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Abstract

Cells are the smallest living units of life. Their ability to assemble allows for the

formation of tissues and organs in multicellular organisms. The formation of a multi-

cellular organism as well as maintaining it are two mechanisms that are predominantly

regulated by the cells’ capability to interact with each other and with their extracellu-

lar matrix. These interactions are complex and highly regulated processes, which play

a crucial role in numerous fundamental cellular functions such as motility, prolifera-

tion and differentiation. They are primarily controlled by cell adhesion, which is an

important cellular mechanism that is chiefly mediated by cell adhesion molecules such

as integrins.

In this work, I present two novel approaches that enable a control of cell adhesion.

The first approach provides a static spatial control while the other offers a reversible

dynamic control at both cell- and molecular levels. In the first approach, a static

control of cell adhesion is enabled by a biocompatible microstructured interface that

accommodates an additional pattern of quasi-hexagonally ordered gold nanoparticles.

The superposition of these two structures to generate a so-called micronanostructure

is highly advantageous in numerous applications. For instance, changing the surface

pattern of nano- and microstructured biofunctionalized substrates has a large impact

on the adhesion of living cells. Thus, the ability of micronanostructures to spatially

control surface patterns makes them eminently suitable interfaces for controlling cell

adhesion at the micro- and nanometer level. The production of the micronanostruc-

tures has been realized using both photolithography and Block-Copolymer Micelle

Nanolithography (BCML). First, the microstructured substrate has been prepared in a

two-step photolithography process. Then, it has been followed by a subsequent BCML

step to deposit the gold nanoparticles. The combination of particle self-assembly and

the pre-structured patterns offers a controlled allocation of gold nanoparticle distribu-
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tions, i.e. it is possible to obtain different interparticle spacings on adjacent segments

of the same substrate. This novel strategy is a promising method for fabricating regu-

lar metallic nanopatterns on various types of substrates for a wide range of applications

that demand a controlled allocation of nanostructures. Examples include DNA chips,

nanowires and optically active nanocoatings.

Despite the spatial control offered by this approach, it neither resembles nor reflects

upon the dynamic behavior of cells in vivo as it provides a static and stable interface.

To overcome this limitation, I present a second approach that allows a rapid, re-

versible and dynamic way of controlling cell adhesion. The reversible switching in this

approach has been fulfilled using two different surface chemistries, both of which are

based on using light-responsive azobenzene molecules, which are capable of switch-

ing between two isomeric states, namely trans and cis. These azobenzenes have been

biofunctionalized with RGD (Arginine-Glycine-Aspartate) peptides and immobilized,

alongside a biologically inert monolayer of polyethylene glycol (PEG), onto glass sur-

faces. The first surface type modulates cell adhesion through UV illumination, which

triggers a switching of the thermally stable trans isomer to the cis configuration. This

isomerization leads to immersing the RGD peptide into the nonadhesive PEG back-

ground. A subsequent illumination with visible light yields a thermal reversion into

the trans configuration, which makes the RGD available again for cellular binding.

This method embodied a true and rapid reversibility of cell adhesion as confirmed

by studies carried out using atomic force spectroscopy. However, this method has

the inconvenience of needing two wavelengths to perform a two-way switching. This

shortcoming can be overcome using a slightly different surface chemistry for providing

a dynamic reversible switching of cell adhesion, which is based on using the push-

pull type of azobenzenes. These azobenzenes offer an intriguing and unconventional

method that allows the system to be set reversibly between two phases using a single

wavelength within the visible spectrum. The first phase is a state of rapid trans/cis

switching of the push-pull azobenzene that takes place during exposure to a 530 nm

light, which induces an oscillation of the azobenzene. The second phase is set once

the light is switched off, which seizes the oscillation of the push-pull azobenzene and

leads to a complete resetting of the trans configuration. This oscillation significantly

reinforced cell adhesion forces and increased the gene expression of proteins involved

in focal adhesion clusters. The results from these studies provide a significant mile-

stone in understanding and regulating cellular mechanosensory mechanisms through

molecularly-controlled mechanical stimuli at both cell and molecular levels.
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The interfaces presented in this thesis provide novel concepts for controlling cell

adhesion. They pave the way toward understanding unexplored properties of cell

adhesion as well as designing innovative functional biomaterials.
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Zusammenfassung

Zellen sind die kleinsten lebenden Einheiten, die das Leben ausmachen. Ihre Fähigkeit

sich anzuordnen ermöglicht die Entwicklung von Geweben und Organen zu mehrzelli-

gen Organismen. Die Bildung von Organismen und deren Erhalt werden vorwiegend

dadurch reguliert werden, dass Zellen mit anderen Zellen und mit ihrer extrazellulären

Matrix interagieren. Diese Wechselwirkungen sind komplexe und streng regulierte

Prozesse, die eine entscheidende Rolle für zahlreiche fundamentale zelluläre Funktio-

nen spielen. Dazu gehören die Zellbeweglichkeit, Proliferation und Differentiation.

Sie alle werden maßgeblich durch die Zelladhäsion gesteuert, die vornehmlich durch

Zelladhäsionsmoleküle, wie Integrine, gesteuert wird.

In dieser Arbeit stelle ich zwei Ansätze vor, die es ermöglichen die Zelladhäsion

zu kontrollieren. Der erste Ansatz bietet eine statische, räumliche Kontrolle der

Zelladhäsion, während der zweite Ansatz eine reversible, dynamische Kontrolle auf

zellulärer und molekularer Ebene erlaubt. Im ersten Ansatz wird die Zelladhäsion

durch eine biokompatible, mikrostrukturierte Grenzfläche kontrolliert, die mit einem

zusätzlichen Muster von quasi-hexagonal angeordneten Goldnanopartikeln ausgestat-

tet ist. Die Überlagerung dieser beiden Strukturen zu sogenannten Mikronanostruk-

turen hat starke Vorteile für zahlreiche Anwendungen. Zum Beispiel hat die Änderung

des Oberflächenmusters von nano- und mikrostrukturierten, biofunktionalisierten Sub-

straten einen gro̊aen Einfluss auf das Adhäsionsvermögen lebender Zellen. Folglich

macht die räumliche Kontrolle der Anordnung von Goldnanopartikeln durch Mikro-

nanostrukturen sie zu besonders geeigneten Grenzflächen zur Kontrolle der Zelladhäsion

im Mikro- und Nanometermaßstab. Die Herstellung der Mikronanostrukturen wurde

durch die Verwendung von Photolithographie in Kombination mit Block-Copolymer-

Mizell-Nanolithographie (BCML) möglich. Zunächst wurde dafür das mikrostruk-

turierte Substrat in einem aus zwei Schritten bestehenden photolithographischen Prozess
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hergestellt. Anschließend wurden Goldnanopartikel mit Hilfe von BCML abgeschieden.

Die Kombination der Selbstorganisation von Goldnanopartikeln in den mikrostruk-

turierten Substraten führt zu einer kontrollierten Verteilung der Goldnanopartikel in

einer Mikronanostruktur. Auf diese Weise ist es möglich, unterschiedliche Partike-

labstände auf benachbarten Mikro-Abschnitten desselben Substrates zu erzielen. Diese

neuartige Strategie ist eine vielversprechende Methode um regelmäßige, metallische

Nanopartikelmuster auf einer Vielzahl von unterschiedlichen Substraten zu erzeugen.

Dies ist für alle Anwendungen relevant, die eine kontrollierte Verteilung von Nanopar-

tikeln voraussetzen. Beispiele hierfür sind DNA Chips, Nanodrähte und optisch aktive

Nanobeschichtungen.

Obwohl obiger Ansatz eine räumlichen Kontrolle der Zelladhäsion liefern kann,

kann er nicht das dynamische Verhalten von Zellen in vivo nachbilden, da er auf

einer statischen und unveränderlichen Grenzfläche beruht. Um diese Einschränkung zu

überwinden stelle ich einen zweiten Ansatz vor, der die Zelladhäsion reversibel und dy-

namisch kontrolliert. Das reversible Schalten wird durch zwei unterschiedliche Azoben-

zolsorten umgesetzt. Hierfür werden lichtgesteuerte Azobenzol-Moleküle verwendet,

die zwischen den cis- und trans-Isomeren geschaltet werden können. Die Azobenzole

wurden durch Abscheiden auf einer Glasoberfläche immobilisiert und anschließend mit

RGD (Arginin-Glycin-Asparaginsäure) biofunktionalisiert. Die Zwischenräume wur-

den mit einer biologisch inerten Monolage aus Polyethylenglykol (PEG) aufgefüllt.

Die erste Azobenzolsorte moduliert die Zelladhäsion durch UV-Strahlung, welche das

Schalten des thermisch stabilen trans-Isomers in die cis-Konfiguration auslöst. Diese

Isomerisierung führt dazu, dass das RGD-Peptid in die nicht haftende PEG Umgebung

eintaucht. Eine anschließende Belichtung mit sichtbarem Licht schaltet das Molekül

in die trans- Konfiguration zurück, die das RGD erneut für Zellen zugänglich macht.

Wie Studien mit dem Rasterkraftmikroskop belegen bietet diese Methode eine effektive

Möglichkeit, um die Zelladhäsion schnell hin- und herzuschalten. Allerdings benötigt

diese Methode zwei verschiedene Wellenlängen. Dieser Nachteil wird umgangen, in-

dem eine andere Azobenzolsorte, ein sogenanntes push-pull-Azobenzol, verwendet

wird. Dieses ermöglicht das dynamische, reversible Schalten der Zelladhäsion mit nur

einer Wellenlänge. Dieser Ansatz stellt eine faszinierende, unkonventionelle Methode

dar, um durch die Benutzung einer einzigen Wellenlänge des sichtbaren Spektrums

die Oberfläche reversibel zwischen zwei Phasen zu schalten. Die erste Phase ist ein

Zustand einer schnellen trans/cis Oszillation der push-pull Azobenzole bei Belich-

tung mit Licht der Wellenlänge 530 nm. Die zweite Phase beginnt sobald das Licht

ausgeschaltet wird. Dann erfolgt keine Oszillation der push-pull Azobenzole und
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der Ausgangszustand, die trans-Konfiguration, ist wieder hergestellt. Die Experi-

mente zeigten, dass die Oszillation der Azobenzole die Zelladhäsionskräfte signifikant

verstärkt. Ebenso konnte eine Erhöhung der Genexpression von Proteinen, die für die

Bildung von Fokalkontakten wichtig sind, nachgewiesen werden. Die Ergebnisse dieser

Studien gelten als Meilenstein in Bezug auf das Verständnis und die Regulierung des

zellulären Mechanosensing durch molekular kontrollierte, mechanische Stimuli auf der

zellulären und molekularen Ebene.

Die in dieser Arbeit erforschten Grenzflächen stellen neuartige Konzepte zur Kon-

trolle der Zelladhäsion vor. Sie ebnen den Weg für ein künftig besseres Verständnis von

bislang unerforschten Eigenschaften der Zelladhäsion, ebenso wie für die Entwicklung

von innovativen funktionellen Biomaterialien.
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Chapter 1
Introduction

1.1 Biological background

1.1.1 Cell adhesion

A cell is the smallest living building block in living creatures. Their ability to as-

semble and reproduce allows for the formation of tissues that build up to create an

organism1. One of the most crucial cellular activities that triggers numerous cell func-

tions is cell adhesion. Generally, cell adhesion can be divided into two forms: Cell-cell

and cell-extracellular matrix adhesion2. They are both highly complex processes that

are involved in many activities such as cell motility, differentiation and apoptosis (pro-

grammed cell death). Cell adhesion mediates cell guidance as well as its anchorage

to the appropriate location inside the body. Therefore, cellular adhesive interactions

play a major role in the construction and maintenance of living organisms2. Cell

adhesion is mediated by membrane-bound cell adhesion molecules (CAMs) such as in-

tegrins, cadherins and selectins3,4. These transmembrane proteins interact with their

extracellular ligands through structural affinity, which is realized through a molecular

recognition mechanism between the receptors and their ligands5. Individual bonds

formed during proteinprotein interactions, e.g., Van der Waals interactions, hydropho-

bic interactions, hydrogen bonds, and electrostatic interactions, are several orders of

magnitude weaker than covalent bonds and are continuously competing with thermal

energy. However, the relative weakness of specific bonds opens many possibilities for

cells to easily manipulate the strength of their adhesion dynamically3. The cell-cell

and cell-extracellular matrix interaction points, so-called cell junctions, are mediated
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2 1 Introduction

via cell membrane receptors, which serve as signaling molecules that enable a cell to

”communicate” with its surrounding2.

1.1.2 Cell junctions

Cell junctions are specialized regions of connection that occur in all tissues between

either two cells or a cell and its Extracellular Matrix (ECM). There are three classes

of junctions: Occluding junctions, communicating junctions and anchoring junctions2.

An occluding junction can be found in an epithelium, where two cells are sealed to-

gether and a strong barrier is formed through which even small molecules cannot leak

from one side to the other. Communicating junctions facilitate chemical and electrical

signal-transmitting between two interacting cell partners2. As for anchoring junctions,

they provide a mechanical attachment of a cell (and its cytoskeleton) to neighboring

cells or the ECM. They are commonly found in animal tissues, specifically those sub-

jected to large mechanical stresses such as the heart muscle and skin epithelium2.

There are two functionally different types of anchoring junctions. The first ones are

adherens junctions and desmosomes that are responsible of holding cells together and

are formed by transmembrane adhesion proteins that belong to the cadherin family.

The second type of anchoring junctions are focal adhesions and hemidesmosomes that

are responsible of binding cells to the extracellular matrix and are formed by trans-

membrane adhesion proteins that belong to the integrin family. From the intracellular

side of the membrane, focal adhesions and adherens junctions serve as anchorage sites

for actin filaments, while desmosomes and hemidesmosomes are the anchorage sites

for intermediate filaments2.

In general, cell-extracellular matrix adhesion plays a significant role in controlling

cell shape and also inside-out signal transduction, i.e. transmission of regulatory sig-

nals through integrins between the cell’s cytoplasm and the extracellular domain6. On

the other hand, cell-cell adhesion is essential for the formation of distinct groups or

sheets of cells during embryogenesis, thereby preventing and arresting cell movement2.

Anchoring junctions consist of two adhesion proteins. The first protein, the so-called

receptor, binds the extracellular domain to an extracellular ligand. The second pro-

tein provides the connection between the intracellular segment of the receptor and the

cytoskeleton1,2.
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1.1.3 The integrin receptor - a cell adhesion molecule (CAM)

In general, there are five families of cell adhesion molecules: Cadherins, immunoglob-

ulins, selectins, mucins and integrins2. Each of these adhesion molecules is responsible

for a specific type of cellular interaction. Cadherins and immunoglobulins mediate

homophilic cell-cell adhesion with the difference that only cadherin binding implies a

linkage of the adhesion site to the cytoskeleton. Selectins also mediate cell-cell ad-

hesion via binding to the carbohydrate chains of mucin-like CAMs in adjacent cells7.

The CAM that plays a major role in mediating cell-extracellular matrix adhesion is

the integrin.

Integrins are a family of non-covalently bound α and β heterodimeric transmem-

brane receptor proteins. These proteins mediate cell adhesion via binding extracellular

adhesion molecules to the intracellular actin cytoskeleton. In general, there are 18 α

and 8 β subunits known today in mammalian cells where combinations of both subunits

together form 24 distinctive receptors with different ligand specificity and functions8.

Fig. 1.1 shows the RGD (Arginine-Glycine-Aspartate) binding receptor subfamily in

the integrin family.

β1

αV
α8α5

β5 β6
β3 β8

Figure 1.1: The RGD binding receptor subfamily within the integrin family. Figure
is modified from Hynes et al.8.

Integrins can vary between two conformational states: The low-affinity, non-activated

and the high-affinity, activated state. Non-activated integrins have a v-shaped or bent

structure with the headpiece close to the membrane. When integrins are activated,

they change their structure through a switch-blade motion of the headpiece so that

a binding site is exposed and made available for efficient interaction with the ligands

(Fig. 1.2)1.
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high-affinitylow-affinity

α
β

α

β

membrane
extracellular space

cytoplasm

Figure 1.2: A proposed mechanism for the activation of integrins. In the low-
affinity state, i.e. inactive state, the integrin bends towards the membrane and both
α and β subunits are adjacent to each other. When the integrin is in the high-affinity
state, i.e. active state, the subunits separate and become available for interaction with
ligands in the extracellular space. Figure is modified from Li et al.9.

In general, and when a sufficient number of ligands is available for the cell, activated

integrins tend to form clusters at adhesion sites with increasing cell adhesion time.

The integrin clustering at a cell surface induces a shift in the equilibrium between

inactive-active states towards the active conformation. The integrin activity is mainly

regulated by integrin interacting partners like cytosolic proteins, extracellular ligands

and the cytoskeleton that affect the integrin’s equilibrium binding between partner

proteins and ligands1. The increase in the number of integrins within a cluster leads

to the formation of large hierarchically assembled protein patches in the form of focal

complexes, which subsequently mature into focal contacts, i.e. focal adhesions7.

As mentioned above, cells are able to connect to the extracellular matrix via integrins

that bind intracellularly to actin filaments. In a focal adhesion, the transmembrane

integrin proteins bind to a protein component of the extracellular matrix from the

extracellular domain side, while the intracellular domains bind to a patch of actin

filaments. The latter binding is conceived via the intracellular anchor proteins such as

talin, α−actinin, filamin and vinculin (Fig. 1.3)2.

1.2 Mechanics of the biomolecular bonds

Biological bonds are based on weak, non-covalent, interactions that enable them to

rearrange quickly in response to external stimuli10. From a physical perspective, the

easiest way to illustrate the energy landscape of a biological bond is a one-dimensional
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extracellular matrix
proteinintegrin

subunites

membrane

actin
filament

vinculin

α-actinin, talin
or filamin

α β

extracellular space

cytoplasm

Figure 1.3: An integrin binding enables a cell to connect to the extracellular matrix.
On the extracellular domain side, the integrin proteins bind to a protein component
of the extracellular matrix. On the intracellular domain side, the integrin binds to
a patch of actin filaments via anchorage proteins such as talin, α−actinin, filamin
and vinculin. Figure is modified from Alberts et al.2.

potential that consists of a bound state, an unbound state and a transition state barrier

separating them (see section 1.2.1). Since biological systems function at physiological

temperatures, biomolecular bonds have evolved to operate in the presence of thermally-

driven fluctuations. Thus, bond-formation is constantly competing against the thermal

energy available in the biological system that can overcome transition barriers between

bound and unbound states at some point in time and hence leads to opening up the

bond10. Although this implies that an organism should disintegrate over time, that

is not happening due to physiological settings that favor rebinding, which in turn

stabilizes molecular bonds.
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1.2.1 Mechanically-assisted bond dissociation

Mathematical models have been developed to derive quantitative predictions about

the survival of bonds under force. The most widely used method is to project a biolog-

ical bond on a proposed energy landscape as promoted by Evans et al.11 and derived

from Kramers reaction rate theory12. In this method, the landscape of unbinding

pathway projected onto the direction of applied force captures the essential properties

of this system (Fig. 1.4)13.

An external force applied onto molecular bonds lowers the potential energy barrier

that stabilizes the bound state. This mechanically-assisted opening up of biomolecular

bonds has been the point of research for many years both experimentally and theo-

retically. The main theoretical approach in this field is Kramers theory that explains

thermally-assisted escape over a transition barrier from basic thermodynamic princi-

ples14,15. Experimental approaches to evaluate biomolecular bonds were first carried

out using Atomic Force Microscopy (AFM) experiments performed by the Gaub group

in 1994, which opened up the field of single-molecule force spectroscopy. They have

reported on the mechanically-induced unbinding of single biotin-streptavidin bonds

that exhibited a binding strength of 140 pN16. In 1997, Evans and Ritchie illustrated

that the binding strength appears to be rather a dynamic than a static quantity and

that it depends on the loading rate at which the bond is investigated14. It has been

concluded that the faster the pulling rate, the less time thermal fluctuations have to

contribute during unbinding, which in turn leads to a larger binding strength.

Based on the framework of Kramers theory, Evans and Ritchie presented bond

rupture as thermally activated escape over a transition state barrier14. In the absence

of force, the rate of barrier crossing (k0) depends on the barrier height (Eb) as shown

in the following equation

k0 =
1

tD
· e−Eb/kBT (1.1)

where kBT is the Boltzmann constant multiplied with the temperature, or the

thermal energy, and tD is attempt time10,13. According to Kramers theory, an applied

constant force (F ) tilts the energy landscape with an additional term −F · x, which
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in turn lowers the transition state barrier by −F · xb as follows

k(t) =
1

tD
· e−(Eb−F (t)·xb)/kBT

k(t) = k0 · eF (t)·xb/kBT
(1.2)

where xb is the distance between the bound state and the barrier along the dissocia-

tion path (linear reaction coordinate)17. Considering that Fb = kBT/xb, the transition

rate under an external applied force will be expressed by the famous Bell equation18

k(t) = k0 · eF (t)/Fb (1.3)

Thus, the unbinding rate constant increases exponentially with force. This effect

can be illustrated by adding the energy of the external force to the bond energy

(Fig. 1.4)11,19.

The transition state is assumed to be longer in the direction of force compared to the

bound state, that is xb > 0 as shown in Fig. 1.4. Hence, the energy barrier is lowered by

the force which yields an increase in the unbinding rate, explaining why many bonds

will be slip bonds. This bond landscape anticipates that there will be a single rate

constant k(t) at each force when bonds encounter an external force13. The fraction

of bonds that survives with a single rate constant decreases exponentially with time.

Due to the increase in decay rate with force, the mean lifetime will correspondingly

decrease exponentially with increasing external force (Fig. 1.4)13.

Although the transition rate is an important parameter to express the kinetics of

bond rupture, the quantity that is typically measured in experimental settings such

as force spectroscopy is the binding strength, i.e. unbinding force, which is the force

needed to rupture a bond. However, as bond rupture is a stochastic process, there

will be a distribution of unbinding forces rather than a single specific force value.

The width of this force distribution is governed by the force scale factor (Fb). Thus,

in the framework of Kramers theory for a single transition state barrier, Evans20

concluded that the most probable rupture (unbinding) force (F ∗) scales linearly with

the logarithm of loading rate (r) as shown in the following equation

F ∗ = Fb · ln
r

k0Fb
, (1.4)
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Figure 1.4: Slip bonds. The projection of a one-dimensional energy landscape on
the direction of an externally applied force. The dotted lines indicate the changes
in energy (E) and length (x) that the bond experience before reaching the transition
state. The inset demonstrates the average bond lifetimes as a function of the applied
force levels. Figure is modified from Thomas et al.13.

where the nominal loading rate (r = dF/dt) in AFM is kv (spring constant times

piezo retraction speed). In 1999, Merkel et al. have shown experimentally using dy-

namic force spectroscopy (increasing pulling forces) the linear dependence of unbinding

force on loading rate with AFM experiments on biotin-streptavidin and biotin-avidin

bonds (the general results are shown in Fig. 1.5)21. The measurements were performed

over a loading rate range of six orders of magnitude, revealing unbinding strengths

varying from 5 to 170 pN.

1.2.2 Mechanically-assisted bond strengthening

Biological bonds that mediate cell anchorage are in vivo regularly subjected to

different mechanical forces and their response comes out through various means13.

It is generally accepted and demonstrated that biological bonds slip apart (become

shorter lived) under a tensile force22, which led to the term ”slip bonds”. However, in

1988 the term ”catch bonds” was introduced as a result of a hypothesis suggesting that

some bonds catch (become longer lived) under tensile force22. Catch bonds provide
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a b

c d

Figure 1.5: Dynamic force spectroscopy conducted on biotin-streptavidin and biotin-
avidin bonds using atomic force spectroscopy. (a) Long bond lifetime of 24 s and
small bond strength of 3 pN resulted from low loading rates. (b) Short lifetime of
0.003 s and large bond strength of 170 nN resulted from high loading rates. (c)
Unbinding force histograms for varying loading rates over six orders of magnitude.
(d) The increase in unbinding strength with increasing loading rate. The dynamic
loading also shows the different transition state barriers for both biotin-streptavidin
and biotin-avidin bonds. Reprinted by permission from Macmillan Publishers Ltd:
Nature21, copyright 1999.

means to cells that help stabilizing their adhesion exactly at the time they need it

most - when bonds are otherwise pulled apart by forces. Such responsive adaptation

is commonly seen in proteins even though the source of regulation is biochemical,

e.g. another protein, rather than mechanical. Nevertheless, a number of proteins

and biological mechanisms can be activated mechanically, and the principles of both

biochemical and mechanical regulations can be applied on catch bonds13.

The behavior of catch bonds has only been recently demonstrated at the single-

molecule level through stretching individual bonds using atomic force microscopy. In

2003, Marshall et al. showed that the dissociation of individual catch bonds is gov-

erned by a single rate constant at each level of force applied to the bonds. The bond

dissociation was shown to decrease with the force level which led to an increase in the

average bond lifetime with force. However, when the applied force exceeded a certain
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critical value, this trend was reversed and these bonds were overpowered like any other

adhesive interaction subjected to sufficient force. Therefore, catch bonds, with this

biphasic response to force, exhibit longer lifetime at an intermediate force level termed

the critical force13,23.

Several conceptual models have been proposed to explain how tensile mechanical

forces might strengthen bonds. The first suggested model is a hook or a harpoon24

where both ends catch each other if tensile force is applied, when otherwise easily

unbind if not pulled apart (Fig. 1.6 a). The other model resembles a Chinese finger

trap which has a meshed cylindrical shape that narrows when elongated and thus grips

more tightly due to the applied tensile force (Fig. 1.6 b)13.

b

a

c

Figure 1.6: Selected conceptual models for demonstrating catch bonds. (a) The
hook model suggests that for the ligand and receptor to unbind, they must come
towards each other. (b) A Chinese finger trap model. (c) The allosteric model
presumes that the applied force pulls away an allosteric inhibitor that causes a certain
conformational change to a stronger-binding state. Reprinted by permission from
Annual Reviews: Annual Review of Biophysics13, copyright 2008.

The aforementioned models are based on mechanical concepts that are more fa-

miliar to physicists. Biologists on the other hand consider concepts based on protein

regulation to explain catch bond behavior. Most proteins change their structure and

thus, their function due to an external stimuli. One of the most common means that

is accepted in a large number of proteins as a functional regulation mechanism is al-

lostery. Allostery is the modulation of a protein’s affinity or activity caused by the

binding of a molecule to an additional site other than the protein’s active site. There-

fore, it has been proposed that a mechanical force could act on an allosteric site of a
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catch bond rather than directly on the ligand-binding pocket25. Fig. 1.6 c illustrates an

example of a ligand-binding domain interacting with another domain that acts as an

allosteric inhibitor. A mechanical force could remove the inhibitor from the regulatory

site of the ligand-binding pocket, favoring a high-affinity over a low-affinity state13.

When the transition state is shorter in length than the bound state, i.e. xb < 0, an

external force will increase the energy barrier and the bond is then a catch bond22–24.

In this case, there will be a second classical slip unbinding pathway (xb > 0) where

the bond then has two pathways to unbind (Fig. 1.7).
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Figure 1.7: Catch bonds. Projection of a one-dimensional energy landscape on
the direction of force as shown in Fig. 1.4, with an additional catch pathway. The
cartoon figures demonstrate the bound and transition states based on the hook concept
of catch bonds from Fig. 1.6. The inset demonstrates the average bond lifetimes as
a function of the applied force. Figure is modified from Thomas et al.13.

A bond is considered a catch bond when the catch pathway dominates at low

force13. This condition is met when the catch pathway has a faster rate constant than

the slip pathway, with Eb(C) < Eb(S) where S and C denote slip and catch pathways

as displayed in Fig. 1.723. There are at least two concepts that describe this model.

The first concept is based on the assumption that the bond is shaped like a hook

or a harpoon. To ”unhook” the bond, the catch pathway requires bridging the ends

together while the slip pathway simulates the case of bending an elastic hook forcibly.

The alternative concept presumes that the receptor undergoes an allosteric or ligand-
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induced switch to an extended active conformation as shown by the cartoon of the

bound state in Fig. 1.713. The transition in the catch pathway would be structural

reversion to the compact inactive conformation that lets go of the ligand. The slip

pathway on the other hand would be a direct unbinding of the ligand from the active

state13. Mathematical models have been developed to predict the lifetime of a catch

bond under applied forces. When considering the two force-dependent transition rate

constants KC(t) and KS(t) for the two pathways defined in analogy to equations 1.1

and 1.2, the bond has a single transition rate at each force, which can be expressed

as k(t) = KC(t) + KS(t). This single transition rate will be lowered first with force

then increase, therefore the bond mean lifetime, 1/k(t), will show a biphasic behavior

in response to force (inset in Fig. 1.7).

1.3 Cell-response to adhesion-mediated mechanical

forces

1.3.1 Mechanosensing

Cell behavior is affected by numerous signals that a cell can be exposed to, some of

which, for instance, can lead to pathological conditions26. The ability to understand

and regulate these inputs is a vital aspect in tissue engineering and disease treatment.

Recently, there has been a lot of focus on studying the influence of mechanical signals

on cellular growth, migration and differentiation. All these studies are considered

part of the growing research field of mechanosensing. Understanding the mechanisms

of mechanosensing opens up potentials for developing novel therapeutic interventions

for diseases such as cancer and also enables crossing of barriers in the field of tissue

engineering26.

The complex interaction between a cell and its environment is a strong regulating

factor of cellular behavior. Although research has mostly been focused on chemical

factors, recent works provided increasing concrete evidences that adhesion-regulated

mechanical forces can play an equally significant role26. Mechanical forces are ei-

ther translated into direct interactions with intracellular components27 or, more likely,

transform into intracellular chemical signals in areas that are adjacent to the plasma

membrane where adhesion takes place26. This indirect cellular interaction with an

applied mechanical force can also lead to changes in gene expression28,29.
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The extracellular signals can take a number of forms such as rigidity30,31, shape32,33

and topography34. It has been illustrated that culturing fibroblasts on soft substrates

lead to apoptosis while solid substrates enhanced cell growth35. Additionally, substrate

rigidity has been shown to determine the differentiation of mesenchymal stem cells in

vitro 36. It has also been demonstrated that cells appear to exhibit active growth when

allowed to spread on substrates without constraints compared to ones that undergo

apoptosis when spreading is hindered33. This provides evidence to the vital role of

shape and geometry, which exhibit similar effects on cells as mechanical forces.

1.3.2 Mechanical force-sensing mechanisms

Mechanical forces applied on cells trigger transmembrane signaling26. This signal-

ing can be initiated due to inducing the entry of calcium ions through stretch-activated

channels37–40 and/or due to prompting structural changes at adhesion sites26. A lot

of attention has been drawn to focal adhesions in adherent cells because they provide

the direct mechanical linkage between the cells’ cytoskeleton and the extracellular

matrix41. Additionally, focal adhesions are the sites where crucial signal transduc-

tion enzymes such as SRC kinase (a family of tyrosine kinases that play a key role

in regulating cell adhesion, growth, differentiation and apoptosis42) and Focal Adhe-

sion Kinase43 (an important signaling component that has an effect on the cellular

cytoskeleton and the structure of cell adhesion sites and thus can regulate cell motil-

ity44) are concentrated.

Cells respond to mechanical forces by activating small GTPase (a family of enzymes

involved in regulating a wide variety of cellular activities such as cellular growth and

differentiation) and RhoA (a small GTPase protein that plays a role in regulating the

cellular cytoskeleton through actin fiber formation), in addition to increasing the size of

focal adhesions and strengthening intracellular contractility and traction forces45,46.

One of the crucial components of focal adhesions are integrins that have been hy-

pothesized to be mechanosensors47–49. Mechanical forces have been proven to enhance

integrin clustering, ECM binding and the recruitment of focal adhesion proteins45,50,51.

Hence, it is seemingly evident that mechanosensing involves integrin activation as well

as the resulting concentration of focal adhesion kinase and SRC52,53. Another potential

mechanism suggests that these signaling molecules have an inherent mechanosensitiv-

ity. This theory proposes that mechanical forces may promote direct conformational

changes as is the case with focal adhesion proteins, e.g. vinculin54. Furthermore, the
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theory also suggests that mechanical inputs lead to exposing autoregulated catalytic

domains, shielded substrate domains and/or cryptic binding sites of scaffold proteins

(Fig. 1.8)26.

Force Actin Focal adhesion Regulatory factor

Figure 1.8: A conceptual model for signal transduction based on force-triggered
conformational changes. Forces induced by actin cytoskeleton results in protein un-
folding, which leads to the exposure of binding sites to regulatory factors. Figure is
modified from Rape et al.26.

Force-mediated structural changes take place on both intra- and intermolecular lev-

els55. The actin filaments associated with focal adhesions illustrate force-driven assem-

bly and retrograde flux. Some focal adhesion components show selective association

to actin filaments which results in differential transport and relative shear movements

of these components (Fig. 1.9)26. Therefore, the interaction among the proteins that

are associated with focal adhesions is governed by their affinity for integrin/membrane

components versus the actin cytoskeleton.

Force Actin Focal adhesion

Figure 1.9: A conceptual model for signal transduction based on force-triggered
protein shear movements. Forces induced by the actin cytoskeleton results in lat-
eral shear and relative movements of focal adhesion proteins. Such movements can
modify protein-protein interactions and influence enzymatic activities within focal
adhesion. Figure is modified from Rape et al.26.

Focal adhesion response to forces can be expressed in several forms. Riveline et al.

showed that a force applied locally using a micropipette on an integrin containing focal

adhesion leads to a growth in contact size45,56. The applied mechanical force causes

a change in cell contractility, which in turn is required to generate tension applied
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by the cell to focal complexes. This tension is a significant factor that assists focal

complexes maturing into focal contacts45. It has been elucidated that an increase of

cell contractility yields a growth in focal contact size, whereas blocking cell contractility

resulted in a rapid disassembly of focal adhesions45. These studies demonstrate that

both focal complexes and focal contacts respond to applied forces and act as miniature

mechanosensors through which cells react to their microenvironment.

1.3.3 Implications in biomedical engineering and disease

treatment

Despite the limited understanding of the mechanism of mechanosensing, tissue en-

gineers and pathologists agree on the profound role of numerous adhesion-mediated

signals and their significant implications of cellular responses in disease treatment and

regenerative medicine26,57. Mechanosensing may offer a unique approach and a new

dimension to find effective treatments for cancer. Cancer therapies are often unsuc-

cessful due to uncontrolled cell growth and migration, both of which are modulated

by chemicals as well as adhesion-mediated signals. One of the main aspects that con-

tribute to the disease phenotype of cancer is the loss of anchorage dependence. Most

normal, non-hematopoietic cells adhere strongly to a surface in order to survive34,58,59.

The loss of anchorage dependence in cancer cells allows them to grow and proliferate in

the absence of adhesion to the ECM proteins. This anchorage independence is believed

to be closely correlated with tumorigenicity in animals60. This ability of cancer cells

reflects the tendency of tumor cells to survive and grow in inappropriate locations in

vivo as well as floating through the bloodstream towards distant sites elsewhere in the

body. The other important aspect that contributes to the cancer disease phenotype is

the increase in stiffness in various tumors in comparison to their normal counterpart or

their surrounding tissues61,62. It has been realized that increased ECM stiffness leads

to tumorigenesis in an integrin and cytoskeleton contractility dependent manner63,64.

Pathologists suggest that an increase in stiffness leads to durotaxis (cells migration

towards areas of greater stiffness65), which may cause tumor cells to migrate away

from home tissue and consequently leads to growing of blood vessels into the tumor

to provide nutrients. Altogether, it is clear that understanding mechanotransduction

pathways offers state-of-the-art approaches for cancer therapy.

The ongoing research on mechanobiology will also facilitate controlled engineering of

man-made tissues that have great potentials to be employed in the field of regenerative
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medicine. Stem cells researchers have realized that in order to guide cells toward

desirable differentiation pathways, they will have to consider not only the chemical

environment but also physical parameters such as stiffness and topography of the

surrounding materials26. To successfully engineer complex tissues, the mechanical and

topographical environment need to be regulated at a matching complexity.

1.4 Nano-biomaterials

Nanoscience and nanotechnology are broad fields which cover wide areas of research

ranging from electronics and sensors to medicine and healthcare. In all these fields, the

functionality is defined by physical or chemical properties, which are influenced by the

choice of material, shape and the surrounding matrix66–69. One of the most essential

factors involved in the fabrication of functional nanostructures is the ability for a desig-

nated placement of nanometer-sized objects in periodic and aperiodic arrangments on

substrates with different composition and electrical properties70. In general, the two

major strategies that scientists follow to answer demands in nanosciences are the top-

down and bottom-up approaches. Photolithography and electron-beam lithography

are the most routinely employed techniques, which are widely used in microfabrica-

tion and chip production. Recurring improvements in these techniques, such as the

use of shorter wavelenghts, e.g. deep UV or X-ray, as well as the adjustment of resist

material have provided a wide range of state-of-the-art lithographic capabilities for

sophisticated patterning of surfaces. Owing to those modern techniques, patterns as

small as 50 nm are feasible using photolithography. Numerous forms of such micro-

and nanostructured substrates have been employed in biological research71,72. In this

section, I present powerful tools for fabricating structured substrates that can be used

as platforms for conducting specific cell adhesion studies.

1.4.1 Surface structuring

Metallic nanoparticles have been thoroughly investigated in recent years due to the

intriguing electronic properties imposed by their dimensions73,74. Captivating ideas

and perspectives have been established in the development of novel electronic devices75

and electro-optical applications76,77. A plethora of techniques have been developed

to fabricate nanostructured surfaces. The most widely used state of the art tools

are Electron Beam Nanolithography (EBL), Dip-Pen Nanolithography (DPN) and
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Block-Copolymer Micelle Nanolithography (BCML). EBL is a specialized fabrication

technique for sub-50-nm patterns. The working principle of EBL is relatively similar to

optical lithography. It is based on a focused electron beam that is used to expose across

a substrate coated with an electron-sensitive resist whose solubility changes according

to the energy deposited by the electron beam78. The exposed areas, or the unexposed

areas depending on the resist properties, are removed through a developing process.

Then, a layer of the desired material is deposited on the substrate followed by stripping

off the remaining resist, which leaves patterns of the deposited material only on the

pre-developed areas. However, the major drawback of electron beam lithography is

that it is a slow and a very expensive fabrication method. On the other hand, DPN

is a direct-writing fabrication method based on an (AFM) that allows precise surface

nanopatterning of various materials on different surfaces. In this technique, a tip of an

AFM cantilever is employed to transfer molecules of an ink solution onto a substrate.

The tip is first coated by dipping it into the ink that is required to be deposited.

Next, those molecules are delivered onto the substrate through a solvent meniscus

that is created between the cantilever tip and the surface when both come close to

each other79,80. However, despite being an attractive method for accurate structuring

of organic and inorganic nanomolecules, DPN has a critical disadvantage represented

by the low throughput. The speed at which patterning takes place is limited by tip

movement that needs to be slow enough to permit a consistent ink delivery onto the

substrate.

While both electron beam and dip-pen nanolithography are complicated and ex-

tremely time-consuming, block-copolymer micelle nanolithography offers simple and

straightforward fabrication of micro- and nanostructures. Driven by self-assembly,

this powerful surface patterning method is superior to other techniques in delivering

highly-complex structures on large areas of the substrate with high-throughout rates

at low costs.

In this work, BCML was chosen as a fabrication method to produce novel micro-

nanostructured substrates which will be presented in Chapter 2. BCML will be dis-

cussed in more detail in the next section.

1.4.2 Block-Copolymer Micelle Nanolithography (BCML)

Block-Copolymer Micelle Nanolithography is a versatile and widely used surface-

structuring tool for designing both periodic and aperiodic nanoparticle arrays as well
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as other complex patterns81–83. Substrates decorated with such structures exhibit

promising potentials in numerous fields of research such as optical84 and cell biology85.

In this section, I introduce the working principles and all steps comprised in a BCML

technique.

Micelle formation

In BCML, block copolymers that consist of two polymers with different polarities,

most commonly polystyrene (PS) and poly-2-vinylpyridine (P2VP), are dissolved in

a solvent. Above the critical micelle concentration, these block copolymers arrange

into spherical micelles that can be loaded with a metallic precursor81. Other block

copolymers can be used to fabricate patterns with various shapes such as ring-like,

rod-like as well as cylindrical features82,83.

The amphiphilic diblock copolymers used in this work consist of a non-polar polystyrene

(Block A) and a polar poly-2-vinylpyridine (Block B) (Fig. 1.10).
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Figure 1.10: The chemical structure of the two constituent polymers, polystyrene
and poly-2-vinylpyridine, forming the diblock copolymer.

Each chain holds a specific amount of monomer units, which can vary in length

and ratio. The polymer contains X units of styrene and Y units of 2-vinylpyridine

PS(X)-b-P2VP(Y). Block copolymers associate into uniform micelles when dissolved

in specific solvents. The soluble block creates a shell around the insoluble block to

protect it from energetically unfavorable interactions with the solvent86. In this thesis,

polystyrene-block-poly-2-vinylpyridine is dissolved in a non-polar solvent (toluene or

O-xylene) where micelles with a hydrophobic (PS) shell and a hydrophilic (P2VP) core
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are formed.

Micellization, i.e. micellar formation, is dominated by two opposing effects: The

first is the selective solubility as well as the incompatibility of the two blocks that

induce association of the insoluble blocks of the copolymer. The second effect is the

steric hindrance that restricts unlimited growth of micelles87. The micelle size is

determined by the aggregation number, which is regulated by the molecular weight of

the diblock copolymers as well as the interaction parameter between the polymers and

the solvents on one hand and between the polar and non-polar polymer blocks on the

other hand. The association of micelles has been described in a number of models in

previous works70,87,88.

The concentration (C) of block copolymers in the solvent where the spontaneous mi-

celle association is initiated is called Critical Micelle Concentration (CMC) (Fig. 1.11)89.

The CMC for each polymer is controlled by the used solvent, the temperature as well

as the chemical structure and the behavior of each block of the copolymer.

C < CMC C > CMC

Figure 1.11: A schematic representation of micelle formation, which initiates as
the dissolved diblock copolymer reaches the critical micelle concentration.

Micelles with uniform sizes can be formed using monodisperse block copolymers.

Increasing the dispersity of the block copolymer will yield a wide range of micelle sizes.

Due to polydispersity of all synthesized block copolymers, polydisperse and polyform

micelles are inevitably obtained.

Micelles as nanoreactors

The hydrophilic core of the micelles can be loaded with various inorganic compounds

like HAuCl4, H2PtCl6, ZnCl2 and other inorganic acids and salts through protonat-

ing the pyridine units. The chemical structure of the metal precursor determines the
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nature of interaction with the polar core where such interactions vary from complexa-

tion to acid-base reactions. The loading of micelles with inorganic salts enhances the

incompatibility of the polar core against the solvent and turns polyform micelles into

spherical ones90,91. In this work, hydrogen tetrachloroaurate(III) [HAuCl4] is used

as a metal precursor to load polystyrene-block-poly-2-vinylpyridine in order to create

gold loaded micelles (Fig. 1.12).

HAuCl4 Reduction

Figure 1.12: Schematic illustration of nanoparticle formation inside block copoly-
mer micelles. The metal precursor is added to the micelle solution. As the precursor
dissolves, [AuCl]− ions embed within the micelles cores, and eventually reduce to a
single gold particle.

As the precursor dissolves in toluene or O-xylene, it protonates the weak pyri-

dinium base in the polar core and thus the chloroaurate counterions [AuCl]− are

embedded within the core of the micelle and eventually reduce to a single gold parti-

cle (Fig. 1.13)70. The particle size is determined by the molecular weight of the used

copolymers as well as the amount of metal precursor added to the micellar solution92.
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Figure 1.13: The protonation (neutralization) reaction of vinylpyridine by
[HAuCl4], which takes place in the micelle core. Figure is modified from Glass
et al.70.

Substrate coating

Spreading of the micelle solution on substrates to obtain a monolayer of gold-loaded

micelles has been successfully achieved using dip- and spin coating processes. In order
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to simply demonstrate the process of micelle monolayer formation on a substrate, the

dip coating technique will be addressed in this chapter.

Dip coating was employed for the first time by Dimitrov et al.93. In this method, a

substrate is immersed in a suspension at a certain speed and for a specific period of time

before it is withdrawn at a controlled retraction rate. Dimitrov had shown the ability

to generate well-ordered quasi-hexagonal layers of polystyrene beads simply through

dipping a substrate in an aqueous solution that contains those beads. Generating

regular particle monolayers requires a substrate that allows dense and ordered pattern

formation through particle mobility during the film drying period1. The formation of

a particle monolayer can be described as a two-phase process: (1) Nucleus formation

that is dominated by lateral capillary forces appearing between particles confined in

a liquid layer; (2) Crystal growth through convective particle flux caused by solvent

evaporation from the previously ordered array (Fig. 1.14)1,94,95. The lateral capillary

forces are discussed in the following section.
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Figure 1.14: Substrate coating with gold-loaded micelles in a BCML experiment.
(a) Micelle layer formation mechanism via a dip coating process. The quasi-
hexagonal arrangement of micelles takes place as the solvent dries out. (b) Schematic
illustration of immersion forces for partially-immersed particles in liquid. Immer-
sion forces attract particles towards each other when sinΨ1sinΨ2 > 0 and repel them
when sinΨ1sinΨ2 < 0, where Ψ1 and Ψ2 are the meniscus slope angles at the two
contact lines.

The coating process yields a substrate covered with loaded micelles that have been

self-assembled into quasi-hexagonal patterns. Then, the micellar polymer shell is re-

moved by plasma treatment, which leaves quasi-hexagonally ordered arrays of metal
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nanoparticles on the surface96. The lateral spacing between the nanoparticles can be

varied by controlling the molecular weight of the diblock copolymers, the polymer

concentration, and the coating speed during deposition of the micelle solution97. For

example, increasing the rotational speed during spin coating reduces the thickness of

the micelle-containing liquid film on the surface and results in a lower density of packed

micelles, which leads to larger interparticle spacing as discussed in section 2.2.

Capillary-driven self assembly

Experimental results have shown that floating particles on a fluid interface attract

each other98. This phenomenon has been observed and employed in a number of

extraction and separation processes99,100. Nicolson had shown that the formation of

these lateral capillary forces is attributed to the deformation of the interface caused

by particle weight and buoyancy force101. The greater the interfacial deformation

generated by the particles, the stronger the capillary interaction between them. This

attractive force between two floating particles appears because the liquid meniscus

deforms in such a way that the gravitational potential energy (the potential energy

required to elevate an object against the earth’s gravity) of the two particles is lowered

when they come closer to each other. Thus, the origin of this attractive force is particle

weight98,101. However, despite the insignificant weight of small colloidal particles and

their inability to create any surface deformation, these particles show attraction and

form ordered two-dimensional arrays when confined in liquid films (instead of being

freely floating). Due to their confinement in the liquid film, these particles generate

interfacial deformation. Such deformations are resulting from the wetting properties

of particle surfaces induced by the thermodynamic necessity of having the particle

surface meeting the liquid interface at a certain angle - the contact angle98. Such

wetting-driven deformations also promote lateral capillary forces102.

A number of studies have been conducted to investigate lateral capillary forces in

floating particles101,103,104. However, a theoretical study of capillary forces between two

partially immersed (confined) spheres was first carried out by Kralchevsky et al.102.

Kralchevsky presented a general expression that is valid for both floating and confined

particles to describe the interaction energy. The interaction energy combines several

energy contributions like gravitational, particle wetting and also the energy that arises

from an increase in meniscus area resulting from deformation caused by particles98,102.

It was observed that capillary forces obey a two-dimensional version of the Coulomb

law of electricity. Based on this analogy, ”capillary charges” of the particles have been
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presented. Thus, depending on whether the capillary charges have similar or opposite

signs, the capillary force will be accordingly attractive or repulsive98.

In 1993, Paunov et al. had described the physical nature of lateral capillary forces

and analyzed the force magnitude for both floating and confined particles105. It has

been established that in the case of floating particles, the energy of capillary interac-

tion becomes negligible (lower than the thermal energy) for particles with diameters

smaller than 5 - 10 µm. However, when the particles are partially immersed into a

liquid film rather than freely floating, the energy of capillary interaction is larger (for

the same particle size) and can also be much higher than the thermal energy even

for nanometer-size particles98,105. The former type of capillary interaction is called

”floatation forces” and the latter is ”immersion forces”106. Despite the similar depen-

dency on interparticle separation exhibited by the two forces, they show very different

dependencies on particle radius and the liquid’s surface tension.

Immersion forces, which are the dominant capillary effect in certain BCML coating

situations, can be either attractive or repulsive depending on the signs of the meniscus

slope angles Ψ1 and Ψ2 at the two contact lines. The sign of the meniscus slope deter-

mines the ”capillary charge” of the particle (Qi) according to the following formula

Qi = ri · sinΨi (1.5)

where (ri) represents the radii of the two contact lines (r1) and (r2). Thus, the

immersion force is attractive between the two ”capillary charges” when sinΨ1sinΨ2 >

0 and repulsive when sinΨ1sinΨ2 < 0. In the case of immersion forces between two

particles protruding from an aqueous layer, Ψ > 0 for hydrophilic particles and Ψ < 0

for hydrophobic particles (Fig. 1.14)98. Moreover, the capillary charges also determine

the capillary forces between two particles as shown in previous works104–106.

1.5 Methods for quantifying cell adhesion

1.5.1 Laminar flow, optical and magnetic tweezers

In this section, I present the most widely employed state of the art techniques

that enable cell characterization as well as cell adhesion force studies. Forces have

a significant impact on biological mechanisms. Molecular scale forces govern a wide
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range of biological motions including cellular motility and DNA replication. Force is

also involved in bond formation that takes place when thermally-driven ligand-receptor

unbinding forces are surmounted. Hence, a study of forces involved in biological events

is essential. Numerous techniques have been developed in order to perform force mea-

surements studies at the single-cell level. The most commonly used tools in this field

are laminar flow, optical tweezers, magnetic tweezers and atomic force microscopy.

Laminar flow allows measurements of cell attachment through the cells’ resistance

to a shearing force. This force can be applied by exposing cells to a laminar flow in

a flow chamber. The shear stresses resulting from a moving fluid near a stationary

wall exert a tangential force per unit area. This quantity is analogous to pressure

and is expressed in dynes/cm2 unit. This technique allows examining the resistance of

adhering cells to detachment from the substrate in response to a controlled ramping

of a laminar flow inside a flow channel. The adhesion force between cells and the

substrate can be, in principle, determined by breaking the contact upon applying a

known force. The attachment strength can be used to study the influence of adhesion

molecules and biomaterial properties on cell spreading and adhesion.

A laminar flow experimental setup includes gluing a disposable flow chamber onto

a substrate (Fig. 1.15) and then both are mounted on the stage of an inverted phase

contrast microscope. Next, cells in medium are fed into the flow chamber (Fig. 1.15

a) and allowed to adhere for a specified period of time. Then, fresh cell medium is

injected from one end of the chamber at a ramping flow with certain speeds within

certain times. The continuous detachment of cells from the substrate due to shearing

forces exerted by the flow is monitored with a video camera. Fig. 1.15 c shows a

sequence of images displaying the subsequent detachment of cells from the substrate.

The continuous reduction in the number of cells is demonstrated in Fig. 1.15 b, where

the relative area covered with cells is shown relative to the ramping increase in shear

stress.

Compared to the other methods discussed here that are used for cell adhesion

measurements, the laminar flow technique provides a better statistical study of cell

adhesion as it allows testing many cells at the same time. However, the laminar

flow setup does not provide cell adhesion measurements at the single-molecule level,

and this hinders a better understanding of the behavior of cellular adhesion. Hence,

other available methods, such as Single-Cell Force Spectroscopy (SCFS), are considered

superior to the laminar flow technique in terms of examining cellular adhesion in

greater detail.
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Figure 1.15: A laminar flow experiment. (a) A schematic illustration of a laminar
flow experimental setup. Before the experiment begins, a disposable flow chamber is
glued onto a substrate. Cells suspended in medium are injected into the flow chamber
and allowed to adhere for a predefined period of time. Then, fresh medium is fed
from one of the flow chamber’s ends at a ramping flow speed for a specified period of
time. (b) The reduction in the relative area of the substrate covered with cells as a
function of the shearing stress arising from the flowing medium within the chamber.
(c) A sequence of images demonstrating the subsequent detachment of cells from the
substrate.

The optical tweezers or the optical trap technique is a widely used and versatile

method in single-molecule force manipulation. It is capable of applying forces in the

range of 100 pN on both nano- and micrometer sized particles while simultaneously

calculating the displacement of the trapped particle with nanometer precision and

millisecond time resolution107. These features make optical tweezers a suitable tech-

nique for force and motion measurements. The working principle of optical tweezers

is as follows: A laser focused through a microscope objective onto a spot generates

an optical trap. A strong electric field gradient is formed at the narrowest point of

the focused beam. Particles in the proximity of the focused beam experience restoring

forces that attract them towards the center of the beam where the electric field is

strongest107,108. Despite the ability to trap particles with a fairly large size spectrum

ranging between 20 nm to a few microns, there are a couple of drawbacks to this tech-
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nique. The first major drawback in optical tweezers is the limit in achieving higher

forces than 100 pN107. Also, the motion-range measureable with a stable trapping of

particles is limited to around 400 nm or less107. Although the range can be increased

through incorporation of dynamic position control of the trap and the stage, this in-

evitably adds complexity to the instrument. Additionally, the high intensity of the

focused beam that creates the optical trap leads to local heating. This results in a

local change in the viscosity of the medium and a thermal gradient that can affect the

measurement107.

The magnetic tweezers technique is a straightforward method used in single-molecule

measurements. In this method, forces as little as 1 nN can be exerted in order to ma-

nipulate and, more essentially, rotate magnetic particles with a size range of 0.5 -

5 µm107. Magnetic tweezers have two important aspects that make this technique

preferable compared to optical tweezers. The first one is that it provides a passive

force clamping over large displacements107. The other advantage of magnetic tweezers

is the capability of applying forces up to 200 pN on micron-sized particles. The operat-

ing concept of magnetic tweezers is to some extent similar to that of optical tweezers.

A magnetic particle experiences a force that is proportional to the gradient of the

square of an externally applied magnetic field107,108. Large forces can be acquired

with fairly small magnetic field strengths that can generate a steep field gradient. A

single-direction force can be applied on a magnetic particle by using a single magnet.

However, in order to apply a force or generate torque, a minimum of two magnets are

required107. Despite its superiority to optical tweezers in terms of the accessible force

range, magnetic tweezers fall short of providing forces above 200 pN, which in turn can

be easily attained by AFM. Also, the configuration of the permanent magnets does not

provide the manipulation ability offered by other techniques, i.e. the manipulation is

limited to a single dimension. Furthermore, in order to generate a large magnetic field

and a large field gradient, high current electromagnets are needed which can cause

local heating107.

Altogether, AFM has proven to be the simplest and most versatile tool to exam-

ine adhesion on a single cell and molecular level. The superiority of AFM to other

tools is represented by the wide range of forces attainable through a large diversity of

cantilevers of varying stiffness values. The other significant advantages of AFM are

the simplicity in sample preparation as well as the ability to perform measurements

of biological samples at near-physiological conditions107,109. In my thesis, AFM was

employed in single-cell force spectroscopy experiments that were conducted to study
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and promote novel artificial dynamic environments that enable an in situ control of

cell adhesion at the molecular scale, as will be discussed in Chapters 3 and 4. The

SCFS will be discussed in detail in the following section.

1.5.2 Single-cell force spectroscopy (SCFS)

Single-cell force spectroscopy is a technique that was developed to measure cell ad-

hesion strength to a substrate or another cell down to single-molecule level. Having

an optical microscope combined to an AFM helps positioning a cell for studying cel-

lular interactions at a specific site on functionalized surfaces, tissues or other cells110.

Although the atomic force microscope is more widely known for using a cantilever

to scan or ”feel” a sample’s surface and obtain an image that provides topographical

information about the substrate, it can also be used as a force spectroscopy tool. In

a SCFS experiment, the AFM cantilever remains stationary in the xy-direction and

ramps in the z-direction at a defined location of the substrate. The cantilever deflec-

tion is recorded as a function of piezo movement in z-direction and translated into

a force-distance curve (Fig. 1.17 b). The AFM cantilever exhibits a Hookean spring

behavior for small deflections. Therefore, the cantilever deflection is linearly related

to the applied force, which is causing the deflection. Thus, when the cantilever spring

constant is determined, the cantilever deflection (d) can be translated into a corre-

sponding force according to Hook’s law: F = k · d, where k is the cantilever spring

constant111,112.

Compared to other techniques like optical tweezers and magnetic tweezers, SCFS

offers the largest force range, which varies between 10 to 106 pN owing to a wide

variety of cantilevers available with different stiffness values111. Despite the higher

resolution that optical tweezers and magnetic tweezers offer in the low force regime,

AFM enables studying cell-to-cell interaction forces. AFM also has a major advantage

over the other techniques in resolving molecular forces ranging from 5 pN up to several

nN3. Having this force range enables studying cell adhesion with a wider scale, starting

from single-molecule up to a full-cell level.

In a SCFS experiment, a tipless cantilever is used in order to prevent harming

the cell that is bound to it3. An AFM suitable for SCFS experiments is equipped

with a fluid chamber that allows measurements in aqueous environment to be per-

formed under controlled temperatures111. Performing live cell experiments at con-

trolled temperatures is an essential parameter. Most mammalian cells undergo opti-
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mal metabolism at 37◦C and the viscosity of their cellular membranes is also largely

temperature-dependent3. After adding a drop of cell suspension into the fluid cham-

ber, a single-cell is then captured (fished) by applying a gentle pressure onto it with

a tipless AFM cantilever, which has been functionalized to promote cellular adhesion

(Fig. 1.16 a-c).

60 µm

a b c d
Figure 1.16: A schematic demonstration of cell capturing in a SCFS experiment.
(a) A tipless AFM cantilever functionalized with conA (Concanavalin A) is posi-
tioned above the cell. (b) The cantilever approaches the cell with a contact force of a
few nN and stays in contact for several seconds. (c) The cantilever is carefully lifted
off the surface and kept resting for a few minutes to ensure a firm adhesion of the
cell. (d) Image of a cell-capturing tipless cantilever.

This transforms the fished cell into a probe (Fig. 1.16 d), which is used in the setup

illustrated in Fig. 1.17 a which depicts the stages comprised in a SCFS measurement.

The cell-carrying cantilever is brought into contact with the substrate for a certain

cell-surface contact time. During retraction, the cantilever deflection is directly pro-

portional to the force acting on the cell and is typically plotted against the distance

of the cantilever from the surface (Fig. 1.17 b). In detail: As the cantilever-bound

cell vertically approaches the surface, the force remains zero until the cell reaches the

surface at ≈ 0 µm. Upon further approach, the cantilever exerts an increasing force

to the cell until a preset contact force is reached. After a defined contact time the

cantilever movement is reversed and the cell is retracted from the substrate at a de-

fined speed. Fig. 1.17 b shows both the approach (black) and retract (red) segments

of a representative force-distance curve of a cell adhering to a substrate. In the ini-

tial part of cell retraction the cantilever releases its force load from the cell. Thus

the force becomes zero again around the contact point. Upon further retraction an

increasingly attractive (negative) force is detected as a consequence of cell adhesion

to the substrate. With further retraction of the cantilever the pulling force reaches a

critical value termed the cell detachment force (step 3 in Fig. 1.17 b), at which the cell

starts to successively detach from the substrate. Under continued force load during
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cantilever retraction, individual cell-substrate bonds dissociate (step 4 in Fig. 1.17 b)

until the cell is completely detached from the surface and the cantilever jumps back

to zero force.
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Figure 1.17: (a) A schematic demonstration for the working principle of a SCFS
experiment. The cell-capturing AFM cantilever (1) is approached to the substrate
(2). A contact to the substrate is established for a specified period of time (3) during
which a cell-sample adhesion is generated. As the cell retracts (4), the cantilever
bends due to the strength of adhesion between the cell and the substrate113. (4) shows
the cell-substrate bindings that developed during contact and unbind in successive
rupture events as the cantilever retracts. (b) A representative force-distance curve
demonstrating all the steps illustrated in (a). Both the approach (black) and the
retract (red) segments of the force-distance curve are displayed.

The retraction segment of the force curve provides a plethora of information con-

cerning the cell adhesion process, as will be discussed in this chapter. Due to the

numerous specific and non-specific events occurring during this process, interpreting

these information is a challenge111. The retract segment can be divided into three

phases: The first phase represents the inversion of force applied on the cell from

pushing to pulling. As the pulling force increases, the force acting on individual cell-

sample binding sites increases. If a number of receptors are acting alongside each

other, the detachment force will be sufficient to cause a mechanical deformation in the

cell cortex111. The receptors’ binding strength, their number as well as their geometric

arrangement dictate the force at which a cell begins to detach from the substrate. The

highest recorded binding force, referred to as detachment force (Fdet) (the minima of

the force-distance curve), represents the maximum cell-substrate adhesion strength.

In the second phase, individual rupture events are observed as the cell is starting to

detach from the substrate (Fig. 1.17). These ruptures are representatives of receptors
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that are either detaching from the substrate or are stretching away from the cell cortex

and are held by the tip of a membrane tether. Either of these events can occur as long

as parts of the cell body are in contact with the surface111. In the final detachment

phase, the contact between cell cortex and the substrate is almost lost, therefore the

attachment is mostly mediated through membrane tethers111,114. A number of pa-

rameters can be extracted from force curves obtained in a SCFS experiment, some of

which will be addressed below3.

The detachment force refers to the minimum force obtained from the force plot. It

represents a rough initial approximation of the total cellular adhesion strength. The

distance of a single-rupture event from the surface is a measure of a bond lifetime,

as time is equal to distance divided by pulling velocity. Investigating bond lifetime

distribution provides a means to study the kinetics of biological bonds. The rupture

force of a single-rupture event is a rough estimate of a bond’s actual unbinding force.

Strictly speaking, only the last rupture event is an accurate measure of the true un-

binding force. Despite the fact that other de-adhesion events might be larger than the

last rupture, they will appear smaller in a force-distance curve due to the possibility

of rebinding of the same tether. Besides, breaking a bond while others are still intact

leads to a smaller force measurement as a portion of the force is redistributed towards

other bonds. Hence, the rupture force of the otherwise not last rupture is not a factual

representation of the strength of those de-adhesion events. The area under a force-

distance curve has the dimension of energy and it reflects the work of de-adhesion. It

is rather a representative of the energy dissipated during cell-surface separation than

a summed adhesion energy contributed by individual molecular bonds. It is a complex

parameter that expresses various properties such as cell mechanics, binding energy,

contact area and possible active cell movements115. Tethers are lipid membrane tubes

often seen in force-distance curves. A membrane tether in the form of a lipid bilayer

tube has a typical diameter of 10 - 200 nm. The diameter of the membrane depends

on the composition of lipids and proteins in the membrane, the sample temperature

and the amount of molecules (e.g. actin filaments) that are pulled within the tube3.

Likewise, the force needed to extend a tether also depends on the lipid composition of

the cellular membrane as well as the mechanical properties of the cell cortex. Hence,

the lifetime of a membrane tether depends on the receptor-ligand interaction at the

membrane tip111,116. During cantilever retraction with a constant speed in a force

experiment, the membrane tether can be identified as a constant force plateau that

precedes a rupture event in a force-distance curve. In this situation, the tether acts

as a force clamp and the loading rate of the bond that follows this tether is almost
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zero3. The slope prior to a de-adhesion event provides information concerning the

mechanical ”spacer”, i.e. the mechanical environment anchoring the bond(s) which

open up at the subsequent de-adhesion event. A slope close to zero corresponds to

tether formation, while a steep slope reflects a stiffer elastic anchorage. The slope

preceding the a de-adhesion event defines the loading rate (r = dF/dt) applied to the

ultimately ruptured bond. The loading rate is an important parameter in adhesion

force measurements because the strength of a biological bond increases logarithmi-

cally with increasing loading rate (see section 1.2.1)3,14. This is attributed to the fact

that the faster the pulling speed is, the less time thermal fluctuations have to assist

unbinding, and the greater the binding strength will be10.

1.6 Artificial dynamic cellular environments

Cell adhesion is a highly dynamic process in nature that can be intrinsically adapted

to different biological circumstances through modulation of specific properties of the

cellular adhesion machinery117,118. Proteins from the integrin family are key players

in such regulation processes119 and they are essential in a large variety of different

adhesion scenarios ranging from inflammatory processes to wound healing and cell-

extracellular matrix adhesion120–122. The ability of cells to adjust their adhesion to

different environments and physiological situations influences cell-matrix adhesion and

cell migration, and exhibits remarkable switchability and dynamics123,124. In contrast

to such very dynamic and reversible in vivo adhesion environments, typical biomateri-

als provide static adhesion conditions that only change slowly over time. Such changes

are first observed by the adsorption of proteins and ultimately by biodegradation and

biointegration processes.

In order to engineer the highly dynamic adhesion conditions of cells found in vivo

on biofunctional interfaces in vitro, novel types of surface coatings are required that

provide controlled reversible and dynamic switching of cell adhesion. Such surface

coatings may confer switching between a non-adhesive and an adhesive condition, but

can also comprise states with defined reduction or enhancement of adhesion, as well

as switching in defined patterns. This is particularly important as the time of cell

exposure to adhesion ligands and the density of adhesion ligands significantly influ-

ence cell differentiation125 and can even guide vascularization in vivo 126. This shows

that cells keep track of their adhesion history and that dynamic changes in adhe-

sion signals are imperative for controlling cell functions and behavior. Unidirectional



32 1 Introduction

and irreversible switching is usually achieved by light-triggered activation of caged

molecules or by electrochemical switching127–129 and all such studies showed that cells

sense temporally-controlled and even tiny variations in their adhesive environment.

This is in agreement with other studies that have demonstrated an extremely high

sensitivity of cell adhesion to nanometer spacing and spacing gradients of adhesion

ligand positions97,130 and have demonstrated extremely fast molecular turnover rates

inside cell adhesion structures131. Altogether, cells are able to quickly react and adapt

to changing adhesion environments.

In order to explore and utilize the influence of dynamic adhesion environments

on cell behavior thoroughly, biointerfaces with reversibly switchable properties are

required126,132. Light-triggered switching of cell adhesion was conducted using pho-

tocleavable linkers128,133–135. However, these materials provide a one-way, irreversible

switching of cell adhesion. On the other hand, dynamic and reversible control of

cell adhesion is so far mainly based on thermoresponsive materials, such as poly(N-

isopropylacrylamide)136,137. The application of thermoresponsive surfaces is, however,

limited to changing cell adhesion on large surface areas as the spatial and temporal

distribution of temperature stimuli is difficult to control. This makes such surfaces

ill-suited for local switching at the micrometer or sub-micron level.

1.6.1 Azobenzene

Photoresponsive and photofunctional materials are among a large plethora of novel

advanced materials under research nowadays. There are numerous advantages to em-

ploying light-responsive materials. Among which is the possibility of performing light

stimulation remotely without disrupting other intervening materials with the localiza-

tion and specificity that light activation offers138. Like all ”smart” materials, the de-

sired response of light-sensitive materials is programmed into the material architecture

rather than being induced during the preparation process. Functional and photore-

sponsive smart materials show promising potential in modern industrial applications

that largely depend on optical processes like telecommunications and lithography138.

Photoresponsive materials can be generally divided into three categories. The first

category includes photoswitching materials that exhibit two distinct states with light-

triggered interchangeability. The second category involves photoresponsive materials

illustrating a continuous response to varying light levels. The third category comprises

photodeformable materials that undergo mechanical deformation elicited by light and
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revert static after illumination has stopped139. One of the most promising photore-

sponsive materials available today is the azobenzene. Azobenzene has strong absorp-

tion properties and a remarkably efficient photochemistry that has been exploited in

numerous functional materials. It is an aromatic molecule where two phenyl rings are

joined by a nitrogen double-bond (azo linkage) as shown in Fig. 1.18.
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Figure 1.18: Examples for azobenzenes. (a) Azobenzene class, (b) aminoazoben-
zene class and (c) pseudo-stilbene class. The photophysical properties change signif-
icantly through the substitution of aromatic rings with functional groups. Figure is
modified from Yager et al.138.

A vast class of compounds are attainable through substituting the aromatic rings

with functional groups. Those compounds, referred to as ”azobenzenes”, share a num-

ber of spectroscopic and photophysical properties. All azobenzenes share the unique

and characteristic behavior of efficient and reversible photo-isomerization, which takes

place upon absorption of photons within the absorption band (Fig. 1.19). Fig. 1.19 also

shows that the azobenzene molecule changes its length from 9Å in the trans configu-

ration to 5.5Å in the cis 140,141.

Azobenzenes have two isomeric configurations: A thermally stable trans state and

a metastable cis state. The trans state transforms to the cis form upon irradiation.

Reversion from the cis to the trans state takes place through irradiation with a different

wavelength or through thermal relaxation that occurs within a timescale that is specific

to the molecule’s substitution pattern. The clean chemistry offered by these systems

gives rise to various photoswitching and photoresponsive behaviors138,139.

As described by Rau142, azobenzenes are divided into three spectroscopic classes



34 1 Introduction

N
N

N

N

hv

hv’, k  TB

9Å

5.5Å

Figure 1.19: The switching behavior of the azobenzene molecule. The molecule
exists normally in the stable trans state. Upon absorption of a photon during UV
exposure, the molecule isomerizes to the metastable cis state. The cis molecule iso-
merizes back to the trans state through either thermal relaxation or exposure to a
wavelength within the cis absorption band. The azobenzene’s length changes from
9Å in the trans configuration to 5.5Å in the cis. Figure is modified from Yager et
al.138.

(Fig. 1.18). The first class is the azobenzene-type molecules that are similar to un-

substituted azobenzenes. The other class is aminoazobenzene-type molecules that

are ortho- or para-substituted with an electron-donating group. The third type are

the pseudo-stilbenes that are substituted at the 4 and 4’ positions with an electron-

donating and an electron-withdrawing group such as amino and nitro group138. The

latter (called pseudo-stilbene because of their similarity to stilbene photochemistry)

have counterposing electron-withdrawing and electron-donating groups that create a

strong asymmetric electron distribution with the conjugated system. This yields a

considerable overlap between the trans and cis absorption spectra. Thus, illumination

of this molecule with a single wavelength light induces a cyclic trans-to-cis and cis-

to-trans photoisomerization. This overlap in the absorption spectra is absent in other

azobenzenes and thus two different wavelengths of light are needed to switch between

the two isomeric states.

1.6.2 Push-pull azobenzene

Molecular and synthetic photoswitches have been widely used in biological research

due to accurate spatiotemporal control provided by light132. One molecule in particular

that attracted more attention for its ability to withstand chemical modifications is

azobenzene132,143. However, regular azobenzenes impose a serious shortcoming for use
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in biological research: Isomerization from the trans to the cis isomer takes place though

illumination with UV light. Long UV exposure is problematic in biological systems

cause it leads to damage and also UV light has a poor penetration in mammalian

tissues143. The second problem with regular azobenzenes is their bistability. Despite

the fact that the cis isomer is capable to relax back to the lower-energy more stable

trans isomer, the half-life is in the range of minutes to hours143. All these problems can

be overcome using a modified azobenzene that is activated with a single wavelength

within the visible part of the spectrum. This azobenzene is capable of relaxing back

instantaneously to the inactive trans state in the absence of light. A common example

of such visible-light triggered azobenzenes is the push-pull azobenzene. It is called like

that because one benzene ring is ortho- or para-substituted with an electron-donating

group, while the other ring is substituted with an electron withdrawing group. This

yields a red-shift in the absorption as well as a decrease in the energy barrier for the

cis-to-trans isomerization, i.e. it will offer a rapid (microsecond) thermal reversion

(trans/cis isomerization) and a complete resetting of the trans state in the absence of

light132,144,145.

1.6.3 Using conventional azobenzene to switch cell adhesion

A very powerful strategy to control cell adhesion with high spatial and temporal

resolution is the use of reversibly photoswitchable molecules, such as azobenzenes.

Azobenzenes can be switched with light between two isomerization states, i.e. a cis

and a trans state. Once immobilized on surfaces, two defined surface conditions can

be achieved. Azobenzenes have proven to be highly suitable molecules for develop-

ing photoswitchable materials with applications from optical devices to surfaces and

polymers146. For specific control of cell adhesion, azobenzenes can be biofunction-

alized with bioactive molecules such as RGD (Arginine-Glycine-Aspartate) peptides,

which are ubiquitous cellular adhesion ligands that bind many members of the integrin

cell adhesion receptor family147. Recent projects that employed RGD-functionalized

azobenzenes showed promising results in controlling cell adhesion148–150, but required

at least one hour of illumination with UV light to photoswitch surfaces. Such long

exposure to UV light is not suitable for dynamic biointerface applications due to severe

phototoxic damage to living cells151. To date, the dynamic control over cell adhesion

properties is still a highly challenging task, but once successful, it could revolutionize

biointerface research and many biomaterials applications152.
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1.6.4 Using push-pull azobenzene to switch cell adhesion

Conventional azobenzenes have attracted a lot of attention as molecular photo-

switches due to their ability to accommodate chemical tailoring that enables alter-

ation of the wavelength used for photoisomerization, thermal relaxation rate and the

steric rearrangements upon isomerization132,153,154. However, the bistability of regular

azobenzenes can be problematic due to the capability of the cis isomer to relax back

to the lower-energy, more stable trans isomer143. Also, using a second wavelength to

switch the metastable cis state means that the biological system will be exposed to

a wider, possibly undesirable, range of the electromagnetic spectrum143. Instead, the

push-pull type of azobenzenes are great alternatives to the regular ones, as they can

be set reversibly into either an active and an inactive state. Active is a state of rapid

thermal trans/cis switching, and thus inducing mechanical oscillation, using a single

wavelength within the visible part of the spectrum. Once irradiation is seized, the

molecules switch into an inactive state where a complete resetting of the trans state

takes place144,145. Such push-pull substituted azobenzenes have previously, for exam-

ple, been used to exert large forces in polymers155. Hence, Push-pull azobenzenes are

good candidates for use as molecular switches in biological context where circumven-

tion of UV is essential156. Due to their ability to isomerize through irradiation with

visible light, these azobenzenes overcome the limitations of long UV exposure that

leads to significant implications in biology represented by cellular toxicity157, muta-

tions and alterations in cell signaling pathways158. Push-pull azobenzenes can tackle

limitations in biological processes where two specific wavelengths are needed to achieve

a two-way switching of a desired biological property156.



Chapter 2
Surface Nanostructuring using

Block-Copolymer Micelle

Nanolithography

2.1 Introduction

Block-Copolymer Mmicelle Nanolithography is a versatile and a widely used method

to produce quasi-hexagonal metal nanoparticle patterns on various types of surfaces

including Teflon159, silicon and glass160 as well as hydrogels161. Such substrates are

exploited in numerous applications such as biomimetic optics84, protein binding162 and

also controlled cell adhesion85,115,163. However, this method falls short of providing a

controlled allocation of regular arrays of nanoparticles with particular spacing onto

micropatterns. Superimposing such quasi-hexagonal nanopatterns onto an additional

microstructure to create a so-called micronanostructure1 is highly advantageous in var-

ious applications. Living cells, for instance, exhibit a great capability to react on both

biofunctionalized nano-163 and microstructures165. Additionally, the ability to regulate

gold nanoparticles spacing on the microscale is a very attractive aspect in applications

like DNA chips166, nanowire fabrication167 and optically active nanocoatings84.

Previous attempts to achieve micronanostructures using a combination of BCML-

generated nanopatterns and microstructures include electron beam lithography168 and

photolithography169 top-down approach. The fabrication of such structures using those

1Part of this work is published in Kadem et al.164, Langmuir, 2015.
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techniques are inhibited to microscale areas consisting of patterns having a specific gold

interparticle spacing separated by uncoated regions170. The production of micronanos-

tructures with various gold nanoparticle spacing on neighboring areas would be a very

time-consuming method utilizing the above mentioned approach due to the required

repetition of coating and lithography steps72. Moreover, precise alignment of multiple

lithography and BCML processes would be a major hurdle. Altogether, a simple and

high-throughput method to fabricate neighboring nanopatterned arrays within a mi-

crostructure having different defined interparticle spacings remains a challenge. In this

chapter, a simple and straightforward method is presented that offers great potentials

for high-throughput fabrication of nanoparticle structures with well-defined interparti-

cle spacing on nanotopographic segments of Si substrates. This method comprises the

usage of a mere single BCML step to deposit gold nanoparticles on substrates and yield

neighboring microarrays of quasi-hexagonal nanoparticle distributions that are signifi-

cantly different in their interparticle spacing. Although surface disruptions impair the

regularity of the quasi-hexagonally distributed nanoparticles typically created using

BCML171,172, this method exploits this surface dis-uniformity in the shape of sharp

edges on Si substrates to guide gold-loaded micelles into the microstructure. Whereas

the topographic height of the segments play a dominant role of dictating the spac-

ing between gold nanoparticles, the arrangement of these nanoparticles is regulated

by immersion forces as well as their self-assembly within the segments. Additionally

in this chapter, a second method to break the symmetry of the particles distribu-

tion is demonstrated. This method employs a combination of particles self-assembly

with pre-structured patterns produced by photolithography to create aperiodic gold

nanoparticles distribution on various substrates. Based on this top-down and bottom-

up approach, this method enables a guided allocation of nanoparticles to specific areas

of the substrate. Both of these two novel strategies are greatly promising methods

for producing regular metallic nanopatterns on various types of substrates for a wide

range of applications.

2.2 Symmetrical nanoparticle patterning on substrates

2.2.1 Varying interparticle distance

Well-ordered metallic nanoparticle patterns with defined interparticle distances can

be obtained using BCML171. This technique also offers a control over the interpar-
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ticle spacing through utilizing different diblock copolymers with various molecular

weights163. In the work of Arnold et al., controlling cell adhesion and spreading was

attempted via tailoring the distances between gold nanoparticles on glass substrates.

The results from their work exhibit cell responsiveness to nanometer-scale alteration

in the distance between anchorage points represented by gold nanoparticles function-

alized with RGD-peptide.

In this work, varying the interparticle distance was obtained through changing the

rotational speed during the spin coating process. In a BCML experiment, gold-loaded

micelles were spin coated onto two glass substrates with two different speeds, which

were 3000 and 7000 rpm. In order to remove the micellar polymer, the samples were

exposed to plasma using a gas mixture of hydrogen and argon (10 % H2, 90 % Ar)

in a plasma etcher for 1 h at 0.4 mbar and 300 W. Fig. 2.1 shows that increasing the

spin coating speed increases the interparticle distance as well as the order parameter.

The interparticle distance for the sample prepared with 3000 rpm was 70.1 ± 5 nm

with an order parameter of ≈ 60 %. Increasing the spin coating speed to 7000 rpm

yielded an interparticle distance of 87.8 ± 6 nm and an order parameter of ≈ 63 %.

The calculation of both the interparticle spacing and the order parameter is illustrated

in 2.2.2.

200 nm 200 nm

Figure 2.1: Dependance of the interparticle distance and order parameter on spin
coating speed. Left: A glass substrate spin coated at 7000 rpm yielded an interparticle
distance and an order parameter of approximately 88 nm and 63%, respectively.
Right: A glass substrate spin coated at 3000 rpm yielded approximate interparticle
distance and order parameter values of 70 nm and 60%, respectively.
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2.2.2 Calculation of order parameter and interparticle spacing

In order to calculate the average gold interparticle distance as well as determining

the hexagonal accuracy (order parameter) of the pattern, a mathematical algorithm

was used to verify the angles and spacings between neighboring particles. This algo-

rithm was developed by Dr. P. Girard as a plug-in to the ImageJ image processing

and analysis software.

The calculated 6-fold bond orientation order parameter Ψ6 is defined as

Ψ6 =

∣∣∣∣∣ 1

Nbonds

∑
j

∑
k

ei6θjk

∣∣∣∣∣ (2.1)

where Nbonds is the number of bonds between a central particle and its nearest

neighbors. The angle between a particle and two of its neighbors is represented by

θjk, where j being the central particle and k are the neighboring ones as shown in

Fig. 2.2.

The difference between each angle in a real (imperfect) hexagon and an ideal 60◦

hexagon is calculated by the inner sum in equation 2.1. The outer sum is for a repeated

calculation of all imperfect hexagons found in the SEM image.

The factor 1/Nbonds in this equation is to normalize the calculated value, so that

a value of 1 is the highest (best) and 0 is the lowest. The order parameter value

is inversely proportional to the standard deviation of the mean distance of adjacent

micelles. In a perfect hexagon, every angle and distance is equal to the other (Fig.

2.2). This value represents a measure of the quasi-hexagonal distribution173.

The second method I utilized to calculate the interparticle spacing in this thesis is

based on a particle-density algorithm that functions using a custom-written Matlab

routine. In this method, the particle density within a specific given area is first deter-

mined and then, assuming a perfect hexagonal particle distribution, the interparticle

spacing is acquired.

The working principle for this method is as follows: When every three adjacent

particles are located at the three vertices of a equilateral triangle with an area B (e.g.

the red triangle in Fig. 2.2), and there is an m number of triangles confined within an
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θ = 60°

d
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Area (A)

Figure 2.2: A graphic description for the 6-fold bond orientation. In order to
evaluate the quality of the hexagonal patterns, all angles between each particle (j)
and its two nearest neighbors (k1 and k2) are compared to a perfect 60◦ angle using
equation 2.1. Figure is modified from Williges et al.173.

area A, then

A = m ·B (2.2)

The number of triangles in the specified area represents only half the number of

particles in this area, which is given by 2n. Thus, the following substitution can be

made

A = 2n ·B (2.3)

Because every three particles make up one triangle, and every particle is shared by 6

neighboring particles, therefore the area of a single triangle encloses only a half particle

i.e. 3 ×1
6

of a particle. The area of the equilateral triangle itself equals B = d2 ·
√

3/4.

A = 2n · d
2
√

3

4
(2.4)

where d here represents the interparticle spacing and is therefore given by

d =

√
2A

n
√

3
(2.5)
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2.3 Symmetry breaking of nanoparticle patterns by

photolithography

Guided self-assembly offers and provides a powerful method to conduct small-scale

structuring of aperiodic patterns where nanometer sized features are separated by mi-

croscopic scale distances. Self-assembly of particles in combination with topographical

pre-structuring using photolithography offers the breaking in the symmetry of the

particle distribution on surfaces and provides guided allocation of nanometer sized

features to specific areas of the substrate70. With this process that was first intro-

duced by Aydin et al., quick and reproducible fabrication of well organized micro- and

nanostructures with a resolution down to 50 nm is feasible169. The technique rep-

resents an innovative approach to combine self-assembly processes with conventional

lithography. The combination of those two techniques provides a versatile method

for the production of small-scaled features as well as meeting demands of controlled

structures allocation of periodic and aperiodic patterns with the required separation

distances.

In order to fabricate patches of gold nanoparticles on substrates, gold-loaded mi-

celles are deposited on topographical pre-structures originated using photolithography.

The combination of photolithography and self-assembly through block-copolymer mi-

celle nanolithography is shown schematically in Fig. 2.3.

These aperiodic patterns of nanoparticles can be obtained by two approaches, both

of which employ a combination of photolithography and BCML169. The first one is

represented by using BCML first in order to create an extended array of gold nanopar-

ticles. A positive photoresist is then spin coated on the nanoparticles-decorated surface

and irradiated using UV light in a photolithography process. After developing, the

exposed particles are removed through a gentle ultrasonic treatment in an aqueous

solution of cysteamine. Eventually, the rest of the photoresist is stripped out using

acetone and the desired gold nanoparticles patterns remain on the surface (Fig. 2.3 a).

Fig. 2.4 shows patches of gold nanoparticles on glass substrates.

The second approach that exploits the combination of both photolithography and

BCML to create patches of gold nanoparticle patterns separated by non-structured

areas involves using defined pre-structured surfaces as a platform for micelles deposi-

tion. In a photolithography process, a positive photoresist-coated substrate is irradi-

ated with UV light through a mask that contains the desired pattern. Using BCML,
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Plasma etching with hydrogen and argon

Coating with a photoresist

Photolithography

Removing gold nanoparticles

Photoresist removal

Coating with a photoresist

Photolithography

Deposition of gold-loaded micelles

Photoresist removal

Plasma etching with hydrogen and argon

(a) (b)
Figure 2.3: Two approaches for generating micropatches of gold nanoparticle arrays
using a combination of photolithography and BCML. (a) A positive photoresist is spin
coated onto a nanoparticle-patterned substrate. After developing the photoresist in
a photolithography process, the exposed particles are removed in a sonification step
in a cycteamine solution. (b) In a photolithography process, a positive photoresist is
spin coated onto a substrate and irradiated through a mask with a predefined pattern.
Gold-loaded micelles are then spin coated on the substrate, followed by a removal of
the remaining photoresist that leaves nanoparticle arrays on the predefined patterns.

gold-loaded micelles are then spin coated on the pre-structured surface. Afterwards,

those micelles are pinned onto the surface through a short exposure to hydrogen-argon

mixture plasma in order to avoid washing off during the topographic pre-structure

lift-off process that follows. In the lift-off process, the micelles that are located on

top of the remaining photoresist are removed, while the ones in contact with the

substrate stay. Eventually, the sample undergoes a plasma-etching process using a

mixture of hydrogen and argon in order to remove the polymeric shells surrounding

the gold nanoparticles (Fig. 2.3 b). The gold nanoparticle patches from this approach

are shown in Fig. 2.4 b.

However, the multiple steps required to fabricate these patches as well as the ar-

duous work needed to acquire an accurate alignment of the photomask during the

photolithography process make these fabrication methods slow and tedious. Thus, in
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1 µm

a

0.5 µm

b

Figure 2.4: Micropatches of gold nanoparticle arrays fabricated through symmetry
breaking using a combination of photolithography and BCML. (a) is a nanoparticle
pattern produced using method (a) in Fig. 2.3. (b) is a pattern that was generated
using method (b) in Fig. 2.3.

the following section, a novel, simple and straightforward fabrication method for a

controlled allocation of nanoparticles is presented.

2.4 Symmetry breaking of nanoparticle patterns by

nanotopography

The formation of micronanostructures through a superposition of nanopatterns and

an additional microstructure is advantageous in numerous applications164. Such ap-

plications where a controlled spacing of gold nanoparticles on the microscale is ben-

eficial include DNA chips166, nanowire fabrication167 and optically active nanocoat-

ings84 in addition to biofunctionalized nanopatterns163 and microstructures165 for cell

adhesion experiments. Despite previous attempts to generate micronanostructures

that were based on using a combination of BCML with either photolithography169

or electron beam lithography168, the produced patterns were restricted to microscale

areas. Also, micronanostructure production using these methods require multiple coat-

ing/lithography cycles, hence the process is considerably time-consuming72.

In classical BCML, an undisturbed self-assembly of micelles is required to acquire

a homogeneous distribution of nanopatterns. This in turn requires substrates with
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no surface disruptions in order to attain a regular quasi-hexagonal distribution of

nanoparticle arrays171,172. However, in this section I present a straightforward method

that exploits surface dis-uniformity in the shape of sharp edges on Si substrates to

guide gold-loaded micelles into a certain microstructure. On one hand, the height

of those microtopographic segments dictates the interparticle distance between gold

particles. On the other hand, immersion forces and self-assembly control the nanopar-

ticle arrangement within the segments. In this method, a mere single BCML step

is performed to deposit arrays of quasi-hexagonally arranged gold nanoparticles with

significantly different interparticle spacings. This technique offers an easy approach to

a high-throughput fabrication of nanoparticle patterns with well-defined interparticle

spacing on nanotopographic segments.

A microstructured Si substrate is the heart of this method. The microstructures are

presented in the form of quadruple surface patterns of 5 × 5 µm square segments that

were produced using photolithography and wet etching (Fig. 2.5 a). To obtain such

microstructures, a single-side-polished, 4 inch Si wafer was coated with a photoresist

then irradiated with UV light through a mask that contains stripes of 5 µm width

with 5 µm intervals. The following wet etching process yielded a surface topography

that exhibits 5 µm wide and 60 nm deep stripes. After stripping off the remaining

resist, the wafer was spin coated again with a photoresist and then exposed to UV

light for a second time through the same mask, which had been rotated by 90◦. The

final etching step following the second lithography procedure results in a multileveled

checkerboard topography of 5 × 5 µm segments in a quadruple pattern with a height

difference of 60 nm between adjacent segments (Fig. 2.5 b). A detailed description of

the microstructure fabrication process is addressed in Appendix B.1.4.

Introducing the nanostructures onto the micropatterned substrates was performed

through spin coating gold-carrying micelle solution in a BCML procedure (Fig. 2.6

a). After removing the polymer matrix of the micelle shell using plasma treatment

with a mixture of hydrogen and argon (10 % hydrogen, 90 % argon), elementary gold

nanoparticles remain on the surface of the Si substrates. A detailed description of

the BCML process on the Si microstructures can be found in Appendix B.1.4. A

scanning electron microscopy (SEM) image of a plasma-etched substrate that has a

gold nanopattern on the nanotopographic Si substrate is shown in Fig. 2.6 b.

A representative magnified SEM image for the center of a quadruple segment with

a nanoparticle coating is shown in Fig. 2.7 a. The four areas of the quadruple are

designated a, b1, b2 and c according to the thickness of their silicon dioxide layer.
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Figure 2.5: (a) Generation of nanotopographic Si substrates with a quadruple struc-
ture by photolithography and wet etching. (b) AFM surface scan of the patterned sub-
strate showing the four 5 × 5 µm segments (a, b1, b2 and c) with height differences
of 60 nm between adjacent segments. Reprinted by permission from the American
Chemical Society: Langmuir164, copyright 2015.

Segment a is the highest, c is the lowest and segments b1 and b2 have an identical

intermediate value. Visible differences in the interparticle spacing from one segment

to the neighboring one can be seen in the image (Fig. 2.7 a). For a detailed analysis

of these differences, 1 × 1 µm spots on segments of different topographical height

were examined and the average interparticle spacing on each segment was measured.

This detailed analysis of the interparticle spacing on each segment will be discussed in

section 2.4.1. The average interparticle spacings for a nanotopographic substrate spin

coated at 1000 rpm that was determined using our particle-density-based algorithm

(see section 2.2.2) is shown in Fig. 2.7 b. The topographically highest segment a

exhibits a significantly greater average interparticle spacing compared to the lowest
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Figure 2.6: (a) Schematic illustration of the BCML procedure. A micelle solution
is transferred onto the Si wafer in a spin coater, and micelles self-assemble on a
planar substrate into a quasi-hexagonal structure. Plasma treatment removes the
polymer micelles, leaving only metallic gold nanoparticles on the substrate. (b) SEM
image of the nanostructured nanotopography showing the four segments a, b1, b2 and
c of the quadruple. Reprinted by permission from the American Chemical Society:
Langmuir164, copyright 2015.

segment c, with a difference of approximately 23 nm. On the other hand, both b1 and

b2 segments display similar intermediate interparticle spacings. In agreement with

the particle-density analysis of the interparticle spacing, the nearest-neighbor analysis

demonstrated comparable results [(a) 84.1 ± 9.9 nm, (b1 ) 71.8 ± 9.5 nm, (b2 ) 71.4 ±
9.5 nm, (c) 63.0 ± 10.0 nm], where the standard deviation in this method is a measure

of the variation in spacing of individual nanoparticles.

In order to elucidate the observed dependence of interparticle spacing on a segment’s

topographical height, also the distribution of micelles on the substrate prior to plasma

etching using Atomic Force Microscopy (AFM) was investigated. The AFM images

illustrate that a monolayer of micelle solution covers the substrate uniformly and a

significant difference in micelle coating density can be seen among the four segments

(Fig. 2.8 a). Segment a is depleted in micelles at the edges bordering lower segments

b1 and b2, which have the same topographical height. On the other hand, segments

b1 and b2 are in turn depleted in micelles toward segment c, which is the lowest

segment. Further analysis of the height profiles of these AFM images (Fig. 2.8 b) was

carried out and is shown as arrows in Fig. 2.8 a. The height profiles provide evidence

that only a monolayer of micelles is present in the center of each segment, as the

height difference between the lowest and the highest segment is identical to the height



48 2 Surface Nanostructuring using Block-Copolymer Micelle Nanolithography

a

a b1

b2 c

200 nm

b
a b1

cb2

In
te

rp
ar

tic
le

 s
pa

ci
ng

 [n
m

]
Figure 2.7: (a) SEM image of a gold-nanoparticle-decorated quadruple structure
revealing variations in interparticle spacing between the different segments of the
quadruple. (b) Interparticle spacing of nanoparticles on segments of different height,
averaged from four quadruple structures. Clearly, the interparticle spacing is con-
trolled by the segment height. The interparticle spacing was calculated from par-
ticle densities, assuming a hexagonal particle arrangement. Error bars denote the
standard deviation. Inset: Color code of segments within a quadruple structure.
Reprinted by permission from the American Chemical Society: Langmuir164, copy-
right 2015.

difference of segments in the underlying Si microstructure. Additionally, it exhibits

that micelles are loosely packed on segment a compared to segment c where they

are densely packed. These observations are consistent with our interparticle spacing

analysis of plasma-etched substrates shown in Fig. 2.7. Stacking of micelles can be also

seen at the upward edges of the nanotopography.

The arrangement of micelles is attributed to two types of forces that take effect

as the solution starts to evaporate: Steric interactions and immersion forces, which

include drag forces due to the receding liquid surface, friction, convection, interparticle

interaction, and capillary forces69,174. During solvent evaporation, micelles near the

edge of neighboring segments experience such immersion forces (mainly capillary and

drag forces) that sweep them towards a lower segment (Fig. 2.9 b). This leads to

an accumulation of a greater number of micelles in lower segments and effectively

results in higher particle densities and thus smaller interparticle spacing. This also

causes disordering in particles distribution at the edges that leads to a lower order

parameter. As the evaporation process continues, the edges of the nanotopographies
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Figure 2.8: (a) AFM image showing the distribution of micelles after the spin
coating procedure. Depletion in nanoparticles at the edge of the highest square and
the enrichment of nanoparticles at the edges of lower squares are clearly visible. (b)
Height profiles for lines 1, 2, and 3 shown in (a) revealing the stacking of micelles at
the edges of lower segments. These data also prove that indeed monolayers of micelles
are adsorbed on all four segments. Reprinted by permission from the American
Chemical Society: Langmuir164, copyright 2015.

act as pinpoints for menisci and capillary effects create a flux of micelle solution toward

the walls. This causes micelles to pile up at the boundaries of lower segments compared

to higher neighboring segments (Fig. 2.9 b).

A detailed analysis of this edge effect is displayed in Fig. 2.9 a. The data show

clearly that a depletion of nanoparticles on a topographically higher segment leads to

an enrichment of nanoparticles on the adjacent lower segment.

2.4.1 Response of particle distribution to spin coating speeds

A detailed analysis was carried out for both the interparticle spacing on each of the

topographical segments as well as the difference in spacing between those segments in

response to changing spin coating speed. In order to conduct this study, the interpar-

ticle spacing has been analyzed on 9 spots on each of the four segments, each with

an area of 1 × 1 µm as displayed in Fig. 2.10. The designated name for each spot

represents its position from the segment’s edge.

This method allows a comprehensive study of the deviation in interparticle spacing

between different locations of the same segment. The examined samples were prepared

spin coating speeds of 1000, 5000 and 7000 rpm, as demonstrated in Fig. 2.11. This

study illustrates a clear correlation between the organization and spacing of nanopar-

ticles on the one hand and the spin coating speed used during preparation on the
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Figure 2.9: (a) Average of interparticle spacing along a 1 µm broad stripe at the
edge of different segments (x/y refers to the 1 µm broad stripe on segment x that is
adjacent to segment y). The data quantify the enrichment and depletion of nanopar-
ticles on the lower and higher segments, respectively. Furthermore, the data is consis-
tent, as segments b1 and b2 have identical heights and lead to identical interparticle
spacings. (b) Sketch of the proposed mechanism for micelle enrichment in the lower
segments, caused by a flow of micelles toward the lower segments of the quadruple
structure during solvent drying. Reprinted by permission from the American Chem-
ical Society: Langmuir164, copyright 2015.

other hand. Increasing the spacing between nanoparticles on the segments is attain-

able through increasing the spin coating speed as shown previously in section 2.2.1 and

also in the work of Arnold et al.97. At a spin coating speed of 1000 rpm, the interpar-

ticle spacing appears to be almost homogeneous throughout each segment (Fig. 2.11

a). However, a significant accumulation of particles appears near the edges of lower

segments of the quadruple at higher rpm as displayed in Fig. 2.11 b and c. Despite

that accumulation, the difference in interparticle spacing between the centers of the

segments is still minor, i.e. the difference becomes less significant the farther away the

considered spot is from the segment’s edge (Fig. 2.11 b and c).

Likewise, the disorder in the hexagonal pattern is restricted to a few hundred

nanometers near the edges as displayed in Fig. 2.12, which illustrates the importance

of selecting the optimum spin coating speed in this method. That is to say, low spin

coating speeds yield larger interparticle spacing differences between the centers of dif-

ferent segments (here > 20 nm between segments a and c for 1000 rpm, Fig. 2.7 b

and Fig. 2.11 a) as well as a more homogeneous particles distribution over the entire

segment compared to higher speeds.

Additionally, in an attempt to improve nanoparticle distribution at the segment

edges, I followed a method based on adding a subsequent ultrasound annealing step

after the spin coating process as explained in the following section173.
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Figure 2.10: 9 areas of 1 × 1 µm on each of the four segments of a micronanos-
tructure have been considered to conduct a detailed analysis of gold nanoparticle
distribution. This method enables a precise study of the difference in interparticle
spacing between the segments on one hand, and between different locations of the
same segment on the other hand. The colors are codes for the segments within a
quadruple structure.
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Figure 2.11: Detailed analysis of interparticle spacings and their corresponding
heat maps. The analysis demonstrate the regulation of nanoparticle spacing by both
nanotopography and spin coating speed. Increasing the spin coating speed causes
an overall increase in interparticle spacing. An almost homogeneous distribution of
interparticle spacing within each segment can be seen at 1000 rpm (a). In contrast,
at 5000 and 7000 rpm, the edge of the nanotopography dominates the regular self-
assembly of the nanoparticles within the segments. A strong enrichment of particles
and thus a smaller spacing are observed at the edges of lower segments. At higher
spin coating speeds as in (b) and (c), the difference in interparticle spacing between
the segments becomes less significant and eventually disappears the farther away from
the segment’s edge the considered spot is. The heat maps are reprinted by permission
from the American Chemical Society: Langmuir164, copyright 2015.
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200 nm

a b1

b2 c

Figure 2.12: Gold nanoparticles spin coated in a BCML process at 7000 rpm onto
a Si nanotopographic substrate. An accumulation of particles appear near the edges
of the quadruple’s lower segments b1, b2 and c. Although this accumulation leads
disruption of the hexagonal distribution of nanoparticles, this disordering is limited
to a few hundred nanometers near the segment’s edge. Reprinted by permission from
the American Chemical Society: Langmuir164, copyright 2015.
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2.4.2 Improving the order parameter

Numerous applications require highly ordered patterns with constant interparticle

spacing173. Periodic nanostructures offer a great variety in various applications such as

density storage media175, magnetic storage176, solar cells and photodetectors177. De-

spite the high-throughput fabrication of particles offered by the BCML technique, a

significant shortcoming of this method is represented by the structural defects that are

reducible with optimized process parameters, but are still inevitable. These structural

defects include fluctuating interparticle spacing and particle size to a certain extent,

which compromises the complete structural monodispersity178. There have been many

attempts to improve structural periodicity through post-preparation-process anneal-

ing. In the case of BCML, all these attempts depend on micelles’ ability to rearrange

due to their mobility when slightly detached from the substrate to which they adhere

to. This occurs during exposure to heat179,180, chemicals181,182 and mechanical force183.

However, despite the enhanced pattern order resulted through using these methods, it

was reported that it may take from several hours to days in order to obtain the desired

structure181,182.

In this thesis, I followed a method suggested by Williges et al. in order to im-

prove the hexagonal order of the gold nanoparticles. This method is based on self-

organization of block copolymers through an additional subsequent annealing step that

follows micellar deposition173. The strategy in this method is to apply a mechanical

treatment using an ultrasound device as a fast and easy way of increasing nanoparti-

cles order and thus mend structural defects. The longitudinal sound waves created by

ultrasound caused the surrounding medium to repeatedly compress and decompress.

During the period of reduced pressure, the medium’s boiling point is lowered, leading

to its evaporation in microbubbles. This results in a high-pressure wavefront that

causes an implosion of these bubbles, producing pressure peaks, which are orders of

magnitude larger than the standard pressure. The generated microshock waves compel

micelles into a more equally distributed state. Therefore, a micelles-coated substrate is

placed in a mixture of ethanol and clean water and then treated with ultrasound173.

Fig. 2.13 shows the results of improving the order parameter of quasi-hexagonal

gold nanoparticles prepared at 1000 rpm spin coating speed on micronanostructures.

The order parameter measurements were taken for adjacent areas to segment edges,

i.e. the 1 µm zones from the edges. Improving the order parameter of the gold

nanoparticle distribution was undertaken using ultrasound annealing. The results
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express a clear increase in order parameter for topographically-higher segments. The

obtained values are analogous to previously reported ones for nanopatterns fabricated

with BCML184. However, no improvement of order parameter can be seen on segment

c due to small spacings between the gold nanoparticles on this segment. These results

are in agreement with previous works that showed consistently lower order parameters

for nanopatterns with small interparticle spacings184.
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Figure 2.13: Order parameter of the quasi-hexagonal nanoparticles on micronanos-
tructures prepared at 1000 rpm spin coating speed. The order parameter measure-
ments are for the areas adjacent to segments edges (the 1 µm zones from the edges).
A clear improvement of order parameter can be seen for the topographically-high seg-
ments in response to ultrasound annealing. An increase in order parameter cannot
be seen on segment c due to small spacings between particles on that segment. The
inset demonstrates the color code used in the graph. Reprinted by permission from
the American Chemical Society: Langmuir164, copyright 2015.

Furthermore, an improvement of order parameter was also obtained through ultra-

sound annealing in the central 2 × 2 µm area of the 5 × 5 µm segments. An increase

of 4.5 % in order parameter on that 2 × 2 µm central area was seen on segment a.

The order parameter increase on segments b1 and b2 were 3 and 2.5 %, respectively.

However, there was again no notable improvement in order parameter on segment c.
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2.4.3 Fluorescence microscopy for cells on topographical

substrates

In order to examine cells’ adhesion behavior on the micronanostructures presented

in the chapter, standard fluorescence microscopy has been employed to image adhering

cells on topographical substrates. The cells used for this experiment were REF52 YFP-

pax (rat embryonic fibroblasts expressing YFP-paxillin). The preparation of cells for

imaging was as follows: First, cell fixation was conducted using Para Formaldehyde

(PFA) for 25 min followed by washing the sample with PBS buffer. Then, 0.1 %

Triton X-100 was added and kept in incubation for 5 min in order to permeabilize the

cells. Eventually, the Triton X-100 was removed and the sample was washed again

with PBS. Finally, the cells were stained with the Alexa Fluor 555 phalloidin that

enables visualizing the cell’s cytoskeleton through the binding of phalloidin to the

actin filaments. The staining is done by diluting 5 µl of the methanolic stock solution

Alexa Fluor 555 phalloidin in 200 µl PBS, and then adding the diluted solution into

the sample. The sample is lept for a 20 min incubation time at room temperature

before washing with PBS. A stained adhering cell on a nanotopographic Si substrate

is displayed in Fig. 2.14, which clearly shows that the surface topography does not

hinder not restrain cells from developing a normal adhesion behavior.

10 µm 10 µm

Figure 2.14: Fluorescence microscopy of REF52 YFP cells on a nanotopographic
substrate. The actin filaments stained with 555 phalloidin (red) and the YFP paxillin
(green) are shown.
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2.4.4 Prospective

In initial attempts to apply BCML to metallic substrates, both magnesium and

nickel titanium sputtered Si substrates were coated with gold nanoparticles. Despite

the surface roughness of both samples, which impairs the regular quasi-hexagonal

distribution of nanoparticles as reported previously171,172, the gold nanoparticle arrays

appear in a well-ordered status. Fig. 2.15 a and b show the gold nanoparticles on a Mg-

coated Si substrate. Fig. 2.15 c displays the topographic condition of a NiTi substrate

that had no noticeable influence on the gold nanoparticle distribution (Fig. 2.15 d), as

it is with Mg-coated substrates.

400 nm

2 µm

200 nm

200 nm

Figure 2.15: Gold nanoparticle arrays on metallic substrates. (a) and (b) gold
nanoparticles pattern spin coated on Mg substrates in a BCML process. (c) and (d)
gold nanoparticles on NiTi substrates.

Future work of BCML on metallic substrates is directed towards improving the bio-

compatibility of samples by enhancing cellular adhesion via surface nanostructuring.
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2.5 Conclusion

In this chapter, I presented a novel self-assembly fabrication method for quasi-

hexagonal patterns of gold nanoparticles with well-defined interparticle spacing on

microstructured substrates using a combination of diblock copolymer micelle nano-

lithography and photolithography. Whereas it is known from previous works that

nanoparticle structures can be regulated using substrates with topographical surfaces,

the precise structure generated with such methods is difficult to control. On the

contrary, the patterning method exhibited here combines the intriguing structural

features of BCML with nanotopography-controlled arrangement, leading to hexago-

nally ordered micronanostructures by pure self-assembly. Hence, this strategy pro-

vides a high-throughput method to control the density and spacing of nanoparticles

in micrometer-sized segments. The driving force for the observed topographic height-

dependent interparticle spacing is attributed to immersion forces and steric interactions

acting on the micelles during solvent evaporation. Moreover, the nanopatterns gen-

erated using this method show similar chemical contrast to conventional nanoparticle

arrays created with BCML on flat substrates, thus standard protocols for coupling

functional molecules to the gold nanoparticles can be utilized. Since BCML is com-

patible with various substrates types and the etching of regular nanotopographies has

become a routine technique, a straightforward transfer of this surface-coating strategy

to substrates other than SiO2 wafers is now feasible.



Chapter 3
Rapid and Reversible Photoswitching

of Cell Adhesion

3.1 Introduction

In this chapter, I present the work that was carried out to achieve a light-induced

reversible switching of cell adhesion using c(RGDfK)-functionalized azobenzene 1.

Switching cell adhesion with light has become very attractive, as it allows both rapid185

and localized switching of cell adhesion186 on biointerfaces. To be of practical use,

photoswitchable materials should allow for reversible and rapid switching at minimum

light exposure, while at the same time ensuring that the binding of specific cell ad-

hesion molecules is switched. The model demonstrated in this chapter is a versatile

approach to achieve rapid reversible photoswitching of cell adhesion at illumination

times of a few tens of seconds. The switching is attained by using azobenzenes bio-

functionalized with c(RGDfK) peptides and covalently immobilized on glass surfaces.

The azobenzenes were incorporated into a biologically inert monolayer of polyethylene

glycol (PEG)187. C(RGDfK) peptides are ligands with high affinity for the cellu-

lar adhesion receptors integrin ανβ3 and ανβ5, thus promoting the adhesion of many

cell types188. Upon UV illumination, the thermally stable azobenzene trans isomer

switches to its cis configuration so that the c(RGDfK) is immersed into the PEG back-

ground. After subsequent illumination with visible light, the azobenzene switches back

to the trans isomer and the c(RGDfK) ligand is again available for integrin binding.

1Part of this work is published in Kadem et al., Advanced Materials 185, 2016.
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The photoswitching of integrin-mediated cell adhesion on those substrates will be

demonstrated using both cell culture studies and also single-cell measurements of cell

adhesion behavior in several consecutive switching cycles.

3.2 Azobenzene-based photoswitchable interfaces

In an attempt to design biointerfaces with photoswitchable c(RGDfK) (cyclic - Argi-

nine Glycine Aspartate) functionalities for controlling specific integrin-mediated cell

adhesion, a mixed monolayer of c(RGDfK)-functionalized azobenzenes and polyethy-

lene glycol (PEG2000) has been prepared (Fig. 3.1 a). The synthesis of the c(RGDfK)-

azobenzenes and the preparation of the switchable interfaces have been kindly per-

formed by Dr. Michelle Holz and Grace Suana in the group of Prof. Rainer Herges

at Otto Diels Institute of Organic Chemistry at Christian-Albrechts-Universitt zu

Kiel. PEG2000 inhibits nonspecific protein and cell interactions with the surface

while c(RGDfK) mediates integrin-mediated specific cell binding. The molar ratio

of c(RGDfK)-azobenzene and PEG2000 was adjusted to 1:99, which has recently been

reported to offer adequate adhesion conditions for fibroblast cells189. This ratio cor-

responds to a c(RGDfK)-azobenzene packing density of around 0.5 molecules/nm2, as

determined with UV/Vis spectroscopy. Fig. 3.1 b illustrates the working hypothesis

for switching of the mixed c(RGDfK)-azobenzene/PEG2000 monolayer. Irradiation

with monochromatic UV light with a wavelength of 365 nm causes photoswitching of

the surface properties, as the azobenzenes change their configuration from trans to

cis, even at short illumination times of 20 s (Fig. 3.1 c). In consequence the c(RGDfK)

headgroup is forced to dip into the non-adhesive PEG2000 background. Illumination

with 440 nm visible light switches the azobenzenes back into their trans configuration,

making the c(RGDfK) again available for cell adhesion. This process is reversible, as

demonstrated by UV/Vis spectroscopy (Fig. 3.1 c). Comparing the UV/Vis spectra

before and after illumination with 365 nm and assuming that the cis isomer does

not absorb at the π-π* transition (λ = 359.6 nm), shows that about 47 % of azoben-

zene molecules in average are switched into cis configuration, as determined from four

independent experiments.
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Figure 3.1: (a) Structure of the c(RGDfK)-azobenzene and its covalent immobiliza-
tion on glass. (b) Illustration of the photoswitchable c(RGDfK) surfaces. The glass
surface is functionalized with a mixed monolayer of polyethylene glycol (PEG) and
c(RGDfK)-azobenzenes. In response to UV illumination, the azobenzene changes its
configuration from the trans to the cis isomer and the c(RGDfK) headgroup is im-
mersed into the non-adhesive PEG background. (c) UV/Vis spectra demonstrating
the reversible photoswitching of a mixed monolayer of PEG and c(RGDfK)-Azo-
[N3] on quartz. (a) and (b) are modified from Kadem et al.185. (c) is reprinted by
permission from the Wiley-VCH: Advance Materials185, copyright 2016.

In recent years, different strategies for preparation of switchable azobenzene surfaces

have been developed, including self-assembled monolayers190, the triazatriangulenium

(TATA) platform191, and polyelectrolyte multilayers149. Thiol-based self-assembled

monolayers often do not provide enough free volume for functional groups to switch, a

limitation that has been overcome by employing TATA-platforms. Still, both surface

functionalization strategies require the usage of gold or silver surfaces, thus limiting

their applicability. In order to generate a widely applicable surface coating, a covalent

binding approach based on surface silanization was chosen, which leads to stable self-
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assembled monolayers192. During surface coating, first a coupling layer is generated

that allows further functionalization with click-chemistry. This surface coating strat-

egy can be applied to many different biomaterial types, including Ti and NiTi193.

Cell adhesion assays using fibroblast cells (REF52 wt - Rat Embryonic Fibroblasts)

have been performed by Dr. Qian Li to demonstrate and asses the capability of the

c(RGDfK)-azobenzene surfaces to switch cell adhesion185. In these experiments, cells

were seeded onto sterilized azobenzene surfaces that were either stored in the dark

(trans configuration) or illuminated with UV light of 365 nm (cis configuration). After

15 min, the samples were gently rinsed with buffer solution to remove loosely bound or

floating cells and then the number of adherent cells was determined (Fig. 3.2 a). The

results showed a dramatic reduction in adherent cells of about 50 % on surfaces with

c(RGDfK)-azobenzene in cis configuration compared to surfaces where the c(RGDfK)-

azobenzene was in trans configuration (Fig. 3.2 b). This efficiency of cell adhesion

switching is also evident from the phase contrast images shown in Fig. 3.2 c and Fig. 3.2

d185.
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Figure 3.2: (a) Schematic illustration of the cell culture assay used for the photo-
switching test. Cells were seeded onto substrates that were either stored in the dark
(trans) or illuminated with UV light (cis). After 15 min, the number of adhering
cells was determined. (b) In the cell culture experiments, the adhesion of fibroblast
cells to the c(RGDfK)-azobenzene surfaces was shown to significantly reduce to about
50 % when in the cis configuration compared to the trans configuration. Error bars
denote standard deviation. (c) Phase contrast image of cells after 15 min adhe-
sion on a surface in the trans configuration and (d) in the cis configuration. Scale
bars: 50 µm. Reprinted by permission from the Wiley-VCH: Advance Materials185,
copyright 2016.

In order to study the switching effect in greater detail at the single-cell level, SCFS

experiments have been performed, as discussed in section 3.3. Moreover, cell confor-
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mation was tested in response to repeated UV exposure. REF52 wt cells were cultured

on a glass substrate for a few hours prior to irradiation (Fig. 3.3 a). The cells were

then irradiated with 365 nm for 30 s (Fig. 3.3 b) followed by another 30 s exposure

with 440 nm (Fig. 3.3 c). No notable change in the conformation of cells could be

observed185.

a

50 µm 

b

50 µm 

c

50 µm 

365 nm

30 s

440 nm

30 s

Figure 3.3: Cell conformation response to UV exposure. (a) REF52 wt cells on a
glass substrate prior to irradiation. (b) Cells after 30 s exposure to UV light with
365 nm. (c) Cells after 30 s exposure to UV light with 440 nm. No notable change
in cell conformation can be seen. Reprinted by permission from the Wiley-VCH:
Advance Materials185, copyright 2016.

The results of the cell culture assay used for demonstrating photoswitchable adhe-

sion confirm efficient cell adhesion switching at considerably shorter UV illumination

times of only a few tens of seconds compared to previous studies where at least one

hour of UV illumination was required to obtain similar results148–150.

3.3 Single-cell force spectroscopy on switchable

substrates

3.3.1 Cell adhesion measurements

For quantitatively assessing cell adhesion switching at the level of individual cells,

Single-Cell Force Spectroscopy (SCFS) was employed. This technique is an atomic

force microscopy (AFM) based method for characterizing cell adhesion by measuring

cell detachment forces3. Cell detachment forces can be determined with piconewton

(pN) and nanonewton (nN) resolution at the single cell and single molecule level. Fur-

thermore, cell adhesion can repeatedly be tested in situ with the same single cell,

thus avoiding experimental errors from surface inhomogeneity and from cell-to-cell
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variations. This presents a considerable advantage over cell culture assays, which typ-

ically only represent ensemble measurements that merely yield averaged results. Here,

the excellent potential of SCFS is both the capacity to directly quantify the detach-

ment forces of cells even at sub-second timescales, and the possibility to quantitatively

demonstrate the true reversibility of photoswitching in situ on the single-cell level,

thus avoiding statistical ensemble differences.

SCFS experiments were carried out in physiological buffer using live REF52 wt

cells. The buffer used in the SCFS experiments was the Hank’s balanced salt solution

(HBSS). Like other buffers such as phosphate buffered saline (PBS), the HBSS is

also a balanced salt solution that provide cells with water and inorganic ions as well

as maintaining a physiological pH and an osmotic pressure. Both buffers are isotonic

solutions whose salinities resemble that of the human body and thus makes cells stable

during an experiment. However, unlike PBS, HBSS also contains glucose that assists

keeping cells alive and in a good condition for longer times. The HBSS used in this

work contains sodium bicarbonate, but does not contain phenol red (a pH indicator),

calcium chloride nor magnesium sulfate to avoid affecting the azobenzene molecules.

Nonetheless, this buffer provides cells with a sufficient amount of salt ions to balance

the amount of water inside the cell. Maintaining the correct amount of salt ions in

solution assists preserving cells in their natural state and thus prevents cell shrinkage

or bursting.

Fig. 3.4 a depicts the setup for measuring cell detachment forces. The measurements

were carried out with an AFM mounted on an inverted light microscope using tipless

cantilevers that were calibrated using the thermal noise method (implemented in the

JPK AFM software and will be discussed in detail in Appendix B.1.4) and were func-

tionalized with Concanavalin A (conA) according to standard procedures3,115,194.

In order to attach a single REF52 wt cell to the free end of a cantilever, a small

number of freshly trypsinized cells was injected into the sample chamber. Immediately,

the cantilever was approached to a cell up to a contact force of a few nN and held

at constant force for about 8 s, followed by careful lift-off from the surface and a 12

min resting time. This procedure ensures stable attachment of the cell to the can-

tilever3,115,194. The cell was then repeatedly brought into contact with and retracted

from the c(RGDfK)-azobenzene surface. The cantilever deflection is directly propor-

tional to the force acting on the cell and is typically plotted against the distance of

the cantilever from the surface as shown in Fig. 3.4 b (a detailed description of SCFS

can be found in section 1.5.2).
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a bc(RGDfK)-azobenzene
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+ UV/Vis
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baseline
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rupture events

Figure 3.4: Single-cell force microscopy experiments on azobenzene-coated surfaces.
(a) Sketch of the AFM cell adhesion experiment. The cell is attached to the free end
of a tipless cantilever in an AFM device and brought into contact with a c(RGDfK)-
azobenzene surface, which is photoswitched by illumination from below. (b) Repre-
sentative force curves for a cell detached from a c(RGDfK)-azobenzene surface in
cis and trans state. The cell detachment force, Fdet, is defined as the force needed to
initiate cell detachment, i.e. corresponds to the minimum of the force curves (red,
black arrows). Single rupture events are derived from distinct rupture events in the
force curve (grey arrows). Reprinted by permission from the Wiley-VCH: Advance
Materials185, copyright 2016.

Force-distance curves were recorded for an approach/retract speed of 30 µm/s and

the contact between cell and surface was held at a contact force of 500 pN for both 1

and 3 s cell-substrate contact time experiments. For each azobenzene configuration,

20 force curves were taken at four different positions defined by the vertices of a 10 ×
10 µm square. For switching between isomeric configurations, the cell was retracted

from the surface and the surface was illuminated for 30 s from below using an LED

combination mounted on objective slots. Each irradiation period was followed by a

waiting period of 3 min before commencing force-distance measurement cycles. A

single cell was employed for at least two complete switching cycles, where a cycle

implies switching from trans to cis and back to trans isomerization.

Fig. 3.4 b shows the retract segment of representative force curves for a cell ad-

hering to a substrate in trans (black) and cis (red) configuration, respectively. At a

certain time during the cantilever retraction course, the pulling force reaches a critical

value termed the cell detachment force (Fdet in Fig. 3.4 b), at which the cell starts to

successively detach from the substrate. Under continued force load during cantilever

retraction, individual cell-substrate bonds dissociate (rupture events in Fig. 3.4 b) un-

til the cell is completely detached from the substrate. These rupture events show that

specific molecular bonds are formed between the cell and the surface. For the assess-
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ment of cell adhesion as a function of the isomeric state of the c(RGDfK)-azobenzene

layer, cell detachment forces as well as the number of single rupture events in indi-

vidual force curves are key parameters for a quantitative and qualitative comparison.

Whereas cell detachment forces characterize adhesion at the level of the whole cell,

the number of single rupture events gives information about the number of molecular

bonds formed between the cell and the surface, thus giving information about the

number of available binding sites on the surface. As shown in Fig. 3.4 b, detachment

forces as well as the number of successive single rupture events after 1 s cell-surface

contact time are noticeably decreased for the cis configuration compared to the trans

configuration.

3.3.2 Reversible photoswitching of cell adhesion

In order to demonstrate reversible photoswitching of cell detachment forces, we

carried out several cycles of UV/Vis irradiation in situ during SCFS. Commencing

with c(RGDfK)-azobenzenes in the trans configuration, 20 force curves were taken

at four different positions on the substrate with 1 s contact time. Then, the cell was

lifted from the surface and the azobenzenes were switched into the cis configuration by

irradiation with 365 nm UV light from below for 30 s. Another 20 curves were recorded

at the same positions as before and the azobenzenes were photoswitched back into the

trans configuration by irradiation with light of 470 nm wavelength for the next set

of force curves. This switching cycle was repeated several times with the same cell,

and detachment forces and number of rupture events per individual force curve were

analyzed.

Fig. 3.5 shows the detachment force results (normalized values) of representative

in situ cell adhesion photoswitching SCFS experiments with 1 s cell-substrate contact

time. In addition to the 1 s contact time experiments, 3 s adhesion time experiments on

azobenzene-coated substrates were conducted. These experiments showed that the cell

detachment force demonstrates a similar trend to that observed for 1 s adhesion time

experiments, i.e. stronger cell adhesion on azobenzene in the trans configuration than

on the cis. The results of those experiments are shown in Fig. 3.5, which displays the

results from the first switching cycle. More switching cycles were not feasible because

the cell was not able to survive further force measuring rounds due to repeated loading

for a relatively long contact time. In order to examine the influence of UV exposure on

the surface properties of glass and whether it affects the strength of adhesion of cells
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on it, a control SCFS experiment was carried out. The experiment was performed on a

blank glass substrate with a 1 s cell-sample contact time. More than 80 force-distance

curves were first recorded after exposure with 365 nm for 30 s. Subsequently, a similar

number of measurements were taken after exposure with 440 nm for 30 s. The results

show no difference in detachment force between the two conditions as can be seen in

Fig. 3.5.
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Figure 3.5: Switching of cell-detachment forces (normalized values) measured at 1
s and 3 s cell-substrate contact times in SCFS experiments. A SCFS experiment on
blank glass as a control experiment is also shown. The latter was performed at 1 s
contact time after irradiation with 400 nm and 365 nm, where ≥80 force-distance
curves were recorded for each situation, and no difference in the detachment force
can be seen. In 1 s contact time experiments, each data point is the average of ≥20
force curves recorded on c(RGDfK)-azobenzene coated surfaces. Cell detachment
forces are different in the cis and trans configurations of the c(RGDfK)-azobenzene
and can be reversibly switched in two consecutive switching cycles. As in 1 s contact
time, a clear difference in the detachment force can be seen between the trans and
the cis configurations in the first switching cycle for a 3 s contact-time experiment.
Performing further switching cycles was not feasible due to cell failure.

The cell detachment force values for a representative in situ cell adhesion photo-

switching SCFS experiments with 1 s cell-substrate contact time is shown in Fig. 3.6 a.

For azobenzenes in the trans configuration, the average cell detachment force ranged

between Fdet = (0.74 ± 0.03) nN before any illumination and Fdet = (0.92 ± 0.04) nN

in the final switching cycle with a mean of Fdet = (0.83 ± 0.04) nN. In the cis state,

the average detachment force was significantly decreased to Fdet = (0.65 ± 0.03) nN,
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corresponding to a reduction by more than 20 % (Fig. 3.6 a). The analysis of the SCFS

experiments on 5 independent cells have shown that the mean cell detachment forces

in the cis and trans state are significantly different at the 0.001 level (one-tail inde-

pendent sample t test (discussed in detail in Appendix A.1), number of forces curves:

1186 (trans) and 796 (cis)). Consistently, the number of rupture events per force

curve was reduced for surfaces with azobenzenes in cis configuration, demonstrating

that fewer binding sites are available if azobenzenes were in cis configuration and that

single molecular binding to surfaces can be controlled by photoswitching. The results

of the analysis of rupture events for the data set shown in Fig. 3.6 a is displayed in

Fig. 3.6 b).
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Figure 3.6: (a) Switching of cell-detachment forces of a single cell measured at 1
s cell-substrate contact time in a SCFS experiment. Each datapoint is the average
of >76 force curves from four different locations on the c(RGDfK)-azobenzene sur-
face. Cell detachment forces are different in the cis and trans configurations of the
c(RGDfK)-azobenzene and can be reversibly switched in several consecutive switch-
ing cycles. (b) A change in the number of rupture events per force curve due to the
cis/trans isomerization of the c(RGDfK)-azobenzene for the experiment shown in
(a). Error bars: Standard deviation. Reprinted by permission from the Wiley-VCH:
Advance Materials185, copyright 2016.

Moreover, in order to measure the work needed to achieve a complete detachment of

the cell from the substrate, the detachment energy was measured. Fig. 3.7 shows that

the energy needed to detach the cell from the substrate is larger when the azobenzene

is in the trans state. This behavior can be seen in both 1 and 3 s adhesion time SCFS

experiments. Fig. 3.7 also demonstrates that the energy needed to detach the cell from

the substrate is larger for 3 s adhesion experiments compared to 1 s experiments.

Exploiting the excellent potential of SCFS to quantify photoswitching at the single-

cell level, I compared three easily accessible parameters, the force, the energy and the
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*** ***

Figure 3.7: Cell detachment energy for both 1 (left of dashed line) and 3 (right of
dashed line) s cell-substrate contact time. The detachment energy at both contact
times is larger at the trans configuration compared to the cis.

number of individual rupture events needed to detach a single cell from the surface.

Cell adhesion was significantly hampered with c(RGDfK) azobenzenes in cis config-

uration as indicated by a drastically reduced cell detachment force and consistently

fewer individual rupture events.

Moreover, repeated back and forth switching between isomeric states within one

experiment was performed, demonstrating the true reversibility of surface functional-

ity. Here, it is important to mention that cell detachment forces did not continually

decrease during the consecutive switching cycles, proving the stable binding of the

c(RGDfK)-azobenzenes to the surface.

However, our measurements of cellular detachment forces and particularly the anal-

ysis of single rupture events also show that cell adhesion, though significantly reduced,

was not switched to zero in response to cis-trans isomerization. This result might

be caused to a small extent by unspecific background adhesion to the polyethylene

glycol background115. The major reason for this observation is presumably caused by

the incomplete switching of the c(RGDfK)-azobenzene layer, which is about 50 % as

determined by UV/Vis. This is highly consistent with our cell culture assays, which
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have shown that the number of adhering cells was reduced by 50 % for surfaces in the

cis configuration compared to the trans configuration.

Single cellular focal adhesion sites react very sensitively to variations in local ligand

density and experience a complete turnover of participating molecules within only 15

min85,131. Furthermore, in myogenic differentiation a temporally controlled variation

of ligand density has strong impact125. Hence, a strong impact on cell adhesion due to

any photoswitching-caused differences in ligand presentation can be anticipated either

locally or globally. This aspect will be subject to future investigation. Furthermore,

it has become increasingly evident that temporal changes in ligand presentation influ-

ence a variety of cellular properties that are not limited to cell adhesion125,126. With

regard to such effects, this strategy to generate rapid and reversible integrin-mediated

photoswitching holds significant potentials for in vitro and in vivo applications, par-

ticularly in order to control cellular behavior by temporal and spatial control of cell

adhesion.

3.4 Conclusion

In this work, a controlled, rapid and reversible photoswitching of integrin-mediated

cell adhesion has been successfully achieved using a powerful and widely-applicable sur-

face functionalization strategy based on c(RGDfK)-functionalized azobenzene mono-

layers. Photoswitching of cell adhesion was investigated in cell culture assays and by

measuring cell detachment forces at the single-cell level. This study provided an il-

lustration of the photoswitching mechanism at both cellular and molecular scales and

also allowed an unprecedented dynamic control of cell adhesion. Detailed analysis of

cell detachment curves revealed that cell adhesion can be reversibly switched at the

single-cell level and that fewer individual rupture events between cell and surface are

detected when the surface is in cis configuration. This indicates that indeed fewer

cell adhesion ligands are available for binding on the surfaces due to isomerization

of the c(RGDfK)-functionalized azobenzene molecules. The surface coating strategy

presented here can be easily applied to many different metallic materials that contain

a silanizable oxide layer, including biomedically relevant implant materials such as Ti

and NiTi. This model is an important stepping stone towards greater development

of a novel class of photoswitchable biointerfaces that enables a flexible and reversible

control of cell adhesion for a variety of in vitro and in vivo applications.



Chapter 4
Light-triggered mechanical stimulation

of integrin-mediated adhesion

4.1 Introduction

Cells are able to sense57,195 and actively react to the mechanical properties of their

environment through a dynamic restructuring of adhesion sites45,196,197. Those me-

chanical forces are essential for determining cell functionality and tissue formation198.

The ability of cells to adapt to environmental changes via modifying the cellular adhe-

sion machinery implies that cell adhesion is a highly dynamic process117,118. However,

despite the extensive research conducted to shed light on the mechanism of cellular

mechanosensing, the experimental settings that have been used are dominantly limited

to providing a static control of cell adhesion. In this chapter, a novel and intriguing

strategy for a reversible control of cell adhesion at the molecular level is presented. This

new approach is based on using c(RGDfK) ligands coupled to photoactive push-pull

azobenzenes, which can be stimulated by visible light. Azobenzenes and spiropyranes

have been previously employed in a few attempts to achieve switchable cell adhesion, as

both of their configurations can be switched between two well-defined isomeric states

using two different wavelengths148,185,186. Nevertheless, the inconvenience that both of

these molecules have to put up with is the necessity for two wavelengths to complete

a two-way switching. Using two different wavelengths in a biological system can in-

duce complications due to the exposure to a wider, possibly undesirable, range of the

electromagnetic spectrum. The shortcoming in these rather ”conservative approaches”

can be overcome by using the push-pull type of azobenzenes that are excellent alter-

71
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natives to regular azobenzenes, as they could be reversibly set between an ”active”

and an ”inactive” state with a single wavelength within the visible spectrum. Active

is a state of rapid (millisecond) trans/cis switching of the push-pull azobenzene that

takes place during exposure to a 530 nm light, which leads to an oscillation of the

c(RGDfK) ligands. This oscillation is seized once the light is switched off and thus

the inactive state is resumed. In this work, I show that the light-triggered mechanical

oscillations of single integrin ligands modulate cell adhesion and gene expression of

focal adhesion cluster proteins. The results exhibit a remarkable reinforcement of cell

adhesion due to the oscillation of the c(RGDfK) ligands. Likewise, the results also

shows that the expression of genes associated with mechanosensing and focal adhesion

formation, such as talin, vinculin, zyxin and paxilin, is upregulated in response to the

oscillation. This study is a significant milestone in understanding the regulation of

cellular mechanosensory mechanisms by molecular-scale forces.

4.2 Photo-responsive interfaces

In this study, the push-pull azobenzenes were first covalently coupled to glass sub-

strates along with a biologically passive polyethylene glycol (PEG) layer, then the

molecules were functionalized with the integrin ligand c(RGDfK)188 (Fig. 4.1 a). The

synthesis of the c(RGDfK)-azobenzenes and the preparation of the interfaces have

been kindly performed by Dr. Michelle Holz and Grace Suana in the group of Prof.

Rainer Herges at Otto Diels Institute of Organic Chemistry at Christian-Albrechts-

Universitt zu Kiel. The molar ratio of c(RGDfK)-azobenzene and PEG2000 was set

to 1:99, which is identical to that used in Chapter 3 to perform a reversible switching

of cell adhesion. This molar ration has been reported to be adequate for providing a

suitable adhesion condition for fibroblasts185,189. The c(RGDfK)-azobenzene packing

density on such substrates was about 1.07 ± 0.33 molecules/nm2, which is twice as

dense as the c(RGDfK)-azobenzene used in Chapter 3, as determined with UV/Vis

spectroscopy. Fig. 4.1 b illustrates the working principle of the c(RGDfK)-coupled

push-pull azobenzene monolayer. The azobenzene remains in the trans configuration

as long as the light is switched off. Once the 530 nm light is turned on, the azobenzene

molecules start oscillating between the two isomeric states. As shown in the work of

Hugel et al., azobenzene is capable of switching back and forth between the two iso-

meric states under an externally applied force199. Azobenzenes can still change their

configuration from trans to cis while withstanding external loads in the range of 400
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pN200. This rapid thermal reversion of the push-pull azobenzene will then be delivered

as a mechanical work. This switching can still take place when integrins have bound

to the c(RGDfK) headgroup of the push-pull azobenzene. During one motion cycle,

the azobenzene molecule changes its length from 9Å in the trans configuration to 5.5Å

in the cis 140,141. Therefore, this millisecond oscillation of the push-pull azobenzene is

believed to be transferred to the c(RGDfK) ligand, which in turn exerts mechanical

stimuli on the integrins in the cell membrane.
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Figure 4.1: Chemistry and working principle of the push-pull azobenzene. (a)
shows the functionalization of a glass surface with PEG2000 and c(RGDfK) push-
pull azobenzene. (b) Top: C(RGDfK)-coupled azobenzene monolayer. Bottom: Os-
cillation of the c(RGDfK)-azobenzene molecules during irradiation with 530 nm light

To study the effect of such a light-induced ligand oscillation on cells, two com-

plementary approaches were employed: Single-Cell Force Spectroscopy (SCFS) and

gene expression experiments, both of which will be discussed in sections 4.3 and 4.4,

respectively.

4.3 Single-Cell Force Spectroscopy (SCFS) on

push-pull interfaces

Single-cell force spectroscopy enables an objective study of the reversibility of cell

adhesion in situ on single-cell level using the same cell repeatedly on the same location

of the sample185. Here, I measured cell detachment forces (F), last rupture strength
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(Fs) and position (d) as well as the last tether length (w) in response to a cyclic switch-

ing of surface status, i.e. the light OFF/light ON course. Force distance curves were

recorded after immobilizing a single cell on a tipless cantilever (inset in Fig. 4.2) in a

setup similar to that described in section 3.3.1 in Chapter 3. Fig. 4.2 shows the detach-

ment of an adhering cell from a c(RGDfK) push-pull azobenzene decorated surface in a

force-distance curve for both when the surface is inactive (light switched OFF) (black

curve) and when it is active (light switched ON) (green curve). The illumination of

the substrate is done by an LED light mounted underneath the sample.

0 2 4 6 8

2.5

2.0

1.5

Distance [µm]

 Light OFF
 Light ON
 Baseline

1.0

0.5

0.0

Fo
rc

e 
[n

N]

530 nm

d
Fs

FON

w

FOFF

Figure 4.2: SCFS experiment where a single cell is immobilized on a tipless can-
tilever and brought into contact with the substrate. Force-extension curves in the
dark (black) and with 530 nm light (green) are shown. FOFF and FON are the cell
detachment forces when the light is switched off and on, respectively. Fs stands for
the forces associated with the last rupture event, d is the detachment length in µm
and w is the last tether length. Inset: A cell immobilized on a tipless cantilever and
brought into contact with substrates.

In order to examine the effect of ligand oscillation on cell adhesion and also to

check the reversibility of this effect, several illumination cycles were performed in situ

using a single cell (Fig. 4.3). Force-distance curves were initially recorded in the dark,

i.e. with the c(RGDfK)-azobenzene in the trans state, before turning green light (530

nm) on. Subsequently, the surface molecules were oscillated by turning on the 530

nm light. Then, the light was switched off and the same cycle was repeated several

times with cell-surface contact times of 1 and 3 s. A similar method was followed in

a SCFS experiment with 5 s contact time. However, due to cell failure resulting from

extended contact times and repeated loading of the cell, only a single switching cycle
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was achieved (Fig. 4.3). As a first parameter, cell detachment forces were analyzed.

Cell detachment force represents a critical value that is necessary to initiate cell release

from the substrate. For both 1 and 3 s cell-surface contact time, there was a significant

increase in detachment force when the light was switched on (Fig. 4.3). In detail, we

determined an increase by 21.7 % ± 6.8 % for 1 s cell-surface contact time (6 cells, 2186

force curves) and by 26.4 % ± 11.5 % for 3 s cell-surface contact time (5 cells, 951 force

curves). Only one SCFS experiment with 5 s contact time has been performed, thus

the detachment force results will only be shown qualitatively in Fig. 4.3 and will not

be taken into consideration for further detailed calculations. A continuous irradiation

with light while recording force-distance curves might lead to a temperature increase

inside the sample chamber. However, previous work had shown theoretically as well

as experimentally that a temperature increase causes a drop in binding strength as

discussed in detail in Appendix D.3201. The increase in cell detachment force that was

observe on the c(RGDfK) push-pull azobenzene surfaces is believed to be resulting

from the mechanical oscillation transmitted from the azobenzene molecules to the

integrins in the cell membrane.
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Figure 4.3: The normalized values for cell detachment force in several subsequent
irradiation cycles for 1, 3 and 5 s contact times. Each curve represents the results of
a different experiment with a different cell. Cell detachment force increases consid-
erably when the azobenzene molecules are illuminated and can oscillate. Due to cell
failure, some cell were not able to complete the multiple switching cycle, as shown
by the black curve in the 3 s contact time and also the 5 s contact time. Error bars
indicate normalized standard deviations.

A very important parameter in SCFS experiments is the force associated with the

last single rupture, as it should mainly give results about the adhesion of tiny adhesion
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sites or even single molecules with the surface. In these experiments, the force associ-

ated with the last rupture and the position of the last rupture event show a noticeable

shift towards stronger values during irradiation (Fig. 4.4). The maxima of the last

rupture force distributions for 1 and 3 s adhesion times are shifted by approximately

6 and 8 pN, respectively and the maxima shift of the detachment length distributions

are approximately 0.8 and 0.9 µm, respectively. Those shifts are significant at a level

of p < 0.001 (Students t-test) for both cell-surface contact times (number of force

curves for 1 s contact time: 1318 (light OFF) and 868 (light ON); 3 s contact time

experiments: 559 (light OFF) and 392 (light ON)).

Hence, a clear increase in relative frequency at higher rupture forces in response

to light illumination is evident. A significant increase due to light illumination has

also been observed for the length of the last tether w, which gives information about

the lifetime of bonds under constant force load (more information can be found in

section 1.5.2). The increase of single rupture force, detachment length and tether

length observed in these experiments is believed to be due to a mechanical stimulation

of integrin binding that is attributed to the oscillation of the push-pull azobenzene.
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Figure 4.4: Relative frequencies of the last rupture’s force Fs and position d as well
as the plateau width w, all of which extracted from force-distance curves of the SCFS
experiments. The results of Fs, d and w are shown for both 1 s contact time in a,
c and e, respectively, and 3 s contact time in b, d, and f, respectively. The results
show a noticeable shift towards higher values as a response to the oscillation of the
push-pull azobenzene. These shifts are confirmed by the t test (one-tail independent
sample t test that is discussed in detail in Appendix A.1), which shows a significant
difference at the 0.001 level (except for the plateau width in the 3 s contact time
experiment, which only showed a significance at 0.1 level), which are displayed in
the insets in each figure. Number of analyzed rupture events: 1318 (OFF) and 868
(ON) for 1 s, 559 (OFF) and 392 (ON) for 3 s.
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Moreover, in order to measure the work needed to achieve a complete detachment

of the cell from the substrate, the detachment energy was measured for 1, 3 and 5

s cell-substrate contact time experiments. Fig. 4.5 shows that the energy needed to

detach the cell from the substrate is larger when the azobenzene is in an oscillating

state, i.e. during light exposure. This behavior can be seen in 1, 3 and 5 s contact

time SCFS experiments. Fig. 4.5 also demonstrates that the energy needed to detach

the cell from the substrate is larger for 3 s adhesion experiments compared with 1 s

experiments.
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Figure 4.5: Representative examples of cell detachment energies for 1, 3 and 5
s cell-substrate contact time SCFS experiments on c(RGDfK) functionalized push-
pull azobenzene. An increase in detachment energy is observed in response to the
oscillation of the c(RGDfK) ligand in the push-pull azobenzene, which is triggered
during light exposure. In the 5 s experiment, on force curves were recorded after the
first switching cycle due cell failure.

In order to test the influence of c(RGDfK) oscillation on rupture formation, we

calculated the number of ruptures associated with each force-distance curve taken.

The results show no noticeable difference in the number of ruptures between oscillating

and static conditions (Fig. 4.6).

The cell detachment force, the detachment energy and the last rupture analysis

provide a plethora of information about cellular interaction with the environment.

However, these parameters fail to provide information regarding the type of interaction

the cell develops with the substrate, i.e. they fall short of describing the anchorage

of integrins to the microenvironment202. A good description of this interaction can

be obtained by evaluating the slope before a rupture event, which is demonstrated in

Fig. 4.7 a, with the distance from the surface at which the rupture takes place. This
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Figure 4.6: The number of rupture events calculated for a representative example
(i.e. one cell) of a SCFS experiment with 1 s contact time. The results show no
noticeable difference in the number of events occurring when the light is switched on
or off, i.e. with or without ligand oscillation.

offers a two-dimensional density plot that enables a simple method to visualize the

results. It also enables an easy way to distinguish long membrane tethers from shorter

jump-like ruptures that are usually obtained from cytoskeletal-anchorage bindings202.

Therefore, in order to acquire a better understanding of the integrin-c(RGDfK) ligand

interaction in the system presented in this chapter, the two-dimensional probability

density was plotted and illustrated in Fig. 4.7 (heat maps). The results show that

there is no noticeable difference in the slope prior to the last rupture event between

the active (light on) and the inactive (light off) states for both 1 and 3 s contact time

experiments (Fig. 4.7 b and c, respectively). The results also show that the slope values

in both the active and the inactive are mostly zero, indicating that the last rupture is

dominantly a membrane tether. This also implied that the ligand oscillation does not

change the cytoskeletal coupling.
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Figure 4.7: (a) A representative force-distance curve demonstrating both jump and
tether ruptures, which can be distinguished by the slope prior (left) to the rupture. (b)
and (c) The two-dimensional probability densities for both 1 and 3 s contact time
experiments, respectively. The slope prior to the last rupture in both experiments
does not seem to change in response to ligand oscillation, which takes place when
the light is switched on. Number of analyzed rupture events: 1318 (OFF) and 868
(ON) for 1 s, 559 (OFF) and 392 (ON) for 3 s.
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4.4 Gene expression experiments on push-pull

interfaces

Mechanical forces are transmitted from the extracellular matrix to the cell’s cy-

toskeleton through integrins, which in turn are connected to the actin filaments through

a number of linker proteins such as vinculin, paxillin, zyxin and talin. In addition to

providing means to transfer signals to the cytosol, these proteins also help stabiliz-

ing adhesion clusters by regulating gene expression through a feedback system. The

change in adhesion behavior due to ligand oscillation, as presented in the previous

section, implies a change in cell function, which is governed by proteins encoded by

genes203. One of the most reported cellular response to mechanical signals is through

a regulation of gene expression, i.e. an increase or decrease in generating gene prod-

ucts such as proteins204–206. Therefore, the gene expression of these linker proteins at

the mRNA level has been studied in response to a mechanical stimulation delivered

through the oscillation of c(RGDfK)-functionalized push-pull azobenzene. This study

has been kindly conducted by Dr. Wei Wang.

The gene expression experiment was conducted as illustrated in Fig. 4.8. Fibroblast

cells were seeded on push-pull azobenzene-coated substrates and left to incubate for 30

min. The samples then underwent consecutive series of light exposure and incubation

cycles, each with defined time and number of repetitions (Fig. 4.8 A). The results show

a clear upregulation of the gene expression for vinculin, paxillin, zyxin and talin with

a clear fold change in expression level (Fig. 4.8 B) in response to irradiation of cells on

a c(RGDfK)-push-pull azobenzene in comparison to cells on uncoated glass surfaces.

Fold change is a common measure of gene expression that signifies the change from

the initial to the final value, e.g. a fold change of one corresponds to a doubling of the

counts obtained. All these proteins are essential proteins in a focal adhesion cluster,

which has previously been reported to have mechanosensory properties207. Hence,

this upregulation of proteins is believed to be triggered by the molecular mechanical

stimulation, like a ”tickling” of the cell, prompted through oscillations of the c(RGDfK)

push-pull azobenzenes that is encountered by integrins during light exposure.
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Figure 4.8: Gene expression experiment. (a) Experimental steps showing four
different types of experiments with different light stimulation protocols (different in-
cubation times and repetitions). (b) Average fold changes in gene expression in
response to different light stimulation protocols on c(RGDfK) push-pull azobenzene
surfaces. Three samples were analyzed for each data point and error bars denote
standard deviation.
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4.5 Conclusion

The SCFS results show a significant increase in cell detachment force as a result of

the mechanical oscillation of the c(RGDfK) ligands coupled to the push-pull azoben-

zene molecules. Likewise, the results from the gene expression experiments also show a

significant upregulation in the expression of several proteins that have been reported to

be involved in mechanosensing. As the light-induced heating of push-pull azobenzenes

is negligible, the observed reinforcement in cell adhesion, at both cell and single-rupture

levels, as well as the upregulation in gene expression are attributed to the activation

of mechanosensory mechanisms. The increase in detachment force is believed to be

attributed to the activation of a catch bond mechanism in the binding of integrins,

which becomes stronger in response to an applied force. Bond strengthening could also

be due to a mechanical stimulation of other components of the focal adhesion clusters,

which have been proposed to act as mechanosensors, such as talin and vinculin. The

experimental outcome of this work shows that cell adhesion is not only influenced by

large scale forces transmitted through the cytoskeleton, as reported previously, but also

by the oscillations of integrin ligands. The ability to exert oscillatory ”tickling” forces

to single adhesion proteins provides both an intriguing method to investigate cellular

reaction to molecularly-defined forces as well as a novel approach to induce mechan-

otransduction. As cellular mechanosensing is an important mechanism in stem cell

differentiation, the ability to trigger molecular interactions through mechanosensing

will offer a great potential to provide pioneering strategies for prompting cell func-

tions. This work represents a starting point for exciting possibilities to control cellular

behavior at the molecular level with light.





Conclusion

In my thesis, biological interfaces that enable a comprehensive study of the impact

of ligand density, structure and oscillation on cellular interactions with the environ-

ment, have been developed. These biofunctional interfaces offer intriguing methods

to control cell adhesion on a wide scale, starting from cellular to single-cell and down

to the molecular level. Controlling cell adhesion in this work was conducted in both

static and dynamic fashions. The static approach for controlling cell adhesion using

novel micronanostructured interfaces is presented in the first part of my thesis. On

the other hand, the approach for a dynamic control of cell adhesion is carried out

using light-responsive interfaces, as discussed in the second part of this work. The

static control of cell adhesion was performed using novel micronanostrucutures that

have been prepared using Block-Copolymer Micelle Nanolithography (BCML) in com-

bination with photolithography. The combination of the two techniques enabled the

development of a unique method for fabricating microstructured substrates decorated

with gold nanoparticles having well-defined interparticle spacings.

In this method, nanotopographic substrates with checkerboard-like patterns con-

sisting of segments of varying heights have been generated using conventional pho-

tolithography. Using these substrates as platforms for subsequent patterning by BCML

resulted in micronanostructures with a controlled arrangement of quasi-hexagonally or-

dered gold nanoparticles via pure self-assembly. The interparticle spacing is dictated

by the height of the topographical segment and different interparticle spacings between

adjacent segments have been achieved. Thus, this strategy provides a high-throughput

method for controlling the density and spacing of the nanoparticles on micrometer-

sized segments. Fluorescence microscopy showed that the nanotopographic pattern

does not hinder cells from adhering to the substrate. Hence, these micronanostru-

cutures have a great potential to control specific cellular functions through a local

microstructuring of the density of proteins that mediate cell adhesion. As BCML

is applicable to various types of substrates and the etching of regular nanotopogra-

85
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phies has become a routine process, a straightforward transfer of this surface-coating

strategy to numerous kinds of samples is now feasible.

In the second half of my thesis, a dynamic control of cell adhesion was addressed

with two strategies that allowed a rapid and reversible switching of cell adhesion.

Both strategies are based on using light-responsive azobenzenes that have been bio-

functionalized with RGD peptides. These two studies provide a demonstration of the

photoswitching mechanism at both cellular and molecular scales and allow an unprece-

dented dynamic control of cell adhesion. In the first strategy, the dynamic control of

cell adhesion was realized using Single-Cell Force Spectroscopy (SCFS) measurements,

which showed that cell adhesion was reversibly switched. This was proven by measur-

ing the reversible change in the detachment force, with a variation of approximately

20 %, in several consecutive trans/cis switching cycles. The SCFS results also showed a

drop in the number of individual single rupture events between the cell and the surface

when the azobenzene was switched to the cis configuration, hence proving the change

in bound molecules due to switching. The surface coating strategy presented here can

be easily applied to many different metallic materials that contain a silanizable oxide

layer, including biomedically relevant implant materials such as Ti and NiTi.

In another attempt to achieve a dynamic control of cell adhesion, push-pull azoben-

zenes have been used for the preparation of biofunctional interfaces. If the RGD-

coupled push-pull azobenzenes were forced to oscillate through visible light illumina-

tion, an average increase in cell detachment force of about 21 −27 % has been demon-

strated by the SCFS experiments. This result is supported by gene expression studies

at the mRNA level. The observed reinforcement in cell adhesion as well as the up-

regulation in gene expression are both attributed to the activation of mechanosensory

mechanisms. The experimental outcome demonstrates that cell adhesion is not only

influenced by large scale forces transmitted through the cytoskeleton, as reported pre-

viously, but also by the oscillations of integrin ligands. The ability to exert oscillatory

”tickling” forces to single adhesion proteins provides both an intriguing method to

investigate cellular reaction to molecularly-defined forces as well as a novel approach

to induce mechanotransduction. As cellular mechanosensing is an important mecha-

nism in stem cell differentiation, the ability to trigger molecular interactions through

mechanosensing will offer a great potential to provide pioneering strategies for prompt-

ing cell functions. The dynamic control of cell adhesion proposed in this study presents

a great stepping stone towards exciting possibilities for controlling cellular behavior at

the molecular level with light.
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Appendix-A

A.1 Independent samples t test

The independent samples t test, also known as the independent t test or alterna-

tively the student t test, is a statistical tool employed to compare the means of two

independent populations. This comparison provides evidence on whether the associ-

ated population means are significantly different. In order to perform the independent

t test, two independent samples, i.e. independent of observations, are required. Also,

there should be no relationship between the data of each group, i.e. data of each group

can neither influence the other groups data nor replace them. The independent sam-

ples t test can be conducted in one of two forms, namely the one-tail or the two-tails

tests208. Both tests will be presented below and the differences will be discussed.

In the one-tail independent t test, two hypotheses are proposed: The null hypothesis

H0 and the alternative hypothesis H1. Both hypotheses are presented as follows

H0 : M1 = M2

H1 : M1 > M2

(1)

where M1 and M2 are the means of group 1 and 2, respectively. The test statistic

(t-value) in an independent t test is calculated as

t =
M1 −M2√

S2
1

n1
+

S2
2

n2

(2)

where S2
1 and S2

2 are the variances and n1 and n1 are sample sizes of group 1 and

2, respectively (Fig. Appendix-A.1). In order to calculate the variance, we need to

determine the deviation which can be obtained as follows: First, the mean value is
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subtracted from the inputs within the sample size, i.e. (n − mean) (Fig. Appendix-

A.1). Then, the (n −mean) value is squared (Fig. Appendix-A.1), i.e. (n −mean)2,

and the sum of all (n−mean)2 values is calculated, i.e.
∑

(n−mean)2. Finally, the

variance can be determined by dividing the sum value by the degree of freedom (n−1)

as shown below

S2 =

∑
(n−mean)2

n− 1
(3)

n1 n1 - mean (n1 - mean)2

n2
n3
n4
n5
n6
n7
n8
n9

n2 - mean
n3 - mean
n4 - mean
n5 - mean
n6 - mean
n7 - mean
n8 - mean
n9 - mean

(n2 - mean)2

(n3 - mean)2

(n4 - mean)2

(n5 - mean)2

(n6 - mean)2

(n7 - mean)2

(n8 - mean)2

(n9 - mean)2

n (n - mean)2n - mean

Figure Appendix-A.1: Exemplary table of data demonstrating the steps needed to
calculate the deviation.

Having calculated the S2 value of each group, the t-value will be simply determined

using equation 2.

In order to reach an appropriate conclusion on whether a statistical difference be-

tween the two groups in the test exists, the p-value is needed. The p-value is the

probability that the null hypothesis is true for the observed result. Thus, the smaller

the p-value the more significant the difference is. Each p-vlaue corresponds to a defined

t-value which can be obtained from Fig. Appendix-A.2.

In a one-tail t test under the hypothesis that M1 is larger than M2, the p-value is

the shaded yellow area under the distribution curve in Fig. Appendix-A.3 a208.

However, the p-value is double the shaded area in a two-tail independent test, i.e.

the sum of both shaded areas under the distribution curve. In a two-tail t test, the
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1 3.078 6.314 12.706 31.821 63.657 318.309
0.816 1.886 2.92 4.303 6.965 9.925 22.327
0.765 1.638 2.353 3.182 4.541 5.841 10.215
0.741 1.533 2.132 2.776 3.747 4.604 7.173
0.727 1.476 2.015 2.571 3.365 4.032 5.893
0.718 1.44 1.943 2.447 3.143 3.707 5.208
0.711 1.415 1.895 2.365 2.998 3.499 4.785
0.706 1.397 1.86 2.306 2.896 3.355 4.501
0.703 1.383 1.833 2.262 2.821 3.25 4.297

0.7 1.372 1.812 2.228 2.764 3.169 4.144
0.697 1.363 1.796 2.201 2.718 3.106 4.025
0.695 1.356 1.782 2.179 2.681 3.055 3.93
0.694 1.35 1.771 2.16 2.65 3.012 3.852
0.692 1.345 1.761 2.145 2.624 2.977 3.787
0.691 1.341 1.753 2.131 2.602 2.947 3.733

0.69 1.337 1.746 2.12 2.583 2.921 3.686
0.689 1.333 1.74 2.11 2.567 2.898 3.646
0.688 1.33 1.734 2.101 2.552 2.878 3.61
0.688 1.328 1.729 2.093 2.539 2.861 3.579
0.687 1.325 1.725 2.086 2.528 2.845 3.552
0.686 1.323 1.721 2.08 2.518 2.831 3.527
0.686 1.321 1.717 2.074 2.508 2.819 3.505
0.685 1.319 1.714 2.069 2.5 2.807 3.485
0.685 1.318 1.711 2.064 2.492 2.797 3.467
0.684 1.316 1.708 2.06 2.485 2.787 3.45
0.684 1.315 1.706 2.056 2.479 2.779 3.435
0.684 1.314 1.703 2.052 2.473 2.771 3.421
0.683 1.313 1.701 2.048 2.467 2.763 3.408
0.683 1.311 1.699 2.045 2.462 2.756 3.396
0.683 1.31 1.697 2.042 2.457 2.75 3.385
0.682 1.306 1.69 2.03 2.438 2.724 3.34
0.681 1.303 1.684 2.021 2.423 2.704 3.307
0.679 1.299 1.676 2.009 2.403 2.678 3.261
0.679 1.296 1.671 2 2.39 2.66 3.232
0.677 1.289 1.658 1.98 2.358 2.617 3.16

one tail 0.25 0.1 0.05 0.025 0.01 0.005df
two tails 0.5 0.2 0.1 0.05 0.02 0.01 0.002

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
35
40
50
60

120

0.001

Figure Appendix-A.2: The corresponding t values for n degrees of freedom.

following hypotheses are presumed

H0 : M1 = M2

H1 : M1 6= M2

(4)

and hence, the t-value can be either a negative or a positive value (Fig. Appendix-

A.3 b).
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0

t-valuet-value +-

p-value is sum
of both areas

0
t-value

p-value is
this area

a

b

Figure Appendix-A.3: One tail (a) versus two tail (b) independent t test. The
x-axis is a set of possible results and the y-axis is the probability density. The t value
together with the point where the curve cuts the x axis defines an area known as the
p value.



Appendix-B

B.1 Cantilever’s spring constant calibration

B.1.1 Calculation using geometry

A theoretical calculation of the spring constant that is based on the geometry of the

cantilever is the most basic method. The simplest formula for calculating the spring

constant (k) is that for a rectangular and it is

k =
E · w

4
· (t
l
)3 (1)

where E is Young’s modulus, w is width, t is thickness and l is the length of the

cantilever. The resonance frequency (f) can be determined by

f =
(1.8751)2

2π
· t
l2
.

√
E

12ρ
(2)

where ρ is the mass density.

Nonetheless, this method involves complications, which are difficult to overcome.

Among these is the difficulty of knowing the exact geometry and material properties

of a particular cantilever. Also, the cantilever’s dimensions are difficult to control

accurately during the manufacturing process, which implies inevitable errors in the

calibration. Moreover, metal coatings can be applied onto the cantilever, which also

affect the calculated spring constant due to using dissimilar materials.
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B.1.2 Calculation using added mass

Adding mass to a cantilever with a well-defined weight is another technique to mea-

sure its spring constant. The method comprises adding small known weights (usually

metal spheres) to the free end of the cantilever and monitor the change in the resonance

frequency.

However, having an accurate added weight as well as positioning it precisely at the

very end of the cantilever is a generally difficult task. The uncertainty of both the

mass and position of the added weight yields errors in spring constant calculation.

B.1.3 Calculation using a reference cantilever

The spring constant of a new cantilever can be determined through a comparison

with a known cantilever, i.e. reference cantilever. The calibration of the cantilever

is performed by taking a force curve against a hard surface to attain the sensitivity,

which is the slope obtained from the indentation part of the force curve. Then, the

cantilever is pressed against the reference cantilever to acquire another force curve

whose slope is compared to the other in order to obtain the spring constant as shown

below

k = kr(
ss
sr
− 1) (3)

where kr is the spring constant of the reference cantilever and ss and sr and the

measured slopes on the solid surface and the reference cantilever, respectively.

In this method, it is essential to align the two cantilevers accurately so that the

contact between both cantilevers only takes place at their tips. If there is a significant

shift in the positioning of the two tips, a correction is need to be made as follows

kcorr = k(
L

L−∆L
)3 (4)

where kcorr is the corrected spring constant, L is the length of the reference cantilever

and ∆L is the offset between the two tips.

Because the measurement is needed to be conducted offline and separately, this

method is relatively time-consuming compared to the thermal noise method that is
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discussed in the next section.

B.1.4 Calculation using thermal noise analysis

This method, which was proposed in the work of Hutter et al.209, is based on mea-

suring the free fluctuation of the free end of a cantilever due to the thermal vibration.

The fluctuation energy comes from the cantilever’s thermal environment at, for in-

stance, room or physiological temperatures. The thermal noise analysis has become

widely used for the calibration of AFM cantilevers due to its convenience in being a

passive measuring technique, which is applicable in liquid as well as in situ. during

an experiment. However, factors such as the shape of the cantilever and details of

the hydrodynamic damping affect the measurement and lead to a 5 −10 % error in the

calculation. Despite the consistent error, this method is fairly reliable when the main

focus of the experiment is to have consistent force measurements, particularly when

the same cantilever is used throughout the experiment.

The free end of the cantilever fluctuates due to the natural thermal energy in the

environment. These fluctuations are of the order of 3 Å at room temperature for a soft

AFM cantilever with a spring constant of around 0.05 N/m. The small deflections of

the cantilever allow to approximate it as a simple harmonic oscillator with one degree

of freedom. This implies that measuring the fluctuations of a freely-moving cantilever

near the resonant frequency provides a good estimation of the spring constant.

A simple harmonic oscillator in equilibrium with its surrounding fluctuates due to

thermal noise. The Hamiltonian of this system is

H =
p2

2m
+

1

2
mω2

0q
2 (5)

where q is oscillator displacement, p is its momentum, m is the oscillating mass

and ω0 is the resonant angular frequency. According to the equipartition theorem, the

average value of each quadratic term in the Hamiltonian is equal to kBT/2, where kB

is Boltzmann’s constant and T is the temperature. Hence,

1

2
kBT =

〈
1

2
mω2

0q
2

〉
(6)

Since ω2
0 = k/m, the spring constant can be then determined using the measurement
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of the mean-square spring displacement as

k =
kBT

〈q2〉 (7)

In order to isolate the thermal oscillations from other noise sources, the data are

examined in a frequency domain, which allows a study of the frequency dependence of

the fluctuations. This yields a better analysis of the data at the resonance frequency,

which allows to exclude low frequencies and other noises. The resonance peak of the

free fluctuations when plotted against the frequency has a Lorantzian line shape. On

the other hand, noise sources add a background to this thermal response. Because

the noise signals are unlikely to have a resonance at the resonance frequency of the

cantilever, excluding the background can be simply done. The area under the peak is

then a measure of the energy in the resonance. As the integral of the area below the

peak equals the mean square of the fluctuations, an estimation of the spring constant

can be reached as follows

k =
kBT

P
(8)

where P represents the area under the peak and therefore the thermal fluctuations,

being corrected by the noise.
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C.1 Microstructures

Microstructures were fabricated on single-side-polished, p-doped, 4 inch Si wafers

(resistivity 130 Ωcm) that have a nominal thickness of 525 ± 25 µm (Siegert Wafer,

Germany) using photolithography followed by wet etching210. The wafers were coated

with a 1500 nm ± 5 % thermally grown oxide layer. First, the Si wafers were cleaned

ultrasonically for 5 min in acetone (≥ 99.7 %, Ph.Eur., extra pure, Carl Roth, Ger-

many) and then sonicated again in isopropanol (Rotipuran ≥ 99.8 %, p.a., ACS, ISO,

Carl Roth, Germany) for another 5 min to remove the acetone before they were blown

dry with N2. Before applying the photoresist, wafers were treated with HMDS (hex-

amethyldisilazane), which assists promoting resist adhesion. Afterwards, a positive

photoresist (AZ1518, Microchemicals, Germany) was spin coated (OPTI spin ST22P,

Solar-Semi, Germany) onto the wafers at 4000 rpm, resulting in a resist layer thickness

of 1.8 µm. The wafers were then taken to the mask aligner (MicroTec MA 6/BA 6,

Sss, Germany) and illuminated with UV light through a chromium photomask (Com-

pugraphics Jena, Germany) consisting of 5-µm-wide stripes with a 5 µm gap between

adjacent stripes. After developing with AZ 726 MIF (Microchemicals, Germany),

wafers were etched for 40 s with ammonium fluoride (ammonium fluoride etching mix-

ture, semiconductor grade Puranal, Sigma-Aldrich, Germany) to create 5-µm-wide,

60-nm-deep stripelike grooves in the silicon dioxide layer. Eventually, the rest of the

photoresist on the wafers was stripped off through ultrasonic cleaning for 5 min in

acetone and then another 5 min in isopropanol, and ultimately the wafers were blown

dry with N2 (Fig. 2.5 a). To generate the quadruple pattern, a second set of stripes

was etched into the wafers by repeating the photolithography and etching steps with

the photomask rotated by 90◦. This procedure results in a checkerboard structure

with segments of different heights (Fig. 2.5 b)164.
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C.2 BCML on microstructures

The microstructured samples were patterned with gold particles using block copoly-

mer micelle nanolithography. Polystyrene-b-poly-2-vinylpyridine (PS (110000)-block-

P2VP (52000), 4 mg/mL, Polymer Source, Canada) was dissolved in toluene (p.A.,

Merck, Germany) and loaded with tetrachlorogold(III) acid trihydrate (Aldrich, Ger-

many) in a molecular ratio of 0.4. The Si microstructures were cleaned in an acetone

ultrasonic bath for 5 min followed by a 5 min ultrasonication in isopropanol. A droplet

of 20 µL of the gold-loaded polymer solution was spin coated onto the microstructured

Si substrate at 1000, 5000, and 7000 rpm (WS-650Mz-23NPP, Laurell, USA). To re-

move the micellar polymer, the spin coated, dry substrates were exposed to plasma

using a mixture of hydrogen and argon gas (10 % hydrogen, 90 % argon) in a plasma

etcher (TePla 100 plasma system, PVA, Germany) at 0.4 mbar and 300 W for 1 h164.

In order to further homogenize the micelle distribution, on specific samples ultrasound

annealing was carried out for 30 s as described by Williges et al.173.

C.3 SEM and image analysis of micronanotopographies

Prior to SEM (Supra 55VP, Zeiss, Germany) imaging, the samples were coated with

a thin layer of graphite using a sputter coater (BAL-TEC SCD 050, Capovani Brothers

Inc., USA). SEM imaging was carried out at 5 kV using both in-lens and secondary

electron detectors at a working distance of 3 mm. The interparticle spacing was on

the one hand calculated using a custom-written Matlab routine (Matlab, Mathworks,

USA), which first determined the particle density and then, assuming a perfect hexag-

onal particle distribution, calculated the corresponding nanoparticle spacing. On the

other hand, for a more accurate measurement of interparticle spacing variations as well

as for calculating the 6-fold bond orientational order parameter of the nanopattern, a

nearest-neighbor detection algorithm was employed in ImageJ173. Both analysis meth-

ods were performed on multiple individual areas (1 × 1 µm) of the same segment. Heat

maps were generated using the pcolormat function in Matlab164.
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C.4 AFM imaging and image processing of

micronanotopographies

Atomic force microscopy (AFM) topographic imaging was employed to measure the

step height of Si microstructures and to determine the topography after spin coating

with micelle solution. Imaging was performed on a JPK NanoWizard 3 (JPK In-

struments AG) operated in ac mode using ACTA cantilevers (spring constant ≈ 40

N/m, resonance frequency ≈ 300 kHz; Applied NanoStructures Inc.) for uncoated

Si microstructures and MSNL-F (spring constant ≈ 0.6 N/m, resonance frequency ≈
100 kHz, Bruker AFM Probes) for micelle-coated samples at scan rates of 1 - 2.5 Hz.

Image processing and cross-sectional analysis were done in Gwyddion 2.37 (Gwyddion

- free SPM, sourceforge.net)164.
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D.1 Synthesis of azobenzene

The synthesis of the azobenzene compound 4-(2-(4-(Prop-2-yn-1-yloxy)phenyl) di-

azenyl)benzoic acid AB 3, and the preparation of mixed azobenzene and polyethylene

glycol (PEG-MW: 2000 Dalton) monolayers, as well as the subsequent functionaliza-

tion with cyclic RGD peptide c(RGDfK)211 were kindly performed by Dr. Michelle

Holz and Grace Suana. Packing densities of the mixed monolayers were determined via

UV/Vis spectroscopy (Perkin-Elmer Lambda 14 spectrometer)212,213. Photoswitching

between isomers was carried out with a UV LED combination assembled by Sahlmann

Photochemical Solutions. Switching of the azobenzene from trans-to-cis configuration

was induced by irradiation with UV light at a wavelength of 365 nm (Nichia LED,

NCSU033, 350 mW) with a measured intensity of approximately 321 µW/cm2. Switch-

ing back from cis-to-trans configuration was carried out by irradiating the sample with

visible (VIS) light at a wavelength of 440 nm (Roithner LED, VL440-EMITTER, 300

mW) with a measured intensity of approximately 318 µW/cm2.

D.2 Cell culturing experiment

Rat embryonic fibroblast 52 wild type cells (Ref52 wt) were maintained in Dulbeccos

Modified Eagles Medium (DMEM, Biochrom) supplemented with 10 % Fetal Bovine

Serum (FBS, Biochrom) at 37 ◦C, 5 % CO2 and about 90 % humidity. Before the cells

were seeded, the samples were washed once with 70 % ethanol (Walter CMP) and then

washed two times with sterilized 1× phosphate buffered saline (PBS, Sigma-Aldrich,

P5493) in 6-well plates (Sarstedt). Cells were suspended in Hanks Balanced Salt

Solution (HBSS, Sigma-Aldrich, H6648) after trypsinization (0.25 % trypsin/ 0.05 %

ethylenediamine tetraacetic acid, Biochrom). In each well, 2×104 cells in HBSS were

xxxv
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seeded onto the samples. Azobenzene samples were either in cis or trans configuration

prior to cell seeding (Fig. 3.2 a). The cis configuration was generated by 20 s UV

illumination. Cells were incubated on the samples for 15 min at room temperature and

subsequently washed with 1× PBS, before being fixed with 4 % paraformaldehyde (4

mL, Sigma-Aldrich) at room temperature for 25 min. Afterwards, samples were washed

twice with 1× PBS. The number of adhering cells was counted manually using a 10×
magnification objective (CACHN 10× 0.25, Olympus) in phase contrast microscopy

(CKX41, Olympus) and data were plotted with Origin 9.1 (OriginLab). The assay

was carried out in four independent experiments, each of them at least in duplicate.

D.3 Analysis of force-distance curves

The analysis of force-distance curves was carried out using a commercial AFM data

processing software (JPK Instruments). Data were plotted and statistical significance

was tested with Origin 9.1 (OriginLab).
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E.1 SCFS on push-pull azobenzene

The detachment forces of cells were measured using an atomic force microscope

(Nanowizard III, JPK Instruments) mounted onto an inverted light microscope (IX71,

Olympus). All experiments were undertaken in HBSS buffer at room temperature.

First, tipless Si3N4 cantilevers with Au reflective coating and a nominal spring constant

in the range of 0.06 to 0.35 N/m (NP-O10, Bruker) were calibrated using the thermal

noise method implemented in the JPK AFM software. Then, the calibrated cantilevers

were functionalized with Concanavalin A (conA, Sigma-Aldrich, C2272) in order to

immobilize single REF52 wt cells according to standard procedures3,115,194. To capture

a cell, a number of freshly trypsinised cells was injected into the sample chamber and

the cantilever was immediately approached to a cell with an applied force of a few nN

for 8s. Eventually, the cell-capturing cantilever was carefully lifted off the surface and

held resting for 12 min to guarantee stable attachment of the cell3,115,194.

Force-distance curves were recorded at an approach/retract speed of 30 m/s. Ex-

periments with 1 and 3 s contact times between cell and surface were carried out at a

constant force of 500 pN. The force curves were recorded on four different positions on

the substrate as defined by the vertices of a 10 × 10 µm square. 20 and 10 force curves

were taken on each of the four positions in the 1 and 3 s contact time experiments,

respectively.

Force-distance curves were initially recorded in the dark, i.e. with the c(RGDfK)-

azobenzene in the trans state, before turning green light (530 nm) on. Subsequently,

the surface was set ’active’ by switching on the 530 nm light (measured intensity of ap-

proximately 182 µW/cm2), which is mounted on an objective lens slot and illuminates

from underneath. During exposure, force curves were taken at exactly the same four

positions of the sample. Each force-taking course (whether the light was switched on
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or off) was followed by a 3 min waiting time before commencing with new force mea-

surements in order to let the cell recover from previously taken force curves. Each cell

was used for two complete cycles of light OFF/light ON/light OFF courses. Control

experiments were conducted on glass substrates to show that cells are not influenced

by irradiation.

The analysis of force curves was conducted using JPK Instruments data processing

software. Statistical differences were determined using Origin 9.1 (OriginLab).

E.2 Gene expression

The gene expression experiments were kindly performed by Dr. Wei Wang. Quan-

titative real-time PCR (qRT-PCR): mRNA was extracted and cDNA was synthe-

sized with SuperScriptTM III CellsDirect cDNA Synthesis System using oligo(dT)20

primer (Invitrogen). The qRT-PCR was performed using GoTaq qPCR Master Mix

(Promega) on Applied Biosystems 7300 Real Time PCR System (ABI) according to

the manufacturers protocol. Template cDNA amounts were equilibrated by GAPDH.

All primers were diluted to 10 pmol/l. Their concentrations were measured using a

Nanodrop spectrophotometer (Thermo Scientific). Each analysis was repeated with

three technical replicates. All samples were analyzed using GAPDH as the reference

gene. Expression levels were calculated with the Ct method.

E.3 Temperature dependence of biological bonds

In order to study the effect of temperature on the strength of non-covalent biological

bonds, the work that has been conducted theoretically and experimentally in the group

of Prof. Beebe is presented201. Temperature is an important parameter which affects

the dissociation rate of biological bonds both in the presence or absence of an externally

applied force. At high temperatures, thermal excitation requires less time to yield

bond rupture under any applied force. In order to study the temperature dependence

of biological bonds, both theoretical and experimental (using AFM) investigations

have been conducted. These studies were carried out in the work of Beebe et al. on

biotin-avidin binding201. Both approaches will be discussed in the next two chapters.
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E.3.1 Experimental studies using AFM

The experiments conducted with AFM study the relationship between the force re-

quired to achieve a complete cantilever-substrate separation and the potential energy

of bonding. After each cantilever-substrate contact, a number n of bonds develop and

eventually rupture when the cantilever breaks free. As shown earlier, the probability

that n number of bindings is formed in each measurement follows a Poisson distribu-

tion214. Therefore, the force needed to rupture a single bond can be determined by

taking a large number of such measurements and perform a Poisson statistical analy-

sis in order to extract the binding force for the case of n = 1. Each bond involves a

number of operating force forms including hydrogen bonds, van der Waals interactions

and polar group attractions201.

As specified by the properties of the Poisson distribution, the mean µn and the

variance δ2n of the number of bonds ruptured during cantilever retraction in an AFM

experiment (a single force-distance curve) are the same, i.e.,

µn = δ2n
(1)

The detachment force m for n number of bonds ruptured in a single force-distance

curve is determined by

m = n · Fi (2)

where Fi is the average rupture force of an individual bond. A sampling of a

number of AFM force curves produces a mean detachment (pull off event) force µm

and a detachment force variance δ2m. Based on the relation between the measured force

and the number of ruptured bonds, the following equations can be obtained

µm = µn · Fi
δ2m = δ2n · F 2

i

(3)

And because µn = δ2n for a Poisson distribution, the Fi value can be determined
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as

µm =
δ2m · Fi
F 2
i

=
δ2m
Fi

Fi =
δ2m
µm

(4)

Moreover, although they are unlikely to exist, non-specific long-range interactions

F◦ can also be taken into consideration. The mean of the detachment forces can be

determined as follows

µm = µn · Fi + F◦
(5)

As for the variance, considering that µn = (µm − F◦)/Fi and δ2m = µn · F 2
i , the

variance is then calculated as shown below

δ2m =
µm − F◦

Fi
F 2
i

δ2m = µmFi − FiF◦

(6)

The slope of a linear regression curve of the variance versus the mean of a number of

measurement sets gives the rupture force value of an individual bond (Fi) (Fig. EE.3.1).

An estimated magnitude of any nonspecific (background) forces can be determined

from the y-intercept (−FiF◦) of that curve.
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e 
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Figure EE.3.1: According to the Poisson analysis, the slope of the linear regression
curve represents the force magnitude for a single-bond rupture. Figure is modified
from Lo et al.201
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The unbinding force for an individual bond was measured over a range of tem-

peratures that varied between 13-37 ◦C and the results showed a reduction in force

associated with an increase in temperature.

E.3.2 Theoretical studies

In each cantilever-substrate contact, n number of bindings develop and eventually

rupture when the cantilever is pulled off. These bindings cause cantilever bending by

a length of d during retraction, which leads to a force exerted on the sample. This

force (F1) is

F1 = Kcanti · d (7)

where Kcanti is the cantilever spring constant. This stretching force is opposed by

the force applied by n number of bonds when they are stretched by an amount δr

in the direction of cantilever. This opposing force that balances the applied force is

Kbond.δr. Each bond experiences this force (F2), thus for a number n of bonds the

equation becomes

F2 = nKbond · δr (8)

The other force (F3) resulting from the stretching of bonds which balances the

applied force and acts in the direction of the cantilever can be expressed as follows

F3 = Kcanti · δr (9)

Eventually, all opposing forces reach a balance state with

n.Kbond · δr = Kcanti(d− δr) (10)

Furthermore, the energy deposited in the form of potential energy (Ep) within each

bond can be determined as follows

Ep =
1

2
Kbond[

Kcanti · d
Kcanti + nKbond

]2 (11)
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The net energy barrier δET required to be surmounted by thermal energy in order

to rupture n bonds include several terms. The first term accounts for n times the

energy ∆E+ required to rupture a single binding in the absence of an external force.

The second is a negative term that corresponds to the mechanical energy Ep applied

onto n bindings by the AFM cantilever. The last term is for the energy dissipated due

to viscous drag Ev that results from operating at a finite pulling rate. As a result,

that energy barrier δET can be expressed as follows

δET = n ·∆E+ − n · Ep + n.Ev

δET = n ·∆E+ − 1

2
n ·Kbond[

Kcanti · d
Kcanti + nKbond

]2 +
Kcanti · d

Kcanti + nKbond

n · ν · γ
(12)

where ν is the pulling rate in µm/s and γ is the damping coefficient in pN.s/nm.

The time needed to rupture n bonds (τR) is given as follows

τR = τD · e
δET
n·kBT (13)

where (τD) represents the time needed for the thermal dissociation of bonds in the

absence of external forces and n.kBT is the average thermal energy available in the n

bindings.

Hence, δET can be shown as

δET = n · kBT · ln(
τR
τD

) (14)

Combining equation 12 and 14, we obtain

n ·KBT · ln(
τR
τD

) = n ·∆E+ − 1

2
n ·Kbond[

Kcanti · d
Kcanti + nKbond

]2 +
Kcanti · d

Kcanti + nKbond

n · ν · γ

(15)

BecauseKbond>>Kcanti, as proven below to be valid for our experimental conditions,
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the equation becomes

n ·KBT · ln(
τR
τD

) = n ·∆E+ − 1

2
n ·Kbond[

Kcanti · d
nKbond

]2 +
Kcanti · d
nKbond

n · ν · γ

n ·KBT · ln(
τR
τD

) = n ·∆E+ − 1

2

(Kcanti · d)2

nKbond

+
Kcanti · d
Kbond

· ν · γ
(16)

If ν = 30µm/s and γ = 2× 10−8pN · s/nm, then ν · γ = 6× 10−4pN . On the other

hand, Kcanti · d ≈ 0.04(N.m) × 10−9(m) ≈ 40pN . Therefore, Kcanti · d>>ν · γ and

hence we can exclude the term

Kcanti · d
Kbond

ν · γ

and thus equation 16 becomes

n ·KBT · ln(
τR
τD

) = n ·∆E+ − 1

2

(Kcanti · d)2

nKbond

(17)

For equation 17 to reproduce the Poisson distribution of forces, each component in

the equation must scale linearly with the number of bindings (n) present. Hence, the

cantilever force (Kcanti · d) is linearly proportional to n. That is

Kcantid = Ftotal = nFi (18)

where Fi is the force needed to rupture a single binding. In the calculation of

temperature-dependent binding force, only the last rupture event should be taken into

consideration, as no rebinding can take place. Therefore, the calculation done for the

force needed to cause rupture within time τR is only accurate for a single binding, i.e.

n = 1.

Therefore, equation 17 becomes

KBT · ln(
τR
τD

) = ∆E+ − 1

2

F 2
i

Kbond (19)

Hence, the temperature dependence of individual binding rupture force at constant
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loading rate can be expressed as follows

F 2
i = 2Kbond[∆E

+ −KBT · ln(
τR
τD

)] (20)

When the bond rupture time is given by τR ≈ 10−3s and the diffusion time is about

τD ≈ 1083s, then the ratio of both is displayed as τR/τD ≈ 105 (ratio in logarithm).

Variations up to 2 orders of magnitude will only have a limited effect on force and

energy calculations.

T [K]

F i [
pN

2 ]
2

Figure EE.3.2: Bond strength as a function of temperature. Figure is modified
from Lo et al.201.

Fig. EE.3.2 demonstrates the theoretical bond rupture force dependance on tem-

perature where the Slope=Kbond ≈ 17.4 ± 1.4 N/m and the y-intercept=∆E+ ≈ 7.1

± 0.8 kcal/mol. Thus, Kbond >> Kcanti as mentioned earlier.
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