden. In unserem Ansatz manipulierten wir Oberflächen

im Nanobereich mit dem Ziel, eine freistehende Membran durch Vesikelfusion zu kreie-

ren. Wir optimierten die Interaktion zwischen der nanostrukturierten Oberfläche und den

Vesikeln, indem wir die Zusammensetzung der Oberfläche und der Lipide in den Vesikeln

variierten. Von einer Lipiddoppelschicht, die Lipide in der Gelphase enthält, d.h. DPPC,

wird eher erwartet, dass sie eine überspannende Membran über eine nanostrukturierte

Oberfläche bildet. Vesikel, die DPPC und DOPC Lipide enthalten, formen eine Lipid-

doppelschicht auf Silikaoberflächen im Zusammensetzungsverhältnis DPPC/DOPC = 3/1

und in der Gegenwart von Ca2+-Ionen bei 40◦C. Des Weiteren haben wir gezeigt, dass die

Herstellung einer freistehenden Membran über einer Silicananotopografie nicht möglich

war, weder durch die Verwendung von POPC noch durch DPPC/DOPC Vesikel. Zusätz-

lich wird eine neue oberflächenmanipulations Strategie präsentiert, die das Spannen einer

Membrane über eine Nanotopografie favorisieren sollte. Wir versuchen von der Tatsache

zu profitieren, dass Vesikel, die Phosphatidylserinlipide enthalten, selektiv auf Silika oh-

ne die Gegenwart von Ca2+-Ionen zu adsorbieren und fusionieren. Die Präsenz von einer

Vesikelschicht oder eine Lipiddoppelschicht konnte mit einer AFM und einer “Fluoresent

Recovery after Photobleaching” Studie auf einem SiO2 und TiO2 Metalloxidkontrast, der

z.B. durch Kolloidlithografie hergestellt werden kann, gezeigt werden. Allerdings konnten

keine zuverlässigen Anzeichen für die Präsenz einer freistehenden Membrane gefunden

werden.

Obwohl Forscher viel darüber gelernt haben, wie Zellen untereinander und mit ihrer

Umgebung kommunizieren, bleiben viele Fragen offen. So ist z.B. noch nicht sehr viel

über den Prozess bekannt, der die Zell-Zell Fusion ermöglicht. Im Rahmen dieser Arbeit

war die Online-Aufzeichung lokaler Neuorganisation des membranassoziierten zytoske-

letalen Netzwerkes an den Kontaktpunkten zwischen zwei fusionierenden Myoblasten mit

AFM möglich. Erste Anzeichen wurden gefunden, dass Annexin VII als Schlüsselfaktor
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bei der Formation von rohrförmigen Strukturen zwischen fusionierenden Zellen involviert

ist.

“Tissue Engineering” hat zum Ziel, gutstrukturiertes (funktionales) Gewebe herzu-

stellen. Dass mit MAPL Zellanordnungen hergestellt werden können, wurde bereits früher

bewiesen. In dieser Arbeit wurde der MAPL Prozess so adaptiert, dass Streifen extrazel-

lulärer Adhäsionsmoleküle (Fibronektin und Laminin) umgeben von PLL-g-PEG produ-

ziert werden konnten. Fibronektin war geeigneter für unseren Oberflächenmanipulations-

ansatz, um Myoblaste und die multinuklearen Myotubes linear anzuordnen. Ausserdem

war es möglich, Myoblaste in einem Microfluidic-Channel zu 60 % Konfluenz wachsen

zu lassen. Dadurch wird in Zukunft der Zugang zu einzelnen Myotubes zur schnellen und

zuverlässigen Untersuchung eröffnet.

Die vorgestellte Strukturierungsplattform hat bewiesen, dass sie anwendbar für Ve-

sikel, Goldkolloide und Zellen im Mikro- und Nanometerbereich ist. Zudem ermöglicht

die “Photobleching-induced Patterning” Methode das lokale Manipulieren von vorfabri-

zierten Strukturen. Die mehrstufige Oberflächenmodifikation dürfte dank ihrer Stabilität,

Reproduzierbarkeit und Flexibilität eine Schlüsselanwendungen im Bereich der Biosen-

sorik und dem “Tissue Engineering” werden, sei es als nanodrahtbasierte Sensoren oder

als Substrat für die Myoblastforschung.
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CHAPTER 1

On the Combination of Lithography and Biology 1

Our curiosity as to how life works and how it can be improved from a medical perspective,

motivated many researchers over the past few decades to invent tools and techniques

for the controlled manipulation and detection of biomolecules or cells. Although the

approaches in this interdisciplinary field, where biologists are working hand in hand with

chemists, physicist, medical doctors or engineers, are manifold, they have an ultimate

goal in common; the desire to make individually tailored medical care accessible for every

person. Although this attempt is at the moment still science fiction - a possible scenario

from the far future - and it holds incalculable risks, it is expected to offer many advantages

for the human society. Early detection of e.g., cancer is likely to reduce the risk for a

complicated long-time medical therapy, while more selectively acting pharmaceuticals

are diminishing unwanted adverse effects. In the last decades, we learnt a lot about how

nature works and how we can affect it for our benefit. Successful implementation of high-

tech body part replacements such as hip joints, knees or teeth allow for a more comfortable

life in advanced years. Tissue engineering is aiming to repair or replace e.g., structural

tissue such as the bladder, bones or blood vessels. More advanced surgery techniques

together with more precious diagnosis tools, which includes biochemical tests as well as

high resolution images of certain parts of the body, are responsible for shorter and less

harmful impacts on the body during a disease or after an accident. However, in any case

the detailed knowledge about how cells are communicating with their environment and

among each other, is essential for a successful incorporation of engineered body parts or

disease treatments. The interaction of therapeutic drugs with the body takes place at the

1Part of this chapter has been published in Stadler et al., Journal of Nanoscience and Nanotechnology,
2006, [1]
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cell surface i.e., via membrane proteins. Analytical tools which allow for the detection of

low abundance biological agents either for diagnosis or drug discovery are the aspect in

the field of medical research where the stress is put in this thesis. An appropriate surface-

immobilization strategy for the biomolecules, a sensitive and selective detection method

as well as a cheap and easy to handel device is required for a successful biosensor. We are

focusing on approaches which involve the surface modification for selective biosensing

of biomolecular interactions.

In 1960, the invention of radioimmunoassays by Solomon Berson and Rosalyn Yalow

[2] for the measurement of insulin in blood, caused a revolution in the field of biomedical

research. Though not very sensitive, the detection of antibody-antigen interactions gave

first novel insight into diabetes [3], a disease which is nowadays still in the center of inter-

est due to a permanently increasing number of patients in the western world. In the 1980s

Roger Ekins and co-workers introduced the concept of multianalyte assays (nowadays

refereed to as biochips or microarrays) [4–6] and later they proved the higher sensitivity

of miniaturized assays [7]. Since then, researchers are permanently increasing the sen-

sitivity, selectivity, analyzing speed or amount of extracted data of such arrays. Novel

detection methods are explored and standardized e.g., radio-labeling was soon completed

with a fluorophore based detection. In 1996, Genomics was defined by Lander as ‘the

aim to provide biologists with the equivalent of chemistry’s Periodic Table, to charac-

terize all the genes of an organism, including their sequences, polymorphism, structures,

regulation, interaction and products’ [8]. It was possible to sequence the human genome

in 2003 [9].

Applying the microarray technology to the field of proteomics, ‘the biologists’ search for

an analogy of the encyclopedia of reactions known to chemistry, the characterization of

all proteins expressed within any cell at any time’ (Sanders 2000, [10]), is challenging.

Unlike DNA strands, proteins are much more delicate to handel. While DNA strands are

interacting in a high and specific way, proteins have multiple active interaction sites and

their interaction strength is depending on the kind of protein. Furthermore, DNA mi-

croarrays can be stored in air or the signal can be amplified which is both not possible for

protein arrays.

A non-interacting background is crucial for a highly sensitive biosensor in order to

avoid false-positive responses and its creation will be discussed in more details in Sec-

tion 1.1.1. Soft- or photolithography as well as imprint methods, termed as top-down

approaches, are successfully applied to create biologically relevant patterns. So called

bottom-up approaches, which rely on the self-assembly capability of (bio)molecules, are
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enriching the tool box which provides surfaces, consisting of active areas (micron- or

nanosized) embedded in a preferentially non-interacting background, which can serve as

platforms for biosensing or cell studies. It should be noted that, for the purpose of this the-

sis, we shall refer to nanobiotechnology [11] as a field wherein the tools of nanotechnol-

ogy are used to create biofunctional nanopatterns for biological applications. The inverse

field of bionanotechnology in which biology is used to create nanopatterns, generally for

inorganic applications, will also be mentioned briefly [12].

In the first part of this chapter, we are focusing on the importance of micron scale

patterning for the creation of DNA microarrays and the challenges which come up, if pro-

tein arrays, mainly membrane-protein arrays, are produced. The importance of surfaces

which are inert towards non-specific binding of proteins, vesicles or cells in order to avoid

e.g., rejection of implants or false responses of biosensors, are highlighted. Furthermore,

a few examples are given, showing that guiding of cells to specific positions on surfaces

are advantageous to learn about how cells interact with their environment or to explore

the possibility to create oriented tissue (Chapter 8).

The second part of this chapter presents the main techniques and recent progresses in the

field of nanobiotechnology. The advantages of ‘going nano’ in order to address biological

questions are pointed out. Different ways to create nanoarrays, focusing on parallel tech-

niques, are introduced. In addition, nanowire-based biosensing is given as an example

how nanotechnology can be used to introduce novel detection methods for biosensing.

The use of surfaces containing nanotopography for ion channel sensing applications will

be reviewed in Chapter 7. At the end of the introduction chapter, we are also highlighting

an aspect of the field of bionanotechnology; namely using DNA as engineering tool.

1.1 Micron Scale Patterning

The technology platform of microfabrication, developed primarily for and by the semi-

conductor industry, has since become a useful tool in the emerging fields of biotechnol-

ogy for generating patterns on surfaces in the micronrange [13–15]. A non-interacting

background for such patterns is of central importance if arrays with high sensitivity and

selectivity are created. This aspect is discussed in the first part of this section of the chap-

ter (Section 1.1.1).

The field of genomics, for example, has benefited greatly from DNA microarrays for

high-throughput identification of genes and genetic mutations in healthy and diseased tis-
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sue [16–20]. However, since proteins are the key players in disease development, the

creation and optimization of protein microarrays are of great interest. The production of

them, especially when membrane proteins are involved, is extremely delicate and will be

discussed in Section 1.1.2.

Furthermore, in the fields of biology and implantology, fundamental studies of cell-

surface and cell-extracellular matrix interactions have also benefited from micropatterned

surfaces by which control over adhesion ligand presentation (type, density, and spatial

distribution), cell geometry, and local substrate compliance have been shown to affect

cell behavior [21–24]. In addition, micropatterns have been used to guide cell growth

with application for neuronal implants, in vitro neural networks and other tissue engineer-

ing applications [25–28]. A more detailed review about the achievements, advantages

and risks of the combination of (micron and nano) patterns and cells, with the focus on

myoblasts, will be given in Chapter 8.

1.1.1 Non-Fouling Surfaces

The vast majority of biological interplay is based on highly selective and specific in-

teractions. In contrast, uncontrolled, non-specific interactions are usually the cause of

device-failure in a biological environment. For example, the rejection of an implant due

to immune reactions, the short circulation time of drug-delivery particles, and the false

response of biosensors are often caused by the non-specific adsorption of proteins. As

such, incorporating chemical contrasts onto the surface for applications in biotechnol-

ogy requires the ability to define areas of specific interactions in a non-interacting back-

ground. Biology chooses a combination of lipids, sugars, and proteins (i.e., the cellular

membranes) as the non-interactive, mobile, and highly hydrated surface at which most

bioprocesses take place. Although several groups have managed to mimic this strategy

using lipid based micro- and nanopatterns [29–33], it remains, at present, that approaches

utilizing the excellent protein resistant properties and stability of poly(ethylene glycol)

(PEG) coatings are generally more compatible with the processing steps of current micro

and nanotechnology methods. In addition, PEG has outstanding properties among them

charge neutrality, solubility in water and organic solvents, hydrogen-acceptor character,

extensive hydration [34], good conformational flexibility and high chain mobility which

are assumed to contribute to a steric exclusion effect between densely packed PEG chains

in water. Osmotic repulsion and this exclusion effect are most likely the underlying me-

chanisms of the protein resistance of PEGylated surfaces [35, 36].
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Various techniques exist to attach PEG to surfaces, e.g., using end-grafting methods

[37, 38], block copolymers such as pluronics [39, 40], self-assembled monolayers [41],

interpenetrating networks [42], poly(alkyl-phosphonate) PEG [43], and the spontaneous

adsorption of polyelectrolyte grafted PEG [44, 45].

1.1.2 From a DNA Microarray to a Membrane-Protein Array

The success of DNA microarrays relies on a combination of advancement in polymerase

chain reaction (PCR) technology [46] and the ability of complementary nucleotide strands

to hybridize with single-stranded DNA on defined locations on array formats. There are

two main ways to create DNA microarray platforms depending on the nucleic acid depo-

sition method. Probe cDNA (500 - 5000 base long) is immobilized to a solid surface using

robot spotting (traditionally called DNA microarray) [47]. An array of oligonucleotides

(20 - 80mer) is either synthesized in situ (on the chip) or with a conventional synthesis

followed by on - chip immobilization (traditionally called DNA chip, developed at Af-

fimetrix Inc.) [48]. Although this principle gives information about the active genetic

content (i.e., expressed mRNAs), proteins, not genes are responsible for orchestrating the

multitude of still poorly understood biochemical reactions that make life possible. More-

over, membrane proteins cover 60 - 70 % of the nowadays drug targets [49]. Accordingly,

there is an urgent need for analytical concepts that, in analogy with DNA arrays, make

high-throughput analysis of proteins possible [50]. Current protein microarrays can, in

principle, be divided into two sub-areas: one being focused on assays for functional anal-

ysis of proteins [51] and one on the use of natural protein-capture agents such as antibod-

ies [52, 53] or aptamers [54] to identify/quantify the abundance of pre-defined proteins

in complex mixtures. In contrast to DNA arrays, the realization of protein microarrays

is challenging due to the fact that proteins can not be multiplied and that proteins, es-

pecially transmembrane proteins, are easily denatured upon immobilization onto a solid

substrate. Furthermore, the current processes that are used to create the DNA microar-

rays (i.e., spotting or photolithography based approaches) can not be directly applied for

most proteins [55]. A main difficulty is coming from the fact that most proteins need

to be kept in their natural environment in order to preserve their 3D structure thus their

full activity, therefore drying during the spotting process is likely to interfere with the

proteins’ performance [56]. This puts strong constraints on both, the mode of detection

and the environment provided upon immobilization. Supported lipid bilayers [57, 58] and

vesicles [59] are, however, suitable environments for the incorporation of transmembrane
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or membrane-binding proteins. The first membrane protein array was only recently re-

alized using micro-dispersing but having the drawback that printing includes a dry step

what might affect the lipids [60]. A novel concept introduced by Niemeyer et al. provides

a promising approach for the transformation of DNA arrays into arrays of water-soluble

proteins [61, 62]. Using lipid vesicles modified with single-stranded DNA, an extension

of this principle to a lipid vesicle array, was recently presented by Yoshina-Ishii et al. [63],

by Svedhem et al. [64] and by the presenting author [65], whereby membrane-bound pro-

teins could also be incorporated.

In order to enable a fast screening of a large number of target molecules, arrays con-

taining many different active spots are necessary. The creation of heterogeneous vesicle

arrays have been demonstrated by sequential immobilization [66], by random position-

ing of vesicles [67] or via surface sorting from a mixture of different kinds of vesicles

[68, 69]. However, sequential immobilization and random positioning suffer from major

drawbacks that limit their practical applicability: they are time consuming and limited

in terms of size and number of spots or there is an identification problem, respectively.

Controlled sorting of DNA-tagged vesicles to an array of surface bound complementary

strands overcomes these two problems but it is highly sensitive to the non-specific adsorp-

tion of the vesicles to the background and onto the other spots.

1.1.3 The End of the Story?

This part of the chapter demonstrated the success and usefulness of micropatterned

biomolecules in the field of medial research. DNA strands or proteins, even fragile ones

such as membrane-binding proteins, can be immobilized on a pre-defined area on the sur-

face allowing for high-throughput and high-sensitivity biosensing. Pregnancy [70] or pa-

ternity tests are only two examples of biosensors which are regularly applied in nowadays

medical care. Furthermore, what researchers have learnt about the interactions between

biomolecules or about the interactions of cells with proteins and therapeutical drugs can

be directly applied in order to e.g., optimize the integration of implants into the human

body.

The achieved successes, but also the remaining challenges are reasons why also today,

where nanotechnology is emerging into the field of biosensing or bio-patterning, the inter-

est in engineering microstructured surfaces remains central. Although it was possible to

sequence the human genome, reliable quantitative sensing remains very difficult [71, 72].

It is still a long way to go until fragile proteins can be incorporated into a commercial
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(available for many patients) product. Novel immobilization or detection strategies might

make it possible to detect low abundance proteins fast in blood samples using the nowa-

days standard microarray reader tools. This would be a big step toward the access of

individual medical care to a large number of the population.

1.2 Nanobiopatterning

As presented so far, engineered surfaces in the micronrange are a successful tool in ad-

dressing questions concerning how life is possible and how it can be improved or pre-

served from the medical point of view. However, researchers are trying to profit from

novel fields i.e., nano(bio)technology, during their permanent seek for smaller, faster and

more sensitive biosensors.

This section of the chapter will review the motivations why it is promising to imple-

ment nanotechnology into medical research. Then, nanostructuring of surfaces (chemical

or topography wise) will be put in focus. Finally, nanowire-based biosensing will be

discussed.

1.2.1 Motivation for ‘Going Nano’

However, much as the semiconductor industry is not satisfied with the density of devices

attainable for integrated circuits using microfabrication and as they are now seeking out

new methods for nanofabrication, biotechnology, and fundamental biology also stands to

gain significantly by ‘going nano’. The advantages for gene-chips and other biosensors

are much the same, namely an increase in aerial density of the probe materials, be it DNA

or otherwise, by several orders of magnitude [73, 74]. In this way, screening a corre-

spondingly larger number of targets, or the same number of targets from smaller sample

volumes, becomes possible. In fact, nanoarrays could enable screening the entire human

genome on a single chip measuring 2 x 2 cm2 of 150 nm spot sizes, versus 10000 of to-

day’s state of the art chips with 20 µm spot sizes [73]. The field of biosensing does not

only take advantage of the faster screening of larger numbers of target molecules, but also

of the possibility to get access to new labels such as quantum dots [75, 76] or gold col-

loids e.g., for DNA detection [77, 78] or ways of detection [79]. In 1997 Elghanian and

co-workers [80] demonstrated a high sensitivity colorimetric DNA sensor. This approach
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was based on a solution of DNA-tagged gold nanoparticles which formed a network upon

hybridization with complementary strands, inducing a detectable color change in the so-

lution. Many other combination of DNA and nanoparticles have been presented since

then based on different detections methods (e.g., optical [81–83], electrical [84, 85] and

magnetic [86], for a review refer to [74]). Localized Surface Plasmon Resonance (LSPR)

of noble metal nanoparticles [87–89] which have a high extinction in the range of visible

wavelengths (not present in the bulk material) depending on their diameter [90], shape

[91, 92], material and dielectric constant of the local environment are another promising

tactic for the creation of biosensors. Figure 1.1a) shows Ag colloids of different sizes in

the dark field microscope. The different colors were caused by the different diameters

of the Ag colloids. Figure 1.1b) presents an in situ monitored LSPR signal upon adsorp-

tion of 1-octanethiol to an Ag colloid [88]. Frederix et al. demonstrated an approach

for affinity biosensing using gold or silver nanoparticles on a quartz substrate based on

a resonant enhancement of the interband absorption bands [93, 94]. A similar approach

based on triangular silver nanoparticles which were created using nanosphere lithography

[95] was reported by Haes et al. [96, 97] for e.g., the study of the oligomerization of low

concentrations of amyloid precursors which are biomarkers for the Alzheimer’s disease

[98].

Nanofabrication also promises to enhance our ability to understand the fundamentals

of cell behavior by mimicking the inherently nano-world of the cell from the nanotopo-

graphies of the extracellular matrix (ECM) to the nanochemistry presented on both the

cell membrane and the ECM. As the size of features produced by nanobiotechnology ap-

proaches the length-scale of nature’s individual building blocks, i.e., the size of proteins,

novel questions can be asked and new tools arise to address them. At the nanoscale, chem-

istry and topography are inherently inseparable since proteins use both to interact with

each other and to form supramolecular complexes via spatially distributed, multivalent

interactions commonly referred to as lock and key mechanisms. Indeed, both nanoscale

topography [99–102] and chemistry [103, 104] have already been shown to affect cell

behavior.

Additionally, nanofabrication of nanoelectrode arrays is being pursued in the field

of neuronal electrophysiology in order to increase sampling capabilities [105]. Nano-

electronics combined with the ability to control single molecules on the nanoscale will

also enable further development in the field of molecular electronics [106, 107]. Fur-

thermore, studies of single biomolecules, ranging from DNA to proteins and enzymes,

will be advanced significantly through the ability to immobilize single molecules onto
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Figure 1.1: a) Ag particles in the dark field microscope. b) In situ LSPR response of a single Ag
colloid upon exposure to 1-octanethiol. Reprinted from [88].
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nanopatterns with micron spacing, thereby making them amenable to microscopy based

detection, wherein fluorescence is most commonly used to study conformational changes

and single binding events.

1.2.2 Concepts for Nanostructuring Surfaces

In moving fabrication from the micron to the nanorange, it has become clear that new

techniques are required since the conventional technique for microfabrication, i.e., pho-

tolithography is constrained by the diffraction limit of light. Correspondingly, a vast

number of new technologies are being explored as candidates for nanoscale patterning

platforms [73, 108–114]. Furthermore, in adopting any technology from the realm of sil-

icon to the realm of proteins and other biomolecules, many aspects of the technique need

to be modified, such as working with the aqueous environment that accompanies biology.

We distinguish between parallel and serial approaches of nanofabrication, whereby

the former enables the fast production of a large number of samples and can be used over

large surface areas, while the latter techniques, though slower, usually offer greater control

and smaller feature sizes. In addition so called top-down techniques are often combined

with bottom-up approaches, such as the self-assembly of alkanethiols or phosphates to

provide further flexibility in addressing the nanorange [115].

For the creation of very small nano-structures (5–50 nm), direct-writing (serial) tech-

niques (such as e-beam lithography (EBL) [116, 117], focused ion-beam lithography

(FIBL) [118], and dip-pen nanolithography (DPN) [73, 119]) proved to be very efficient

and successful. The inherent advantages and disadvantages of such techniques are rather

obvious, i.e., virtually any nanostructure designed can be fabricated (due to the ‘writing’

character of these processes), however, these techniques are serial and therefore slow in

nature. Thus, EBL (and FIBL) find wide-spread applications in areas where the advan-

tage of creating specific nanostructures outweighs cost and speed considerations. Typical

examples are the production of masks and masters for photolithography or microcon-

tact printing, where a single master or mask generally has a long lifetime. However, in

the case of e-beam and ion-beam lithography other restrictions might hinder the efficient

use in biotechnological systems: cleanroom and vacuum conditions are usually required

and often resist and/or etching processes are involved in producing the nanopattern. Fur-

thermore, the technical equipment necessary requires large investments. Dip-pen nano-

lithography, while approaching the spatial resolution of e-beam and ion-beam lithography,
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circumvents some of these issues since it is a direct-writing process that works under am-

bient conditions and the use of aqueous solutions (and biomolecules dissolved therein) as

an ‘ink’ is possible. Furthermore, DPN can potentially be performed by every lab hav-

ing AFM instrumentation at comparably low costs. Even though progress has been made

using EBL or FIBL resists to pattern biologically relevant structures [120–122], here, we

are focusing on the creation of nanopatterns for biotechnological applications via parallel

patterning methods.

1.2.3 Parallel Nanopatterning Techniques

Currently, the ability to produce well-defined nanopatterns remains a challenging goal in

both the semiconductor industry and the field of biotechnology. On the one hand, re-

producible high quality patterns are required for various applications, but on the other

hand, the time and price to achieve them has to be taken into consideration. For in-

dustrial scale production, large areas must be patterned at a reasonably low price in a

reasonably short time. Correspondingly, a number of novel parallel nanopatterning meth-

ods are being developed including the next generation of photolithography (e.g., Extreme

Ultraviolet Interference Lithography (EUV-IL) [123]), soft-lithographic techniques (e.g.,

replica molding (RM) and microcontact printing (µCP)) [124], nanoimprint lithography

(NIL) [125], nanosphere lithography (NSL) (e.g., colloid lithography [95] or colloidal

block-copolymer micelle lithography [126]), and the nanostencil technique [127]. NIL

and µCP are promising large-scale, low cost nanopatterning techniques which were suc-

cessfully applied to different biologically related questions. Printed protein structures

down to 40 nm were reported [128–130] and further decoration of protein nanopatterns

created via µCP with i.e., vesicles [67] or cells [131] was possible.

Optical nanolithography and NIL will be reviewed in more details in the following two

sections.

1.2.3.1 Optical Nanolithography

Optical lithography is probably still the most widely used and best established lithography

technique available. This is primarily due to the semiconductor industry which uses this

method to create highly integrated circuits in the micrometer range. The need for faster

and smaller electronic devices continues to push the resolution limits of the features to-

wards smaller scales. The Rayleigh equation defines the resolution limit of conventional
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Figure 1.2: a) Modern synchrotrons like the Swiss Light Source provide the light necessary to
illuminate the grating mask with coherent light. The synchrotron light is diffracted at gratings
created by either e-beam lithography or EUV-IL itself. The interference pattern is transferred into
a PMMA coated substrate. [132] Tapping mode AFM images in air of a nanopatterned PMMA
resist layer are shown (Size: 50 nm lines (b), dot diameter 241 nm in a distance of 241 nm (c).
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projection optical lithography as a function of wavelength and numerical aperture. This

fact opens up two possibilities to increase the resolution; using lens systems with higher

numerical aperture and/or decreasing the wavelengths [133]. Conventional projection

optical lithography using ultraviolet (UV) light has already demonstrated that it can be

used to create biologically relevant micropatterns via an etching or a lift-off process. (For

example see [134, 135]). Holden et al. have also reported a way to photo-attach biotin-

4-fluorescein to a surface without the need of UV light in order to create micropatterns

of enzymes in a microfluidic channel [136]. In the sub-micronrange, there are a few ap-

proaches which make use of UV light to pattern biomolecules with the help of interference

[137–139]. In the nanorange, we have recently developed an approach to generate bio-

functional nanopatterns using EUV-IL as described in Chapter 5. Interference Lithogra-

phy (IL) is, in fact, commonly used in combination with UV-light for making high density

periodic patterns over large areas but it is limited in pattern resolution by the wavelength.

In 1999, Solak et al. [110] showed that combining IL and the extreme ultraviolet (EUV)

light from undulators at synchrotron radiation facilities with an interferometer based on

reflective optics (mirrors) allows for the creation of features in a photoresist material with

a period of 38 nm The available EUV light sources emit radiation with rather large spectral

width (2–4%) that directly limits the number of periods produced with the reflective optics

based interferometer. However, by using achromatic interferometers, based on transmis-

sion diffraction gratings, these difficulties have been overcome (Figure 1.2a). Figure 1.2b)

and Figure 1.2c) shows a line and dot PMMA nanopattern imaged by tapping mode AFM

in air created via EUV-IL, respectively. 141 nm period arrays of holes were created by ap-

plying a multi beam scheme using diffraction gratings fabricated by e-beam lithography

[132].

1.2.3.2 Nanoimprint Lithography (NIL)

In 1995 Chou et al. [111, 140], proposed nanoimprint lithography (NIL) based on a

fundamentally different principle from that for conventional lithography. NIL has the po-

tential to fulfill the need for a low-cost and high-throughput nanopatterning technology

which could be applicable not only in microelectronics but also in other fields such as bi-

ology, medicine, or information storage. This alternative lithography method consists of

two steps: compression molding (imprint) and pattern transfer. During the imprint step,

a nanostructured rigid mold is pressed into a thin resist layer spin coated onto a substrate

(Figure 1.3i). The resist (e.g., PMMA) is deformed by the mold when heated above its



16 1. ON THE COMBINATION OF LITHOGRAPHY AND BIOLOGY

Wafer
Polymer layer
Template

Cooling and
Demolding

RIE to remove
remaining resist 

i)

ii)

iii)

iv)

Imprint
(Heat, Pressure)

Figure 1.3: Schematic of the Nanoimprint Lithography (NIL, ‘hot embossing’) process. NIL
allows for the creation of nanopatterns via the imprint of a template into a polymer layer by
using heat and pressure (i+ii). After cooling and demolding (iii), the patterns are transformed via
RIE (iv).

glass transition temperature. Due to this heating cycle the method is also termed ‘hot

embossing’ (Figure 1.3ii). The mold is removed when the resist is cooled below its glass

transition temperature (Figure 1.3iii). A reactive ion etching (RIE) step is used to remove

the residual resist in the compressed areas (Figure 1.3iv). For reproducible fabrication

of high-resolution nanopatterns using NIL, many factors, such as the viscoelastic prop-

erties of the polymer (e.g., for complete filling of the mold structure) and the demolding

behavior (antisticking layer, fluorinated molds [141]), must be considered [125].

The achieved polymer structure by NIL can be used in different ways. On the one

hand, the nanostructure can serve as device itself assuming that the polymer has function-

ality (e.g., optical properties [142]). On the other hand, a variety of bio-applications are

also possible by incorporating the polymer contrast into other devices. For example, a

nanofluidic device for DNA stretching can be created if the mold is replaced with a chan-

nel template and the demolding is omitted [143]. In addition, the nanostructured polymer

can be used to guide molecular motors (guidance of actin filament sliding); such con-
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trolled movement of biomolecules is a basic requirement for ‘lab-on-chip’ applications

[144]. Another challenge is to introduce nanopillars in high density inside of microchan-

nels. These arrays could serve as an artificial gel in integrated capillary electrophoresis

chips. Imprint lithography is a low-cost technology which can create such arrays either

on a SiO2/Si substrate including an etching step or by direct hot embossing into a plas-

tic device [145]. NIL patterned surfaces are also helpful to address questions towards

the importance of nanostructures (topography or chemistry) to cell-surface interactions

[146–148]. There are also different ways to transfer the (polymer) structure created by

NIL into biologically relevant patterns. It is possible, for example, to combine NIL and

anodization of aluminum, as demonstrated by Matsumoto et al. [149], for the creation

of a high density nanopattern of DNA. A SiC mold is imprinted in aluminum and upon

anodization an ordered pore structure is achieved. The pores can be filled with gold and

thiolated fluorescently labeled single stranded DNA can be surface immobilized and ob-

served with the fluorescent microscope. Additionally, the polymer structure can be used

in two different ways: (a) as dry etching mask [130, 150] or (b) as a step in a lift-off

process as described by Falconnet et al. [151].

1.2.4 Nanowires

The creation of small and fast parts of electronic devices in the nanometer range using

concepts from nature or man-made advanced nanotechnology, though challenging, their

possible advantages are promising. Nanowires are especially interesting because they can

be produced via top-down and/or bottom-up approaches in the nanorange. They need

to be created in a large amount and assembled in a well-controlled way. Additionally

individual addressing of a set and/or a single wire would be preferable as well as their in-

terconnection and selective activation using biomolecules. A successful and reproducible

creation of a nanowire array would have many potential applications for data storage and

processing or (bio)sensing. The sensitivity of semiconductor nanowires to the local chem-

ical environment has been first reported by Cui et al. [153]. The monitoring of changes in

the conductivity provoked by changes in the surface charge of single nanowires exposed to

biological or chemical species have been demonstrated e.g., changes in conductance upon

specific binding of biotin and streptavidin [153] or of DNA-DNA interactions [154–156].

Recently, the conductive change of a nanowire upon the specific binding of a single virus

was reported [152]. Figure 1.4 shows a schematic of the sensing principle. Two nanowires

were functionalized with two different antibodies (Figure 1.4a). The conductivity of the
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Figure 1.4: Schematic of the detection of a single virus by nanowires. a) Two nanowires dec-
orated with two different antibodies. b) A conductance change is induced in the nanowire upon
the specific binding of a single virus to the receptors. c) The conductance returns to the baseline
value when the virus unbinds. d) Optical (left) and conductance (right) experiment monitored in
parallel while a single virus is binding and unbinding to a nanowire. Reprinted from [152].
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nanowire, where the single virus is adsorbing is changing (Figure 1.4b). Upon release of

the virus, the conductance is returning to the baseline value (Figure 1.4c). Figure 1.4d)

represents an optical (left) and conductance (right) experiment recorded in parallel. The

conductance was following the predicted behavior upon binding and release of a single

virus to the nanowire.

Very subtle changes in the environment can also be detected via so-called metal quan-

tum wires (extremely small metal nanowires formed by a few metal atoms) [157] or

mesowires [158]. The metallic bonded electrons in such wires are scattered upon the

adsorption of chemical or biological species which leads to a change in the conductance

[159]. Section 1.3.1 reviews different way of how to create (metallic) nanowires by using

mechanisms from nature in particular DNA as building block.

1.2.5 Future Directions of Nanobiotechnology

In the last few years, the combination of biology and nanotechnology has brought up a lot

of interesting and promising approaches which opened up the hope to get access to the

individual building blocks of living organisms (e.g., proteins, DNA, and supramolecular

complexes) for a better understanding of the complicated processes of life. The impact

of nanobiopatterns is expected to be greatest, first, in the field of biosensing because

these nanopatterning techniques promise to further increase the information density of

array-based biosensors and second, provide the possibility for the development of a new

generation of biosensors that make use of novel nano-physical principles, e.g., the LSPR;

and allow for the production of well-defined single biomolecule arrays. All of the current

nanobiopatterning techniques have their roots in semiconductor industrial processes and

as such they are two dimensional in nature. On the other hand, true three dimensional con-

trol would be required in order to fully mimic the complex environment of cells and to ask

questions such as ‘what is the effect of certain signals on the differentiation, proliferation,

or apoptosis of cells’.

1.3 Bionanotechnology

So far, mainly the impact of man-made tools on our understanding of biology was dis-

cussed. The last section of this chapter will be dedicated to the complimentary field

of bionanotechnology which tries to make use of natures concepts to built up parts of



20 1. ON THE COMBINATION OF LITHOGRAPHY AND BIOLOGY

‘nano-machines’ (e.g., ATP synthase) or to engineer surfaces for e.g., ‘lab-on-a-chip’ ap-

proaches. Researchers are trying to implement the ability of nature to self-assemble com-

plex systems from simple building blocks into high-tech devices. The self-assembly can

be driven by non-specific, non-covalent interaction as for instance for colloids [160–162]

or nanorods [163]. More responsive functionality and better structural control are ex-

pected if specific, covalent biomolecular recognition of biomolecules (e.g., protein [164],

DNA or viruses [165]) is used. Since it is the most widely used concept and also the most

relevant to this thesis, the following section reviews the use of DNA as engineering tool.

1.3.1 DNA as Engineering Tool

DNA has turned out to be a useful building block for engineering nano devices because

of its stability, variable length and specific base pair recognition capability. In genetic

manipulation, sticky ends (short single-stranded overhang on the end of a double-stranded

DNA) are used to tack DNA molecules together. At first only unbranched lines were

created but soon, it was possible to get junctions [166] and later artificial DNA structures

such as cubes [167], polyhedral [168] or even origami shapes [169]. Figure 1.5 shows the

folding path (top line), the base-pair index along the folding path (second line from the

top) and AFM image of the different shapes (a) square b) rectangle, c) star, d) disk with

three holes e) triangle with rectangular domains, and f) sharp triangle with trapezoidal

domains and bridges between them) created by DNA (bottom two lines). Stiffer DNA

building blocks [170] were required in order to create well-ordered 2D DNA crystals

[171]. These 2D arrays were used for organizing proteins [171], other DNAs [172] and

nanoparticles [173]. DNA crystals have the potential to orient other macromolecules,

enabling their structural study by X-ray crystallography. For recent reviews about DNA

as engineering tool reefer to [174, 175].

The approaches to create nanowires via self-assembly of DNA are manifold [177].

For a brief review refer to [178]. Gold and silver colloids have been used to decorate a

DNA strand via Na+/Ag+ ion exchange [179] or by cationic nanoparticles [180, 181] in

order to get conductive nanowires. Le et al. recently demonstrated that pre-assembled

DNA scaffolds with open, single-stranded hybridization sites (Figure 1.6aI) - aIII) are

a promising approach for the creation of gold nanowires out of complementary DNA-

tagged gold colloids (Figure 1.6bI) AFM and Figure 1.6bII) SEM image) [176]. Dip

Pen Lithography is another possibility to locally activate areas between two electrodes

with single stranded DNA and upon addition of DNA-tagged gold colloids the electrodes
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Figure 1.5: Shapes created by DNA. Top line: folding path, second line from the top:
base-pair index along the folding path, bottom two lines: AFM images of different
DNA structures: a) square b) rectangle, c) star, d) disk with three holes e) triangle
with rectangular domains, and f) sharp triangle with trapezoidal domains and bridges
between them. Reprinted from [169].
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Figure 1.6: a) 2D nanocomponent array assembled from a DNA solution (aI) on a
mica surface (aII) and then decorated with gold colloids (aIII). b) DNA-Au nanocom-
ponent arrays imaged by AFM (bI) and SEM (bII). Reprinted from [176].
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are bridged [182]. A technique which links particles together in order to bridge elec-

trodes is reported by Bates et al. [183]. Mg2+-dependent interaction between RNA

motifs was leading to gold nanowires that exhibit thermally activated electron hopping

between the particles. A photo patterning approach to create gold nanowires is to oxidize

thiol-stabilized gold nanoparticles by light from a near-field scanning optical microscope

coupled to a UV laser. In this way nanoparticles coagulate and this densified structure are

resistant to removal by solvent exposure [184].

1.4 What next?

As demonstrated in this chapter, the combination of engineering and biology has turned

out to be widely applicable in the micronrange. DNA and protein microarrays enable the

sensitive detection of specific biomolecular interactions either for diagnosis purposes or

for drug discovery. Implementing nanotechnology into medical research is expected to

revolutionize the field. However, the current research activities are still centered around

assembling a tool box which contains many different possibilities about how nanotechnol-

ogy and biology could be combined such that the human society could profit. Currently, it

is almost impossible to distinguish which approaches are break-through technologies and

which will remain scientifically interesting but will never leave the university research

laboratories. Key technologies, similar as transistors and integrated circuits for the semi-

conductor industry, need to be invented/identified before nanobiotechnology or bionan-

otechnology might become of general benefit for a large number of people. Furthermore,

though target drug delivery by e.g., nanoparticles has shown first successes, more needs

to be known about the risks of nanomaterials which can penetrate the human body, about

the long-term effects if such particles remain in the body, in order to make such therapies

applicable and accepted by the human society.



CHAPTER 2

Scope of the Thesis

Surfaces which consist of active areas embedded in an inert background have turned out to

be valuable tools for the high-throughput, sensitive and selective screening of biomolec-

ular recognition, being they DNA-DNA or antibody-antigen interaction, e.g., for medical

diagnosis, as reviewed in more details in Chapter 1. Furthermore, the access to arrays

consisting of a specific number of cells positioned on pre-defined spots on the surface

gave more insights into the ‘communication’ between cells and between their micron

and nano-environment. Researchers in the field of tissue engineering or implantology

are benefiting from this knowledge for instance by increasing the number of successfully

replaced parts of the body e.g., hip joints, or transplanted organs.

A successful patterning platform for biosensing has to fulfill several requirements.

The approach should allow for the immobilization of individual nano-objects. However,

it is equally important, that the surface modification can be performed in the micro-

meter range which enables the integration in existing Micro-Electro-Mechanical Systems

(MEMS). It should be possible to use different detection methods and linker concepts

without too many optimization steps of the biosensing platform. Furthermore, the pat-

terned structure has to be embedded in an inert background in order to avoid false-positive

responses. Additionally, the pre-fabricated platform should be compatible with storage

under dry conditions while it has to be used and activated under buffer conditions during

the sensing process.

The scope of this thesis is to provide a platform which enables the immobilization

of nano-objects (gold colloids and vesicles) and cells onto active, geometrically well-

defined areas embedded in a non-fouling background in the micron- and nanorange. The
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platform is based on the combination of top down (optical lithography methods) and bot-

tom up (such as DNA-DNA recognition) approaches. Structured surfaces of vesicles, gold

colloids and cells were created that way.

The work was performed within the European Framework 6 (BBW/European Union FP6-

NMP-2002-3.4.1.2-1; Project NANOCUES).

Chapter 3 gives an overview of the surface modification techniques and protocols

as well as the surface analytical tools used in this thesis. All the used materials and the

chemicals are listed including where they were purchased.

Membrane protein microarrays might have the potential to serve as sensitive and fast

analytical tool for drug screening and discovery, though their creation is very challeng-

ing. State of the art techniques can not be directly applied since they might affect the

membrane proteins function i.e., when drying steps are included. The work presented in

Chapter 4 is aimed at the creation of a heterogenous functional vesicles array, which has

the potential to be extended to a membrane protein microarray. Vesicles provide a natural

environment for membrane-proteins and DNA is used as linker which enabled surface-

sorting of the vesicles. The approach makes use of a pattering method termed Molecular

Assembly Pattering by Lift-off (MAPL) [135] which was optimized for the micronrange.

This patterning technique provides active areas (e.g., of biotinylated PLL-g-PEG) in a

background of PLL-g-PEG which is resistant towards the non-specific adsorption of pro-

teins, certain vesicles, some colloids, and cells. In order to specifically link nano-objects

to the surface, a multistep surface modification was developed. The biotinylated patches

in the resistant background were further functionalized by adsorption of complexes of

neutravidin (or streptavidin) and biotinylated single-stranded DNA (bDNA). This single-

stranded DNA array allows now for the coupling of any DNA-tagged nano-objects via

the specific DNA-DNA interaction. Chapter 4 describes the determination of the multi-

step surface modification and its appropriate conditions using Optical Waveguide Light-

mode Spectroscopy (OWLS) and Quartz Crystal Microbalance with Dissipation moni-

toring (QCM-D) with respect to buffer conditions, surface density of DNA and rate of

coupling for the creation of a homogenous vesicle microarray (Section 4.1). Furthermore,

two approaches to create a heterogenous vesicle array are presented in this chapter: 1)

DNA-tagged vesicles were positioned onto 9 pre-patterned spots via a crossed-channel

microfluidic device. This device allowed for the arraying and subsequent testing of pro-

teins in a hydrated environment, thus maintaining their function by eliminating problems

with drying out of the samples (Section 4.3). 2) Complexes of streptavidin and bDNA

were spotted onto a PLL-g-PEG/PEGbiotin functionalized surface using a state of the art
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pin & ring spotter. Then, functionalized vesicles tagged with the complementary DNA

could be immobilized via surface sorting on to the spots, while the background was re-

sistant towards the non-specific adsorption of the vesicles and their functionality (Sec-

tion 4.4).

In the field of biosensing, great efforts have been made to get access to single surface-

immobilized biomolecules. Not only the observation of single events is of great interest,

but using nanoarrays for biosensing would open up the possibility for more sensitive

fluorescence or electrical detection and optical detection i.e., Localized Surface Plas-

mon Resonance (LSPR) [87]. Recently, nobel metal colloids i.e., gold colloids, have

started to attract great interest as novel label for biosensing applications because of their

unique nano-physical properties (not present in bulk gold) and biocompatibility [185–

187]. Chapter 5 describes the adsorption kinetics of DNA-tagged gold colloids measured

via Surface Plasmon Resonance (SPR) (Section 5.1) and the micropatterning of gold col-

loids of different diameters (Section 5.2). Chapter 5 describes a possibility to create

nanopatterned surfaces of gold colloids with the potential to serve as biosensing platform

for optical (Section 5.3.1) and nanowire based electrical detection (Section 5.3.2). In our

approach, we separated the nanolithography step, Extreme UV Interference Lithography,

from the functionalization step. The previously mentioned multistep surface modifica-

tion was optimized for the nanorange and applied, but instead of DNA-tagged vesicles,

DNA-tagged gold colloids were used.

There are many different ways which offer great control over where and how pro-

teins and DNA strands are immobilized onto surfaces. However, there is a lack of simple

tools to manipulate them on the surface. Chapter 6 describes an in situ method termed

photobleaching-induced patterning. This method uses fluorescently labeled streptavidin

which can serve as a kind of ‘bio’-photoresist. This novel approach allows for the se-

lective manipulation of DNA-tagged surface-immobilized nano-objects such as vesicles

or gold colloids in aqueous solution, at neutral pH. The single-stranded DNA was im-

mobilized onto a surface via the biotin/streptavidin linkage. If the fluorescently labeled

streptavidin was exposed to laser light (λ corresponding to the label), the DNA became

inactive and the streptavidin was removed from the surface. The local density of surface-

immobilized vesicles and gold colloids could be tailored. The subsequent re-activation

of the photobleached areas was possible with complexes of streptavidin and biotinylated

DNA which allowed for the immobilization of a second generation of nano-objects. The

mechanism based on reactive 1O2 is described in detail as well as the kinetics of the ad-

sorption and the removal process of DNA-tagged nano-objects depending on the amount
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of fluorophores present on the surface (Section 6.1). The possibility to locally exchange

streptavidin and vesicles on the surface is also shown (Section 6.2).

Not only the development of novel approaches for biosensing is of great interest, but

there is also a drive to increase the sensitivity of well-established detection methods. One

possibility for signal amplification is based on electrical sensing using ion channels. Here,

one of the main limiting factors of the sensitivity is the accumulation of ions between the

surface and the membrane containing the incorporated ion channel. Recently, research has

been done to create supported bilayers on top of a nanotopography in order to overcome

this sensitivity problem. Chapter 7 reports on our trials to create a bilayer on top of a

nanostructure. We are varying the lipid composition in the vesicles and the substrates. A

bilayer containing lipid in their gel phase was created on a flat silica surface (Section 7.1).

Unlike POPC membranes, such a bilayer is expected to be stiffer and therefore to be more

likely to create a free-standing membrane over a nanotopography. In a first attempt the

interaction of a silica nanostructure with POPC vesicles was investigated (Section 7.2).

In addition, we introduced a nano-engineering strategy for the creation of a free-standing

membrane which is based on a metal oxide nano-contrast on the surface in order to enable

selective vesicle adsorption and fusion (Section 7.3).

Although there are interesting biosensing concepts which require nanotechnology,

among them nanowire based biosensing, there are still many open questions which can be

addressed using microtechnology - especially when cells as detection agent are involved.

Chapter 8 describes a feasibility study using myoblasts, progenitor cells of adult skeletal

muscle. The individual myoblasts withdraw from the cell cycle, align themselves into

linear arrays and fuse their membrane to form multinucleated myotubes, the first stage

in the formation of an adult muscle fibers. It was possible to image this fusion process

in situ using AFM. Furthermore, there are indications that Annexin, which was used to

label the surface of myoblasts prior to myotube formation, is more highly concentrated

in the tubular membrane networks that establish intracellular continuity between fusing

myoblasts.

In addition, myoblasts are aligned onto line micropatterned surfaces where stripes of ex-

tracellular adhesion molecules (laminin or fibronectin) are separated by stripes of cell-

resistant PLL-g-PEG. Furthermore, we showed that confluent cell layers are created in a

microfluidic device. The combination of micropatterned surfaces with this microfluidic

device opens up the possibility for cell-based sensing with single or well-defined number

of cells in a controlled environment.



CHAPTER 3

Materials and Methods

Materials and general concepts used in this thesis are described in this chapter. In special

cases more detailed explanations about the specific experiments are added to the individ-

ual chapters.

3.1 Materials

3.1.1 Buffers

Most measurements were carried out in either a 10 mM 4-(2-hydroxyethyl)piperazine-1-

ethane-sulfonic acid (HEPES 1) (MicroSelect, Fluka Chemie GmbH, Switzerland) so-

lution or a 160 mM solution, consisting of 10 mM 4-(2-hydroxyethyl) piperazine-1-

ethane-sulfonic acid and 150 mM NaCl (MicroSelect, Fluka Chemie GmbH, Switzerland)

(HEPES 2). The pH of both buffer solutions was adjusted to pH = 7.4. Both buffers were

made with ultrapure water (Milli-Q gradient A 10 system, resistance ≈ 18 M Ω cm, TOC

< 4 ppb, Millipore Corporation, USA), stored at 4◦C and filtered with a 0.2 µm pore filter

(Sigma Aldrich Chemie GmbH, Germany) prior to use.

HEPES 2++ was a buffer consisting of HEPES 2, 5 mM glutathione (purity 90 %,

Aldrich) and 5 mM vitamin C at pH = 7.4. This buffer has to be stored in the dark due to

the light sensitivity of vitamin C.

Selected bilayer experiments were performed in HEPES 2 buffer with addition of

either 2 mM ethylenediaminetetraacetic acid (EDTA) or 2 mM Ca2+ referred to as EDTA

buffer or Ca2+ buffer, respectively.
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3.1.2 Polymers

PLL-g-PEG, a graft copolymer with a poly(L-lysine) (PLL) backbone of 20 kDa and

poly(ethylene glycol) (PEG) side-chains of 2 kDa, and a grafting ratio of 3.5, was used

for all experiments. The biotinylated polymer (PLL-g-PEG/PEGbiotin) had the same ar-

chitecture, with 50 % of its side-chains were biotinylated using PEGbiotin with a molec-

ular weight of 3.4 kDa. Both polymers were synthesized and characterized as previously

described in detail [188–190]. The same architecture was used for the fluorescent poly-

mer PLL(alexa fluor633)-g-PEG and PLL(rhodamine)-g-PEG with the fluorophore alexa

fluor633 and rhodamine attached to the PLL chain, respectively.

Poly(propylene sulfide-block-ethylene glycol) (PPS-PEG) is a diblock copolymer

with a 2 kDa PEG chain and a 2 kDa poly(propylene sulfide) (PPS) backbone. The poly-

mer was synthesized and characterized as previously described in detail in [40].

3.1.3 Proteins

All proteins were purchased from Invitrogen, Switzerland. Neutravidin (NA,

MW = 60’000 g/mol), streptavidin (SA), streptavidin alexa fluor633 (SA633), strepta-

vidin alexa fluor488 (SA488), streptavidin rhodamine, bovine serum albumin (BSA),

BSA alexa fluor532 and BSA alexa fluor647 were used. There was no affinity differ-

ence observed between the labeled and unlabeled streptavidin or between streptavidin

and neutravidin. All proteins were aliqoted (20 µg/20 µl in HEPES 2) and stored in the

freezer.

3.1.4 DNA

All DNA strands were purchased from Eurogentec, Belgium and were free of self-

complementarity and hair-pin formation issues. For all the DNA sequences the five

C bases were used as spacer. Table 3.1 gives an overview over the DNA sequences

used in this thesis. DNA sequences labeled with the same number are complementary

to each other i.e., bDNA2 is complementary to tDNA2. All DNA were aliqoted (i.a.

10 nmol/20 µg in ultrapure water) and stored in the freezer.
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Table 3.1: DNA sequences

Abbreviation Sequence 

bDNA1
5'-CCC-CCA-TGG-AAT-CGT-AA-3'

5’ modified with a biotin

bDNA2
5'-AAT-GCT-AAG-GTA-CCC-CC-3'

3' modifed with biotin

bDNA3
5’-TAG-TTG-TGA-CGT-ACA-CCC-CC-3’ 

3’ modified with a biotin

bDNA4
5'-CCC-CCT-TCA-GAG-CAT-AT-3'

5' modified with biotin

bDNA5
5’-AAT-GCT-AAG-GTA-TTA-GAT-ATT-TGC-AAG-CAA-CTG-AGT-ACT-CCC-CC 3’

3' modified with biotin

cDNA1
5’-CCC-CCT-AGT-TGT-GAC-GTA-CAT-TAC-GAT-TCC-AT-3'

5' modified with  tri-ethylen-glycol (TEG) cholesterol

cDNA3
5’-TGT-ACG-TCACAA-CTA-CCC-CC-3'

3' modified with a tri-ethylen-glycol (TEG) cholesterol

cDNA4
5'-CCC-CCT-AGT-TGT-GAC-GTA-CAA-TAT-GCT-CTGAA- 3'

5' modified with  tri-ethylen-glycol (TEG) cholesterol

tDNA1
5'-CCC-CCT-TAC-GAT-TCC-AT-3’

5' modified with thiol

tDNA2
5'-TAC-CTT-AGC-ATT-CCC-CC-3'

3' modified with thiol

tDNA5
5’-AGT-ACT-CAG-TTG-CCT-GCA-AAT-ATC-TAA-TAC-CTT-AGC-ATT-CCC-CC 3’

3' modified with thiol

3.1.5 Vesicles

All lipids were

purchased from Avanti Polar Lipids, USA. Zwitterionic lipids 1-Palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine lipids (POPC), fluorescent vesicles 2-(12-(7-nitrobenz-2-oxa-

1,3-diyzol-4-yl)amino)dodecanoyl-1-hexadecanoyl-sn-glycero-3-phosphocholine (NBD-

HPC) and 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine (DOPC), anionic lipids 1,2-

Dioleoyl-sn-Glycero-3-[Phospho-L-Serine] (DOPS), maleimide functionalized lipids

1,2-Dipalmitoyl-sn-Glycero-3-Phosphoethanolamine-N-[4-(p-maleimidophenyl) butyra-

mide] (Mal-PE) and 1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine (DPPC) lipids (phase

transition temperature of 41◦C) were used.
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3.1.5.1 Vesicle Preparation

Lipids dissolved in chloroform were stored at -20◦C. For fluorescent vesicles, 1 w% of the

labeled lipids was added to the lipid solution. Cholesterol (mass between 0 and 26 mg)

was added to the lipid solution, in order to produce vesicles with pre-incorporated choles-

terol in the membrane. Unilaminar lipid vesicles (stored at 4◦C under N2 atmosphere)

were prepared by evaporation of the chloroform under N2 in a round flask (min. 1 h), fol-

lowed by hydration in buffer (5 mg/mL) and extrusion through the corresponding filters

(31 times, filter diameter 50, 100, 200 or 400 nm) at room temperature. All the men-

tioned vesicle sizes in this thesis are nominal values. If the vesicles prepared contained

DPPC lipids, the buffer temperature was ∼40◦C and the extrusion was performed above

the phase transition temperature (Tm) under flowing hot water (∼40◦C).

3.1.6 Gold Colloids

5 nm (5 ·1013 colloids/ml), 20 nm (7 ·1011 colloids/ml), 50 nm (4.5 ·1010 colloids/ml) and

100 nm (5.6 ·109 colloids/ml) gold colloids were purchased from British Biocell, England

and stored in the fridge.

3.1.6.1 Tagging of Gold Colloids with Thiolated DNA

The gold colloids were tagged with thiolated DNA (tDNA1 or tDNA2) by applying an

adapted protocol from Storhoff et al. [191]. Briefly, equal volumes of colloid and DNA

(dissolved in ultrapure water), in concentrations of 2 µM for the 100 nm gold colloids, 1

µM for the 50 nm gold colloids and 0.5 µM for the 20 nm and 5 nm gold colloids, solu-

tions were mixed together for 24 hours. In general, a total volume of 5 ml was prepared.

Then, 9.8 mg/ml phosphate buffered saline (powder, pH = 7.4, Sigma) and 6 mg/ml NaCl

was added. Higher concentrations of thiolated DNA were needed for larger gold colloids

in order to form stable DNA - gold colloid complexes even in the presence of high salt

concentrations. If the DNA concentration was too low or the attachment of the DNA to

the gold colloid did not work properly, the gold colloids were aggregated within seconds

upon addition of the salt. After 48 hours, the final concentration of DNA-tagged gold col-

loids was adjusted via centrifugation (Eppendorf, Germany) by using 1 ml gold colloid

solution and 14’000 g for 10 min. Then, the supernatant was removed and the amount
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of HEPES 2 solution required for ∼28 ·109 colloids/ml for the 100 nm, ∼22.5 ·1010 col-

loids/ml for the 50 nm, ∼35 · 1011 colloids/ml for the 20 nm, and ∼25 · 1013 colloids/ml

for the 5 nm gold colloids was added

The poly(propylene sulfide-block-ethylene glycol) (PPS-PEG, Section 3.1.2) coating of

the gold colloids was performed according to the following protocol: 0.5 ml water was

added to 20 nm gold colloids tagged with DNA right after centrifugation. Moreover,

0.5 ml of PPS-PEG dissolved in methanol (0.1 mg/ml or 1 mg/ml) was added. After 16

h, the mixture was centrifuged (14’000 g for 10 min), the supernatant was replaced with

1 ml HEPES 2 and the centrifugation step was repeated. Then the supernatant was re-

moved and the amount of HEPES 2 required for ∼22.5 · 1010 colloids/ml for the 50 nm

and ∼35 ·1011 colloids/ml for the 20 nm gold colloids was added.

The gold colloids tagged with DNA were stored in the fridge and had to be used within

one month.

3.2 Methods

3.2.1 Myoblast Cultivation

Cells (C2C12 mouse muscle cell line) were plated at a density of approximately 5000

cells/cm2 onto sterile and protein conditioned glass coverslips. Before plating, patterned

coverslips (details see Section 3.2.2.3) were dipped once in either 70 %, or a solution of

Penicillin-Streptomycin (5,000 units/ml and 5,000 micrograms/ml, respectively, Gibco),

rinsed in sterile Phosphate Buffered Saline (PBS, Gibco) and allowed to air dry in sterile

petri dishes in a laminar flow hood (Falcon). Unpatterned glass slides, on the other hand,

were flame dried immediately after ethanol dipping and placed into sterile petri dishes.

The surfaces of all coverslips were subsequently treated with either laminin (20 µg/ml

in PBS buffer) or fibronectin (0.5 mg/ml in PBS buffer) under sterile conditions for 10

min. Next, the extracellular matrix proteins were removed, and the glass coverslips were

then allowed to sit within the laminar flow hood for 2 - 5 minutes, allowing the protein

coating to coalesce onto the glass surface. The coverslips were then incubated in 2 mls of

growth medium (Dulbecco’s Modifed Eagle’s Medium with 20 % fetal bovine serum) for

30 minutes at 37◦C to allow serum proteins to further adhere to the protein-coated surface

of the coverslips.

Myoblasts were maintained in growth medium until microscopic examination, or un-
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til reaching 70 % confluency, at which point they were transferred into differentiation

medium (Dulbecco’s Modifed Eagle’s Medium with 2 % adult horse serum) in prepara-

tion for membrane fusion to form myotubes.

3.2.2 Patterning

3.2.2.1 Molecular Assembly Patterning by Lift-off (MAPL)

The MAPL process was applied to Nb2O5 coated substrates (pyrex or silica wafer) as de-

scribed by Falconnet et al. in detail [135]. Photolithography was used to create substrates

with a photoresist (S1818, Shipley, England) protected background and unprotected ar-

eas. The samples were sonicated in ultrapure water for 10 min, rinsed with ultrapure

water, blown-dry with nitrogen and put for 5 s in a oxygen plasma cleaner. Subsequently,

PLL-g-PEG/PEGbiotin (0.1 mg/ml in HEPES 2) was immobilized on the bare oxide areas

by spontaneous assembly from aqueous solution for 15 min. After rinsing with ultrapure

water and drying with N2, the photoresist was then stripped off in 1-methyl-2-pyrrolidone

(NMP, for peptide synthesis, Fluka Chemie GmbH, Switzerland) using the following pro-

tocol: 1) rinsing the sample with NMP, 2) sonication of the sample in a piranha cleaned1

glass beaker filled with NMP for 2 min, 3) sonication of the sample in a second piranha

cleaned glass beaker filled with NMP for 2 min, 4) sonication of the sample in a third

piranha cleaned glass beaker filled with ultrapure water and NMP (v:v = 1:1) for 1 min,

5) soaking in ultrapure water for 10 min, and 6) rinsing with ultrapure water and drying

with N2. Finally, the background was backfilled with PLL-g-PEG (1 mg/ml in HEPES

2) for 40 min. Such samples could be stored in the fridge for 2 weeks without notable

decrease in performance.

3.2.2.2 Protein and Vesicle Micropatterning

Pre-patterned samples using the MAPL process (Section 3.2.2.1), were assembled in a

flow cell which contained a poly(dimethylsiloxane) (PDMS) channel which was filled
1Piranha cleaning solution, which is removing all the organic residue from the glass ware, is consisting

of 7 v% sulphuric acid (H2SO4) and 3 v% hydrogen peroxide (H2O2). Add the H2O2 SLOWLY to the
H2SO4 because the reaction is exothermic and the solution will heat up to 120 ◦C! The glass ware was
filled with this warm solution for 10 min and then 10 times rinsed with ultrapure water. Finally, the glass
ware was dried in an oven at ∼60 ◦C. WARNING: Piranha solution is highly corrosive and needs special
precautions (special gloves, lab coat, goggles). Mixing piranha solution with organic solvents leads to an
explosion. Never store piranha solution and do not dispose it in closed containers.
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with HEPES 2 solution. Complexes of fluorescently labeled streptavidin (20 µg/ml in

HEPES 2) and biotinylated DNA (bDNA1, 0.35 µM in HEPES 2) (molar concentration

ratio of bDNA to SA in solution Rb = 1), pre-mixed in solution for 10 min, were selec-

tively immobilized onto the biotinylated patches within 40 min. Then the flow cell was

subsequently rinsed with HEPES 2 and investigated with the CLSM (Section 3.2.5). The

labeled streptavidin was used in order to visualize the patterns. For specific experiments,

the pre-patterned surface was exposed only to streptavidin (without bDNA, 20 µg/ml in

HEPES 2) for 40 min and then subsequently rinsed with HEPES 2. Complexes of fluores-

cently labeled vesicles (250 µg/ml in HEPES 2) and cholesterol-tagged DNA (cDNA1,

0.35 µM in HEPES 2) (molar concentration ratio of cDNA to vesicles in solution Rc = 13),

pre-mixed in solution for 10 min, were selectively immobilized via the DNA-DNA inter-

action. After a 40 min incubation time, the mixture was replaced with buffer and the

patterns were observed with the CLSM.

3.2.2.3 Cell Patterning

An adapted MAPL process was applied to glass slides (2.4 cm diameter, 0.17 mm thick-

ness, Menzel Gläser, Germany). Photolithography was used to create substrates with

photoresist (S1818, Shipley, England) protected stripes and unprotected areas. The sam-

ples were sonicated in ultrapure water for 10 min, rinsed with ultrapure water, blown-dry

with nitrogen and put for 5 s in a oxygen plasma cleaner. Subsequently, PLL-g-PEG (1

mg/ml in HEPES 2) was immobilized by spontaneous assembly from aqueous solution

for 30 min. After rinsing with ultrapure water and drying with N2, the photoresist was

then stripped off in 1-methyl-2-pyrrolidone (NMP, for peptide synthesis, Fluka Chemie

GmbH, Switzerland) using the following protocol: 1) rinsing the sample with NMP, 2)

sonication of the sample in a 50 ml centrifugation tube filled with NMP (∼5 ml) for 4

min (a metal needle was added to the tube in order to identify the back and front side of

the glass slide), 3) sonication of the sample in a second 50 ml centrifugation tube filled

with ultrapure water and NMP (v:v = 1:1) for 1 min, 4) soaking in ultrapure water for 10

min, and 5) storing of the substrate in a sterile cell culture dish filled with ultrapure water.

Details about the cell culturing are described in Section 3.2.1.
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3.2.2.4 Micropatterning of DNA-Tagged Gold Colloids

Surface patterns were provided by a MAPL chip prepared as described in Section 3.2.2.1

[135]. Equal volumes (∼100 µl per sample) of complexes of neutravidin (NA, 20 µg/ml

in HEPES 2) and biotinylated DNA (bDNA1, 0.35 µM in HEPES 2) (molar concentra-

tion ratio in solution of bDNA to NA in solution Rb = 1), pre-mixed in solution for 10

min, were selectively immobilized onto the biotinylated patches within 40 min. Then, the

samples was rinsed with ultrapure water and blown-dry with N2. Finally, gold colloids

tagged with DNA as described in Section 3.1.6.1, were selectively immobilized onto the

patterned surface overnight. Similar experiments were performed using PPS-PEG coated

gold colloids (Section 3.1.6.1). In attempt to connect the immobilized gold colloids, sam-

ples of micropatterned gold colloids were exposed to gold enhancement solution for dif-

ferent times (10 - 60 min, Nanoworld, Goldenhanc, England). Finally, the samples were

rinsed with ultrapure water and blown-dry with nitrogen. This enhancement approach,

which is often used in electron microscopy, involves the catalytic deposition of metallic

gold, from a solution containing gold ions, onto the gold colloids. The samples were sput-

ter coated with platinum in order to analyzed the gold colloid patterns with a Scanning

Electron Microscope (SEM, Leo 1530 device, Zeiss, Germany).

3.2.2.5 Extreme Ultra-Violet Interference Lithography (EUV-IL)

Nano pre-pattering of polymethylmethacrylate (PMMA) on Nb2O5 coated Si wafers was

preformed at the Swiss Light Source (PSI, Switzerland). The EUV-IL technique creates

nanopatterns via coherent light from a synchrotron, which is diffracted at gratings created

by e-beam lithography or EUV-IL, such that the interference patterns are transferred into

the PMMA resist coated substrate [110, 123, 192]. EUV-IL can be used to reproducibly

pattern periodic line structures (Figure 5.7a) and cubic (Figure 5.5a) or hexagonal arrays

of dots over an area of several mm2 within a few minutes. Compared to e-beam lithogra-

phy, the throughput of the EUV-IL technique is much higher. Additionally, it allows for

the creation of nanopatterns onto non-conducting substrates such as glass, which is very

important for biological samples where often (fluorescence) microscopy is used for detec-

tion. Furthermore, its resolution, robustness, reproducibility, and reliability, including the

ability to pattern over topography makes EUV-IL an excellent nanopatterning method.

The limitations are the restricted available pattern shapes and the required access to a

synchrotron.
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For all experiments Nb2O5 pre-coated Si wafers were used, expected for the bilayer

formation experiments on nanotextured silica surfaces in Chapter 7. There, SiO2 coated

Si wafer were used. The PMMA nanostructure was etched in order to get a silica line-

nanotopography. The estimation of the height depending on the process parameter is

extremely delicate. The exposure of the PMMA changed the thickness of the polymer

layer depending on the doses. Furthermore, no details about the etching process were

available.

3.2.2.6 Nanopatterning of DNA-Tagged Gold Colloids

The PMMA pre-patterned substrates were rinsed with ultrapure water, blown-dry with N2

and put into an oxygen plasma cleaner for 5 s. The substrates were rinsed with water and

blown-dry with N2 after every adsorption step. In order to transform the resist nanopat-

tern into a surface of biotinylated nanopatches in a bio-resistant background, a technique

termed Molecular Assembly Patterning by Lift-off (MAPL) was applied [135]. MAPL is

a simple dip and rinse approach which was optimized for the use in the micrometer range

(see Section 3.2.2.1). In order to use the MAPL technique in the nanometer range, the

protocol, mainly the lift-off process, had to be optimized. First, the sample was exposed

to a PLL-g-PEG/PEGbiotin solution (0.1 mg/ml in HEPES 2) for 15 min. In a next step,

the PMMA was stripped off according to the following protocol: 1) flushing of the sample

with 1-methyl-2-pyrrolidone (NMP), 2) 30 min ultrasonic cleaning in NMP, 3) 30 min ul-

trasonic cleaning in a mixture of NMP/H2O = 1/1, 4) 15 min ultrasonic cleaning in H2O,

and 5) rinsing with water and blow-drying with N2. The complete removal of the resist

was confirmed using Atomic Force Microscopy (AFM) and Time-of-Flight Secondary

Ion Mass Spectrometry (ToF-SIMS, secondary-ion mass spectra were recorded accord-

ing to a previously published protocol [193]). The bare metal oxide was then backfilled

with the non-functionalized, bio-resistant PLL-g-PEG (1 mg/ml in HEPES 2) for 40 min.

Complexes of neutravidin (20 µg/ml in HEPES 2) or streptavidin (20 µg/ml in HEPES 2)

and single-stranded biotinylated DNA (bDNA1, 0.35 µM in HEPES 2), pre-formed in

solution for 10 min, were selectively immobilized onto the biotinylated areas on the sur-

face for 40 min. 50 nm or 20 nm gold colloids were tagged with the complementary

DNA (tDNa1) as described in Section 3.1.6.1. Surfaces activated with complexes of neu-

travidin and single-stranded biotinylated DNA were exposed to the gold colloid solution

overnight.
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The 20 nm gold colloid nanopattern was then incubated for 15 minutes in a com-

mercially available enhancement solution. All steps were investigated by tapping mode

AFM (Section 3.2.7). Furthermore, the gold colloid pattern was sputter coated with plat-

inum and analyzed using a Scanning Electron Microscope (SEM, Leo 1530 device, Zeiss,

Germany).

3.2.3 Optical Waveguide Lightmode Spectroscopy (OWLS)

Optical Waveguide Lightmode Spectroscopy (OWLS) [194] allows for the in situ mea-

surement of the surface immobilization of polymers or biomolecules in aqueous environ-

ment. OWLS is based on the incoupling of a laser into a waveguide by an optical grating.

This incoupling only occurs at two well defined angles. The changes in the incoupling an-

gles are sensitive to refractive index changes within the evanescent field generated above

the surface. These incoupling angles are monitored by continuously changing the incident

angle of the laser and measuring the incoupled light intensity with a photodetector placed

at the edge of the waveguide. The OWLS technique measures refractive index changes

of which the adsorbed mass can be calculated using de Feijter’s formula [195]. Since

this formula only contains the difference between the refractive indices of the adsorbed

layer and the cover medium, the coupled water is not visible by this technique [196]. The

sensitivity of the instrument is 1 ng/cm2 [194].

OWLS experiments were carried out in either a BIOS-1 (Artificial Sensing Instru-

ments, Switzerland) or an OW120 (MicroVacuum Ltd., Hungary) instrument using a lam-

inar flow-through cell (8 x 2 x 1 mm3) and a HeNe laser (λ = 633 nm). An 8 nm thin

film of Nb2O5 was sputter coated on commercially available planar optical waveguides

(2400 µV, MicroVacuum Ltd., Hungary) according to already published protocols [197].

The following cleaning protocol was applied to the waveguides prior to use: 10 min ul-

trasonication in 2-propanol (spectroscopy grade, Fluka Chemie GmbH, Switzerland), 10

min ultrasonication in ultrapure water, rinsing with ultrapure water and blow-drying with

nitrogen, and 1 min oxygen plasma cleaning. The refractive index increments (dn/dc)

of 0.13 cm3/g for PLL-g-PEG-based polymers and 0.182 cm3/g for proteins and vesicles

were used for subsequent calculations of adsorbed mass [189]. Since no dn/dc value for

vesicles is available in the literature, a value of 0.182 cm3/g was only applied for qualita-

tive comparison. The solution and the flowcell were temperature-stabilized at 25◦C.
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3.2.4 Quartz Crystal Microbalance with Dissipation (QCM-D)

The QCM-D instrument (E4, Q-Sense AB, Sweden) measures changes in the frequency

(f) and dissipation factor (D) of an oscillating quartz crystal upon adsorption of a vis-

coelastic layer [197–199].

The following cleaning protocol was applied to the crystals prior to use: soaking

overnight in 2% lauryl sulfate (Sigma Aldrich Chemie GmbH, Germany), rinsing with

ultrapure water, and UV/Ozone cleaning for 30 min. Immediately after cleaning, the

crystal was mounted into the liquid-exchange cell of the instrument. The solution and the

cell were temperature-stabilized at 25◦C and for selected experiments at 40◦C.

All experiments were performed on crystals coated with Nb2O5, expect for the bilayer

formation experiments in Chapter 7, where SiO2 coated crystals were used. Supported

lipid bilayer (SLB) were formed via vesicles fusion (vesicle concentration: 250 µg/ml)

by injecting the vesicle solution into the QCM-D flow chamber in either HEPES 2, EDTA

buffer or Ca2+ buffer (Section 3.1.1).

3.2.5 Confocal Laser Scanning Microscope (CLSM)

All fluorescent experiments were performed on a Confocal Laser Scanning Microscope

(CLSM, LSM 510, Zeiss Germany) equipped with an argon (30 mW, λ = 488 nm), HeNe

(5 mW, λ = 633 nm) and a DPSS-Laser (10mW, λ = 561 nm) and the corresponding filter

sets, using 10x, (0.3 NA), 20x (0.5 NA), 40x (LD, 0.7 NA), 63x (oil, 1.4 NA) objectives

(Zeiss, Germany).

3.2.5.1 Photobleaching Experiments

Photobleaching experiments were mainly performed on samples created via the MAPL

process (Section 3.2.2.1) and further functionalized with (fluorescently-labeled) strepta-

vidin and vesicles (Section 3.2.2.2). These kind of experiments were done in order to

check for the non-specific binding of proteins or vesicles to the inert background (Chap-

ter 4) or to locally remove or damaged streptavidin or DNA (Section 6.2).

The fluorescent pattern on the surface was put in focus using the 10x or 20x objective of

the CLSM. Then, the 40x objective and a 6x zoom was used to perform the bleaching

experiments within the chosen area. The transmission of laser line corresponding to the
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dye, which was bleached, was put to 100 % and the iterations were chosen accordingly

(typical iteration numbers with these settings: complete bleaching of alexa fluor488 and

NBD dye within ∼50 - 100 iterations, complete bleaching of alexa fluor633 dye within

∼300 - 500 iterations).

3.2.5.2 Fluorescence Recovery After Photobleaching (FRAP)

The FRAP experiments were performed according to the adapted protocol from Lopez

et al. [200] and evaluated based on the theory published by Axelrod et al. [201] and

Soumpasis et al. [202]. The 63x (oil, 1.4 NA) objective was used for these experi-

ments. Supported lipid bilayer were formed via vesicles fusion (vesicle concentration:

250 µg/ml) in 15 min in the required buffer (Section 3.1.1). A circular spot of 10 - 40 µm

in diameter was photobleached into the supported lipid bilayer (or in selected cases into

the vesicle layer) while the bleaching time was kept at max. 5 % of the recovery time. In

the first 10 s, every 2 second one image was acquired, then every 10 s for 1 min and from

now on, every 30 second one image was recorded for 8 min. Additionally, after 10 min

and 15 min two last images were recorded.

3.2.6 Surface Plasmon Resonance Measurements (SPR)

Surface Plasmon Resonance (SPR) is a well-established label-free optical analytical tool

for the determination of binding events between biomolecules or for kinetic studies

[203, 204]. Coherent light, which is reflected on a thin metal film, can interact with

the delocalized electrons at a defined angle of incidence. This leads to a reduction of the

reflected light intensity. Upon binding of a biomolecule to the metal film, the dielectric

constant of the environment changes, leading to a detectable change of angle of incidence

where the plasmon excitation occurs.

The adsorption kinetics of DNA-tagged gold colloids was determined by SPR (Res-

onant Probes GmbH, Germany). SPR chips coated with ∼2 nm Nb2O5 were used and

cleaned as described in Section 3.2.3. Then, the chip was assembled into the liquid cell

(∼500 µl) and a stable baseline in HEPES 2 was established. Afterwards, the chip was

exposed to a solution of PLL-g-PEG/PEGbiotin (0.1 mg/ml in HEPES 2) until the surface

was saturated and then rinsed with HEPES 2 buffer. In a next step, complexes of neutra-

vidin (NA, 20 µg/ml in HEPES 2) and biotinylated DNA (bDNA1, 0.35 µM in HEPES 2)
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(molar concentration ratio of bDNA to NA in solution Rb = 1), pre-mixed in solution for

10 min, were subsequently surface immobilized. After the surface was saturated with the

complexes, the solution in the liquid cell was replaced with buffer. 20 nm gold colloids

tagged with the complementary DNA (tDNA1, Section 3.1.6.1) were hybridized to the

DNA-functionalized surface. The following equations were applied in order to convert

the measured angel shifts in adsorbed mass for proteins [204, 205].

mprotein = 100 · k ·∆α (3.1)

m = adsorbed protein mass [ng/cm2]

∆α = angle shift [◦]

k = (10/1.868), conversions factor

In order to calculate the adsorbed mass of polymer the following equation was applied

[195].

mpolymer = mprotein · (dn/dc)protein/(dn/dc)polymer (3.2)

(dn/dc)protein = 0.182

(dn/dc)polymer = 0.139

Imaging SPR experiments were performed on Nb2O5 coated SPR chips which were

pre-patterned via the MAPL process as described in Section 3.2.2.1. Complexes of neu-

travidin (20 µg/ml in HEPES 2) and bDNA1 (0.35 nmol/ml in HEPES 2), premixed in

solution for 10 min, were adsorbed onto the chip for 40 min. After rinsing with ultrapure

water and blown-drying with nitrogen, the chip was assembled into the liquid cell and

HEPES 2 was added. The chip was imaged for 10 min in order to stabilize the set up.

Next a solution of tDNA1-tagged gold colloids (Section 3.1.6.1) was added and every 10

s one image was recorded. After saturation, the gold colloid solution was replaced with

buffer and a few more images were recorded.

3.2.7 Atomic Force Microscope (AFM)

The Atomic Force Microscope (AFM) is a high-resolution type of scanning probe mi-

croscope, which has recently started to attract the interest of biologist. AFM provides
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a true three-dimensional surface profile and the samples imaged by AFM do not require

any special treatments (such as metal/carbon coatings) as for instance needed for elec-

tron microscopy. The AFM works in ambient air or in liquid environment and at elevated

temperature. This makes it possible to study biomolecules in their natural environment or

living cells in the required culture medium at 37◦C.

All the steps in the multistep surface modification protocol for the creation of gold

colloid nanopatterns were investigated using a Nanoscope I-V Mulitmode AFM equipped

with a J-scanner (120 µm) from Veeco, USA in tapping mode in air (tip: resonance

frequency = 300 kHz, force constant = 40 N/m, Budget Sensors).

Bilayer experiments were performed using either a Nanoscope I-V Mulitmode AFM

equipped with a J-scanner (120 µm) and a contact mode liquid cell from Veeco, USA or

a Nanowizardr I BioAFM from JPK, Germany equipped with a heatable Biocell (JPK,

Germany) (tip: force constant 0.06 N/m, CSC38, noAl, MicroMasch).

Prior to use, the substrates were sonicated in isopropanol for 10 min, rinsed with ultrapure

water and blown-dry using nitrogen. Then, the substrates were soaked in a 2% SDS

(Lauryl sulfate) solution for at least 30 min, rinsed with ultrapure water, blown-dry with

nitrogen and finally cleaned in a UV/Ozone for at least 10 min.

Supported lipid bilayer (SLB) were formed via vesicles fusion (vesicle concentration: 250

µg/ml) in 15 min in either HEPES 2, EDTA buffer or Ca2+ buffer (Section 3.1.1).

Live cell experiments were performed in a Biocell (JPK, Germany) in CO2-

independent medium at 37◦C using the Nanowizardr I BioAFM from JPK, Germany

(tip: force constant 0.06 N/m, CSC38, noAl, MicroMasch).



CHAPTER 4

Patterning of DNA-Tagged Vesicles

Membrane protein microarrays are expected to play a key role in drug screening and

discovery in the future [206]. But the membrane proteins’ fragility makes them very

difficult to implement into nowadays microarray technology what would enable their

high-throughput screening. In this chapter we present an approach to convert a single-

stranded DNA array into a vesicle array. Vesicles tagged with complementary cholesterol

functionalized DNA (cDNA) which can specifically couple to the surface through the hy-

bridization of the DNA strands are used for this purpose. The idea to use DNA as linker to

the surface was first introduced by Niemeyer et al. [61, 62] and was extended to vesicles

by Svedhem et al. [64] and the presenting author. This approach allows for the surface-

sorting of different kinds of vesicles tagged with different cDNA strands due to the high

specificity of the DNA hybridization. Surface-sorting opens up the possibility to create

heterogeneous arrays which are required for fast and parallel screening. In addition, such

a vesicle array has the potential to be transformed later into a membrane-protein array

because vesicles can provide a natural environment for this fragile kind of proteins.

The utilized multistep process starts with electrostatically adsorbing a of layer of

PLL-g-PEG/PEGbiotin onto negatively charged metal oxide surfaces such as Nb2O5.

Such a surface was converted into a DNA array by localized (e.g., spotting) addition of

complexes of biotin-terminated DNA (bDNA) and neutravidin. This was then followed

by addition of vesicles tagged with complementary cholesterol-terminated DNA, thus the

specific coupling of vesicles to the surface through complementary DNA hybridization is

provided.

In our study, Optical Waveguide Lightmode Spectroscopy (OWLS, Section 3.2.3)

and Quartz Crystal Microbalance with Dissipation (QCM-D, Section 3.2.4) was used to
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optimize the multistep surface modification (Section 4.1). It was found that the amount

of adsorbed complexes of biotinylated DNA (bDNA) and neutravidin decreased with in-

creasing molar ratio of bDNA to neutravidin and decreasing ionic strength of the buffer

solution (Section 4.1.2). DNA-tagged vesicles were surface-immobilized using choles-

terol as linker between the membrane and the DNA (Section 4.1.3). Modeling of the

QCM-D data showed that the shape of the immobilized vesicles depended on the amount

of available anchoring groups between the vesicles and the surface (Section 4.1.3.2). Fur-

thermore, it was demonstrated that the addition of cholesterol to the vesicles did not af-

fect the adsorption behavior, but the linker stability between the vesicle and the DNA was

increased (Section 4.1.3.3). A homogeneous lipid vesicle microarrays was created by

extending a micropatterning approach termed Molecular Assembly Patterning by Lift-off

(MAPL) [135] to a DNA and then to a vesicle array (Section 4.2). In addition, this chapter

describes two different ways to create a heterogenous vesicle array. The sequential ad-

sorption of DNA-tagged vesicles onto 9 different spots via a crossed-channel microfluidic

device is demonstrated (Section 4.3). Complexes of streptavidin and bDNA were spotted

onto a PLL-g-PEG/PEGbiotin functionalized surface, and then, vesicles tagged with the

complementary DNA could be immobilized via surface-sorting (Section 4.4).

4.1 Adsorption Kinetics of DNA-Tagged Vesicles 1

In this section, after introducing the experimental protocols (Section 4.1.1), we present

the results of the OWLS and QCM-D characterization performed on homogeneous sub-

strates of the multistep surface modification process depicted in Figure 4.1 (Section 4.1.2).

While OWLS provided detailed information about the adsorbed molecular mass, QCM-D

allowed for the investigation of the viscoelastic properties of the vesicles upon immobi-

lization (Section 4.1.3).

1Part of this chapter has been published in Stadler et al., Langmuir, 2004, [65].
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PLL-g-PEG/PEGbiotin
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Figure 4.1: Schematic of the multistep surface-modification process for the immobilization
of intact vesicles using DNA as coupling agent. A Nb2O5-coated substrate s modified with
PLL-g-PEG/PEGbiotin. Complexes of biotinylated DNA (bDNA) and neutravidin bind to
the immobilized biotin on the surface. Complexes of cholesterol-tagged cDNAs and POPC
vesicles are hybridized to the immobilized bDNA.

4.1.1 Experimental Section

4.1.1.1 Adsorption Kinetics of Complexes of Neutravidin and Biotinylated DNA
Monitored by OWLS

Nb2O5 coated waveguides were initially placed in buffer (HEPES 1 or 2, (Section 3.1.1))

immediately after cleaning (Section 3.2.3) and allowed to soak overnight. The sam-

ples were exposed, in situ, to the PLL-g-PEG/PEGbiotin solution in a concentration of

0.1 mg/ml. The adsorption was subsequently monitored until the surface was saturated.

Then, the polymer solution was replaced with buffer. Next, the PLL-g-PEG/PEGbiotin-

modified samples were exposed to solutions consisting of different molar concentration

ratios of biotinylated DNA (bDNA3) to neutravidin (Rb) dissolved in either HEPES 1

or HEPES 2 buffer. Rb was varied between Rb = 0 and 6 using a constant neutravidin

concentration (20 µg/ml) by changing the concentration of bDNA3. The neutravidin and

the bDNA3 solutions were mixed together (v:v = 1:1) and, after 10 min of incubation,

injected into the flow cell of the OWLS instrument. After the surface was saturated, the
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mixture was replaced with buffer. Then, the modified waveguide was exposed, in situ,

to a solution of cholesterol-terminated cDNA (cDNA3, 0.7 µM) until saturation and then

subsequently rinsed with buffer.

4.1.1.2 Immobilization of DNA-tagged Vesicles

In order to prove that vesicles tagged with the complementary DNA were selectively im-

mobilized onto the surface control experiments in HEPES 2 using OWLS were performed.

The non-specific adsorption of 50 nm POPC vesicles was tested at different stages of the

experiment: 1) on PLL-g-PEG, 2) on PLL-g-PEG/PEGbiotin, 3) on neutravidin, and 4)

on adsorbed bDNA3-neutravidin complexes. The experiment was stopped at these four

different stages, and the POPC vesicles (0.25 mg/ml) were injected. After 10 min, the

vesicle solution was replaced with buffer and the amount of non-specifically adsorbed

vesicles was recorded. The mass of adsorbed POPC vesicles was lower than the detection

limit of the instrument for all the different stages of the multistep surface modification.

In order to determine the viscoelastic properties of the vesicles layer, QCM-D experi-

ments were performed in HEPES 2. Complexes of 50 nm POPC vesicles and cholesterol-

tagged cDNA3 were hybridized to modified crystals as described in Section 4.1.1.1 using

different surface densities of bDNA3 (which can be tailored by Rb). In addition, the molar

ratio of cholesterol-tagged cDNA3 to POPC 50 nm vesicles in solution (Rc) was altered.

Rc was varied between Rc = 0.01 and 13 using a constant POPC vesicle concentration

(0.25 mg/ml) by changing the concentration of the cholesterol cDNA3. The two solutions

were mixed together (v:v = 1:1) and, after 10 min of incubation, the bDNA3 modified

crystal was exposed in situ to the mixture. The effect of the adsorption behavior of the

vesicles depending on the amount of cholesterol which was incorporated into the vesicle

membrane during the vesicle preparation, was tested (for details refer to Section 3.1.5.1).

In order to investigate the possibility to strengthen the DNA-mediated interaction

between the immobilized vesicles and the surface, the vesicle-modified QCM-D crystal

was exposed, in situ, to a solution containing further cholesterol cDNA3 molecules in a

concentration of 0.35 µM.
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Figure 4.2: A sample curve of a cholesterol cDNA3 immobilization experiment monitored with
OWLS in HEPES 2. First, PLL-g-PEG/PEGbiotin was adsorbed on a Nb2O5 coated waveguide
(step 1). Next, the bDNA3-neutravidin complexes were immobilized (step 2). The cholesterol
cDNA3 was hybridized to the immobilized bDNA3 (step 3a).

4.1.2 Monitoring the Multistep Surface Modification by OWLS

The adsorption of PLL-g-PEG/PEGbiotin onto a Nb2O5-coated surface (step 1) and the

immobilization of bDNA3-neutravidin complexes (step 2) in HEPES 2 were monitored

with OWLS and QCM-D (Figure 4.2 and Figure 4.5).

PLL-g-PEG/PEGbiotin formed a full monolayer (OWLS: m = 218 ± 16 ng/cm2;

QCM-D: ∆f = -47.3 ± 3 Hz and ∆D = 4.2 ± 0.6 ·10−6) within 40 min, as expected

from previous studies [44, 207]. The complexes of bDNA3 and neutravidin saturated the

surface within 1 h and the total mass depended on the molar ratio of bDNA3 to neutra-

vidin in solution (Rb) and the ionic strength of the buffer solution. Figure 4.3 shows the

influence of the ionic strength on the amount of adsorbed bDNA3-neutravidin complexes

onto the PLL-g-PEG/PEGbiotin modified surface as a function of Rb. In HEPES 1 (10

mM), there was a sharp reduction from 350 ng/cm2 for Rb = 0 to 54 ng/cm2 for Rb = 2,

which correspond to a calculated mean distance, assuming a square lattice, between the

adsorbed neutravidin molecules of 5.3 and 13.6 nm, respectively. In HEPES 2 (160 mM),

the amount of adsorbed bDNA3-neutravidin complexes for low Rb values was similar to

pure neutravidin and the reduction of the adsorbed mass was less pronounced for increas-

ing Rb values. In the case of Rb = 6, there was still 150 ng/cm2 saturated adsorption

observed. The calculated mean distance between the adsorbed neutravidin molecules, in
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Figure 4.3: The OWLS results showing the influence of the ionic strength of the buffer on the
amount of adsorbed bDNA3-neutravidin complexes as a function of the molar ratio of bDNA3
to neutravidin in solution (Rb). (See steps 2 in Figure 4.2). An ionic-strength-dependent decay
of the adsorbed mass of bDNA3-neutravidin complexes with increasing Rb was observed.

this case, increased from 5.3 for Rb = 0 to 7 nm for Rb = 2 and to 8.2 nm for Rb = 6.

These results suggest that the presence of bDNA3 rendered the surface negatively charged,

which hindered the adsorption of further bDNA3-neutravidin complexes. This effect was

more pronounced in the low ionic strength buffer (HEPES 1, 10 mM) which supports

electrostatic repulsion as the origin for this observation. At low Rb values, no bDNA3

molecules were attached to the majority of neutravidin molecules, which explains why

the adsorbed amount of bDNA3-neutravidin complexes was similar to that of the pure

neutravidin. At higher Rb values, the amount of DNA-free neutravidin molecules in so-

lution was reduced and the majority of neutravidin will bind one or more bDNA3. Still,

a high amount of bDNA3-neutravidin complexes (150 ng/cm2) adsorbed for Rb = 6 when

theoretically all four binding sites of the neutravidin should be occupied by the bDNA3.

This is in agreement with previous reports, showing that the formation of tetra-adducts

are restricted [208], confirming our conclusion about the electrostatic repulsion of the

negatively charged phosphate backbone in addition to the steric hindrance.

The surface density of immobilized single-stranded bDNA3 was expected to influ-

ence the subsequent hybridization of cholesterol cDNA3 and, consequently, the amount

and the shape of the immobilized vesicles. The last step (step 3a) in Figure 4.2 shows

the hybridization of free cholesterol cDNA3 (0.7 µM in HEPES 2) onto the bDNA3-
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Figure 4.4: The calculated mean distance between the immobilized cholesterol cDNA3
molecules as a function of the molar ratio of bDNA3 to neutravidin in solution (Rb). (Note
the logarithmic scale for Rb. * denotes linear interpolated values.) A minimum in the distance
was observed for Rb = 2 corresponding to 6.7 nm. The original OWLS experiments, which had
been used to calculate the mean distances, were summarized in the insert which shows the de-
termined amounts of cholesterol cDNA3 (0.7 µM) hybridized to the immobilized bDNA3 as a
function of Rb in HEPES 2. (See step 3a in Figure 4.2.) Rb = 2 led to the highest amount of
hybridized cDNA3 while for Rb < 0.01, the adsorbed amount was lower than the detection limit
of the instrument (<1 ng/cm2).

modified surface. The insert in Figure 4.4 shows the amount of hybridized cholesterol

cDNA3 as a function of Rb, the molar concentration ratio of bDNA to neutravidin in solu-

tion. No detectable amount of adsorbed cholesterol cDNA3 was measured for Rb = 0 and

0.01. The amount of adsorbed cholesterol cDNA3 increases with increasing Rb, going

through a maximum at Rb = 2, after which it decreases from 25 ng/cm2 for Rb = 2 to

10 ng/cm2 for Rb = 6. Figure 4.4 shows the calculated mean distances between the immo-

bilized cholesterol cDNA3 molecules as a function of Rb. The mean distance decreased

with increasing Rb, going through a minimum at Rb = 2, and then rose from 6.7 nm for

Rb = 2 to 10.6 nm for Rb = 6 and to 27.4 nm for Rb = 0.02. When Rb increased, more

and more surface-bound neutravidin had an attached bDNA3 and, as a consequence, the

amount of hybridized cholesterol cDNA3 was increasing. At the same time, by increasing

Rb, the total amount of immobilized bDNA3-neutravidin complexes was reduced. As a

result of these two counteracting effects, an optimum in cDNA3 binding was observed



48 4. PATTERNING OF DNA-TAGGED VESICLES

at Rb = 2, at which 1.2-1.3 cholesterol cDNA3 molecules were attached per immobi-

lized bDNA3-neutravidin complex. The reason why in average more than one cholesterol

cDNA3 molecule was hybridized per immobilized complex was probably because a few

of the neutravidin molecules had more than one bDNA strand attached which could then

bind more than one cDNA strand. However, the probability, that a neutravidin has more

then 3 biotin-binding site (1 for binding to the surface and 2 for binding the bDNA strands)

occupied, is not very likely, as previously demonstrated [208]. The further increase in Rb

resulted in the reduction of the total amount of surface-bound bDNA3-neutravidin com-

plexes and of the subsequent cDNA3 adsorption.

4.1.3 Immobilization of Vesicles

One of the major advantages for using sequence-specific DNA hybridization to immobi-

lize vesicles is the possibility to selectively bind different DNA-tagged vesicles to a sur-

face spotted with different single-stranded DNA sequences. Since vesicles tagged with

different DNA will bind to different spots on the surface, this method allows for sorting

of different types of vesicles in the same suspension assuming the linkage between the

vesicles and the DNA is permanent.

4.1.3.1 Cholesterol as Linker Between the DNA and the Vesicle

Cholesterol-tagged DNA strands are incorporated spontaneously into the vesicle mem-

brane in solution. Although this linkage concept is simple, it suffers from the drawback,

that the DNA is not permanently attached to the vesicle [69]. Therefore, vesicles can not

be tagged with DNA via a cholesterol if sorting of different types of vesicles is attempted.

However, this linkage concept based on a single cholesterol tag provides a model system

which allows to study the amount of surface-immobilized vesicles as well as the shape

deformation of vesicles upon attachment to the surface.

An example illustrating the QCM-D response upon binding of intact cholesterol

cDNA3-tagged vesicles is shown in Figure 4.5 (step 3b, i.e., ∆f = -103 ± 7 Hz and

∆D = 10.3·10−6 ± 1.9·10−6 for Rb = 2 and Rc = 13). The total mass, which includes

the coupled water, and the viscosity of the layer was calculated from the QCM-D data on

the basis of a Voigt-based model (raw data not shown) [209]. Faster kinetics of vesicle at-

tachment and lower coupled mass at saturation (indicating less coupled water [196, 197])
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Figure 4.5: Changes in dissipation and normalized frequency (third overtone) from a QCM-D
crystal upon vesicle immobilization in HEPES 2. First, PLL-g-PEG/PEGbiotin was adsorbed on
a Nb2O5 coated surface (step 1). Next, the bDNA3-neutravidin complexes were immobilized
(step 2) followed by the hybridization with DNA-tagged vesicles (step 3b). Cholesterol cDNA3
was introduced, strengthening the interaction between the vesicles and the surface (step 4).
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were observed when the molar ratio of cholesterol cDNA3 to POPC vesicles in solution

was high (Rc = 13) compared to Rc = 0.5 (Figure 4.6a), step 3b) and the viscosity of

the obtained vesicle layer was more than two times higher (Figure 4.6b), step 3b). In-

tact vesicles were immobilized, even for the highest surface density of bDNA3 (Rb = 2),

implying that the 6.7 nm spacing of surface contact points was not enough to rupture

the vesicles. Although no complete rupture of the anchored vesicles was observed which

generally results in significantly higher viscosity (lower ∆D) values [210]. The number

of anchoring points was expected to influence the stability of the anchoring and the shape

of the immobilized vesicles.

4.1.3.2 Shape Deformation of Surface-Immobilized Vesicles

Addition of cholesterol cDNA3 to surface-immobilized vesicles is expected to further

strengthen the interaction between the vesicles and the surface, provided that there is free

bDNA3 available on the surface. On the basis of QCM-D data for surfaces modified

with a high density of anchoring groups (Rb = 2) and for vesicles with a low density of

cholesterol cDNA3 (Rc = 0.5), the addition of cholesterol cDNA3 increased the number of

attachment points between the vesicles and the surface, resulting in a significant increase

in the viscosity, indicating a more rigid coupling of the vesicles (Figure 4.6b), step 4). In

the case of high density of cholesterol cDNA3 on the vesicles (Rc = 13), a higher viscosity

(stiffness) was observed (Figure 4.6b), step 3b), being consistent with a high number of

contact points between the vesicles and the surface. Upon addition of free cholesterol

DNA, a decrease in viscosity is observed in this case (Figure 4.6b), step 4), consistent

with binding of cholesterol DNA into the membrane of the vesicles only, without an

effective increase in the number of attachment points to the surface.

Figure 4.7a) shows the dissipation change of the QCM-D crystal right after the in-

jection of the cDNA3 solution to surface immobilized vesicles (Rc = 0.5) depending on

the linker density on the surface. High densities of bDNA3 on the surface (Rb = 1 or 2)

led to a drop in dissipation showing the further attachment of the vesicles (increase in

viscosity) (Figure 4.7b). As previously demonstrated, Rb = 2 enabled the largest amount

of cDNA to be surface immobilized (Figure 4.4). The higher linker density of bDNA3

on the surface for Rb = 2 than for Rb = 1 led to a more pronounced stiffening of the

vesicle layer (larger change in dissipation) upon addition of cDNA3. Low densities of

surface-immobilized bDNA3 on the surface did not lead to an increase in viscosity upon

the addition of cDNA3 since the distance between the anchoring points on the surface was
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Figure 4.6: Result from the modeling of QCM-D data, displaying changes in coupled mass
(a) and effective viscosity (b) versus time upon vesicle coupling (Rc = 0.5 and 13) to a DNA-
modified surface (Rb = 2). The higher coupled mass for Rc = 0.5 than for Rc = 13 was attributed
to a difference in coupled water. The more than two times lower effective viscosity obtained
for Rc = 0.5 than for Rc = 13 was attributed to a significantly stiffer film in the latter case. The
subsequent addition of free cholesterol cDNA3 resulted in a stiffening of the vesicle layer for
weakly coupled vesicles (Rc = 0.5), whereas a decrease in the viscosity was observed in the case
of firmly anchored vesicles (Rc = 13).
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Figure 4.7: a) The dissipation change of a vesicle modified (Rc = 0.5) QCM-D crystal right after
the addition of cDNA3 is shown depending on the bDNA3 density on the surface. The bDNA3
density on the surface depended on the Rb value as previously described (Figure 4.4). The lower
density of anchoring points on the surface for Rb = 1 compared to Rb = 2 led to a smaller drop
in dissipation right after the cDNA3 injection. b) The close-up of the dissipation change of the
QCM-D crystal after the cDNA3 injection for high Rb values. The drop in dissipation is attributed
to the stiffer attachment of the vesicles to the surface while the subsequent increase shows the
incorporation of the cDNA3 into the vesicle membrane. c) The close-up of the dissipation change
of the QCM-D crystal after the cDNA3 injection for low Rb values. d) The close-up of the
dissipation change of the QCM-D crystal after the non-complementary DNA injection for high
Rb values. In the two latter cases no drop in dissipation, which could be attributed to the stiffer
attachment of the vesicles to the surface, was observed, while the subsequent increase shows the
incorporation of the cDNA into the vesicle membrane.
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too large (Figure 4.7c). Control experiments showed that surfaces modified with a high

density of anchoring groups (Rb = 2) and for vesicles with a low density of cholesterol

cDNA3 (Rc = 0.5), the addition of non-complementary DNA (cDNA∗) did not increase the

number of attachment points between the vesicles and the surface and no increase in the

viscosity could be observed (Figure 4.7d). For all results shown in Figure 4.7, the increase

in dissipation was attributed to the incorporation of cDNA3 into the vesicle membrane.

This dissipation change was found to be lower for the addition of complementary DNA

when Rb was high (∆D ∼ 3·10−6, Figure 4.7b), while the additional mass of cDNA was

higher for lower Rb values (∆D ∼ 5.5·10−6, Figure 4.7c) and when non-complementary

cDNA was added (∆D ∼ 7·10−6, Figure 4.7d).

4.1.3.3 Strengthening the DNA - Vesicle Linkage via Cholesterol Incorporation into
the Vesicle Membrane

In this section, the effect of cholesterol which was incorporated into the membrane during

the vesicle formation was investigated with respect to the amount of immobilized vesicles

and the linker stability between the cholesterol-tagged DNA and the vesicle membrane.

It has been reported, that the use of bivalent cholesterol-based coupling of DNA to lipid

membranes leads to a stable tagging of vesicles with DNA [69]. We wanted to know if

the presence of more cholesterol in the membrane stabilizes the cholesterol DNA tag or

not.

The amount of adsorbed DNA-tagged vesicles (Rb = 0.1, Rc = 0.5) was compared

depending on the amount of cholesterol incorporated into the vesicles (Figure 4.8). The

observed higher changes in dissipation and frequency of immobilized vesicles with higher

content of cholesterol could be attributed to the increased mass of the vesicles due to

incorporated cholesterol into the membrane and inside of the vesicle. The leveling off of

the total change in frequency and dissipation indicated that there is a limited amount (5

mg) of cholesterol which can be incorporated. Addition of cholesterol cDNA3 to such

surface-immobilized vesicles led to similar observations as described in Section 4.1.3.2:

depending on the linker density a stiffening of the vesicle layer could be observed. The

amount of cDNA3 (∆f = -25 ± 5, ∆D = 4 ± 0.5), which could be added to adsorbed

vesicles, was independent of the amount of pre-incorporated cholesterol.

The stability linkage between the cDNA and the vesicles was investigated depending

on the amount of incorporated cholesterol into the membrane. Figure 4.9 shows a sample
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Figure 4.8: Changes in normalized frequency and dissipation (third overtone) of a QCM-D
crystal upon vesicle immobilization as a function of the amount of cholesterol added to the
lipid solution during the vesicle production (Rb = 0.1, Rc = 0.5). The amount of immobilized
vesicles increased with increasing amount of incorporated cholesterol due to the higher mass of
the vesicles.
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Figure 4.9: Sample curve of the changes in frequency of a QCM-D crystal upon the modifica-
tion with vesicles. First, PLL-g-PEG/PEGbiotin, then complexes of bDNA and neutravidin and
complexes of cDNA and vesicles were adsorbed. Finally, the crystal was exposed to a solution
of cDNA. After rinsing with HEPES 2 buffer, the monitored loss in mass (increase in frequency)
was fitted linearly (insert).

curve of such an experiment. A QCM-D crystal was modified as previously described and

only the frequency changes are shown (similar curves were detected for changes in dissi-

pation). After modifying the crystal with PLL-g-PEG/PEGbiotin, complexes of bDNA3

and neutravidin were adsorbed. Then complexes of cDNA3 and vesicles were hybridized

to the surface. Finally, the crystal was exposed to a solution of cDNA3 and after saturation

subsequently rinsed with HEPES 2 buffer. The mass loss, indicated by the increase in fre-

quency, was monitored. Figure 4.10 shows the changes of the frequency and dissipation

curve (linear fit), which was observed after replacing the cDNA3 solution in the QCM-D

chamber with buffer solution (insert in Figure 4.9). It was found, that the incorporation

of cholesterol strengthened the linkage between the cDNA3 and the vesicle shown by the

decrease of the slope with increasing mass of cholesterol. Our hypothesis is that there

is an equilibrium between the cholesterol and the cDNA in solution and in the vesicle

membrane. If there is no pre-incorporated cholesterol present in the vesicles, only the

cholesterol-tagged DNA can adjust the mentioned equilibrium, which leads to the ‘loss’

of the cDNA from the vesicles (in solution or on the surface) after i.e., rinsing with buffer

solution (Figure 4.11a). If there is pre-incorporated cholesterol present in the vesicles,

these molecules, instead of the cDNA, can adjust the equilibrium, which is monitored

as a smaller ‘loss’ of cDNA from the vesicles (Figure 4.11b). This hypothesis is further

supported by the fact that after a first rinsing step with buffer the curve leveled off after

∼1 h but after a second rinsing step, the frequency increase was again more pronounced.
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Figure 4.10: Linear fit of the initial slope of the frequency and dissipation factor curves after
replacing the cDNA3 solution in the QCM-D chamber with buffer (Figure 4.9, insert) depending
on the amount of pre-incorporated cholesterol into the vesicle membrane (Rb = 0.1, Rc = 0.5).
The more cholesterol was present in the vesicles, the lower the ‘loss’ of cDNA3, indicated by the
less steep slope.

The change in the environment upon rinsing (change in equilibrium between cDNA in

solution and in the vesicle membrane) led to a further mass loss.

A similar process can be expected to happen in solution, when two different kinds of vesi-

cles with two different kinds of cDNA strands are mixed together, leading to an exchange

of the DNA-tag of the vesicles. This fact makes it impossible to surface-sort different

kinds of vesicles from the same solution. Similar sorting experiments as in Section 4.4

were preformed, using vesicles with pre-incorporated cholesterol, but no reproducible

sorting effect was achieved. The main problem might be, that the equilibrium between

the vesicles and the cholesterol and the cDNA is very sensitive to changes in the environ-

ment, e.g., to the addition of proteins as functionality of the vesicles. A limited sorting

success was observed, when only fluorescently labeled vesicles, without protein function,
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a) b)

cDNA CholesterolcDNA

Figure 4.11: Schematic of our hypothesis how pre-incorporated cholesterol is reducing the loss
of cDNA from a vesicle membrane. a) The established equilibrium between cDNA in the vesicle
membrane and in solution has to be adjusted by cDNA. b) The established equilibrium between
cDNA in the vesicle membrane and in solution can be adjusted by cholesterol and cDNA leading
to a lower detected loss of the DNA from the vesicle.

were used. Although interesting investigations could be done using vesicles which con-

tain a high amount of cholesterol and the details of the equilibrium might be adjustable,

the easier and probably more successful approach is to use maleimide functionalized vesi-

cles which can be tagged with thiolated DNA strands in solution. This covalent linkage

allows for the same amount of vesicles to be immobilized and surface-sorting of different

kinds of vesicles becomes possible (for more details see Section 4.4).

4.2 Micropatterning of DNA-tagged Vesicles 2

The data obtained from the QCM-D and the OWLS analysis were used to determine

appropriate conditions with respect to buffer (see Figure 4.3, HEPES 2), surface density

of DNA (Rb = 2, see Figure 4.4), and rate of coupling (Rc = 13, see Figure 4.6) for

the creation of a homogeneous vesicle microarray. The micropatterns were created by

Molecular Assembly Patterning by Lift-off (MAPL) and characterized by CLSM (for

details see Section 3.2.2.1, Section 3.2.2.2 and Section 3.2.5).

CLSM images of homogeneously patterned squares of complexes of bDNA3 and

streptavidin alexa fluor633 (SA633) and DNA-tagged vesicles on a surface pre-patterned

with PLL-g-PEG/PEGbiotin in a biomolecule and vesicle resistant PLL-g-PEG back-

2Part of this chapter has been published in Stadler et al., Langmuir, 2004, [65].
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Figure 4.12: a) CLSM image of the adsorption of bDNA3-SA633 complexes onto 60 x 60 µm 2

spots of PLL-g-PEG/PEGbiotin modified areas of a micropatterned surface created by the MAPL
technique. b) The complexes of cholesterol cDNA3-tagged and NBD-labeled vesicles hybridize
selectively onto the underlying patterns of bDNA3. The PLL-g-PEG-covered background was
resistant to both adsorption steps. Two different filter sets were used to acquire the images, and
no cross-talk between the fluorophores was observed. c) A photobleached rectangular area is
visible in the square. d) No difference between the intensity of the photobleached region and the
background could be detected for the immobilized, labeled vesicles indicating that no vesicles
were adsorbed in the background.
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ground are shown in Figure 4.12a) and Figure 4.12b), respectively. Homogeneous square

patterns (60 x 60 µm2) were observed in the red channel of the microscope showing

the presence of the complexes of SA633 and bDNA. As the NBD-labeled cholesterol

cDNA3-tagged vesicles were hybridized to the surface, the same homogeneous patterns

appeared in the green channel of the fluorescent microscope. The pattern of the vesicles

followed the underlying streptavidin pattern, and control experiments showed no signifi-

cant crosstalk between the channels (for examples refer to Chapter 6). After the adsorp-

tion, a rectangular area was photobleached using the argon laser line (Figure 4.12c) and

the intensity of the photobleached region was then compared with the background (see

fluorescence intensity [a.u.] line scans in Figure 4.12d). No difference could be detected

between the intensity of the photobleached region and the background for the immobi-

lized NBD-labeled vesicles, meaning that the non-specific adsorption of the vesicles was

lower than the detection limit of the microscope. Because DNA hybridization is highly

sequence specific and the background is resistant towards non-specific adsorption of vesi-

cles, the DNA pattern determines which vesicles attach onto which spots. This opens up

the way toward the creation of heterogeneous vesicle arrays.

4.3 A Novel Crossed Microfluidic Device for the Precise
Positioning of Vesicles 3

A novel way to create arrays of different proteins or lipid vesicles using a crossed mi-

crofluidic device is described in this part of the chapter. The concept relies on the com-

bination of 1) a designated two-step surface chemistry, which allows for the activation of

subsequent binding events, and 2) crossed microfluidic channels for the local function-

alization by separated laminar streams. Besides its simplicity and cost efficiency, this

concept has the advantage that it keeps the proteins in a hydrated environment throughout

the experiment. We have demonstrated the feasibility of such a device to create a chess-

board pattern of different fluorescently labeled lipid vesicles, which offer the possibility

to contain biomolecules, drugs or membrane proteins.

3This chapter was published in Dusseiller et al., Lab on a Chip, 2005, [66]. The presenting author
contributed by introducing the multistep surface modification.
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4.3.1 Experimental Section

A pre-patterned chip using the MAPL techniques (Section 3.2.2.1) was assembled in the

microfluidic device. The device consisted of two crossing channels with 1.5 mm width,

one for activation of the surface and one, which intersects perpendicularly, for subsequent

functionalization (Figure 4.13a). Each channel had 3 inlets to obtain separated laminar

streams of different solutions and one outlet. The pre-patterned spots surrounded by a

non-adhesive background were arranged in an array such that an area of 3 x 3 spots was

situated at the cross section of the two channels. Note that the pre-patterning of the sur-

face in this case is not really necessary but it helps to evaluate the system in terms of

non-specific effects.

The microfluidic device was fabricated by replica molding [13]. Briefly, a precursor mix-

ture of poly(dimethylsiloxane) (PDMS) was cast and cured on a Si wafer which shows

the designed channel patterns of SU-8 photoresist (height 90 µm) previously fabricated

using photolithography. The device could then be peeled off from the Si master and 2 mm

holes for the in- and outlets were punched using a sharp punching tool.

To assemble and seal the whole setup a clamping device was manufactured (Figure 4.13b),

consisting of a steel bottom plate with a 20 mm circular aperture in the middle for access

with microscopy objectives and a PMMA top plate with holes drilled through to fit onto

the punched inlets of the PDMS channel system. The tubing was connected from the top

plate to the valves. For the inlets an L-valve (Omnifit Ltd USA), was used in order to be

able to switch between connecting the solutions to the device (to start flow) or to a waste

container (during filling of the inlet tubes with reagent solution) or to close the inlets

completely (to stop flow). The outlets were connected to a 4-way linear valve to be able

to switch the flow between the activation channel and the reagent channel and back. The

MAPL-chip and the PDMS channel system were placed between the two plates and were

tightly sealed by applying a modest pressure using 4 screws. The PDMS device was pre-

viously exposed to air plasma (PDC-32G from Harrick Scientific Corporation, 0.1 mbar,

30 s) to render the surface hydrophilic. The whole setup was mounted on an inverted

fluorescence microscope (Zeiss, Axiovert 100 TV) for in situ monitoring (Figure 4.13c).

The pre-patterned chip was inside of the microfluidic device activated and functional-

ized with vesicles according to the following protocol. Solutions containing complexes of

0.35 µM biotinylated DNA (bDNA1 or bDNA4) and 0.3 µM SA633 were prepared and

labeled as a1 and a2, respectively. Solutions containing complexes of cholesterol cDNA

(0.35 µM, cDNA1 or cDNA4) and extruded 50 nm POPC vesicles (0.027 µM) composed
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Figure 4.13: a) Design of the crossed microfluidic channel system, exhibiting one channel for
activation and one for functionalization, each with three inlets for separated laminar streams and
one outlet. The width of the channels was selected to accompany an array of 3 x 3 spots (diameter
200 µm, spacing 300 µm) at the cross section of the two perpendicular channels. b) Drawing of
the setup. The MAPL chips and the microfluidic device are placed between a top PMMA plate
including the tubing and a bottom steel plate with an aperture for microscopy access. The whole
device is sealed by four surrounding screws. c) Picture of the setup with the valves and tubing,
installed on an inverted microscope.
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of 99 wt% POPC and 1 wt% of NBD-HPC were labeled with r1 and r2, respectively. In

the first step, solution a1 was run in the middle and HEPES 2 buffer (Section 3.1.1) in the

outer activation channels. The flow rate of the middle channel was initially low in order

to position a thin laminar stream onto the middle row of spots and was then increased

to widen the stream (Figure 4.14a). The average flow rate was 175 ± 25 ml/min. After

all the solution a1 ran through, the device was thoroughly rinsed with HEPES 2 buffer.

Then, the tubes of the two outer activation channels were filled with solution a2, the mid-

dle one with buffer and the flow was started again (Figure 4.14b). After rinsing with

HEPES 2 buffer, the flow was stopped and the device was switched to the perpendicular

direction with solution r1 running in the middle and r2 in the two outer reagent channels

at the same time (Figure 4.14c). A series of images was recorded using a 5x objective,

the corresponding filter sets, and an ORCA-ER camera. The red fluorescent channel was

recorded until the end of the activation steps and the green channel during the functional-

ization. At the end of the experiment, both channels were recorded separately again and

merged into one image.

4.3.2 Sequential Vesicle Sorting

Figure 4.14 shows the three steps to achieve a chessboard pattern on a 3 x 3 array of spots.

The individual rows could successfully be activated by fluorescently labeled streptavidin

complexed with two different bDNA sequences as can be seen in Figure 4.14a) and b).

By first positioning the thin middle stream, it was possible to target the row of spots. The

streptavidin–DNA complexes selectively adsorbed onto the biotinylated spots provided

by the MAPL chips and only a small amount of unspecific adsorption was observed in

the passivated background. It should be mentioned that the activation with three different

streptavidin–DNA complexes could be done in a single step eliminating differences in the

exposure time of the different regions.

During the functionalization step, the complementary DNA tagged vesicles attached

only to the spots which were functionalized with the corresponding DNA sequence (Fig-

ure 4.14c). A high binding selectivity was achieved using the selectivity of DNA hy-

bridization, thus only the corresponding spots were decorated with the vesicles. The

observed variations in the amount of bound vesicles on the spots and the differences in

the non-specific binding on the background might be due to changes in the exposure time

of the different channels to streptavidin, buffer and the vesicles. Further tests are needed
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Figure 4.14: Concept and experimental results using a crossed microfluidic device to bind lipid
vesicles tagged with different DNA strands onto a chessboard pattern of a pre-patterned surface.
Left: laminar streams during the three steps; a) activation of middle row; b) activation of the
two outer rows; c) perpendicular functionalization of the activated spots with lipid vesicles using
DNA hybridization. Right: expected surface modification and fluorescence microscopy images
of the experimental results after rinsing with buffer; a) SA633– bDNA1 complexes are bound
to the middle row of spots; b) SA633–bDNA4 complexes are bound to the two outer rows; c)
cDNA1-tagged vesicles only bind to the middle spot, cDNA4- tagged vesicles bind to the four
spots in the corner. This shows that all 9 spots can be individually functionalized. The scale bars
are 200 µm.
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to quantify the exact amount of binding, the stability, and the reproducibility of the ar-

ray. Nevertheless, this experiment showed the feasibility of achieving a heterogeneous,

predefined pattern of differently labeled vesicles on a pre-patterned surface.

4.4 Creation of a Functional Heterogeneous Vesicle Ar-
ray via DNA-Controlled Surface Sorting onto a Spot-
ted Microarray 4

This part of the chapter presents a method for the creation of functional heterogenous

vesicle arrays via DNA controlled surface-sorting. Complexes of streptavidin and bDNA

are spotted onto a biomolecule- and cell-resistant surface of PLL-g-PEG/PEGbiotin. Two

kinds of vesicles, functionalized with either the membrane-binding protein Annexin A5 or

loaded with BSA, are tagged with DNA, mixed together and guided to pre-defined spots

on the surface. We show that the spotted complexes remain active and selective and that

the background is resistant towards the non-specific adsorption of the vesicles and their

proteins.

4.4.1 Experimental Section

4.4.1.1 Microarray Chips

For all the experiments HEPES 2 was used (Section 3.1.1). The chips were cleaned by

ultrasonication for 10 minutes in 2-propanol, rinsing with ultra pure water, blow- dry-

ing with nitrogen and 2 minutes of oxygen plasma cleaning. The surface of the Ta2O5

waveguiding microarray chip (Zeptosens - a division of Bayer (Schweiz) AG, Switzer-

land) was coated with 0.1 mg/ml PLL-g-PEG/PEGbiotin (Section 3.1.2) for 40 minutes.

Control experiment were performed using PLL-g-PEG. The chips were then rinsed with

ultrapure water and blown-dry with nitrogen.

4This chapter was published in Stadler et al., Biointerphases, 2006, [211].
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4.4.1.2 Spotting of Complexes of Streptavidin and Biotinylated DNA

For all the spotting experiments the streptavidin/DNA solutions were diluted 1:1 v% in

ZeptoMARK Spotting Buffer (Zeptosens - a division of Bayer (Schweiz) AG, Switzer-

land). The acronym ‘ETH’ was chosen as the spotting template. A pin & ring spotter

(GMS 417 Arrayer, Affymetrix (formerly Genetic MicroSystems), USA) was used for

the creation of the microarrays (ambient conditions, spot diameter ∼150 µm). In or-

der to get surfaces with spots of different functionalities, complexes of streptavidin (SA,

8 µM) and biotinylated DNA (bDNA1, 4.4 µM) were arrayed as the ‘E’ and complexes of

SA and bDNA2 (bDNA2, 4.4 µM) were arrayed as the ‘T’. Additionally, alexa fluor532

conjugated streptavidin (SA532, 250 µg/ml) was spotted on the left side of the ‘H’ and

streptavidin alexa fluor633 (SA633, 250 µg/ml) on the right side of the ‘H’ to serve as

reference on each chip. The underline of the acronym was arrayed using unlabeled strep-

tavidin (250 µg/ml) as a negative control. The waveguiding chip was dried for 3 hours

at room temperature, rinsed with water and blown-dry with nitrogen after the spotting

process.

4.4.1.3 Vesicle Preparation and Functionalization

For this study, two kinds of vesicles were used. Vesicle population 1 consisted of 90 w%

DOPC, 5 w% Mal-PE and 5 w% DOPS. Vesicle population 2 consisted of 95 w% POPC

and 5 w% Mal-PE. DOPC and POPC lipids are both zwitterionic while DOPS is neg-

atively charged. The 50 nm vesicles were prepared as described in Section 3.1.5.1. In

order to load the population 2 with a protein, 1 ml of 1 mg/ml bovine serum albumin 647

(BSA647) in HEPES 2 was added to the dried lipid film. The free BSA647 was sepa-

rated from the vesicles via gel chromatography (Sephadex G100, Sigma Aldrich). Both

vesicle populations (500 µg/ml) were separately mixed with thiolated DNA (tDNA1 or

tDNA2, 2 µM) in HEPES 2 buffer for 1 hour in order to tag the lipidic nano-containers

with DNA via the thiol - maleimide linkage. In the case of population 1, in addition to the

thiolated DNA, 6 µg/ml Cy3 conjugated annexin A5 (A5Cy3) and 1.7 mM Ca2+ were

added in order to functionalize the vesicles with a membrane-binding protein which is

known to specifically interact with phospho-L-serine in the presence of calcium. 50 µl of

each functionalized population was mixed for 10 minutes (with 2 µl of 10 mg/ml BSA)

and then injected into the liquid cell of the microarray reader without further separation or
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purification. The BSA was added to suppress the non-specific binding of the labeled BSA

to the spots, it also acted to block potential errors in the PLL-g-PEG/PEGbiotin layer.

4.4.1.4 Microarray Detection

A ZeptoREADER (Zeptosens - a division of Bayer (Schweiz) AG, Switzerland), a highly

sensitive fluorescent microarray reader based on a waveguiding technique, was used to

analyze the spotted samples. The technique makes use of the evanescent field generated

by the laser light that is coupled into the waveguiding chip of the ZeptoREADER to

excite fluorophores in the proximity of the surface. This way of detection, compared to

conventional fluorescence scanners, is more sensitive mainly because the excitation and

emission light is well separated. The device is equipped with two lasers (λ = 532 nm and

635 nm), the corresponding filters and a CCD camera. More instrumental details can be

found in [212, 213]. The waveguiding chip was mounted in a carrier for the microarray

reader together with a liquid cell which was filled with 50 µl of HEPES. Reference images

of the spotted surfaces (where only the ‘H’ is detectable) were taken in order to check for

the spotting quality prior to the injection of the vesicle mixture. After 48 hours incubation

in the dark at room temperature, images of the green and red channels were taken. For

the intensity analysis of the microarray reader images, the software SensiChip View 2.1

(Zeptosens - a division of Bayer (Schweiz) AG, Switzerland) was used.

4.4.2 Surface-Sorting of Vesicles

We have designed our technique to get access to the high information content required

for microarrays. Not only is the successful surface sorting of functionalized DNA-tagged

vesicles onto spotted complexes of streptavidin (SA) and bDNA shown in Figure 4.15 but

also some of the necessary control experiments. Figure 4.15b) represents an example of

the spotted acronym ‘ETH’ after the surface sorting of two different kinds of vesicles; ‘E’

functionalized with A5Cy3 tagged vesicles and ‘T’ functionalized with BSA647 loaded

vesicles. The ‘H’ and the underline represent fluorescently labeled and unlabeled strep-

tavidin, respectively. All spots were well-defined without any non-specific adsorption in

the background or smearing out of the dots. Figure 4.15c) shows the averaged intensity

analysis of the spots of the green and red channel of the microarray reader images.

The spotted complexes of SA and bDNA maintained their activity and selectivity.

The observed selectivity of the process is shown by the fact that the crosstalk between
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the DNA strands was negligible; only 1 % green signal was detectable on the ‘T’ if the

left side of the ’E’ is set as the reference (100 %). Less than 1 % of the green signal

was detected on the bare streptavidin spots, showing that the bDNA was necessary to

immobilize the vesicles. Additionally, the exchange of the DNAs between the different

kinds of vesicles, as for instance observed when the tagging is done via single cholesterol,

can be avoided when using either bivalent cholesterol-based coupling [69] or the here

applied maleimide-thiol linkage between the vesicles and the DNA. The stability of the

vesicle-DNA linkage is indicated by the low green and red signal on the ‘T’ and ‘E’

respectively. Furthermore, the negatively charged vesicles (i.e., those containing DOPS)

were neither attaching onto the bare streptavidin (‘H’ and underline) nor onto the PLL-g-

PEG/PEGbiotin coated background.

The BSA647 loading of the POPC vesicles was successfully performed as shown by

the large red signal on ‘T’, where the complementary bDNA strands were spotted. The red

signal of the ‘E’ (12 % if the ‘T’ is set as 100 %), might be attributed to the non-specific

adsorption of free BSA647 which either leaked out of the vesicles or was not completely

removed during the gel chromatography.

Control experiments showed that the presence of the SA was necessary in order to

provide spots of single-stranded bDNA on the surface for the immobilization of the DNA-

tagged vesicles. In Figure 4.16aI) column A represents spotted complexes of SA633

and bDNA1 while B contained only spotted bDNA1. The subsequent immobilization of

the DNA tagged A5Cy3 functionalized vesicles occurred only where the single-stranded

DNA was immobilized via the streptavidin (Figure 4.16aII). In column B less than 1 %

of the green channel intensity compared to A was detectable showing that no vesicles

were surface immobilized. Although spotted complexes of SA633 and bDNA1 on PLL-

g-PEG without the biotin function of the polymer were detectable, they were found to be

much smaller and less defined (Figure 4.16bI)). The complexes were not bound via the

streptavidin-biotin linkage but only non-specifically dried onto the surface. In addition,

only 2 % of A5Cy3 functionalized vesicles tagged with the complementary DNA were

immobilized onto such spots compared to Figure 4.16aII) column A (Figure 4.16bII).

This observation indicates that the complexes of SA633 and bDNA1 were dried between

the non-functionalized PEG chains and therefore not accessible for the vesicles tagged

with the complementary DNA. There was no observable affinity difference for the vesicle

hybridization depending on the use of SA or SA633 as shown in Figure 4.16aII) where the

vesicle immobilization is similar to that in Figure 4.15b) letter ‘E’. However, it has to be
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Figure 4.15: a) Schematic and b) microarray reader image of the green and red channel of the
surface immobilized vesicles. A Ta2O5 waveguiding chip is coated with PLL-g-PEG/PEGbiotin.
In a second step, complexes of SA and biotinylated DNA are spotted onto the chip. Finally the
surface is exposed to a solution of two kinds of functionalized vesicles (LEFT (‘E’): A5Cy3 mod-
ified DOPC/DOPS vesicles; RIGHT (‘T’): BSA647 loaded POPC vesicles) tagged with DNA via
the maleimide - thiol linkage. In addition, references are included: ‘H’ (left): SA534; ‘H’ (right):
SA633 and the underline: unlabeled streptavidin. The DNA tagged vesicles selectively decorate
the corresponding spots on the surface. c) The mean intensity of the spots with the same modi-
fication after substraction of the background along with the standard deviation of the fluorescent
image are shown.



4.4. CREATION OF A FUNCTIONAL HETEROGENEOUS VESICLE ARRAY VIA

DNA-CONTROLLED SURFACE-SORTING ONTO A SPOTTED MICROARRAY 69

SA633
bDNA

bDNA

A  B  A  B  A  B A  B  A  B  A  B 

aI)                                              aII)

bI) bII)

A

A

B

B

Figure 4.16: aI) Shows a spotted array of SA633 and bDNA1 complexes (A) and bDNA1 alone
(B). aII) The subsequent immobilization of the A5Cy3 functionalized DNA-tagged vesicles oc-
curred in column A while in B a green signal which is less than 1 % compared to A is de-
tected. Spotting onto PLL-g-PEG without the biotin function leads to smaller spots of SA633
and bDNA1 (bI) and only 2 % of vesicles compared to aII) column A can be surface immobilized
(bII).
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mentioned, that the DNA hybridization can be affected in the presence of a fluorescently

labeled streptavidin as described in more details in Chapter 6.

4.5 Conclusions and Outlook

We described a robust surface-modification protocol for the sequence-specific and site-

selective immobilization of intact vesicles using DNA hybridization onto surfaces in this

chapter.

We have shown the possibility to tailor the density of surface-immobilized single-stranded

bDNA depending on the ionic strength of the buffer solution and the molar ratio of bDNA

to neutravidin (Rb) in solution. Due to charge effects, the amount of adsorbed complexes

was higher in HEPES 2 (160 mM) than in HEPES 1 (10 mM). It was also shown that

increasing Rb further reduced the bDNA density on the surface. The highest amount

of cholesterol cDNA could be hybridized to the surface when the distance between the

immobilized bDNAs was 6.7 nm.

One cholesterol cDNA was sufficient to immobilize a vesicle onto a bDNA-modified

surface, and increasing the number of anchor points between the surface and the vesicles

resulted in more rigid coupling and deformation of the vesicles.

The incorporation of cholesterol into the vesicle membrane did not affect the amount

of the surface-immobilized vesicles. The stability of the linkage between the vesicles and

the cDNA could be improved by incorporating more cholesterol into the vesicle mem-

brane, though reproducible surface-sorting experiments could not be achieved.

Self-organized, uniform, and homogeneous vesicle patterns have been created us-

ing this robust platform technology in combination with existing patterning tools, e.g.,

MAPL.

We demonstrated two different ways to create DNA-assisted heterogeneous vesicle

arrays. The first technique is based on a crossed channel microfluidic device for the

creation of a heterogeneous pattern of biomolecules on a pre-patterned substrate. The

combination of an intelligent surface nanoarchitecture and two perpendicularly crossing

microfluidic channels allowed for the addressing of 9 individual spots separately. How-

ever, the device has to be further miniaturized and integrated with valves to reduce sample

consumption and increase the number and density of the spots.

The second approach showed that protein loaded vesicles or vesicles functionalized with
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membrane-binding proteins could be arrayed via surface-sorting using DNA as a linker.

Different types of vesicles were successfully guided onto the corresponding pre-defined

spots containing the complementary DNA strand. It was possible to immobilize vesi-

cles loaded with BSA647 and vesicles functionalized with the membrane-binding protein

A5Cy3 via surface-sorting. The background was resistant towards the non-specific ad-

sorption of the vesicles and their protein functionality. .

The approaches presented here are a first step to creating functional arrays of delicate

biomolecules like membrane proteins, an important class of proteins which so far can not

be analyzed using high throughput methods. In a next step, the approach could be ex-

tended to other membrane proteins such as ion channels or G-protein coupled receptors.





CHAPTER 5

Patterning of DNA-Tagged Gold Colloids for Label-Free

Biosensing

The field of biosensing is permanently seeking for possibilities which enable a more sen-

sitive and selective detection of biomolecular interactions. Fluorescence based detection

which is well-established in the micronrange is also of interest in the nanorange. How-

ever, novel ideas based on gold colloid arrays such as nanowire-based electrical or optical

sensing i.e., Localized Surface Plasmon Resonance (LSPR) are approaches likely to suc-

cessfully enter the field of biosensing and are reviewed in more details in Chapter 1.

In this chapter, the multistep surface modification introduced in Chapter 4 is extended

to immobilize DNA-tagged gold colloids. First, the multistep surface modification ap-

plied to gold colloids was investigated on homogenous surfaces using Surface Plasmon

Resonance Spectroscopy SPR (Section 5.1). In addition, patterns of gold colloids of

different diameters were created. We wanted to learn about the capability to tag small

and large gold colloids with DNA in order to create densely packed gold colloid layer.

Moreover, the resistance of PLL-g-PEG towards the non-specific binding of gold colloids

was tested (Section 5.2). If gold colloids should serve as a label for optical biosensing,

their specific functionalization should be feasible. A first step is to render the gold col-

loids resistant towards non-specific binding of e.g., proteins. In a first attempt we coated

20 nm gold colloids with poly(propylene sulfide-block-ethylene glycol) (PPS-PEG) [40]

(Section 3.1.2). We were interested whether the coating is affecting the DNA-assisted

adsorption of the gold colloids depending on the length of the attached DNA strands.

Furthermore, the patterning technique was down-scaled into the nanorange allowing for

the controlled positioning of single gold colloids onto dot (Section 5.3.1) and line (Sec-

tion 5.3.2) nanoarrays which have the potential to serve as label-free biosensor platforms.
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Gold Colloid

Thiol

DNA

Biotin
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PLL-g-PEG/PEGbiotin

Nb2O5

Figure 5.1: Schematic of the multistep surface modification. A Nb2O5 coated substrate is func-
tionalized with PLL-g-PEG/PEGbiotin. Complexes of neutravidin and bDNA are adsorbed onto
the surface via the biotin/avidin linkage. Finally, gold colloids tagged with the complementary
DNA are selectively hybridized to the surface.

The separation between the lithography step and the subsequent functionalization

has many advantages, among them the independence of the linkage chemistry or of the

photoresist pre-patterning method. The resist pre-patterns were created via standard pho-

tolithography in the micronrange (Section 5.2) and by Extreme UV Interference Lithogra-

phy in the nanorange (Section 5.3). Such patterns were then transformed into biotinylated

(micro or nano) patches embedded in a background of PLL-g-PEG. Then, complexes

of neutravidin and biotinylated single-stranded DNA (bDNA) were surface immobilized

onto the biotinylated patches. The DNA strands in the patterns served as the anchoring

points for the gold colloids tagged with the complementary DNAs (Figure 5.1).

5.1 Adsorption Kinetics of DNA-tagged Gold Colloids

Surface Plasmon Resonance (SPR) measurements were performed in order to learn about

the adsorption kinetics of the DNA-tagged 20 nm gold colloids to Nb2O5 coated SPR
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Figure 5.2: a) Adsorption kinetics of 20 nm DNA-tagged gold colloids measured by SPR. In a
frist step, PLL-g-PEG/PEGbiotin was immobilized onto a Nb2O5 coated SPR chip. Complexes
of neutravidin and bDNA1 were adsorbed onto the surface and then DNA-tagged 20 nm gold
colloids could be selectively hybridized to the surface. SPR chips were micropatterned via the
MAPL process. SPR images of a micropatterned SPR chip before (b) and after (c) the gold
colloids immobilization are shown. b) The complexes of neutravidin and bDNA1 are visible
in the squares (60 x 60 µm2). c) The intensity change in the squares shows the gold colloid
hybridization.
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chips. For more experimental details refer to Section 3.2.6. Figure 5.2a) shows a sample

curve of such an immobilization experiment. The adsorption of PLL-g-PEG/PEGbiotin

led to an adsorbed mass of 182 ± 35 ng/cm2 in good agreement with the OWLS ex-

periments (Section 4.1.2). The subsequent immobilization of complexes of neutravidin

and bDNA1 led to a similar amount of adsorbed mass (332 ± 21 ng/cm2) as previously

measured by OWLS (Section 4.1.2, Figure 4.3). The 20 nm gold colloids tagged with

the complementary DNA were selectively hybridized to the surface immobilized single-

stranded DNA showing an angle change of 5 ± 0.4◦ after 4 h. Here, the conversion into

adsorbed mass is not reliable because the refractive index increment of gold colloids is

hard to determine. Exposing a PLL-g-PEG coated SPR chip to a gold colloid solution

led to an angle change of 0.04◦ indicating only a low non-specific binding of the gold

colloids to the polymer. Rb = 2 and Rb = 1 showed the similar amounts of adsorbed gold

colloids and therefore Rb = 1 was used for all the pattering experiments. Similar experi-

ments could not be done with 50 nm gold colloids because the laser light (λ = 633 nm)

was adsorbed in order to excite the local plasmons of the colloids.

SPR chips were micropatterned with DNA strands via the MAPL technique (Sec-

tion 3.2.2.1 and Section 3.2.2.2), assembled into the flow cell of the SPR instrument and

an image was recorded (Figure 5.2b). The rectangular area represented the surface immo-

bilized complexes of neutravidin and bDNA1. The subsequent immobilization of the 20

nm gold colloids was continuously imaged and the intensity change in the rectangular ar-

eas showed the adsorption of the gold colloids (Figure 5.2c). However, these experiments

did not allow for the determination of the amount of non-specifically bound gold colloids

to the background.

5.2 Micropatterning of DNA-Tagged Gold Colloids

We describe the creation of micropatterns of gold colloids. The multistep surface modifi-

cation applied for vesicle patterning presented in Chapter 4 is optimized for DNA-tagged

gold colloids. All the experimental details are described in Section 3.2.2.4 and Sec-

tion 3.1.6.1.

Surfaces which were micropatterned with biotinylated areas in a protein resistant

background were selectively decorated with complexes of neutravidin and bDNA1. In

a final step, gold colloids tagged with DNA hybridized onto the micropatterned surface.

Patterns of 5 nm (Figure 5.3a) and b), 20 nm (Figure 5.3c) and 100 nm (Figure 5.3d) gold
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Figure 5.3: SEM images of micropatterned DNA-tagged gold colloids are shown. a) Overview
image of micropatterned 5 nm gold colloids. High magnification images b) of 5 nm, c) 20
nm and d) 100 nm gold colloids in micron patterns. In all the cases the gold colloids were
selectively hybridized onto the pre-patterned single-stranded bDNA1 showing very low non-
specific adsorption in the background. e) DNA-tagged 20 nm gold colloids did not adsorb to
patterns of PLL-g-PEG and neutravidin, when there was no bDNA present.
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Figure 5.4: SEM images of surface-immobilized 20 nm gold colloids without (a) and after 30
minutes (b) of gold enhancement. c) The gold colloid diameter versus the enhancement time is
shown.

colloids could be created. All gold colloids, independent of their diameter, were only im-

mobilized onto the pre-patterned areas of bDNA1 with very low non-specific adsorption

in the PLL-g-PEG background. If the gold colloid diameter was increasing, the density of

adsorbed gold colloids was reduced. It is interesting to note that besides the gold colloids,

also the protein pattern (neutravidin and bDNA1) was visible on the SEM images (Fig-

ure 5.3d). Control experiments showed that the DNA-tagged gold colloids did not adsorb

onto patterns when only the neutravidin without the bDNA1 was present (Figure 5.3e).

Furthermore, the PPS-PEG coating affected the amount of adsorbed 20 nm gold colloids.

If the polymer was adsorbed in a low concentration (0.1 mg/mL), the number of surface-

immobilized gold colloids was reduced by 30 % compared to uncoated colloids. A high

concentration (1 mg/mL) of polymer adsorbed to the colloids led to a reduction of almost

100 %. This observation was attributed to the fact that a 2 kDa PEG chain and a DNA

strand of 17 base pairs has approximately the same length. Gold colloids tagged with a
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longer DNA (tDNA5, 34 base pairs) showed an amount of adsorption of 90 % and when

additionally coated with PPS-PEG (1 mg/ml) of 85 %. The specific tagging of the gold

colloids and in parallel its coating with a polymer was possible. However, the effect of

the coating towards the non-specific binding of proteins still needs to be tested.

In order to compact the gold colloid on the patterns for wire fabrication, gold en-

hancement was applied. Figure 5.4a) shows micropatterns of 20 nm gold colloids and

Figure 5.4b) a gold patterns after 30 min of gold enhancement. The average diameter of

the gold colloids changed from 20 nm up to ∼100 nm during the gold enhancement step

(Figure 5.4c). The larger the gold colloid became, the slower the growth rate was. Admit-

tedly, the size determination of the gold colloids was not very precious after 30 min or 60

min of enhancement due to the aggregation of the individual colloids. This enhancement

step might make it possible to create conductive wires out of the gold colloid lines while

the protein resistance of the PLL-g-PEG background could be maintained as confirmed

by OWLS experiments (results not shown).

5.3 Nanopatterning of Gold Colloids 1

We present an approach for the controlled positioning of single gold colloids onto dot

and line nanoarrays which have the potential to serve as label-free biosensor platforms.

The separation between the high-resolution nanolithography step, Extreme UV Interfer-

ence Lithography (EUV-IL), and the subsequent functionalization has many advantages,

among them the independence of the linkage chemistry. The activation of the resist pre-

patterned substrates was performed by transforming them into a surface of biotinylated

nanopatches in a protein resistant background. Complexes of streptavidin and single-

stranded DNAs could then be selectively immobilized onto the biotinylated patches,

which were embedded in an inert background. This approach enabled the creation of

single gold colloid dot and line arrays by directed self-assembly using the specificity of

DNA hybridization.

For all the experimental details about EUV-IL refer to Section 3.2.2.5. The multistep

surface modification is described in Section 3.2.2.6.

1This chapter was published in Stadler et al., Nanotechnology, 2007, [214].
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5.3.1 Dot Array of Gold Colloids

The transformation of the nanoscale contrast between PMMA and Nb2O5 into a nanoarray

of first biotin and then of gold colloid coated areas in a resistant background is presented

in this section. Figure 5.5a) shows a tapping mode Atomic Force Microscopy (AFM)

image of an array of 100 nm holes in a distance of 600 nm in PMMA created on a Nb2O5

coated wafer by EUV-IL. In addition to the holes, a few nm-modulations of the PMMA

are also visible on the image in the form of lines. These were created by the EUV-IL

process but they do not affect the nanodot array. The pre-patterned surfaces created by

EUV-IL were exposed to PLL-g-PEG/PEGbiotin. The PMMA resist was then stripped

off in the organic solvent NMP (Section 3.2.2.6). The quality of the transformation of a

PMMA/metal oxide nanopattern into a pattern with specific biological functionality (here

biotin) was investigated using AFM (Figure 5.5b). The pattern fidelity was high and no

remaining PMMA on the Nb2O5 background was observed. Tof-SIMS experiments also

confirmed that there was no remaining PMMA on the surface and no loss of PLL-g-

PEG during the lift-off process. Table 5.1a) and b) contain the characteristic masses and

intensities for PMMA, Nb2O5 and PLL-g-PEG adapted from [193, 215].

Although a preliminary study to bring the MAPL technique to the nanorange has

been done using nanoimprint lithography (NIL) as the pre-patterning method [151], in

our application, EUV-IL has turned out to be a more reliable and reproducible method for

fast large-scale nanopattern production. One reason being that, following the exposure of

the PMMA coated substrate to the X-rays, the nanostructures are ready to use while in the

case of NIL an additional etching step is required. Our lift-off protocol for the complete

removal of the PMMA from the surface also has advantages over previously reported

methods. For instance, NMP and water are less toxic than e.g., 1,2-dichlorethane [216].

Furthermore, other solvents such as 2-propanol or acetone have a much higher evaporation

rate than NMP, thus, causing the immediate drying of PMMA residues when the air-liquid

interface is crossed either when using more than one step in the lift-off process or when the

sample has to be removed from the solvent in the end. Additionally, water as the last step

eliminates the risk of organic contamination upon fast drying of the solvent which might

cause problems if fragile biomolecules are used in a later step of the surface modification.

The next step in the surface modification was the backfilling of the bare oxide with the

non-functionalized, bio-resistant PLL-g-PEG immediately after the lift-off process, this

produced an AFM image with no visible contrast (results not shown). In order to further

decorate the nanopatches, streptavidin was selectively immobilized onto the biotinylated
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Table 5.1: Positive secondary-ion masses and intensities from ToF-SIMS measurements, which were nor-
malized to 1.0 for the most intense peak in the corresponding spectrum. a) The lack of PMMA related
peaks showed that there was no remaining PMMA left after applying the lift-off protocol. b) No signifi-
cant changes in the intensities of PLL-g-PEG related peaks indicated that there was no loss of PLL-g-PEG
during the lift-off process.

positive
 seconday-ion

 mass

molecular
species

(charge +1) Nb2O5 PLL-g -PEG
PLL-g -PEG
after lift-off

41.039 C3H5 1 0.58 0.53
43.055 C3H7 0.84 0.54 0.47
45.033 C2H5O 0 1 1
56.05 C3H6N 0 0.27 0.28
59.013 C3H7O 0 0.02 0.02
71.05 C4H7O 0 0.37 0.29
73.029 C3H5O2 0 0.46 0.39
73.065 C4H9O 0 0.52 0.53
84.081 C5H10N 0 0.51 0.48
89.06 C4H9O2 0 0.23 0.16
92.906 Nb 0.11 0.03 0.03
93.92 NbH 0.06 0.02 0.02

108.905 NbO 0.31 0.03 0.04
124.904 NbO2 0.13 0.02 0.02

positive
 seconday-ion

 mass

molecular
species

(charge +1) Nb2O5

Nb2O5

and
PMMA

  after
 PMMA
 lift-off

41.039 C3H5 1 0.93 1
43.055 C3H7 0.84 0.18 0.77
59.013 C2H3O2 0 0.61 0
69.034 C4H5O 0.02 1 0.02
92.906 Nb 0.11 0 0.17
93.92 NbH 0.06 0 0.05

108.905 NbO 0.31 0 0.37
115.075 C6H11O2 0 0.55 0
124.904 NbO2 0.13 0 0.14
126.068 C7H10O2 0 0.34 0
186.105 C9H14O4 0 0.12 0

a)

b)
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a) PMMA pre-patterns

b) PLL-g-PEG/PEGbiotin spots

c) Streptavidin spots
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Figure 5.5: The process of converting an EUV-IL pattern to a functional nanoarray is followed
by tapping mode AFM in air. a) Nanodots created by EUV-IL into a PMMA coated substrate.
(The line structure is an artefact from the EUV-IL process.) b) PLL-g-PEG/PEGbiotin spots
after the lift-off of the PMMA. The pattern fidelity was very good and no remaining PMMA was
observed in the background. (Note the change in the z-scale of the image.) c) The background
was backfilled with bio-resistant PLL-g-PEG and streptavidin was immobilized in the spots. No
non-specific adsorption of the protein was observed in the background and the pattern fidelity
was preserved.
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Figure 5.6: a) Complexes of neutravidin and single-stranded biotinylated DNA were added to
the biotinylated spots via the biotin/avidin linkage. Gold colloids tagged with the complementary
DNA via a thiol bond could specifically hybridize to the surface as shown on the SEM images;
a) 20 nm gold colloids on 500 nm patches and b) on 100 nm patches, c) 50 nm gold colloids on
270 nm dots and d) 100 nm dots

spots. The proteins followed the underlying pattern showing no non-specific adsorption

in the background (Figure 5.5c).

The described nanopatterning method was further extended to immobilize gold col-

loids via DNA. Instead of attaching bare streptavidin to the biotinylated nanodots, com-

plexes of neutravidin and biotinylated single-stranded DNA were immobilized via the

neutravidin/biotin linkage. The patterned single-stranded DNAs were used as linkers to

selectively hybridize DNA-tagged 20 nm gold colloids onto 500 nm spots (Figure 5.6a) or

100 nm dots (Figure 5.6b). On average 32 DNA-tagged 50 nm gold colloids were selec-

tively hybridized to 270 nm diameter dots (Figure 5.6c). One to four DNA-tagged 50 nm

gold colloids were immobilized onto 100 nm diameter dot (Figure 5.6d). There was only

very low non-specific adsorption of single gold colloids in the background. Figure 5.6d)

illustrates this promising method to create single colloid, vesicle or even single protein

arrays. Since at present the number of colloids per dot is defined by the size of the dot,

there are two possibilities to control the number of colloids per dot. EUV-IL enables the

change of the diameter of the PMMA pre-patterned nanodot array via changing the X-ray

dose during exposure. Alternatively, the number of DNAs that are surface immobilized

per dot can be varied by either altering the DNA concentration when the complexes of
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streptavidin and DNA are pre-formed in solution or by shortening the adsorption time of

the complexes. Nanodot arrays with well-defined numbers of gold colloids per dot might

have the potential to give more insight into the neighboring coupling effect of localized

surface plasmon resonance e.g., the interaction of light with different arrangements of

gold colloids could be compared to optimize the sensitivity with respect to wavelength

shifts upon changes in the environment. In a next step such gold colloid arrays could be

used as an optical biosensor. Additionally such high-quality nanodot arrays over large

areas could serve as a template for the epitaxial growth of nanowires perpendicular to the

substrate similar to that presented by [217]. Furthermore, the active nanodots embedded

in a resistant background could be further functionalized e.g., specifically via the thiol

binding or randomly by adsorption of proteins. Gold nanodot arrays functionalized with

cell specific peptides could also be used to probe length scales of focal adhesion proteins

involved in cell adhesion [104].

5.3.2 Gold Colloid Nanolines

Applying the same surface modification to line pre-patterns produced by EUV-IL en-

abled us to create lines with tunable width, density and particle size. The AFM image

in Figure 5.7a) shows an example a PMMA pre-pattern (2 x 2 µm2) of 80 nm lines in a

distance of 120 nm. A PLL-g-PEG/PEGbiotin line nanopatterns is shown in Figure 5.7b)

after lift-off of the PMMA. Similar as for the dot nanopatterns, no remaining PMMA was

observable in the AFM image.

Examples of gold colloid line nanopatterns via DNA are shown in Figure 5.8. Fig-

ure 5.8a) shows nanometer lines of different widths functionalized with 20 nm gold col-

loids and Figure 5.8b) 50 nm gold colloids on 200 nm lines. Figure 5.8c) and d) show

5 nm gold colloids patterned onto 50 nm lines in a distance of 120 nm and onto 100

nm lines in a distance of 120 nm, respectively. 120 nm lines functionalized with 20 nm

DNA-tagged gold colloids are shown in Figure 5.8e) and f). Dense gold colloid lines with

high pattern fidelity and no non-specific adsorption on the PLL-g-PEG background were

observed. Good pattern quality was achieved over the whole area pre-patterned by EUV-

IL (0.5 x 1 mm2). The line width can be tuned by varying the dose during the EUV-IL

process. This opens up the possibility to align individual 20 nm gold colloids onto such

nanolines as shown in Figure 5.8c) and d). It is remarkable that the protein pattern (com-

plexes of neutravidin and DNA) was also visible in the SEM images shown as the thin

features between the colloids (Figure 5.8g) and h).
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Figure 5.7: a) AFM images of 80 nm PMMA pre-patterned nanolines in a distance of 120 nm
via EUV-IL. b) PLL-g-PEG/PEGbiotin nanoline pattern after lift-off of the PMMA.

A convenient way to compact the colloid lines towards conductive nanowires is via a

gold enhancement step. Figure 5.8i) and the higher magnification image in Figure 5.8k)

show the 20 nm gold colloid nanopattern after incubation for 15 minutes in a commer-

cially available enhancement solution. The increased size of the colloids led to nanolines

that contain touching particles with the overall pattern fidelity being preserved. Addi-

tionally, the bio-resistant background was not harmed by this enhancement step (results

not shown). One advantage of using DNA-tagged gold colloids over biotinylated ones

is that photo-bleaching induced patterning can be applied [218]. The main benefit from

this approach is twofold: 1) it is possible to locally control the density of the immobi-

lized gold colloids and 2) larger gold colloids could be incorporated in an array of smaller

ones which could enable the local inter-connection of the nanolines. Additionally, DNA

allows for further selective functionalization e.g., in combination with a microfluidic de-

vice [66]. In this work, tagging of gold colloids with DNA was done via a thiol linkage,

however, other colloid systems will be explored in the future, such as semiconductor col-

loids, whereby the attachment of the DNA may be more challenging.

We have used a four point set-up for direct current measurements in air for the prelim-

inary electrical characterization of the nanoline arrays similar to the one shown in Figure

3e). The whole line array was connected together by the addition of gold paste patches

and measured. Using the measured resistance value from the whole array, the resistance of

an individual wire would be 675 kΩ. Assuming that a gold nanowire (ρ = 3.3 µΩcm) has

approximately a length of 0.7 mm and cross-section of 120 x 40 nm2, then one calculates

a resistance value of 4.8 kΩ. The difference between the measured and the calculated re-

sistance values may be attributed to the fact that the resistance of the grain boundaries, the

organic content (mainly DNA) and defects in the layer are not taken into account [219].
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Figure 5.8: SEM images of gold colloids immobilized onto nanolines via DNA. a) 20 nm gold
colloids onto lines of different widths. b) 50 nm gold colloids onto 200 nm lines. c) and d)
show 5 nm gold colloids patterned onto 50 nm lines in a distance of 120 nm and onto 100 nm
lines in a distance of 120 nm, respectively. e) and f) show 120 nm lines in a distance of 80 nm
of surface immobilized 20 nm gold colloids. Gold colloid nanolines were created with perfect
pattern fidelity showing no non-specific adsorption of colloids in the background. g) and h) show
single 20 nm gold colloids aligned via DNA. i) Gold colloid nanolines as shown in e) and f) after
15 minutes of gold enhancement. k) The zoom-in of the enhanced nanopattern shows that the
gold colloids are in contact while the pattern fidelity is preserved.
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Although the measured value is higher than the calculated one, this result indicated that

our approach allows us to produce continuous lines with some defects which is the first

step for the creation of a nanowire biosensor based on electrical detection.

5.4 Conclusions and Outlook

We have developed a multistep surface modification which allows for the precise posi-

tioning of DNA-tagged gold colloids onto micron- and nanopatterns. Gold colloids of

various sizes (ranging from 5 nm to 100 nm) could be patterned onto arbitrary patterns

from 20 nm up to several hundred microns.

We have presented an approach for the production of gold colloid dot and nanowire

arrays. We have used EUV-IL that enables the fast creation of periodic nano templates

down to ∼10 nm over large areas. We converted the resist pattern into a biochemical pat-

tern using a simple lift-off process and PLL-g-PEG based surface chemistry [135]. This

separation between the lithography and the subsequent functionalization of the nanoarray

has many advantages: 1) The used biotin-streptavidin system can be replaced by other

linkage chemistries such as nitrilotriacetic acid-histidin [220] or mannose-lectin [221]. 2)

The gold colloids can be functionalized and used e.g., for basic cell-surface interaction

studies [104]. 3) This patterning approach can readily be applied to other nano-objects

(e.g., vesicles or proteins) that can be tagged with a DNA [20, 65]. 4) The concept has a

potential for mass production because the created patterns could be transferred to another

substrate by ‘stamping’, similar to the approach developed by Yu et al [222].

Currently, the reproducible attachment of conductive patches to the line array and the de-

tailed electrical characterization of the nanowires in salt containing buffer is ongoing. The

sensitivity between gold wires and lines of semiconducting particles such as ITO or silica

colloids will be compared, for instance. Though tagging other particles than gold colloids

with DNA has turned out to be very challenging [223]. Moreover, a post-treatment of the

lines i.e., annealing, might improve the conductivity. However, this process step will de-

stroy the PLL-g-PEG layer in the background. This fact might be considered as a problem

if low abundant proteins should be detected. The proteins are then not only bound to the

wires, the active sensing elements, but will be lost in the background which is not only

reducing the sensitivity and increasing the detection limit but is also introducing noise to

the sensor [224].
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In conclusion, our approach is unique in that we can produce a high number of large

scale periodic nanopatterns without drastic limitations of the substrate, the linkage chem-

istry, or of the detection method in the future sensing application. In the future we intend

to use the special optical properties of the nanoparticle arrays and special electrical prop-

erties of the nanowire arrays for label-free biosensing.



CHAPTER 6

Photobleaching-Induced Patterning 1

Light is often used for the modification of molecules, for example in photography, pho-

tolithography, and photochemistry. The vesicle patterning in Chapter 4 for instance is

based on photolithography where a photoresist pattern is created by exposing a spin-

coated light-sensitive polymer layer (photoresist) through a mask to UV light. Further-

more, a number of different strategies for the direct immobilization of biomolecules onto

surface ranging from UV-light activation of highly reactive nitrenes [225] and carbenes

[226], to deprotection of photo-labile, caged biotin by UV light [227–229], have been

presented in the literature. Unfortunately, UV irradiation can be quite harmful when

working with biologically reagents. Recently, Holden et al. showed the possibility to

create well-defined patches of avidin-linked enzymes inside a microfluidic device by a

light-induced, in situ immobilization technique for biomolecules without the need of UV

light [136, 230]. In their work, fluorescently labeled molecules were attached onto a

protein-coated surface from a neutral, aqueous solution at room temperature by photo-

bleaching through a photo mask. Their technique has been primarily directed toward the

immobilization of enzymes.

In this chapter, we present a novel method which uses streptavidin as a ‘bio’-

photoresist within the multistep surface modification presented in Chapter 4. The light-

induced, in situ patterning approach allows for the controlled manipulation of DNA-

tagged objects and proteins in aqueous solution, at neutral pH, without the need for UV

light. The technique makes use of the photosensitiser concept found in photodynamic

therapy (PDT) [231]. In PDT, the photosensitiser is a fluorescent molecule that will gener-

ate singlet oxygens (1O2) when irradiated by light, i.e., during the photobleaching process
1Part of this chapter was published in Stadler et al., IEEE Transaction on Nanobioscience, 2006, [218].
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[232, 233]. The highly reactive 1O2 interacts with molecules in the immediate surround-

ing causing the desired local damage. In PDT the 1O2 affects apoptosis (cell death) via a

complex pathway of interactions, however, it is also known that 1O2 will damage/oxidize

DNA directly should they come into contact [234, 235].

DNA is not only the information carrier of life but its unique selectivity and versa-

tility has made it an attractive linker molecule for different biotechnological applications

[64, 65, 236]. If, however, the surface immobilized DNA is damaged by 1O2, for ex-

ample, then it will no longer be able to hybridize to its complementary strand and any

already hybridized DNA strands will fall apart. Similarly, the biotin-streptavidin bond

can also be sensitive to such photobleaching induced damage. Our technique makes use

of this photosensitivity to enable the manipulation of vesicles, biomolecules and colloids

that are surface immobilized via DNA-DNA or biotin-streptavidin linkages. The advan-

tages of this novel approach are manifold: 1) the method can be readily combined with

cell studies because no UV light is needed and the process can take place in aqueous

solution at neutral pH, thus providing appropriate environmental conditions for biolog-

ical studies, 2) both direct writing or illumination through photo masks can be used to

create areas with different surface immobilized DNA-tagged objects, 3) the concentra-

tion of the immobilized objects can be tuned by the illumination dose, 4) since only the

DNA in the vicinity of a photobleached dye is damaged, fluorophores with different col-

ors can be combined for selective patterning of different objects, 5) in case of streptavidin

removal, re-activation of the damaged areas is possible through the immobilization of

another streptavidin molecule.

In the first part of this chapter we show that fluorescently labeled streptavidin, in-

corporated in the multistep surface modification used in this thesis (Figure 4.1), could

be used to suppress the DNA hybridization (Section 6.1). In addition, the local control

over the density of surface-immobilized vesicles and gold colloids is demonstrated. Fur-

thermore, it is shown that the suppression of the DNA hybridization depends on the laser

dose and on the used buffer. If glutathione and vitamin C, natural species to neutralize

the 1O2 in the human body [237], were added to the HEPES 2 buffer, the DNA was much

less affected by the presence of the 1O2. The possibility to detach already immobilized

vesicles via DNA or fluorescently labeled streptavidin from the surface is also presented.

The re-activation of the photobleached areas, thus the local exchange of streptavidin and

vesicles on the surface is shown in Section 6.2.
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6.1 DNA-DNA Interaction in the Presence of a Fluo-
rophore

Fluorescently labeled streptavidin incorporated in the previously demonstrated multistep

surface modification (Chapter 4 and Chapter 5) can serve as a ‘bio’-photoresist. Surfaces

are modified with PLL-g-PEG/PEGbiotin and subsequently with complexes of fluores-

cently labeled streptavidin and single-stranded biotinylated DNA (Figure 6.1a). Then,

areas were exposed to laser light corresponding to the wavelength of the dye on the strep-

tavidin (Figure 6.1b). Finally, nano-objects tagged with complementary DNA (cDNA)

can be specifically coupled to the surface (cDNA and NBD-labeled POPC vesicles in this

case). The nano-objects do not hybridize to the areas which were exposed to the laser

(Figure 6.1c).

The investigation of the suppression of the DNA hybridization using Optical Wave-

guide Lightmode Spectroscopy (OWLS, Section 3.2.3) and Confocal Laser Scanning Mi-

croscope (CLSM) is shown in this part of the chapter. OWLS experiments, as described

in Section 3.2.3 and Section 4.1.1.1, were performed using a molar concentration ratio

in solution of bDNA1 to streptavidin (SA) of 2 (Rb = 2). The molar concentration ratio

of cDNA to 50 nm POPC vesicles in solution was 13 (Rc = 13). A buffer consisting of

HEPES 2, 5 mM glutathione and 5 mM vitamin C at pH = 7.4 (HEPES 2++) was used

besides HEPES 2 buffer.

Figure 6.2 shows sample curves monitored with OWLS. Figure 6.2a) represents exper-

iments performed in HEPES 2 and Figure 6.2b) in HEPES 2++. A non-fouling PLL-

g-PEG/PEGbiotin layer on the surface could be created in both buffers. This fact was

previously reported in literature for a PLL-g-PEG/PEGbiotin layer in HEPES 2 [189]. Ex-

posure of a PLL-g-PEG/PEGbiotin layer in HEPES 2++ to full human serum for 15 min

did no show any protein adsorption after rinsing with buffer (Figure 6.2b). The long-term

stability of PLL-g-PEG/PEGbiotin in HEPES 2++ was found to be lower than in HEPES

2, i.e., after an overnight exposure of a PLL-g-PEG/PEGbiotin layer to HEPES 2++, a

serum adsorption of 30 ng/cm2 was measured. The mass adsorption of the complexes

of SA or streptavidin alexa fluor633 (SA633) and bDNA1 in HEPES 2++ was ∼25 %

lower then in HEPES 2 (160 ± 10 ng/cm2 compared to 210 ± 15 ng/cm2). No com-

plexes of cDNA1 and vesicles hybridized to the surface modified with single-stranded

bDNA1s in HEPES 2 in the presence of SA633 (Figure 6.2a), red curve), while HEPES

2++ allowed for the selective hybridization of the DNA-tagged vesicles (Figure 6.2b).
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Figure 6.1: Schematics of the multistep surface modification process for the immobilization of
intact vesicles using DNA as coupling agent. a) A Nb2O5 coated substrate is modified with PLL-
g-PEG/PEGbiotin. Complexes of biotin-labeled single-stranded DNA (bDNA) and labeled strep-
tavidin bind to the immobilized biotin on the surface. b) Defined areas are exposed to laser light
with a wavelength corresponding to the dye on the streptavidin. c) Complexes of cholesterol-
tagged complementary DNAs and POPC vesicles hybridize to the immobilized bDNA, but not
to the areas where the dye has been exposed to the laser light due to 1O2 induced damage the
streptavidin - DNA complexes.
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No vesicles were immobilized onto the surface in HEPES 2++, if they were not tagged

with the complementary DNA strands. In the vitamin C and glutathione containing buffer

(i.e., HEPES 2++) vesicles and DNA could be selectively surface-immobilized even in

the presence of SA633. The mass of immobilized vesicles was almost 60 % compared

to the adsorption in HEPES 2 in the presence of unlabeled SA (Figure 6.2a), blue curve).

Reducing the concentration of dissolved oxygen in the buffer by degassing via bubbling

with N2 or heating up did not prevent the photobleaching induced DNA damage indi-

cated by the lack of vesicle immobilization in the presence of SA633. The removal of

the oxygen molecules was either not complete or the oxygen molecules were re-dissolved

during the OWLS experiments. A buffer solution which only contained vitamin C, but

no glutathione, showed only a small vesicle adsorption (∼3 w%). Vitamin C can be put

back in its active form by glutathione which makes the combination of these two antiox-

idants more efficient in neutralizing reactive oxygens [237]. In addition, we could show

by QCM-D experiments (experimental details in Section 3.2.4 and Section 4.1.1.2) that

there was no affinity difference between labeled and unlabeled streptavidin. The same

amount of protein - DNA complexes and DNA-tagged vesicles was observed by QCM-D,

independent of the presence of a fluorescent label on the protein. Therefore, the observed

reduction in amount of adsorbed vesicles could not be attributed to e.g., a different density

of anchoring groups (biotinylated DNA) on the surface caused by the fact that the SA is

labeled.

In an attempt to investigate how local this effect is the distance between the fluo-

rophores and the DNA was varied by changing the ratio of SA to SA633 [w%] used to

link the bDNA to the surface (Rb = 2, HEPES 2). The amount of adsorbed DNA-tagged

vesicles was monitored by OWLS. Furthermore the possibility to detach vesicles from the

surface which were immobilized via DNA was investigated. Figure 6.3 shows a sample

curve of such an experiment. First, PLL-g-PEG/PEGbiotin was adsorbed onto a Nb2O5

coated waveguide. Then, a solution containing complexes of (x·SA and (1-x)·SA633)

and bDNA1 was added to the flow cell for 1 h. The solution was replaced with HEPES

2 and after 10 min a mixture of vesicles and cDNA1 was injected. In order to avoid

photobleaching by the laser one measurement point was taken every 10 min in the latter

two adsorption steps. Finally, the solution was exchanged with HEPES 2 and the loss of

molecules was recorded overnight under continuous laser illumination.

Figure 6.4 shows the mass of adsorbed vesicles depending on the ratio of (bDNA and

SA633) to (bDNA and SA) [w%] of the adsorbed complexes (violet step in Figure 6.3). If

there were no fluorescent labeled SA present on the surface, a vesicle mass of 370 ng/cm2
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Figure 6.2: Sample OWLS curves illustrating the photobleaching induce damage to DNA. a)
First, PLL-g-PEG/PEGbiotin was adsorbed onto a Nb2O5 coated chip in HEPES 2. Then, com-
plexes of SA (blue curve) or SA633 (red curve) and bDNA were added. Finally, the surface
was exposed to a solution containing complexes of POPC vesicles and cDNA. If SA633 was
present on the surface, no hybridization of the DNA was possible anymore, thus no vesicles were
surface-immobilized. b) The same experiment in HEPES 2++ (vitamin C and glutathione in
the HEPES 2 buffer). PLL-g-PEG/PEGbiotin could be adsorbed and rendered the surface non-
fouling. Complexes of SA633 and bDNA were adsorbed. Here, in the absence of cDNA no
vesicles were adsorbed, while vesicles tagged with the complementary DNA could be added.
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Figure 6.3: A sample curve of the immobilization of vesicles via DNA monitored by OWLS
in HEPES 2 is shown. A Nb2O5 coated waveguide was modified with PLL-g-PEG/PEGbiotin.
Then, the surface was exposed to complexes of (x·SA and (1-x)·SA633) and bDNA1 for 1 h.
DNA-tagged vesicles were hybridized to the surface within 1 h. (One measurement point was
taken every 10 min in the latter two adsorption steps.) Finally, the modified waveguide was
exposed to the laser light for several hours in HEPES 2. The amount of adsorbed vesicles (violet
step) and the initial slope (pink line) are investigated in more details in Figure 6.4 and Figure 6.5,
respectively.

was measured. This mass was subsequently reduced with increasing amount of SA633 on

the surface. The amount of hybridized vesicles was reduced by 60 % when 75 w% of the

streptavidin on the surface was fluorescently labeled. In order to avoid photobleaching

of the laser one measurement point was taken every 10 min in the latter two adsorption

steps. This is approximately equal to a total exposure time of the surface to the laser light

for 6 min (12 times for∼30 s). In between the measurements, the laser light was blocked.

This fact emphasizes that only a few reactive oxygen species, which were created during

the recording of the very few measurement points by the SA633 present on the surface,

were enough to affect the hybridization capability of the bDNA attached to the proteins.

The bDNA was attached to the SA and the SA633 for all the experiments described in

this section so far. Furthermore, experiments were performed using complexes of SA and

bDNA1 (Rb = 2) and SA633 (without bDNA). In these experiments an incomplete layer

of complexes of SA and bDNA1 (29 ±1 ng/cm2) was adsorbed and subsequently, SA633

(without bDNA) was added in different amounts. The distance between the surface-
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Figure 6.4: The mass of immobilized vesicles depending on the ratio of surface-immobilized
(bDNA and SA633) to (bDNA and SA) [w%].

immobilized SA633 was calculated assuming a square lattice. It was found that a dis-

tance between the SA633 of 13 nm (corresponding measured mass of 63 ng/cm2) led to

a 60 % lower adsorbed mass of DNA-tagged vesicles compared to a distance of 30 nm

(corresponding measured mass of 11 ng/cm2) between the SA633 molecules. This result

clearly indicated that not only the bDNA attached to the SA633, but also DNA strands

in the proximity of the protein with the fluorescent label were affected/damaged by the

reactive oxygens (1O2) which were created during the exposure of the dyes to the laser.

The desorption part in the sample curves in Figure 6.3 follows double exponential ki-

netics suggesting that there is a two step detachment process happening. The initial slope

was attributed to the vesicle detachment (Figure 6.3), depending on the ratio of (bDNA

and SA633) to (bDNA and SA) [w%], is shown in Figure 6.5a). The second part of the

curve was assumed to be the removal of the streptavidin from the surface. The streptavidin

detachment is investigated in more details in Section 6.2. The detachment of the vesicles

from the surface did not start when the permanent laser illumination was initiated, but

with a delay of around 10 min. This might be due to the need to accumulate reactive

oxygens that can destroy the DNA double-strands. Figure 6.5b) presents the linear fit of

these initial slopes depending on the number of SA633 on the surface. 25 w% of SA633

was already enough to achieve the highest possible decay speed of the vesicles. The the-

oretically calculated distance between the complexes of SA633 and bDNA is in this case
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26.8 nm, assuming a square lattice and a distance between neighboring complexes of 6.7

nm as previously found for Rb = 2 (more details in Section 4.1.2).

The degree of hybridization of the DNA-tagged nano-objects could be tailored by

changing the exposure time to the laser light. CLSM (Section 3.2.5) is a convenient tool

to photobleach defined ares on a pre-patterned surfaces which were created using the

MAPL technique described in Section 3.2.2.1. Figure 6.6a) shows a fluorescent image of

the surface-immobilized complexes of bDNA3 and SA633 including photobleached areas

(‘smileys’ within the square patterns; the number of performed bleaching cycles is indi-

cated below the squares). 100 bleaching cycles were enough to make the photobleaching

of the alexa fluor633 dye visible. Higher numbers of iterations led to a further reduction

of the intensity of the fluorophore (Figure 6.6c). Figure 6.6b) shows a CLSM image of

the surface immobilized cDNA3-tagged NBD-labeled POPC vesicles. The vesicles were

specifically attached to the underlying bDNA3 modified pattern through the hybridization

of the complementary DNA sequences. The amount of hybridized vesicles in the photo-

bleached areas could be tailored by the number of bleaching iterations to which the alexa

fluor633 dyes had been exposed. Figure 6.6c) shows the normalized intensity (signal of

the bleached area minus the background over the signal of the unbleached area minus

the background) of the remaining alexa fluor633 dye or the normalized intensity increase

upon the adsorption of the NBD-labeled vesicles versus the number of iteration cycles

of the alexa fluor633 dye. Photobleaching with 50 iterations noticeably decreased the

amount of hybridized vesicles while 1000 iterations were sufficient to completely hinder

the hybridization of the vesicles. The decay constant of the first order exponential fit to

the photobleaching curve of the alexa fluor633, τAlexa633 = 3370 ± 140, was an order of

magnitude higher than the constant which describes the amount of adsorbed NBD-labeled

vesicles, τNBD = 290 ± 20. Furthermore, there was an enlargement of the photobleached

shapes after the vesicle immobilization observed e.g., the ‘smiley’ in the center. This in-

dicates again, that the reactive oxygens are diffusing and are also affecting the DNA in

the proximity where the photobleaching occurred. In addition, a second pair of fluores-

cent dyes was tested showing similar behavior; SA633 was replaced with alexa fluor488

labeled streptavidin and the NBD dye of the vesicles was substituted with rhodamine

(results not shown).

Control experiments, using unlabeled streptavidin in the patterns and alexa fluor633

labeled PLL-g-PEG (PLL(alexa fluor633)-g-PEG) in the background, showed that light-

induced DNA modification was not possible without the presence of the fluorophore la-

beled streptavidin. Scanning a rectangular area with a HeNe laser (λ = 633 nm, 2048 it-
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Figure 6.6: a) A CLSM image of surface immobilized complexes of biotin-labeled single-
stranded DNA (bDNA3) and SA633 on 60 x 60 µm2, PLL-g-PEG/PEGbiotin modified spots in a
protein resistant PLL-g-PEG background. Well-defined areas were photobleached with a HeNe
laser (bleaching iterations ranging from 1 to 2048). b) DNA-tagged NBD-labeled POPC vesicles
hybridized selectively to the underlying patterns of bDNA. The complexes did not adsorb to the
areas where the alexa fluor633 dye had been photobleached. c) Only a partial photobleaching of
the alexa fluor633 dye was required to drastically reduce the subsequent attachment of vesicles.

erations) after the adsorption of the unlabeled streptavidin (Figure 6.7a) did not alter the

hybridization of the DNA-tagged, NBD-labeled vesicles as shown by the homogeneous

fluorescent intensity of the squares in the green (NBD) channel (Figure 6.7b), area on the

left).

SEM experiments demonstrated that the light-induced in situ modification of DNA

is not restricted to vesicles, but can also be used to pattern gold colloids [84, 238–240]

tagged with DNA strands. Figure 6.8a) shows a CLSM image of surface immobilized

complexes of bDNA3 and SA633 including photobleached areas. Five rectangular areas

were exposed to five different photobleaching doses; the rectangle on top was bleached

with the highest while the one on the bottom was bleached with the lowest number of
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a) b)

λ = 633 nm
it.: 2048

Figure 6.7: CLSM images with complexes of unlabeled streptavidin and bDNA3 in the squares
and alexa fluor633 labeled PLL-g-PEG in the background. a) A rectangular area was photo-
bleached with the HeNe laser (λ = 633 nm, 2048 iterations). b) The subsequent hybridization
of DNA-tagged NBD-labeled vesicles was not affected by the photobleaching and no loss of
fluorescence was observed in the rectangular area .

a) b)

Figure 6.8: a) CLSM image of surface immobilized complexes of SA633 and bDNA3 including
photo-bleached areas. b) SEM image of surface immobilized 20 nm gold colloids (regions with
lower gold colloid density are the darker areas in the SEM image).



6.2. EXCHANGE ON THE SURFACE 101

iteration cycles. The photobleaching dose correlated with the amount of subsequently

immobilized gold colloids; darker areas in Figure 6.8b) corresponded to areas of lower

densities of hybridized gold colloids. Similar adsorption behavior of DNA-tagged gold

colloids could be observed when SA633 was substituted with streptavidin alexa fluor488

(results not shown).

6.2 Exchange on the Surface

In the latter part of the chapter the use of fluorescently labeled streptavidin as a ‘bio’-

photoresist was explored. Here, the re-activation the photobleached areas is presented.

We could show that a local exchange of streptavidin and vesicles was possible.

6.2.1 Exchange of Streptavidin

In this section, the streptavidin exchange on the surface is presented. The experiments

were performed using CLSM (experimental details in Section 3.2.5 and Section 3.2.5.1)

and OWLS (experimental details in Section 3.2.3 and Section 4.1.1.1).

Figure 6.9aI) shows the green and Figure 6.9aII) the red channel of a typical CLSM

image of micropatterned streptavidin alexa fluor488 (SA488) (experimental details in Sec-

tion 3.2.2.2) including a photobleached area. Then, the sample was exposed to SA633 (20

µg/ml) for 10 min and the same area was imaged again using the same microscopy set-

tings. There was no change observed in the green channel (Figure 6.9bI), while the rect-

angular showing up in the red channel was due to the adsorbed SA633 (Figure 6.9bII).

The SA488 was removed during the photobleaching process and the SA633 re-activated

the rectangular area. The observed low red intensity around the photobleached rectan-

gular area was attributed to the fact that upon focusing and imaging the whole square

was slightly photobleached which caused the removal of the SA488 and the subsequent

adsorption of the SA633.

Similar experiments were performed using OWLS. After modifying the waveguide

with PLL-g-PEG/PEGbiotin, a solution of SA and/or SA633 (20 µg/ml) was added to

the flow cell and one point was taken every 10 min for 1 h. Then, the solution was

replaced with HEPES 2 and the mass loss due to photobleaching was monitored con-

tinuously for certain hours. Finally, the chip was again exposed to a solution of SA
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aI)

bII)

aII)

bI)
SA633

SA488

Figure 6.9: aI) Red and aII) green channel of a CLSM image of squares created via the MAPL
method and further decorated with SA488 including a photobleached area. bI) and bII) show the
same area after exposure of the surface to SA633. The signal in the red channel was attributed to
a local exchange of SA488 with SA633.
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Figure 6.10: Sample curves monitored using OWLS. The green curve represents a control ex-
periment performed using PLL(alexa fluor633)-g-PEG. The photobleaching did not detach the
PLL(alexa fluor633)-g-PEG, shown by the stable curve over 16 hours. SA and SA633/SA (1/1)
was adsorbed onto the PLL-g-PEG/PEGbiotin coated waveguides for the blue and the red curve,
respectively. If only SA was adsorbed on the surface, a stable curve was monitored overnight
and no further SA adsorption was possible (blue curve). If SA633 was present on the surface,
the curve showed a first exponential decay upon exposure to the laser light indicating the loss
of SA633. After e.g., 16 h, it was not possible to adsorb BSA to the surface while SA adsorbed
(red curve). Furthermore, the mass of SA, which could be re-adsorbed after the SA633 modified
surface, is depicted (©).
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(20 µg/ml). The red curve in Figure 6.10 shows a example of such an OWLS experiment

where SA/SA633 = 1/1 was used. The decay rate of SA633 could be fitted using a single

exponential function. The time constant τ was found to be 346 min when only SA633 was

present on the surface and 528 min and 1440 min was determined for SA/SA633 = 1/1

and SA/SA633v= 3/1, respectively. These time constants were compared with the fit-

ted values from the second part of the vesicle/streptavidin detachment curves (sample

curve Figure 6.3). Single exponential fit of the second part of the detachment curves in

e.g., Figure 6.3 resulted in a τ value of 371 min and of 551 min if only SA633 and for

SA/SA633 = 3/1 was present on the surface, respectively. There is a good agreement

between the τ values if only SA633 was adsorbed to the surface indicating that first the

DNA double-strands were damaged, thus detaching the vesicles from the surface and then

the subsequent removal of SA633 was measured. The difference between the τ value for

SA/SA633 = 3/1 might be explained by the fact, that in one case only the SA633 removal

was measured, while in the other the removal of SA and vesicles was recorded simulta-

neously, leading to a different τ value. It might be that when the SA633 was not densely

packed on the surface, less 1O2 was produces, causing a less efficient detachment of the

vesicles, which is resulting in a mixed release of the vesicles and the SA633 after some

time.

In addition we observed that only SA, but not BSA, could be re-adsorbed, indicating that

the SA was specifically immobilized via the biotin/strepavidin linkage (Figure 6.10). The

mass of SA which could be re-adsorbed after the removal of the SA633 is plotted in Fig-

ure 6.10 (©, SA/SA633 = 1/1). At any time point it was possible to almost completely

re-adsorb the removed SA within 40 min.

The blue curve in Figure 6.10 represents a control experiment using unlabeled SA. In that

case, it was not possible to add any SA, also after exposure of the modified surface to

the laser light for several hours. Control experiments performed using PLL-g-PEG with

the fluorophore alexa fluor633 attached to the PLL chain (PLL(alexa fluor633)-g-PEG)

clearly showed that the dye did not interfere with the OWLS performance because the

monitored curve remained stable, also after recording for several hours.

In a next step, the site on the biotin/SA linkage, where the rupture during the laser

light exposure takes place, was investigated. There are four different breaking scenarios

possible: 1) the SA is removed but the biotin on the PEG chain remains active or 2) inac-

tive, 3) the SA and biotin are removed as a complex without the PEG chain or 4) including

at least part of the PEG chain. The performed CLSM experiments suggested the 2) or 3)

mechanism to be the most likely ones. The insert in Figure 6.11 shows CLSM images
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Figure 6.11: The possibility to refill the same photobleached area with SA488 (green) or SA
rhodamine (red) several times is shown. However, the amount of re-adsorbed streptavidin within
10 min was reduces with increasing number of photobleaching cycles. In the insert the procedure
for obtaining the SA488 curve is shown with sample CLSM images during the first cycle.

of a pre-patterned surface via the MAPL process including adsorbed SA488 and a photo-

bleached rectangular. Then, the sample was exposed to a solution of SA488 (20 µg/ml)

for 10 min. The same spot was imaged, photobleached and refilled several times. The

same experiment was repeated for streptavidin rhodamine. The intensity difference (sig-

nal of the bleached area or refilled area minus the background over the signal of the

unbleached area minus the background) of the photobleached and refilled state was com-

pared and plotted versus the number of photobleaching cycle (Figure 6.11). For both dyes,

the refilling with streptavidin was possible during the first cycle (60 % for streptavidin

rhodamine and 40 % for SA488) but it was not possible to bring the intensity in the pho-

tobleached rectangular back to 100 %. Admittedly, probably because the adsorption time

of 10 min was not long enough. Furthermore, the refilling capability was decreasing with

increasing the number of photobleaching cycles, indicating that the biotin was removed

or damaged during the photobleaching process. There were still enough biotin molecules

left on the surface after the first photobleaching cycle, allowing for a re-activation of the

area with SA. This experiment also showed, that the PEG chain were still present on the

surface. If not, the proteins would have adsorbed to the PLL or the bare surface in large

amounts. The explanation, that the photobleached SA488 molecules remain on the sur-
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face and are therefore blocking it, is not very likely. Mainly because it contradicts the

OWLS experiments which showed a loss in mass during the photobleaching process.

6.2.2 Exchange of Vesicles

In this part of the chapter we demonstrate that not only streptavidin but also larger nano-

objects such as vesicles could be locally exchanged by using fluorescently labeled strep-

tavidin as ‘bio’-photoresist. Figure 6.12 represents an experiment which showed the pos-

sibility to exchange NBD-labeled 50 nm vesicles with rhodamine-labeled 50 nm vesicles

locally on the surface. In a first step, MAPL pre-patterned substrates were further dec-

orated with complexes of SA633 and bDNA1. Rectangular areas were photobleached

into the squares using the HeNe laser (λ = 633 nm). Images were taken in three chan-

nels: the red channel for the alexa fluor633 dye, the green channel for the NBD dye

and the orange channel for the rhodamine dye (Figure 6.12 from the left to the right).

There was no crosstalk between the channels detected (Figure 6.12a). The microscopy

settings were kept constant for all the different steps. NBD-labeled cDNA1-tagged 50 nm

POPC vesicles were selectively adsorbed using the DNA-DNA interaction (Figure 6.12b).

The vesicles did neither adsorb to the background nor to the photobleached areas (square

on the right) as already shown in Figure 6.6bI). Two circular areas were photobleached

into the left square using the HeNe laser (λ = 633 nm). The intensity loss happened

not only in the red, but also in the green channel indicating the removal of the vesicles

(Figure 6.12bII). In a next step, the four photobleached areas were re-activated by adsorb-

ing complexes of unlabeled SA and bDNA4. Finally, rhodamine-labeled cDNA4-tagged

50 nm POPC vesicles could be selectively immobilized to the re-activated areas via the

DNA-DNA interaction. Figure 6.12c) confirmed that the second kind of vesicles only

attached to the photobleached area without non-specific adsorption in the background or

to the other parts of the squares. The intensity in the circles was probably weaker because

the remaining vesicles on the surface were hindering the re-activation by SA and bDNA4

and subsequently less vesicles were added.

Control experiment showed that the NBD dye could not be photobleached using the

HeNe laser (λ = 633 nm) which further supports the fact that the vesicles were removed

upon photobleaching of the alexa fluor633 dye (results not shown). Furthermore the pho-

tobleaching of the NBD dye of vesicles which were surface immobilized to complexes of

unlabeled SA and bDNA showed fading of the dye, but neither re-adsorption of SA nor of

vesicles was observed (results not shown). However, in order to test whether the vesicles
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a)

c)

bII)
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SA633 + bDNA

Vesicle (NBD) + cDNA

Vesicle (rhodamine) + cDNA

Figure 6.12: CLSM images demonstrating the exchange of vesicles on a MAPL pre-patterned
surface. Three independent channels are shown: the red channel for the alexa fluor633 dye, the
green channel for the NBD dye and the orange channel for the rhodamine dye (from the left to
the right). a) Red squares of surface-immobilized complexes of SA633 and bDNA1 including
two photobleached areas are shown. There was no crosstalk between the different channels
observed. bI) The selective immobilization of the NBD-labeled cDNA1-tagged vesicles showed
up in the green channel. The vesicles did not adsorb to the background or the areas where the
photobleaching had occurred (see square on the right). bII) Subsequent photobleaching of the
alexa fluor633 dye attached to the streptavidin did also lead to an intensity reduction in the green
channel demonstrating the removal of the vesicles (see square on the left). c) The photobleached
area was re-activated using complexes of unlabeled SA and bDNA4. Then rhodamine-labeled
vesicles tagged with cDNA4 could be immobilized to these areas, showing the local exchange of
the vesicles on the surface.
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were removed or not, AFM experiments should be performed. The CLSM only showed

that no re-activation was possible which might have many reasons among them that the

vesicles were removed, but the DNA remained damaged on the surface and was blocking

any attempts to re-adsorb molecules.

6.3 Conclusions and Outlook

In this chapter, we described a novel method that allows us to modify DNA-tagged

nano-objects and biomolecules on surfaces, in situ, using laser light. We have strong

indications, that reactive oxygen species created during photobleaching of surface-

immobilized fluorophores disrupt the hybridization ability of single-stranded DNA and

the biotin–streptavidin binding. This destructive effect could be minimized by using

buffer which contained the natural antioxidants (vitamin C and glutathione) used in the

body to neutralize the reactive oxygens.

The light-induced manipulation enables direct control over the density of surface-

immobilized DNA-tagged nano-objects such as vesicles and gold colloids either by vary-

ing the light intensity to which the dyes were exposed to or the number of fluorophores

present on the surface. Moreover, we showed that not only bDNA attached to SA633, but

also bDNA attached to unlabeled streptavidin in the proximity of SA633 (without bDNA)

could be damaged resulting in a reduction of adsorbed mass of DNA attached vesicles.

Furthermore, vesicles immobilized via DNA, could be detached from the surface by laser

light when the fluorescent-labeled streptavidin was used as linker in the multistep surface

modification. The highest possible decay speed was found to occur already when 25 w%

of the streptavidin had a fluorescent dye attached. These experiments gave first insights

into the kinetics of the process during which the reactive oxygens are most likely damag-

ing the double-stranded DNAs which are therefore falling apart and releasing the vesicles

from the surface. However, the influence of different DNA strand lengths or mismatches

in the sequences needs to be investigated. We also have no information about the state of

the released vesicles; whether they are intact or broken. Furthermore, so far it remains

unclear what the underlying detailed biochemical process of the vesicle and actually also

SA detachment from the surface is. It would be for instance interesting to replace the

DNA with peptide nucleic acid (PNA) [241] to investigate if the light-induced damage

still happens. The difference in composition might help to identify the point of attack of

the reactive oxygens. In addition, PNA, unlike DNA, does not have charged phosphate
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groups in the backbone which makes the PNA/DNA interactions stronger than DNA/DNA

interactions. This might result in very different kinetic properties during the probable de-

tachment process. Although we were testing different buffer compositions, the buffering

agent remained always HEPES. Therefore other buffers such as phosphate buffered saline

(PBS) or 3-(N-morpholino)-propanesulfonic acid (MOPS) should be tested if the same

damaging effect to the DNA is observed.

The fluorescently labeled streptavidin in the multistep surface modification can be

used as ‘bio’-photoresist. Especially, the possibility to re-activate the photobleached areas

by streptavidin or complexes of streptavidin and bDNA makes fluorescently-labeled SA

an interesting surface-engineering tool, which e.g., enabled the exchange of NBD-labeled

vesicles with rhodamine-labeled ones on the surface. In addition, continuous nanolines of

gold colloids could be disconnected at selected locations by removing the particles locally

with laser light. Moreover, the technique could be applied to dynamic cell studies since it

can be done in situ in aqueous solution without the need of UV light; not only could any

kind of structure be generated but also in situ delivery of biomolecules to cells might be

possible.

Although this in situ surface modification method, in combination with nano- and

micropatterning techniques like MAPL, provides a novel generic platform technology

that has a great potential in different fields of biotechnology, it has possible consequences

on the widely spread microarray technology where fluorophore-based detection methods

are used. For instance nowadays DNA microarray technology visualizes the interaction of

the DNA strands via a fluorescent dye. Our observations are now opening up the questions

whether the way of detection is influencing the results. We have observed an impact on

the DNA upon exposure of a dye to light, although the dye was not directly attached to the

DNA, but at the linker molecule SA. It is justified to ask if the known challenge to perform

quantitative microarray studies is originating from a possible influence of the fluorescence

with the hybridization behavior of the probes. Currently it remains only a suspicion.

There are more experiments needed in order to discover whether the suggestion turns out

to be right or wrong. Similar experiments as described within this chapter, but with the

fluorescent dye attached to the DNA should be performed. Furthermore, other systems

i.e., antibody-antigen interactions should be investigated if their specific recognition is

affected when the fluorescent label is exposed to laser light.

It depends a lot on the point of view whether the damaging effect of the labeled strep-

tavidin to the DNA and the protein itself is advantageous or disadvantageous. It might
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cause people to reconsider well-established so-called non-destructive detection methods

in biology based on fluorescent dyes. However, from the surface-engineering point of

view it is an extremely interesting novel idea, to have a tool which allows to interact with

the surface modification while a biological experiment is ongoing.



CHAPTER 7

Nanostructure Supported Lipid Bilayers

The importance of membrane proteins and the challenges, which are involved in investi-

gating them and their interaction with other biomolecules, has been pointed out several

times in this thesis. For instance, Chapter 4 presents a potential platform for the creation

of a heterogenous membrane protein microarray based on an extension of a vesicle array

and fluorescence as detection method. There, vesicles are supposed to be the carriers of

the membrane proteins and DNA is used as linker to the surface. However, there are other

promising approaches which might serve as sensitive sensing platform for membrane pro-

teins such as ion channels and ion pumps [242]. In nature, the potential gradient across

the cell membrane is established and controlled by these proteins. Ion channels allow

for a passive, though selective [243–245], diffusion of ions across the membrane while

ion pumps are actively (with energy input) creating and upholding the potential gradi-

ents across membranes of living cells. Supported lipid bilayer (SLB) with incorporated

ion channels on a conductive substrate is a model system which enables the investigation

of the protein’s activity by electrically measuring the ion transport through the channels

[246, 247]. Though this approach is auspicious, it suffers from a sensitivity issue which is

caused by ion accumulation underneath the channels when a potential is applied. Further-

more, the proper function of the ion channel could be affected by its close proximity to

the surface. Moreover, the creation of an electrically insulating membrane with long-time

stability is challenging [248]. The addition of a polymer cushion [249, 250], a protein

layer [251] or a self-assembled monolayer [252] underneath the membrane, or the use of

lipopolymer tethers [253, 254] is only partly overcoming these problems.

Black lipid membranes (BLM) [255], painted phospholipids over a hydrophobic aperture

(size usually smaller than 1 mm), were successfully used to address biologically relevant
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questions, among them the ion channel formation in phospholipid bilayer by e.g., peptides

[256]. Recently, Ogier et al. [257] have combined BLM with micromachined supports

for sensing of membrane proteins with large extra-membraneous segments. However, the

BLM-based approach is limited by the short life time of the membrane, the difficulty to

modify the membrane chemically or the small number of detection methods applicable,

usually electrical detection or light microscopy.

First trials to use self-positioned giant charged liposomes as gigaohm seals over micron-

sized holes in a silicon nitride diaphragm for single ion channel sensing were reported

[258]. The formation of a free-standing membrane in a microfluidic channel [259] or

approaches to span membranes over nanotopographies are two novel ideas for sensing

platforms which are emerging into the field of electrical sensing of membrane proteins.

These ideas have the potential to overcome the mentioned sensitivity problems, i.e., nano-

topographies provide free space underneath the channels which can serve as reservoir for

the ions. Furthermore, the 3D structure of the protein is not affected if positioned over

a pore or groove. There are a only a few successful attempts, where free-standing mem-

branes were created on top of nanostructured surfaces, reported in literature. Insulating

pore-spanning lipid bilayers on top of porous alumina has been presented [260]. The

successful preparation of suspended lipid bilayers over nanotextured surfaces [261] or on

mesoporous silicon substrates [262] has recently been claimed.

In this chapter we present a feasibility study to created free-standing membranes via

vesicle fusion either by varying the membrane conditions or by nano-engineering the

surfaces. We tried to find conditions, which favor the spanning (Figure 7.1a) of the mem-

brane over the direct contact to the underlying nanotopography (Figure 7.1b). Section 7.1

reports on the creation of supported lipid bilayer consisting of DPPC (phase transition

temperature (Tm) of 41◦C) and DOPC on flat SiO2 substrates (experimental details in

Section 3.1.5). Such membranes are expected to be more likely to form a free-standing

membrane over a nanotopography due to the higher stiffness caused by the DPPC lipids.

The results which involve the formation of a SLB on a silica nanostructure by fusion of

POPC vesicles is presented in Section 7.2. Section 7.3, the last part of the chapter is

introducing a surface-engineering concept, where we are trying to take advantage from

the fact, that under the right conditions (presence or absence of calcium ions), phos-

phatidylserine (PS) containing vesicles can be fused into supported lipid bilayers depend-

ing on the underlying substrate (TiO2 or SiO2) [32]. Furthermore, a PEG-based poly-

mer i.e., poly(alkyl-phosphonate) PEG [43], which is selectively adsorbing onto TiO2
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Figure 7.1: Schematic of the two possible scenarios how a SLB can interact with a silica nano-
topography; either a free-standing SLB can be formed (a) or the membrane is following the
underlying structure (b).

surfaces, will be incorporated into the surface modification in order to further favor the

creation of free-standing membranes.

7.1 Supported Lipid Bilayer Containing DPPC Lipids

The characterization of the creation of supported lipid bilayers (SLB) containing DPPC

lipids via vesicle fusion is presented in this section. A membrane, which contains lipids

in the ordered gel phase, where the hydrocarbon chains are fully extended and closely

packed i.e., DPPC lipids, might be more likely to span over silica nanostructures than a

bilayer in the liquid crystalline phase, where the hydrocarbon chains are randomly ori-

ented and fluid, i.e., DOPC. Furthermore, DPPC is the single most abundant constituent

of lung surfactant, and therefore of interest for medical research concerning respiratory

diseases [263].

There are different factors known to influence the pathway or the kinetics of the bi-

layer formation. The pH, the substrate, the temperature of fusion in relation to Tm of the

vesicles or the lipid composition are parameters which affect the capability of vesicles
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to fuse into bilayers [32, 210, 264–267]. For instance, the ionic strength was found to

mainly influence the vesicle fusion capability in low concentration regimes [264], while

it affects the transition kinetics for vesicles into bilayer in the high concentration regimes

(< 100 mM) [210]. An exception is the presence of Ca2+ ions which play an essential

role during the bilayer formation process already in low millimolar concentrations by

bridging negatively charged surface sites and lipid molecules [32, 268]. Furthermore, the

substrate can favor one of the so far identified pathways for vesicle fusion: 1) a criti-

cal vesicle concentration on the surface is needed prior to fusion as e.g., on SiO2 [198]

or 2) vesicles fuse immediately after adsorption to the surface as e.g., on mica [269].

There is a study published in literature where the fusion of DPPC and 1,2-Dimyristoyl-

sn-Glycero-3-Phosphatidylcholine (DMPC) depending on the buffer composition and pH,

vesicle concentration, temperature, and lipid composition was investigated [266]. For our

purpose, the creation of a SLB containing DPPC lipid, we were using a mixture of DPPC

and DOPC lipids. DOPC lipids were used because it is know that vesicles consisting of a

mixture of DOPC and DOPS lipids can selectively form a bilayer on silica in the absence

of Ca2+ ions. This selectivity might probably be preserved for vesicles containing DPPC

lipids in addition to DOPC and DOPS. The bilayer formation process was investigated at

a fixed vesicle concentration of 250 µg/ml, at pH = 7.4 in Ca2+ buffer (details in Sec-

tion 3.1.1). The Ca2+ containing buffer was used because it has been found that these

ions are promoting the vesicle fusion [32, 268]. In a first attempt we were focusing on

the creation of a SLB containing DPPC lipids, although the oxide selectivity of the bi-

layer formation is lost when Ca2+ ions are present. The parameters we were varying was

the temperature at fusion and the lipid composition of the vesicles (DPPC/DOPC = 3/1

(75 w% DPPC), 5/1 (83 w% DPPC) and 7/1 (87.5 w% DPPC), preparation details in

Section 3.1.5.1). The study was performed by Quartz Crystal Microbalance with Dissi-

pation (QCM-D, experimental details in Section 3.2.4) and Fluorescence Recovery After

Photobleaching (FRAP, experimental details in Section 3.2.5.2).

QCM-D experiments showed that the fusion behavior of DPPC/DOPC vesicles de-

pended on the temperature (Figure 7.2) and the composition of the vesicles (Figure 7.3).

A frequency change of -25 Hz and a change in dissipation of 0.8·10−6 of a silica coated

crystal was monitored upon the exposure to a solution containing 50 nm vesicles consist-

ing of DPPC/DOPC = 3/1 at 40◦C (above Tm of the vesicles) in Ca2+ buffer, indicating a

SLB formation (Figure 7.2a) and b), red curve). The exact Tm of the vesicles was not de-

termined, therefore even a lower temperature for the fusion into a SLB might be feasible.

However, if similar experiments were performed at 25◦C, the formation of a mixture of a
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vesicle layer and a SLB was observed (Figure 7.2a) and b), blue curve). Similar results

have been reported by Seantier et al. [266] when using mixtures of DPPC and DMPC

vesicles. They found that bilayer formation happened best at ∼10◦C above Tm of the

vesicles. Below Tm, a mixture of a vesicle layer and a SLB was observed. Their find-

ing is in good agreement with our observations. The subsequent increase in dissipation

(and less pronounced decrease in frequency) for DPPC/DOPC = 3/1 at 25◦C after going

through a minimum (Figure 7.2a) and b), red curve) is attributed to vesicle adsorption

and rupture ongoing in parallel due a heterogeneous vesicle population which has mem-

bers with different fusion capabilities. It should be pointed out, that in the case presented

here, the measured maximum in dissipation and the minimum in frequency were much

larger then for e.g., DOPC vesicles [268]. Especially the dissipation change at 40◦C of

DPPC/DOPC = 3/1 was found to be six times higher then for DOPC or DMPC/DPPC

vesicles [266]. Unlike the previous study by Seantier et al. [266], the maximum in dis-

sipation and the minimum in frequency was increasing with increasing temperature. The

system investigated here, seems to be very dissipative. This fact might be explained by

the fusion of the vesicles into giant vesicles either already in solution or on the surface

prior to fusion.

Furthermore, subsequent heating up of a layer formed at 25◦C to 40◦C did not fuse the

vesicles into a complete bilayer. The impossibility to transform a vesicle layer into a bi-

layer by heating up has previously been observed using POPC and egg-PC vesicles [210].

Figure 7.3 shows the change in frequency (∆f) and dissipation (∆D) of SiO2 coated

crystals upon exposure to a solution of vesicles (50 nm) consisting of different composi-

tions of DPPC and DOPC lipids in Ca2+ buffer at 40◦C. No complete SLB formation was

observed for more than 83 w% of DPPC in the vesicles e.g., DPPC/DOPC = 7/1 led to

∆f = -38 Hz and ∆D = 4.3·10−6 (Figure 7.3a) frequency change and Figure 7.3b) dissipa-

tion change). Similar bilayer formation capabilities were observed by QCM-D for DPPC

containing vesicles of a diameter of 100 nm.

The QCM-D experiments were further confirmed by a FRAP study. Figure 7.4 shows

FRAP experiments performed on silica substrates after their exposure to 50 nm vesicles

consisting of DPPC and DOPC. The fusion was performed in Ca2+ buffer at 40◦C within

15 min and the FRAP experiment was done at room temperature. Smooth and mobile

SLBs were formed from vesicles having 75 w% DPPC and 25 w% DOPC lipids with a

diffusion coefficient of 3.5·10−8 ± 1.3·10−8 cm2/s (Figure 7.4a). If the vesicles contained

83 w% (Figure 7.4b), 90 % recovery) or 87.5 w% (Figure 7.4c), 45 % recovery) DPPC
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Figure 7.2: QCM-D sample curves monitored upon the exposure of a silica coated crystal to
a vesicle solution of DDPC/DOPC = 3/1 at 25◦C (blue curve) and at 40◦C (red curve) in Ca2+

buffer. SLB formation was observed only at the elevated temperature.
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Figure 7.3: Frequency (a) and dissipation (b) changes of a silica coated crystal upon the exposure
to vesicles of DPPC and DOPC in different composition ratios in Ca2+ buffer at 40◦C. Vesicles
could be fused into bilayer if less than 83 w% DPPC lipids were present in the vesicles.
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a) c)b)

DPPC/DOPC = 3/1 DPPC/DOPC = 7/1DPPC/DOPC = 5/1

Figure 7.4: Fluorescent microscopy images of SLBs which were fused from vesicles consisting
of DPPC and DOPC (a) 3/1, b) 5/1, c) 7/1 in Ca2+ buffer at 40◦C and imaged at room tempera-
ture. DPPC/DOPC = 3/1 led to a smooth and mobile bilayer while for DPPC/DOPC = 5/1 or 7/1
a bilayer with large blobs was observed.

lipids, a mobile SLB and large blobs were observed. The size of the clumps was increas-

ing with increasing amount of DPPC lipids in the vesicles. These fluorescent microscopy

images did not look similar to images presented e.g., in [32] for a layer containing 50 nm

vesicles. However, if these large blobs are not just vesicle agglomerations, they might be

attributed to fused vesicles adsorbed to the surface. This observation might further sup-

port the hypothesis that the vesicles are fusing together prior to SLB formation which has

been mentioned before in order to explain the large changes in dissipation and frequency

observed by QCM-D (Figure 7.2).

The fact that a different critical lipid composition, at which a complete SLB forma-

tion was observed, was found by QCM-D and FRAP might be explained with experi-

mental discrepancies. Especially the temperature control in the liquid cell for the FRAP

experiments has turned out to be challenging. This incertitude might explain why a lower

amount of DPPC lipids in the vesicles was enough to disturb the complete fusion into a

SLB.

7.2 Vesicle Fusion on SiO2 Nanotopographies

In a fist attempt, we were interested into the effect of a silica nanostructure on the bilayer

formation by vesicle fusion of ‘simple’ vesicles i.e., POPC vesicles. If a free-standing

membrane could be created this way, complicated surface-engineering processes such as

the creation of a metal oxide contrast could be avoided. Furthermore, POPC vesicles and

the parameters which are influencing the bilayer formation are well-investigated. There-

fore the study can be focused on the interplay between the vesicles and the nanostructured
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substrate.

The substrates, which were used to investigate the interaction between a silica nanotopo-

graphy and POPC vesicles, were produced via EUV-IL as described in Section 3.2.2.5.

Figure 7.5a) shows an example of a contact mode AFM image of such a nanostructure

with a periodicity of 200 nm in HEPES 2. Well-defined nanogrooves with a flat top part

were observed (Figure 7.5b). The exact height could neither be estimated from the pro-

cess parameters due to many unknown variables nor measured by AFM because of the

high aspect-ratio of the structure. The ratio between the flat top and the groove was varied

by changing the dose to which the PMMA was exposed during the X-ray illumination.

Force-distance curves performed in liquid showed that there was no specific interaction

between the tip and the surface as expected (Figure 7.5c).

Figure 7.6a) shows a contact mode AFM image of a silica nanostructure upon exposure

to 100 nm POPC vesicles in HEPES 2 for 10 min. The formation of a SLB was observed,

proven by the possibility to scratch the surface using the AFM tip. An example is shown

in the close-up on the right side of Figure 7.6a). The scratches, perpendicular to the slow

scan axis in the AFM image, had a height of 4 nm which corresponded to the height of

a lipid bilayer [270] (Figure 7.6b). If the force between the surface and the AFM tip

was increased, the number of scratches was also increasing. Upon force reduction, the

scratches were disappearing (‘healing’) due to the mobility of the bilayer. However, there

was no change in height perpendicular to the line direction observed which indicated, that

no free-standing membrane was present. Force-distance curves recorded on such surfaces

further confirmed the presence of a SLB. The shape of these curves was in agreement

with a model presented by Richter et al. [270]. The kink in the monitored curve while

approaching the tip to the surface is attributed to the penetration of the tip into the lipid

bilayer (showing up a scratches in the imaging mode of the AFM) (white line in Fig-

ure 7.6b). The observed small interaction force when retracting the tip from the surface

was caused by the interaction of the lipid bilayer with the tip (yellow line in Figure 7.6c).

In order to further investigate the interaction of vesicles with a silica nanostructured

surface, FRAP experiments in HEPES 2 were performed using NBD-labeled POPC vesi-

cles of a diameter of 50 nm ( Figure 7.7a) and 400 nm (Figure 7.7b). Figure 7.7aI) shows

a CLSM image of a surface with silica nanostructured areas (rectangular areas of higher

intensities) in a flat background. The higher intensity in the nanostructured area was at-

tributed to the fact, that the bilayer followed the underlying nanostructure leading to an

increase of the fluorophore density per unit area. FRAP experiments performed at the

border of the nanostructured and the flat areas proved the presence of a mobile bilayer
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Figure 7.5: a) A contact mode AFM image in HEPES 2 of nanostructured silica created via
EUV-IL and subsequent etching is shown. b) Line scan of the nanostructure perpendicular to
the lines showed well-defined nanogrooves with a flat region on top. The AFM tip could not
reach the bottom due to the high aspect-ratio of the structure. c) An example of a force-distance
curve recorded on such an surface, which showed no specific interaction of the tip with the silica
surface is shown.
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Figure 7.6: a) A contact mode AFM image in HEPES 2 of nanostructured silica after exposure
to 100 nm POPC vesicles is shown. The close-up presents a bilayer with scratches. b) A line scan
on top of nanostructure showed the presents of the bilayer; the AFM tip could scratch the bilayer,
indicated by the 4 nm height steps. c) An example of a force distance curve, which showed the
expected specific interaction with the tip and the bilayer on the surface.
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Figure 7.7: Fluorescent microscopy images of the same silica substrate consisting of nanos-
tructured areas (rectangular) in a flat background upon exposure to 50 nm (a) and 400 nm (b)
NBD-labeled POPC vesicles. a) A mobile SLB was formed on the whole surface and the higher
intensity in the nanostructured (rectangular) areas indicated, that the membrane was following
the nanostructure. The results of a FRAP experiment performed at the the border of a nanostruc-
tured area and the flat background right after photobleaching (aII) and after full recovery (aIII)
are shown. bI) The higher intensity in the background was attributed to the presence of a vesicle
layer, while a SLB was formed in the nanostructured (darker) areas. The results of a FRAP ex-
periment performed within the rectangular (nanostructured) area right after photobleaching (bII)
and after full recovery (bIII) are presented. (The microscopy settings were adjusted.)

in both regions (full recovery after 8 min, Figure 7.7aII) and Figure 7.7aIII). There were

some indications that POPC vesicles of 400 nm diameter showed a favored formation of

SLB in the nanostructured areas, while in the background many large blobs, most likely

vesicle agglomerates, were detected (Figure 7.7b). FRAP experiments performed on the

nanostructured area demonstrated the presence of a mobile SLB (full recovery after 8

min, Figure 7.7bII) and Figure 7.7bIII). FRAP experiments performed in the background

showed the presence of a mobile bilayer, but with many immobile clumps. (Note the mi-

croscopy settings were changed between Figure 7.7bI) and Figure 7.7bII)/Figure 7.7bIII).

The results for 100 nm POPC vesicles were similar to the ones observed for 400 nm vesi-

cles. The high intensity of the blobs in the background did not enable the judgment about

the state of the membrane similar to the 50 nm vesicles. Although the presented results
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are giving already first indications that nanotopographies might affect the bilayer forma-

tion behavior, there are many more experiments needed, i.e., testing different substrate

materials or other kind of vesicles. Roughness in general should not be a crucial factor

per se, since it is possible to form SLB on ultra-flat mica and on silica surfaces, admit-

tedly by different pathways [269]. There are two different very speculative hypotheses

which might explain the SLB formation favored by a nanotopography. On the one hand

the vesicles could be more deformed upon adsorption to the nanostructure which might

induce their rupture. On the other hand, the patterned areas might be selective for vesicles

which are prone to rupture. Many of the 400 nm vesicles are multilamellar if produced

via extrusion. That could indicate that surfaces, having different effective surface area for

different liposomes (diameter and bending modulus cause by the multilamellarity), could

have different sticking coefficients for them.

Although the presence of a SLB on silica nanostructured surfaces was shown, no

clear indication of a free-standing membrane could be found. Neither the use of larger

POPC vesicles in either HEPES 2 or Ca2+ buffer nor the use of DPPC/DOPC vesicles

enabled the formation of a membrane that could span over a nanostructured surface, but

a SLB which was in direct contact with the surface topography was obtained (as depicted

in Figure 7.1a).

7.3 Novel Surface-Engineering Strategy for the Creation
of a Free-Standing Membrane

Since a silica nanostructured surface did not enable the formation of a spanning mem-

brane, we suggest a novel strategy based on a nano-engineered surface which favor the

creation of a free-standing bilayer over the direct contact to the underlying structure. The

idea is based on the fact, that PS containing vesicles can selectively interact with SiO2 and

are repelled by TiO2 in the absence of Ca2+ [32] (Figure 7.8). Nanostructured metal oxide

surfaces can be produced base on the Selective Molecular Assembly Patterning (SMAP)

method [134] which was extended to the nanorange via colloidal lithography [271] or

via EUV-IL. Substrates prepared by colloidal lithography have the advantage that most

of the surface is homogenously modified, while EUV-IL creates spatially-defined nanos-

tructured areas, which makes the investigation by AFM or CLSM not easy since a search

for a nanostructured area is required. Most of the nanostructures should consist of TiO2,
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which is repelling the vesicles under certain conditions, while only a small layer of SiO2

should remain on top of the structure when looking at the cross-section of the nanotopo-

graphy. Though this top layer should be thin, it is crucial that the underlying TiO2 is still

entirely coated with silica in order to allow for a controlled SLB formation. Two exam-

ples of nanostructured surfaces created via colloidal lithography are shown in Figure 7.9

imaged by AFM. Figure 7.9a) represents triangular pores created using 2 µm latex beads

and subsequent etching of the underlying substrate and removal of the beads. The white

particles on the surface are most likely remaining parts of the latex beads. Figure 7.9b)

shows silica pillars in a TiO2 background produced by 2 µm latex beads and subsequent

etching of the beads and the substrate. Admittedly, these pores or pillars are most likely

too large to allow for the creation of a free-standing membrane from vesicles of 50 - 200

nm in diameter. However, the use of 500 nm beads is overcoming the size issue, but these

smaller structures are more difficult to fabricate. There are two potential scenarios when

such a nanostructured surface is exposed to a solution of DOPC/DOPS vesicles in the

absence of Ca2+. This configuration should allow for the creation of a SLB on the silica

coated parts of the surface, while the vesicles are repelled from the TiO2 coated areas.

Either SLB patches, which are not connected with each other, on the silica layer (Fig-

ure 7.8a) or a probably sagging free-standing membrane (Figure 7.8b) might be formed.

The thickness of the top silica layer is likely to be a crucial factor for the degree of sagging

of the membrane and subsequently of the success to create a spanning SLB. The adsorp-

tion of a PEG-based polymer, which selectively binds to TiO2, might further favor the

creation of a free-standing membrane by preventing the access of the vesicles to the bot-

tom surface. Moreover, the polymer is transparent for ions which is of central importance

if such a nano-engineered surface should be used as a sensor platform for the electrical

characterization of ion channels.

In a first attempt we wanted to know whether the presence of a vesicle layer or a SLB

could be identified by AFM upon the interaction of vesicles with such nano-engineered

surfaces. Figure 7.9c) shows 100 nm DPPC/DOPC = 3/1 adsorbed at 25◦C in Ca2+

buffer on the silica pillars. Surprisingly, there was no vesicle adsorption to the TiO2

background observed, which could not be explained so far. The presence of a SLB in

the background is not very likely because TiO2 coated QCM-D crystals exposed to 100

nm DPPC/DOPC = 3/1 showed a vesicle adsorption and not a SLB formation at room

temperature. SLB formation on top of the silica pillars is presented in Figure 7.9d) upon

exposure of a nanostructured surface to 100 nm POPC vesicles in HEPES 2. The presence

of the SLB was proven by the scratches with a height of 4 nm (black line in Figure 7.9d).
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Figure 7.8: Schematic of three possibilities how a SLB could be formed on a nanostructure
consisting of two different metal oxides (TiO2 on the bottom, SiO2 on top). a) Individual island
or b) a free-standing membrane fused from DOPC/DOPS (20 < PS < 50 [w%]) vesicles in
the absence of Ca2+ supported by the silica areas of the surface are possible scenarios. c) A
polymer e.g., poly(alkyl-phosphonate) PEG, could be selectively immobilized on TiO2 which
might further favor the creation of a free-standing SLB.
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Figure 7.9: Contact mode AFM images recorded in buffer solution. a) A nanostructure of
triangular pores (∼500 nm) created via colloidal lithography by using 2 µm latex beads and
subsequent etching of the underlying silica and removal of the beads is shown. b) SiO2 pillars
in a TiO2 background created via colloidal lithography and subsequent etching of the underlying
substrate and the beads is presented. c) 100 nm vesicles of DPPC/DOPC = 3/1 adsorbed at
25◦C in Ca2+ buffer showed an unexpected vesicle adsorption only on the pillars. d) A bilayer
formation on top of the silica pillars was observed by exposing such a surface to 100 nm POPC
vesicles in HEPES 2. A vesicle layer in the background could not be clearly identified.
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Figure 7.10: Fluorescent microscopy images of a nanostructured surface created via colloidal
lithography (Figure 7.9b) upon exposure to 100 nm DOPC/DOPS vesicles (8/2) in the absence
of Ca2+ ions (EDTA buffer). The border between a nanostructured and a flat areas is shown.
The FRAP experiments showed that only a semicircle could be photobleached (a) which was
recovering (b).

The expected formation of a vesicle layer in the background could only be suspected,

because the reliable imaging of the background was disturbed by the presence of the

pillars.

Figure 7.10 presents a FRAP experiment performed on the border between a nanos-

tructured region as shown in Figure 7.9b) and a flat area after exposure to NBD-labeled

100 nm DOPC/DOPS (8/2) vesicles in the absence of Ca2+ ions (EDTA buffer). Such

a set-up enables the SLB formation on silica, but the vesicles are repelled by TiO2 [32].

The predicted result was a photobleachable SLB on the surface, which does no show any

recovery because only individual membrane patches on top of the silica pillars were ex-

pected to be formed (scenario in Figure 7.8a). The use of 1 µm silica pillars in a distance

of 1 µm in combination with 100 nm vesicles was not expected to enable the creation

of a free-standing membrane. Figure 7.10a) shows that only a semicircle was possible

to be photobleached and only there recovery was observed (Figure 7.10b). The detected

recovery of the fluorescence was very surprising and had to be attributed to the presence

of a mobile - free-standing? - SLB present on the nanostructured area of the surface. Fig-

ure 7.10 points out most of the problems which one comes across when making a FRAP

study on such nanostructured substrates. The origin of the bright green area on the bottom

of the image which could not be photobleached is not yet identified, but makes the perfor-

mance of reproducible FRAP experiments challenging. The difficulty is not coming from

the fact that photobleaching was not possible which could be attributed to the absence of
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vesicles or a SLB, but from the high detected intensity. In the case presented here, the

bright green areas were identified to be the flat parts (TiO2). However, if smaller features

are used, their imaging by microscopy is not possible anymore. Moreover, there had been

substrates observed, which showed up bright green including the underlying structure,

but photobleaching was not possible. The reason for that is so far unknown. We can only

speculate that probably the etching process during the fabrication caused the creation of

a unexpected layer (fluorine-based?) which shows autofluorescence and is most likely

repelling the vesicles.

7.4 Conclusions and Outlook

We were reporting on the first results to form a free-standing SLB on a nano-engineered

surface. The parameters needed to form a SLB on a flat silica surface of DPPC and

DOPC were determined. Such a membrane might be easier to span over a nanostructure

due the higher stiffness caused by the DPPC lipids which are in the gel phase at room

temperature. The temperature and lipid composition, which allows for the fusion of vesi-

cles containing DPPC into a SLB on a flat silica surface, were found to be 40◦C and

DPPC/DOPC = 3/1, respectively. Furthermore, AFM and FRAP studies showed the pres-

ence of a SLB of POPC (or DPPC/DOPC), which is in direct contact with the underlying

silica nanostructure. First feasibility tests to create a free-standing membrane on a topog-

raphy of a metal oxide contrast of SiO2 and TiO2 did not yet show any consistent results.

However, especially FRAP experiments showed first, unexpected, indications of spanning

of a membrane on silica pillars.

While FRAP results can be used to prove the presents of a mobile bilayer, the un-

derlying structure can not always be resolved due to the nanosize of the features. AFM

enables the resolution of the nanotopography, but the identification of the condition of the

membrane on the surface is not easy to judge. Reasons for that are e.g., unforseen inter-

actions of the tip with the membrane or the roughness of the surface when down-scaling

the features. In a next step, glass slides instead of Si wafer substrates will be used which

will allow for the performance of AFM and FRAP experiments on the same sample in

parallel. Furthermore, the incorporation of a polymer, which is selectively adsorbing to

TiO2 i.e., poly(alkyl-phosphonate) PEG [43] on the nano-engineered surface and the in-

teraction of this polymer with different vesicles will be investigated in more details. So

far we only know, that the polymer immobilized onto TiO2 rendered the surface resistant
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towards the adsorption of DOPC/DOPS, POPC and DPPC/DOPC vesicles. Moreover,

if such a surface should have the potential to be used for electrical sensing of ion chan-

nels, the substrate has to be electrically conductive. Therefore, TiO2 has to be replaced

with e.g., gold or indium tin oxide (ITO). If the scenario presented in fig 7.8c) should

be achieved, a polymer which is selectivly adsorbing to gold or ITO e.g., poly(propylene

sulfide-block-ethylene glycol) (PPS-PEG) [40] needs to be incorporated.

The potential importance of a nano-engineered surface which allows for the creation

of a free-standing membrane for electrical sensing of the activity of ion channels is indis-

putable. However, the surface/set-up has to fulfil many strict requirements among them

the permanent wet state during the experiment or the small sizes (below 100 nm) of the

features in order to enable the formation of an electrically insulating free-standing mem-

brane.



CHAPTER 8

Controlling and Visualizing the Fusion of Myoblasts

How to best stimulate the regeneration of human tissues is a key concern of the western

world where the average age of the population steadily increases concomitantly with the

financial burden that advanced age-related infirmities place on our social welfare systems.

Chronic heart failure is one of the most widely-spread diseases affecting many peo-

ple in our society already in younger ages. The so-called myoblast therapy has attracted

the interest of stem cell researches concerned with tissue regeneration [272]. Damaged

heart tissue might be recuperated if myoblasts, the progenitor cells of adult skeletal mus-

cle (from leg muscles, for instance), are directly injected into the area of cardiac trauma.

Unlike cardiac myocytes, myoblasts can replenish their pools as well as regenerate lost

contractile tissue. In addition, patients suffering from muscular dystrophy [273] or uri-

nary incontinence [274] might profit from the injection of myoblasts in areas of damaged

skeletal or smooth muscle, respectively. Although this therapy is promising, more needs

to be known about how myoblasts form myotubes and how they are influenced by their

environment. Myoblasts, unlike most other available cells, fuse their membranes to form

multi-nuclear tubes, which makes them the most accessible model system for studying

membrane fusion [275]. Figure 8.1a) gives an example of proliferating myoblasts, orig-

inated from mesenchymal stem cells, which, after alignment (Figure 8.1b) and changing

of the medium, fused to form myotubes (Figure 8.1c). Unlike most cell types, the mem-

brane of myoblasts have negatively charged phosphatidylserine (PS) in their outer leaflets

which is thought to be a key issue for their fusion capability [276]. Furthermore, it is

known that the presence of Ca2+ ions is required for the fusion process [277]. However,

the details about the structural re-arrangement of the membrane are still mysterious. One

reason for the paucity of information might be that this process happens in the nanometer



130 8. CONTROLLING AND VISUALIZING THE FUSION OF MYOBLASTS

a) b) c)

Figure 8.1: Proliferating myoblasts (a) were aligning themselves (b) and subsequently fused
into myotubes (c).

range, making the visualization of it challenging. In the recent years, the Atomic Force

Microscope (AFM) has found a place in biology, enabling researchers to follow in situ

cellular processes in fine details [278, 279] as well as to measure elastic properties of

living cells [280–284].

Unlike cell growth in classical (non-structured) tissue culture dishes, cell orienta-

tion and position within a tissue must be well defined in order to function e.g., nerve

or muscle fibers. The recent decades have brought major advances in our understand-

ing of how cell interaction with the extracellular nano- and micro-environment influences

cell survival and differentiation [285–287]. A single cell array opens up the possibil-

ity to analyze every cell individually, circumventing the statistical errors associated with

examining random cell cultures. However, when unrestrained, cells typically grow in

tight neighbor-associations, enabling paracrine, autocrine and mechanical ‘communica-

tion’ between members of a colony, a process that is suppressed in single cell arrays.

There are many ways to create surfaces consisting of cell adhesive areas on a non-

interacting background. More details about how to render surfaces bio-resistant can be

found in Section 1.1.1. Softlithography [288] or photolithography [134, 135] are two

techniques which were successfully applied to passively position cells onto predefined

areas on the surface. Active positioning of a cell on the surface may be done manually

by using optical tweezers [289], for instance. Recently, nanopatterns have proven to be

successful for addressing biological questions concerning cell-substrate interactions. The

reasons for ‘going nano’ and some techniques to engineer surfaces in the nanorange are

reviewed in more details in Section 1.2.

In the first part of this chapter we report on the in situ examination of the myoblast

fusion using AFM (for experimental details see Section 3.2.7) and Confocal Laser Scan-

ning Microscope (CLSM, Section 3.2.5) (Section 8.1).

The interaction of individual myotubes with their environment can be investigated using

controlled alignment of cells. Moreover, such aligned tubes can serve as scaffold for other
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cells. We have made minor modifications to the micropatterning process used to pattern

vesicles (Chapter 4) and gold colloids (Chapter 5) in order to align myoblasts and subse-

quently myotubes onto protein micropatterns (Section 8.2).

Microfluidic devices enable the investigation of small areas of the coverslip in distinct

micro-environments, allowing for changes in shear flow speed or drug content, in indi-

vidual streams. By doing so, the unavoidable variation between different samples can be

circumvented. The cultivation of myoblasts within a microfluidic device similar to the

one used in Section 4.3 is presented in Section 8.3.

8.1 Real-Time Examination of Cell Fusion

Using an in vitro AFM approach we have been able to follow the fusion events of aligned

myoblasts and discern local reorganization of the membrane-associated cytoskeletal net-

work at points of apposition in fusing cells. Figure 8.2 represents a time series where every

20 min an image was recorded. The left side shows the error signal images and the right

side the height information. Specifically, tubular complexes of membrane-cytoskeleton

appeared shortly following alignment that connected fusing myoblasts and then grew

in girth and number as fusion proceeds to completion, usually in two to three hours.

Although AFM allowed for the detailed visualization of the tubular connections, their

biochemical origin cannot be definitely identified. Our current hypothesis is that these

tubular structures arise from a complex of proteins containing Annexin VII as a key com-

ponent. The Annexins are a class of protein fusion-regulators that bind phosphatidylser-

ine (PS) in a calcium-dependent manner and have putative calcium-channel capabilities

[290, 291]. Initial microscopic experiments support a role for Annexins in myoblasts

fusion. Figure 8.3 shows transmission (aI) and bI) and fluorescent (aII) and bII) mi-

croscopy images of fusing cells which were exposed to a solution containing Annexin

V (phycoerythrin-labeled) for 20 min prior to fixation. The fluorescent staining of the

myoblasts was successful (Figure 8.3aII) and a localization of the Annexins in the tubular

structures at the points of connection could be identified (Figure 8.3bII) in agreement with

results reported in literature [276]. However, it has also been shown that high concentra-

tions of exogenously applied Annexin V suppresses myoblasts fusion [276], possibly by

interfering with the binding of endogenous Annexin VII with its natural membrane targets

in the process of creating the fusion protein-membrane complex.
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Figure 8.2: Time series (one image is recorded every 20 min) showing two living myoblasts
fusing together in situ recorded by AFM in CO2 independent medium at 37◦C. The left side
represents the error signal and the right side the height information. The re-arrangement of
the membrane-associated cytoskeletal network was observable in many details. First, tube-like
connections between the two cells were formed, and ∼2-3 h later a continuous membrane was
developed.
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aI)

bII)bI)

aII)

Figure 8.3: Transmission (aI) and fluorescent (aII) microscopy images of fusing, Annexin V
(phycoerythrin-labeled) labeled fixed myoblasts. The close-up (transmission bI) and fluorescent
bII) indicated a localization of the Annexin V in the tubular complexes formed at the points of
connection.

8.2 Alignment of Myoblasts

Figure 8.1c) shows a light microscopy image of myotubes cultivated in a standard cell

culture dish. Though the individual tubes are clearly identifiable, their random arrange-

ment makes extrapolation of this process to functional tissue production unlikely; in the

animal, myotubes are stereotypically aligned to generate effective forces.

In this part of the chapter we are presenting an approach which allows for the orienta-

tion of myoblasts, and consequently of the resulting myotubes on chemical microstripes.

The process, which creates protein lines in a cell-resistant PLL-g-PEG background, is

described in detail in Section 3.2.2.3. The Molecular Assembly Patterning by Lift-off

(MAPL) process [135] was successfully applied on 170 µm thin glass slides with an

adapted lift-off process. The fluorescent microcopy image in Figure 8.4a) shows well-

defined photoresist stripes (auto-fluorescence of the photoresist) which could be trans-

formed into lines of rhodamine labeled PLL-g-PEG upon adsorption of the polymer and

the complete stripping-off of the photoresist (Figure 8.4b). Figure 8.4c) shows stripes of
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Figure 8.4: CLSM images of an adapted MAPL process is shown. a) A photoresist pattern
on silica glass slides is presented. b) Immobilization of rhodamine labeled PLL-g-PEG and
subsequent lift-off of the photoresist led to well-defined polymer stripes with no remaining resist
in the background. c) Fluorescent image of rhodamine labeled BSA immobilized between the
PLL-g-PEG lines including a photobleached area and a line scan.

unlabeled PLL-g-PEG and rhodamine labeled BSA. No difference between the intensity

of the photobleached region and the background could be detected for the immobilized,

labeled BSA, indicating that no proteins were adsorbed in the background.

Two different extracellular adhesion molecules that have been proven to support my-

oblasts growth on artificial surfaces, namely laminin and fibronectin, were compared for

their compatibility on our engineered surfaces. Myoblasts grown on 150 µm fibronectin

and laminin stripes separated by 150 µm PLL-g-PEG lines are shown after 48 h in Fig-

ure 8.5a) and Figure 8.5b), respectively. Based on 4 samples each, there is an indication

that the fibronectin patterns preserved pattern fidelity for longer (max. time tested: 4 days)

as the bridging of myoblasts between the lines was less pronounced with substrates con-

ditioned with this extracellular matrix protein. This fact might be attributed to the trophic

and motility-promoting properties of laminin [292], which promotes cell proliferation and

subsequent cell migration to such an extent that they are forced to cross the typically non-

adhesive environment of the PLL-g-PEG coated surface. Moreover, this result provides

further evidence that PLL-g-PEG, is not only non-adhesive, but also not toxic to cells.
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Figure 8.5: Myoblasts patterned onto fibronectin (a) and laminin (b) imaged after 48 h. The
fibronectin pattern could better preserve its fidelity.

Fibronectin stripes of different widths (20 µm, 50 µm, 70 µm) separated by 150 µm

intervals of PLL-g-PEG treated substrate, were tested for their ability to support linear

myoblasts alignment (Figure 8.6a). It appeared that a line width of 20 µm was too narrow

to support efficacious myoblasts attachment and directed growth, because after only 24 h

(Figure 8.6bI), many cells were bridging between the protein patterns and commencing

to inhabit the PLL-g-PEG background. After 48 h most of the patterned structures were

overgrown with myoblasts (Figure 8.6bII). The optimal platform for aligning myoblasts

was clearly the 50 µm wide fibronectin stripes; after 24 h (Figure 8.6cI) and 48 h (Fig-

ure 8.6cII) the pattern fidelity was preserved on 50 % of the sample. Strangely, a stripe

width of 70 µm turned out to be less effective in aligning myoblasts than the 50 µm lines,

but still better than the 20 µm lines after both 24 h (Figure 8.6dI) and 48 h (Figure 8.6dII).

Although preliminary, there is some indication that a periodicity in optimal stripe width

for cell attachment and alignment exists that appeared to coincide with units of average

cell width of ∼15 µm when aligned. Specifically, 20 µm and 70 µm might not have

provided enough available space for the side-to-side alignment of myoblasts pairs, lead-

ing to forced outgrowth of odd’ cells from the stripes in an attempt to make appropriate

(side-to-side) contact. A 50 µm fibronectin stripe, on the other hand, enables comfortable

alignment of two myoblasts in an aligned configuration.

Upon replacement of growth medium for differentiation medium, the aligned my-

oblasts fused into myotubes that maintained the orientation of the originally aligned my-

oblasts. Figure 8.7 shows light microscopic images of myotubes originating from 50 µm

and 70 µm fibronectin lines, respectively. The 50 µm fibronectin stripes gave the best
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Figure 8.6: Different widths of fibronectin patterns embedded in a PLL-g-PEG background were
tested for their performance during cell growth (a). Myoblasts grown on 20 µm (b), 50 µm and
(c) 70 µm wide fibronectin lines separated by 150 µm of PLL-g-PEG were investigated after
24 h (bI), cI) and dI) and 48 h (bII), cII) and dII). The 50 µm wide stripes could best preserve
the pattern fidelity.
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Figure 8.7: Myotube alignment on 50 µm (b) and 70 µm (c) wide fibronectin patterns separated
by PLL-g-PEG. The smaller stripe width allows for the orientation of individual myotubes (b).

global alignment, exhibiting only rarely cross-bridging of myotubes across the PLL-g-

PEG barrier - a likely consequence of the more efficacious alignment of myoblasts under

these conditions (Figure 8.6). Although the general direction of myotube alignment was

still observable on the 70 µm wide lines, there were many more incidences of cross-

bridging and typically at least two tubes per line.

It has to be pointed out that the PLL-g-PEG region of the pattern remained resistant to

cell adhesion for at least 7 days, unlike the claimed instability of surfaces patterned via

the MAPL process made in a previously published study [293]. When evaluating stability

issues of patterns, the size ratio between the cells and the structure probably has to be

taken into consideration.

Control experiments have shown that the patterning process did not affect the cell

growth in unexpected ways. The photoresist patterned glass slide, coated with fibronectin,

enabled myoblast adhesion and growth, proving that there were no cell toxic substances

remaining from the clean room process on the surface. Furthermore, the lift-off process

was not interfering with the cell cultivating, as the PLL-g-PEG cell-resistant barrier re-

mained on the surface. It has to be mentioned, however, that unexpected cell patterns

were observed when the photoresist was not entirely removed. This fact was unveiled by

immobilizing PLL-g-PEG onto a photoresist patterned substrate. After the lift-off of the

resist, PLL-g-PEG, instead of proteins, was adsorbed. The surface was then exposed to
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a solution of fibronectin and then myoblasts were seeded upon it. It was expected that

no cells should adhere. However, some areas of the substrate show cell growth in lines

surrounded by an area with no cell adhesion, unlike substrates where fibronectin was ad-

sorbed in the second step, which showed patterned areas or areas entirely covered with

cells. These cell pattern patches were attributed to areas where the lift-off protocol did

not succeed.

8.3 Combining Myoblasts and a Microfluidic Device

In the recent years, microfluidic devices have increasingly attracted the interest of those

working in the field of cellomics (drug discovery based on cell assays) [294, 295]. One

advantage of using microfluidic devices is the possibility to strictly control the fluid en-

vironment over discrete regions of cultured cells [296, 297], opening up the possibility

for high throughput analysis of several classes of cellular responses in a single device and

on identical cells. For instance, such devices have been used to examine the controlled

growth of neurons [298] or myotubes [299].

In this part of the chapter, we present the successful cultivation of myoblasts inside of a

microfluidic device. The device was adapted from the one presented in Section 4.3 Fig-

ure 4.13. Unlike the previously used system, we were not using a crossed channel but

a single one with the same dimensions and gravitation flow. In the first test presented

here, we were successfully growing myoblasts inside the microfluidic channel. Figure 8.8

shows light microscopy images of myoblasts grown inside of a PDMS channel after 1 day

(Figure 8.8a) and after 4 days (Figure 8.8b). The change of the culture medium in the

channel every 24 h has turned out to be suitable for the establishment of a myoblast layer

with ∼60 % confluency after 4 days.
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a)
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4 d

Figure 8.8: Myoblasts cultivated inside of the microfluidic channel imaged after 1 day (a) and 4
days (b).

8.4 Conclusions and Outlook

We have monitored the fusion of myoblasts in real time using AFM. Initially, membra-

nous tubular structures formed at the points of contact between aligned myoblasts that

subsequently grew in number and girth until the two cells ultimately become united. Pre-

liminary experiments suggested that these tubular structures are very likely to possess

an Annexin family member as part of their fusion apparatus. Although this preliminary

study gave a first insight into the details of how the membrane-associated cytoskeleton

is re-organized during the fusion process, there are still many unanswered questions: 1)

what cyctoskeletal elements are implicated?; 2) what is the role of calcium in the fusion

process?; 3) which specific Annexin member(s) is/are involved in the fusion process of

myoblasts?; and 4) which other accessory proteins, or enzymes, are also recruited to the

myoblasts fusion apparatus? Obviously, a more thorough investigation of the function

of Annexin during the fusion process is needed. The use of an antibody against Annexin

VII, and its visualization via a conjugated secondary antibody, instead of labeling the cells

with Annexin V will allow for a more reliable study concerning the composition of the

tubular structures at the points of contact. Furthermore, a detailed knowledge about the

distribution of the PS during the fusion process, from the first contact until the finished

formation of the myotube, might be obtained.

Elastic modulus changes of the membrane during the fusion process, or the stiffness of

the myotube surface, might be measurable by AFM. In addition, it might be possible to

visualize, for the first time, the different units of a living myotube e.g., the sarcomeres by

AFM.
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The alignment of myoblasts and subsequent formation of myotubes was possible.

50 µm fibronectin coated lines separated by PLL-g-PEG turned out to be the most effec-

tive surface modification for the creation of oriented single myotubes. Future experiments

should clarify the exact line widths that best favor the well-controlled alignment of a pre-

defined number of myotubes.

The successful cultivation of myoblast for 4 days inside of a microfluidic device has

been demonstrated. Subsequently, the ability of shear stress to align the cells on homoge-

nous substrates will be explored. Questions such as the alignment behavior depending

on the flow speed or depending on the stream composition will be addressed. Further-

more, line pre-patterned surfaces incorporated into the fluidic channel are opening up the

possibility to individually address single myotubes for fast parallel screening.

The combination of AFM, fluorescent microscopy, patterning and micro-engineering

has the potential not only to unveil the general mechanism how myoblasts are turning into

multinuclear myotubes but also to investigate the reaction of individual myotubes to their

micro-environment. The gained knowledge offers novel concepts which might in future

make e.g., the myoblast therapy accessible to a larger number of patients.
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Conclusions and Outlook

There is a need for sensitive and selective biosensors which can screen blood samples

with high throughput for e.g., early detection of diseases in order to make personalized

medial care real.

In this thesis we presented a universal patterning platform which enables the cre-

ation of micron- and nanosized structures of vesicles, gold colloids and myoblasts for

biosensing applications. The basis of this universal platform is the creation of active areas

in an inert background of PLL-g-PEG. These active patches were either biotinylated for

vesicle or gold colloid patterning or coated with extracellular adhesion molecules for my-

oblast alignment. A single-stranded DNA array was created by adsorbing complexes of

streptavidin and biotinylated DNA to the biotinylated areas on the surface. Subsequently,

vesicles or gold colloids tagged with the complementary DNA could be selectively hy-

bridized to the surface. Based on the knowledge we gained from the characterization

of the multistep surface modification on homogeneous substrates, the creation of a het-

erogenous functional vesicle microarray was possible (Chapter 4). Furthermore we could

down-scale the platform into the nanorange for the selective positioning of single gold

colloids via DNA into dot and line arrays (Chapter 5).

Our approach fulfills many of the requirements a successful biosensor needs. The back-

ground of PLL-g-PEG was resistant towards all the nano-objects we were adsorbing, be-

ing they proteins, vesicles or gold colloids. This is very important for a sensitive biosensor

which gives selective responses. Moreover, a non-interacting background enables the ad-

sorption of low abundant proteins only to the active sensing elements and prevents their

loss in the background e.g., for nanowire-based biosensing a main issue. DNA is a very

promising nano-engineering tool thanks to its stability and selectivity. Researchers can
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benefit from this molecule by using DNA as linker between the surface and a nano-object.

One of the main advantages of this linkage concept is that a mixture of different kinds of

nano-objects tagged with different DNA strands can be immobilized via surface-sorting

in order to create heterogeneous arrays and fragile biomolecules such as membrane pro-

teins incorporated into vesicles, remain in aqueous solution. Vesicles and gold colloids

are two interesting nano-objects for biosensing applications. Vesicles provide the natural

environment for membrane proteins and can be permanently tagged with DNA via the

maleimide-thiol linkage. Nobel metal colloids e.g., gold colloids, are auspicious novel

labels for optical biosensing thanks to their unique properties in the nanorange. More-

over, gold colloids can be arrayed into electrically conductive wires and as such serve as

biosensors.

What remains to do? The incorporation of ion channels or G-protein coupled receptors

into vesicles and then the creation of a heterogenous array via DNA-assisted surface-

sorting is a major challenge which is currently investigated in more details by Marta Bally

at ETH Zurich.

Furthermore, we successfully demonstrated that the gold nanowire array was conduc-

tive in air. However, the conductivity change upon addition of biomolecules needs to

be proven in physiological buffer conditions. This and many other aspects which might

affect the sensitivity of such a nanowire array e.g., the colloid diameter or the colloid

material, is at the moment analyzed by Robert MacKenzie at ETH Zurich. The selective

modification of individual wires or a set of them might be the next step in order to allow

for high throughput screening of biological agents. A fluidic device, similar to the one

presented in Chapter 8, might enable the controlled decoration of the active sensing ele-

ments with biomolecules. However, for this delicate task, the fluidic device will need to

be further developed, mainly the incorporation of valves and more control over the flow

rate and stream position is required. In addition, a nanowire array is sensitive to biochem-

ical changes and as such can also be potentially useful for cell studies, e.g., the activity of

neurons could be monitored [300].

One advantage of using gold colloids instead of the well-established fluorescent dyes as

label is the higher chemical stability which eliminates problems with photobleaching. Al-

though is was shown that the absorption wavelength of the gold colloids upon exposure

to light depends on the dielectric environment and is changing upon binding of proteins

[88], there is not yet a lot known about e.g., influences coming from neighboring coupling

effects. Takumi Sannomiya at ETH Zurich is currently looking into this in order to exper-

imentally and theoretically identify the optimal sensitivity of different arrangements of
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gold colloids when they are interacting with light with respect to wavelength shifts upon

changes in the environment. Furthermore, we are also interested in the combination of

vesicles and gold colloids [301]. Gold colloids attached to vesicles, either specifically

via DNA or non-specifically, might be a novel optical biosensing approach for membrane

proteins. At the moment the characterization of the interaction between the vesicles and

the gold colloids is ongoing. The possibility to bind gold colloids, with or without a

polymer coating, specifically to the vesicles via DNA is under investigation and provided

promising initial results.

Additionally, there are different sensing approaches being compatible with the platform

presented in this thesis. The creation of an enzymatic biosensor based on this multistep

surface modification is currently explored by Dorothee Grieshaber at ETH Zurich [302].

The aim is to provide a sensitive platform for early cancer detection using electrical sens-

ing. Enzymes which are directly immobilized onto the surface, either non-specifically or

via a linker, are prone to denaturation or reduced accessability and are therefore losing

their full activity. The incorporation of the enzymes into vesicles brings them in close

proximity to the surface in their natural environment. The immobilization of vesicles

tagged with different DNA strands onto different spots via surface-sorting onto a micro-

electrode array might enable the creation of a heterogenous enzymatic biosensor.

We explored the possibility of using fluorescently labeled streptavidin as ‘bio’-

photoresist in the multistep surface modification (Chapter 6). We identified that the under-

lying mechanism is based on reactive oxygens which are created during photobleaching.

Furthermore, we characterized the kinetics of the adsorption and detachment behavior of

streptavidin and vesicles depending on the amount of fluorophores present on the surface.

The local exchange of streptavidin and vesicles on the surface was successfully demon-

strated.

Although we learnt a lot about the mechanism which is damaging/removing the DNA and

the streptavidin, there remain many open questions. Among them are whether this is only

true for DNA or can also affect antibody-antigen interactions. Furthermore, the photo-

chemical process which is ongoing has to be unveiled. Besides the basic investigations,

more applications should be explored. The combination with the nanowires might enable

their interconnection with larger colloids. The impact of reactive oxygens which are cre-

ated in a controlled location of a cell might give more insight about how cells are affected

by them and what role the environment mainly the different antioxidants are playing. Fur-

thermore, in situ uptake of functionalized vesicles by cells might be feasible, assuming

that the vesicles are not destroyed upon their release from the surface.
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From the surface engineers point of view this novel patterning concept is very interesting

since it fulfils the need for a tool which can in situ in aqueous solution interact with pre-

patterned surfaces. However, there might be also an impact on the well-established and

widely used detection of biomolecular interactions by fluorescence which is considered

as non-destructive at the moment.

Chapter 7 is reporting on the possibility to create a free-standing membrane via vesi-

cle fusion on a nanotopography for electrical sensing of ion channels. Although the goal

could not be achieved within this thesis, the potential and the challenges of the nano-

engineered surface were pointed out.

The successful alignment of the myoblasts and their growth inside of a microflu-

idic device including the in situ observation of the cell - cell fusion process by AFM is

presented in Chapter 8. The device and the methodology opens up the possibility to inves-

tigate cells at different length scales: small changes in their membrane in the nanorange

can be in situ visualized and the interaction of a multinuclear myotube with its micron-

environment can be studied (Chapter 8).

To conclude, there are many contributions of this work to a sensitive biosensing plat-

form which might find applications in the future personalized medical care. The three

highlights are the following. First, we can control our surface modification from the large

micrometer range down to dimensions which are approaching the size of proteins which

are the individual building blocks of life i.e., we can position individual gold colloids (20

- 50 nm) on a pre-defined spot on the surface. Second, we, for the first time, managed to

created a heterogenous functional vesicle array via DNA-assisted surface-sorting which

is straight forward to adapt for membrane proteins. Third, we discovered a phenom-

ena which can cause damage to streptavidin and DNA just by light illumination, which

is not only a fascinating surface-engineering tool, but which might also have an impact

on nowadays well-established so-called non-destructive fluorescent detection methods in

biology.
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