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ABSTRACT

Mechanical forces between cells ensure organic development and
homeostasis, but they are also associated with diseases such as can-
cer or viral infections. The absolute forces in nature can be as high as
1.5 kN, which allows the mantis shrimp to smash oysters, down to a
few pN transduced by single cellular receptors. However, these small
forces are strong enough for cells to probe their local environment.
While the mechanism, which enables cells to investigate the stiffness
of their surrounding, is already well elucidated, information on how
cells sense spatial distribution of ligands is missing.

In this thesis I established a method, which allows to measure cel-
lular traction forces on elastic substrates with varying nano-spacing
of extracellular ligands. In contrast to previous studies on stiff sub-
strates, adhesion complexes and tractions were larger for longer dis-
tances between extracellular adhesion sites. This can be theoretically
explained by the force load on individual integrin receptors, which
has to exceed a certain threshold value to promote adhesion growth
through conformational changes in a protein of the “clutch complex”.

In order to experimentally access the force load per integrin he-
terodimer, I combined molecular tension fluorescence microscopy
(MTFM) with traction force microscopy (TFM). For the first time, I
could assess a homogeneous distribution of forces > 19pN under-
neath the adhesion area of cells on soft substrates. Simultaneously,
macroscopic tractions up to 2.7 kPa were observed at the cell edges.
Applying stronger tension probes and analyzing tractions in the z-
direction will help to cross-validate the results obtained from these
two state-of-the-art methods in biomechanics as a next step.

In the second part I investigated the mechanical parameters of
virus particle uptake by cells. Many intracellular pathogens, such as
mammalian reoviruses as employed in this thesis, mimic extracellu-
lar motives to interact with host cells and initiate their internalization.
This leads to the assumption that host cells sense this specific ligand
presentation, engage the endocytic machinery and generate forces,
which are able to overcome the bending and tension energy of their
plasma membrane.

I demonstrated that these forces exerted on single reovirus particles
on the basolateral side of cells are strong enough to break down the
biotin-NeutrAvidin bond used for virus immobilization on stiff and
soft substrates. I quantified the forces to exceed 40pN by kinetic ana-
lysis of the tearing of viruses from these surfaces and single MTFM
with covalently immobilized reoviruses.
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The herein presented methods are powerful tools to study forces ex-
erted by individual receptors as well as on single particles e.g. during
endocytosis. The involvement of the actin cytoskeleton, specific recep-
tors or molecules of the endocytic machinery was examined. Inhibi-
tion of the ligand-receptor interactions between reoviruses and cells
did not significantly change the rate of virus uptake. Interestingly,
bare nanoparticles of comparable diameter lacking specific binding
sites were torn off at a similar rate and thus with the same forces
as viruses. Hence, specific receptors seem to be dispensable for virus
particle uptake.

ZUSAMMENFASSUNG

Mechanische Kräfte zwischen Zellen gewährleisten die Entwicklung
von Organen und deren Selbstregulierung, können aber auch zu
Krankheiten wie Krebs oder Virusinfektionen führen. Die absoluten
Kräfte reichen dabei von 1.5 kPa, was es dem Fangschreckenkrebs er-
möglicht Austern zu zerschlagen, bis hinab zu wenigen pN, die von
einzelnen zellulären Rezeptoren übertragen werden. Diese sehr gerin-
gen Kräfte sind ausreichend für Zellen um ihr lokales Umfeld zu un-
tersuchen. Dabei ist der Mechanismus, welcher es Zellen ermöglicht
die Steifigkeit ihrer Umgebung zu ermitteln, bereits gut aufgeklärt.
Allerdings fehlen Informationen darüber, wie Zellen die räumliche
Verteilung von Liganden wahrnehmen.

In dieser Dissertation habe ich eine Methode etabliert, die es er-
laubt zelluläre Traktionskräfte auf elastischen Substraten mit ver-
schiedenen Nano-Abständen der extrazellulären Liganden zu messen.
Im Gegensatz zu früheren Studien auf steifen Substraten waren die
Adhäsionskomplexe und Zugkräfte größer, wenn die Abstände zwi-
schen den extrazellulären Ankerpunkten anstiegen. Dies kann theo-
retisch durch die Belastungskraft auf einzelne Integrinrezeptoren er-
klärt werden. Übersteigt sie einen gewissen Schwellenwert, wird das
Adhäsionswachstum durch eine Konformationsänderung in einem
Protein des “Kupplungs-Komplexes” gefördert.

Um die Belastungskraft auf ein Integrin-Heterodimer experi-
mentell zugänglich zu machen, habe ich molekulare Spannungs-
Fluoreszenz-Mikroskopie (MTFM) mit Traktionskraft-Mikroskopie
(TFM) kombiniert. Dadurch konnte ich zum ersten Mal eine homo-
gene Verteilung von Kräften > 19pN unterhalb der Adhäsionsfläche
von Zellen auf weichen Materialien nachweisen. Gleichzeitig wurden
makroskopische Zugspannungen bis zu 2.7 kPa an den Zellrändern
beobachtet. Stärkere Spannungssonden und Analysen der Zugkräf-
te in z-Richtung werden im nächsten Schritt eine Kreuzvalidierung
dieser modernsten Methoden in der Biomechanik erlauben.
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Im zweiten Teil habe ich die mechanischen Faktoren der Viruspar-
tikelaufnahme in Zellen untersucht. Viele intrazelluläre Pathogene,
wie Reoviren, die in dieser Arbeit verwendet wurden, imitieren extra-
zelluläre Motive, um mit Wirtszellen zu interagieren und ihre Inter-
nalisierung zu initiieren. Dies führt zu der Vermutung, dass Zellen
diese spezifische Ligandenpräsentation spüren, die endozytotische
Maschinerie herbeiziehen und Kräfte generieren, welche die Biege-
und Spannungsenergie der Plasmamembran überwinden können. Ich
konnte zeigen, dass die Kräfte, die auf einzelne Reoviren von der ba-
salen Seite von Zellen ausgeübt werden, stark genug sind, um die
Biotin-NeutrAvidin Bindung zu brechen, welche für die Immobilisie-
rung der Viren auf harten sowie weichen Materialien genutzt wurde.
Mit Hilfe kinetischer Analyse des Abreißens der Viren von der Ober-
fläche und Einzel-MTFM Messungen mit kovalent immobilisierten
Viren ermittelte ich Kräfte, die 40pN überstiegen.

Die hier vorgestellten Methoden sind mächtige Werkzeuge zur Un-
tersuchung von Kräften während der Endozytose und der Beteili-
gung des Aktinzytoskeletts, spezifischer Rezeptoren oder von Mole-
külen der endozytotischen Maschinerie. Die Hemmung der Rezeptor-
Liganden-Interaktion hat die Rate, mit der Reoviren aufgenommen
wurden, nicht signifikant geändert. Interessanterweise wurden sogar
bloße Nanopartikel mit vergleichbarem Durchmesser aber ohne spe-
zifische Bindestellen mit ähnlicher Rate und somit ähnlichen Kräften
wie Viren aufgenommen. Daher scheinen spezifische Rezeptoren für
die Virusaufnahme entbehrlich zu sein.
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The mantis shrimp can deliver a blow with fifteen hundred Newtons of force,
which tells you what a sissy punch Newton must have had.

— Ze Frank
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Part I

INTRODUCT ION

There is a growing awareness of the importance of forces
in biology for the vast majority of processes. In this thesis
I will focus on the forces between single cells and their ex-
tracellular environment as well as forces during the bind-
ing and the uptake of small particles such as viruses.





1
FORCES BETWEEN CELLS AND THE IR
ENV IRONMENT

The ability of cells to sense and transmit not only biochemical but also
physical cues, such as temperature, light, electricity and mechanical
forces is crucial for their viability. In particular the mechanical prop-
erties of the local environment were shown to have influences on cell
proliferation, differentiation and survival [1–4]. The extracellular ma-
trix (ECM) surrounding cells is a complex network of secreted macro-
molecules such as collagen, laminin or fibronectin and mainly pro-
vides support [5]. Specific binding sites on these proteins serve as
ligands for cellular receptors, which mediate the adhesion and signal-
ing between the inside and the outside of the cell.

In order to sense the stiffness and the distribution of ligands, cells
are probing their extracellular environment by pulling or pushing. In
the first place forces have to be generated in the interior of the cell.

Time: Seconds              Minutes Hours      Days                Weeks

Nucleus

Stimulus: 
Surface Rigidity

Integrin

Actin

Focal Adhesion

Extracellular Matrix

Sensing:
E.g. Talin, Vinculin

gene expression

Myosin

Signalling:
E.g. YAP, MRTFA

Cell behaviour:
E.g. migration, 

proliferation, 

differentiation 

Figure 1.1: Mechanosensing and force transduction. Extracellular mechani-
cal cues, like substrate rigidity, can be sensed by tension sensi-
tive proteins such as talin and vinculin. Therefore the cell probes
the extracellular matrix by pushing and pulling through integrin-
based adhesion sites, with forces generated by the cytoskeleton.
This mechanical signal is transduced into a chemical signal by
binding of signaling molecules such as YAP and MRTFA, which
can induce gene expression that ultimately alters the cell behav-
ior. Adapted from [6].

1.1 cellular force generation

Cellular forces are built up by the cytoskeleton, which consists of
actin, intermediate filaments and microtubules. While intermediate
filaments can efficiently resist tensile forces, they do not contribute
to the generation of cellular stress [7]. Pushing forces are mainly
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4 forces between cells and their environment

generated by actin polymerization, while pulling forces are originat-
ing in the contractility of the cytoskeletal network through bundling
of filaments and power-strokes of molecular motors [8]. The poly-
merization of globular actin to its filamentous form was shown to
generate up to 0.76 pN per single filament [9], bundling of filaments
0.2 pN [10]. Between 2� 4 pN are generated by kinesins and myosin
II motors, which are pulling on microtubules and actin filaments re-
spectively [11, 12].

The contractility of the whole cytoskeleton adds up to “global” trac-
tion forces that are deforming their environment and leading to the
rearrangement of the ECM. The cytoskeleton reinforces itself by the
formation of contractile actin stress fibers throughout the cell [13–15].

“Local” forces, on the other hand, are limited to the regions of actin
polymerization such as in lamellipodia at the leading edge of the cell
or in filopodia beneath the plasma membrane. In lamellipodia, actin
polymerization is mediated by the Arp2/3 complex, which attaches
to preexisting filaments and branches new filaments in an angle of
70 °, forming a “dendritic” array of actin, that can push the plasma
membrane in dependence of its contact angle to the membrane with
nanonewton forces (see Figure 1.1) [8, 16–18].

In contrast to these networks, actin filaments in filopodia are as-
sembled in elongated parallel bundles by formins. They can bind the
barbed ends of actin and withstand the forces from the growing fila-
ment pushing orthogonally against the membrane. Per actin filament
~1.3 pN [19] and in total >10 pN are generated through the assembly
of several filaments to extend a filopod [20, 21].

The mechanical work W for actin polymerization is the same in
both cases, however the displacement d of the membrane induced
by the addition of actin monomers (d = 2.75 nm for one monomer)
depends on the angle of action and thus the force F differs according
to W = F⇥ d [22].

1.2 cell adhesion and force transmission

The forces generated by the actin cytoskeleton are transmitted to the
extracellular matrix via integrin-based focal adhesions [3]. Integrins
are transmembrane proteins that form hetero-dimers of an a and b
subunit. 24 different types of integrins are encoded in the human
genome with specific physiological tasks [5]. The a5b1 integrin, for
example, transduces forces across the plasma membrane. Therefore
it binds extracellularly to fibronectin via the conserved peptide mo-
tive Arg-Gly-Asp (RGD) and intracellularly is is linked to the actin
cytoskeleton [23]. In the resting state integrins are in a bent confor-
mation, which straightens upon binding of extracellular ligands or
through the intracellular connection to the actin cytoskeleton (see Fig-
ure 1.2). These different forms of integrin activation are titled inside-
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Figure 1.2: Integrin activation by inside-out signaling via coupling to the
actin cytoskeleton or outside-in by binding of ECM ligands. De-
tachment of cells leads to unligated integrins that are not in the
resting state (bent form). This can induce integrin mediated
death by activation of caspases. Adapted from [24].

out and outside-in signaling, respectively, and allow cell sensing of
extracellular cues such as ECM composition and stiffness [25]. De-
pending on specific peptide sequences and their flanking sites of ex-
tracellular proteins, particular integrin types are engaged. For exam-
ple a1b1 and a2b1 integrins bind specifically the collagen peptide mo-
tive Gly-Phe-Hyp-Gly-Glu-Arg (GFOGER) while all aV integrins, two
b1 integrins (a5, a8) and aI Ibb3 share the ability to recognize ligands
containing the RGD motive [26, 27]. Their clustering recruits intracel-
lular proteins like talin, paxillin or focal adhesion kinase (FAK), which
are promoting the adhesion growth. Integrin-based anchor points
mature under tension from 30� 40 nm small nascent adhesions over
transient dot-like contacts called focal complexes (~0.1� 1 µm in di-
ameter) to focal adhesion (FA) sites (oval, 2� 5 µm in length) [28, 29].
During this maturation process, up to 160 different proteins includ-
ing vinculin, zyxin and Src-family kinases are orchestrated. This in-
duces signal cascades that can, among other things, activate the tran-
scription factor yes-associated protein 1 (YAP), which is thereupon
translocated to the nucleus and influences cellular behavior at the
gene expression level (see Figure 1.1) [30–34].



6 forces between cells and their environment

FAs are primary responsible for adhesion but they also promote
migration [35], rearrangement of the extracellular matrix [36] and
mechanosensing [28, 37]. One can imagine these specialized adhe-
sions as “molecular clutches” which regulate the actin retrograde
flow and thereby regulate the traction forces applied to the substrate
[38]. Individual proteins can serve as mechanosensors such as the
actin adaptor protein talin, which was previously identified as force-
sensitive clutch molecule [32, 39]. Talin unfolds under sufficient force
load, which opens a binding pocket for vinculin enabling adhesion
growth and YAP nuclear translocation. Rigidity sensing by FAs was
found to be mediated by aV-class integrins. They accumulate in ar-
eas of high traction force with specific bond dynamics and hence they
adjust the cellular contractility to the rigidity of the substrate [23, 40].

Model systems with biomimetic surfaces showed that a defined
ligand distribution at the nanoscale is needed to allow stable cell ad-
hesion [41]. It was hypothesized that some FA molecules could serve
as rulers [42–45], but the exact mechanism how cells can sense extra-
cellular ligand density and distribution remains unclear.

Each integrin bears on average a few pNs within FAs [46]. However,
due to a process known as catch bond behavior and cyclic mechanical
reinforcement the fibronectin-integrin bond can strengthen itself up
to 100 times [47, 48] and withstand at least 54 pN of constant tension
outside [49, 50] and up to 120 pN in FAs [51]. Even forces that lead
to biotin-streptavidin dissociation have been observed [52], which is
known as one of the strongest non-covalent bond in nature with an
equilibrium association constant K0 t 4.3×107M-1 [53]. Depending
on the loading rate, rupture forces between ~25 and 200 pN have
been measured [54–56].

1.3 unbinding forces

Macromolecular binding within or between cells such as receptor-
ligand complexes are non-covalent and therefore reversible. Their
binding and unbinding usually follows first order kinetics and the
binding rate k can be thus described by the Arrhenius equation:

k = A · e�
DEa
kBT (1.1)

with A being the pre-exponential factor, DEa the activation energy, kB
the Boltzmann constant and T the absolute temperature.

kBT is often referred to as a unit of the thermal energy state of
molecular bonds. In biological systems the change in Gibbs free
DG of e.g. receptor-ligand bonds is usually in the range of a few
kBT, which promotes the reversibility and dynamics of the system
[57]. The thermal energy of 1 kBT equals at room temperature
(T = 298.15K) a mechanical energy of Em = F · Dx t 4.1 pN · nm.
Hence, the forces that individual nanometer-sized proteins can with-
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stand are in the piconewton range [39, 58]. In figure 1.3, the relation
for different types of bonds between unbinding forces and the charac-
teristic length scale of the action of force depending on their binding
energy is depicted.
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Figure 1.3: The potential length versus force for molecular complexes.
Adapted from [59].

Pulling two molecules apart along the reaction coordinate with a
constant force F reduces the energy barrier and therefore the prob-
ability for unbinding increases (see Figure 1.4) [60]. This was theo-
retically described by Bell in 1978 [62] and can be expressed as the
Arrhenius equation for the dissociation constant ko f f for single bonds
under external force load:

ko f f (F) = u · e�
DG+DEa�FDx

kBT = k0o f f · e
FDx
kBT (1.2)

where n is the natural vibration frequency of the bond, k0o f f is
the off-rate at equilibrium without external force and Dx is the
interaction range [59]. It has to be noted that due to the stochastic
Maxwell-Boltzmann distribution of thermal energy among individ-
ual molecules, every bond will brake after a sufficient long time.
Thus, the mean force that leads to an unbinding event strongly
depends on the duration of action. To acknowledge this fact, the
loading rate f = dF/dt became a crucial measure for the strength
of molecular adhesions. For the biotin-streptavidin unbinding force,
values of more than 170 pN have been reported for a loading rate
of 104 pN/s, while only 5 pN were needed with a pulling rate of
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Figure 1.4: Energy landscape of molecular bonds under external force load.
The receptor-ligand complex (purple-green) resides in its bound
state in an energy valley. To separate the ligand from the recep-
tor, the energy barrier DGo f f has to be overcome, which consists
of the change in Gibbs free energy DG and the activation energy
DEa. This energy barrier is significantly reduced when a force
F is applied and the dissociation rate under zero force, k0o f f , in-
creases to ko f f . Adapted from [59, 61].

10�2 pN/s [55]. This relation between the most probable unbinding
force F and the loading rate f is defined by the Bell-Evans model [60,
63, 64]:

F( f ) = kBT
Dx · ln( f · Dx

ko f f ·kBT ) (1.3)

1.4 cellular force measurement techniques

A simple method for characterizing cellular forces is embedding cells
in collagen gels. Contraction of the gel can be measured by the
change in diameter and gives an estimate over the forces of cellular
ensembles (see Figure 1.5) [65]. First measurements of single cellu-
lar traction forces have been conducted in the 1980s by Harris and
Stopak with wrinkling silicone sheets [66]. Since then, many elabo-
rated methods have evolved, of which the most common and state-of-
the-art techniques are briefly discussed in the following chapter.

1.4.1 Traction Force Microscopy

Traction force microscopy (TFM) is based on the deformation of an
elastic substrate upon cellular tractions. One option is to grow cells
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Figure 1.5: Cellular force measurement techniques. Adapted from [65] with
own, unpublished sample images.

on top of a bed of elastic micropillars, which allows the quantifica-
tion of local forces underneath the cells by tracing the deformation of
the pillars [67]. This technique enables to isolate individual tractions
within the cellular adhesion area, however it is limited in resolution
and to discrete adhesion sites by the microfabrication of the pillars to
several microns (see Figure 1.5) [68].

The most commonly form of TFM utilizes continuous elastic 2D
substrates, which are deformed upon cell adhesion and visualized
by embedded fluorescent marker beads [69]. Traction forces can be
reconstructed from the displacements of the markers compared to a
reference-state without cells by particle image velocimetry (PIV) and
Fourier transform traction cytometry (FTTC) algorithms [70, 71]. If the
adhesion sites are known one can circumvent the underestimation of
tractions at small adhesion sites inherent to FTTC through a traction
reconstruction with point forces [46, 72]. Improvements of the sub-
strates with multicolor beads and combination with super-resolution
microscopy led to lateral resolution up to ~1µm [73].

TFM even allows to measure forces in 3D matrices [74], however,
this is experimentally as well as computationally very demanding.

A recent development that facilitates the actual measurement uses
nano-printing techniques to distribute the marker beads in a system-
atically defined manner. Thereby the step of cell removal can be
omitted, which is referred to as confocal reference-free traction force
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microscopy (cTFM) [75]. Here, a nano-ink composed of quantum
dots (Qdots) and gold nanoparticles (AuNPs) is applied on top of sil-
icon substrates via electrohydrodynamic NanoDrip-printing, which
allows to detect in- and out-of-plane deformations with high preci-
sion. Tractions are obtained using finite element analysis circumvent-
ing the delicate regularization steps present in PIV.

1.4.2 Molecular Tension Sensors

Another type of measurement is offered by molecular tension sensors,
that are directly coupled to the protein of interest inside or at the
membrane of the cell. One can distinguish between (i) genetically
encoded molecular sensors, that are expressed in the cell and report
intracellular forces between 1 � 10 pN (see Section 1.4.2.1) and (ii)
synthetic molecular sensors that are coupled to an extracellular ligand
and have a range of 1� 100 pN (see Section 1.4.2.2) [76, 77].

The principle is based on the extension of a molecular “spring”
with a known spring constant in the piconewton scale, that can be
observed by spectroscopic rulers with fluorescence microscopy. The
most widely used spectroscopic ruler is the Förster resonance energy
transfer (FRET) sensor, that consists of two fluorophores attached to
the opposite ends of the tension sensitive molecule. In close prox-
imity, a non-radiative dipole-dipole coupling allows an energy trans-
fer from the excited donor fluorophore to the acceptor fluorophore,
which as a result emits photons at its emission wavelength. This
energy-transfer is distance (d) -dependent and follows a 1/d6 rela-
tionship, allowing for a dynamic radius of ~ 5� 15 nm depending on
the spectra of the fluorophores [78]. Furthermore, nanometal surface
energy transfer (NSET) has been utilized as spectroscopic ruler [79].
Here, a fluorophore (dipole) is quenched by a nearby metallic surface
proportional to 1/d4 [80], which allows for a longer dynamic range
of ~ 5� 25 nm and thus tension magnitudes that are not accessible
by FRET-based tension sensors [79, 81, 82]. Further quenching mech-
anisms can or have been exploited for molecular tension probes such
as proximitry imaging (PRIM) [83], fluorescence loss [49], or homo-
FRET [84].

1.4.2.1 Genetically Encoded Molecular Sensors

As sensing elements various molecules have been proposed. For the
genetically encoded tension sensors, obviously proteins accomplish
the task. The spider silk flagelliform protein, which consists of re-
peats of the peptide sequence GPGGA, is known as an elastic linker in
nature, and was thus chosen by Grashoff et al. for their vinculin force
sensors [85]. It was further applied to characterize the tension beard
by cadherins, platelet endothelial cell adhesion molecules (PECAM-1)
and b-spectrins [76, 86–88]. Other polypeptides like (GGS)n or spec-
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trin repeats have been used to target myosin II and a-actinin, respec-
tively [83, 89].

While genetically encoded force sensors allow for measurements
of intracellular forces, they can also be purified from e.g. bacteria
and immobilized on a substrate to measure the forces transduced by
transmembrane proteins such as integrins [90, 91]. A mechanically
much more robust protein with well characterized unfolding proper-
ties is titin, the largest protein known in the human body. It anchors
the thick myosin filaments to the Z disc in the sarcomers of striated
muscle tissue and it consists of individual Ig domains that can be
unfolded and refolded upon mechanical stress [5]. The I27 domain
of titin was used by Galior et al. as a sensor molecule that unfolds
depending on the loading rate at 40� 150 pN, which is 10� 20 times
higher than the forces accessible with the polypeptide sensors [51].

1.4.2.2 Synthetic Molecular Sensors

Synthetic tension sensors are composed from polymers such as
polyethylene glycol (PEG), which can be considered as a worm-like
chain (WLC) to model their extension upon mechanical tension. Ex-
tracellular ligands, such as the epidermal growth factor (EGF) [92] or
the peptide RGD [79], are coupled to the synthetic sensors in order
to target the EGF receptor and integrins, respectively. This approach
has been pioneered in the group of Prof. Khalid Salaita at Emory
University, Atlanta and was termed molecular tension fluorescence
microscopy (MTFM). The combination with patterns of gold nanopar-
ticles obtained by block copolymer micelle nanolithography (BCML)
[93–95] further allowed to dissect the effect of ligand spacing on indi-
vidual molecular force load [82].

Another class of synthetic sensors is based on force-induced rup-
ture or shearing of DNA duplexes [96]. Hereby one of the DNA
strands is either ruptured completely by the cells (referred to as
tension gauge tethers (TGT) [49]) or it is covalently attached to its
complementary strand through a hairpin loop [97, 98]. The unfold-
ing of DNA duplexes is reported at precise threshold forces. Hence,
these sensors provide digital information if the force load on individ-
ual molecules exceeded a certain threshold force or not.

1.5 motivation

1.5.0.1 Sensing of extracellular ligand density

Physical parameters like stiffness, roughness and nano-distribution
of cellular anchor points of the ECM are modulating cell functions.
While there are many theories and studies on rigidity sensing of cells
[23, 32, 37, 40, 99–101], little is known about how and why certain
extracellular ligand spacings and distributions are preferred over oth-
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ers. Hypothetically both mechanisms seem to be force-driven and
depend on the transduction of forces across the cell membrane.

In classical TFM these two aspects are often intermingled because
stiffer substrates are usually achieved by higher cross-linking of poly-
mers, which, as a result, allows more ECM proteins to bind. In studies
on stiff glass substrates nanopatterned with adhesive ligands, how-
ever, a clear dependence of cell spreading and thus force generation
on ligand density and distribution has been observed [41, 43, 102–
104]. For a mechanistic understanding of the processes allowing cells
to measure physical parameters, it is necessary to combine both, ex-
tracellular ligand distribution and stiffness of the environment.

This study was performed in collaboration with the groups of Prof.
Pere Roca-Cusachs, in Barcelona and Prof. José Manuel García-Aznar
in Zaragoza, Spain. In this thesis I will therefore combine, for the
first time, classical TFM with BCML to obtain elastic substrates with
defined nano-spacing of extracellular ligands in order to measure the
cellular tractions in different scenarios.

1.5.0.2 Comparison of global traction forces and local single receptor force
load

For the force load on individual integrin receptors, values have been
reported, which differ several orders of magnitude from each other
mainly depending on the measurement technique [49, 67, 79, 105,
106]. While TFM allows to probe cells on soft, and thus physiological
substrates, the force load per single integrin can be only estimated by
dividing the total tractions by the number of receptors, which gives
an average force load of a few pN [46]. With MTFM, which allows
to investigate the force load per single molecule but has been limited
to glass substrates so far, forces of up to 120 pN have been observed
[51, 52, 90]. In this study I will combine TFM with MTFM in order
to understand the discrepancy between both techniques and cross-
validate their results.



2
MECHANICS OF ENDOCYTOS I S

Endocytosis is the process of internalization of molecules, particles or
pathogens by cells, that are too big (> 10 nm) or otherwise hindered
to penetrate the plasma membrane. The lipids of the membrane are
thereby bending around the obstacle and engulfing the cargo until a
membrane-bound vesicle pinches off and can be intracellularly trans-
ported to its final destination by the help of motor proteins and the
cytoskeleton [109]. Understanding the physical principles of endo-
cytic pathways can help to prevent entry of pathogens into host cells
and is therefore significant for the development and accessing the
risks of nanoparticular drug delivery tools [110].

2.1 endocytic pathways

Since there are many different types of substances that have to cross
the membrane, cells have evolved many different strategies for their
internalization. One can distinguish (a) phagocytosis, which comes
from the ancient greek word jagw = to eat and refers to the internal-
ization of bigger particles, and pinocytosis (ancient Greek pinw = to
drink), describing the uptake of soluble materials and small particles.
Pinocytosis can be further distinguished in (b) macropinocytosis, (c)
clathrin-dependent endocytosis, (d) caveolin-dependent endocytosis
and (e) clathrin- and caveolin-independent pathways mainly by the
size and surface properties of the cargo and the protein machinery
that facilitates the uptake [108] (see Figure 2.1).

(a) Phagocytosis occurs in all type of organisms from unicellular
amoeba to mammalians, where it is conducted only by specialized
cells, such as macrophages, upon binding of certain ligands. Particles,
or even whole cells, e.g. bacteria, of 0.5� 10 µm in diameter can be
engulfed by this pathway, which is of particular importance for the
immune system [111, 112].

(b) Via Macropinocytosis bigger quantities of extracellular
fluid and micrometer-sized particles are internalized by mem-
brane ruffling, which closes over the cargo and forms so-called
macropinosomes [107].

(c) The pathway best studied for small particles in the nanome-
ter range is clathrin-mediated endocytosis (CME). Clathrin is a pro-
tein that consists of three light and heavy chains forming a triskelion,
which can self-polymerize into flat lattices or cages. The first stage
of CME is the formation of a membrane invagination called clathrin-
coated pit (CCP). This might be either induced by binding of recep-

13
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a) Phagocytosis b) Macropinocytosis

c) Clathrin-
    mediated

d) Caveolin-
   mediated

c) Clathrin- and caveolin-
independent

Dynamin

Clathrin Caveolin
Actin filaments

Figure 2.1: Endocytic pathways. The internalization of particles and extra-
cellular fluid is achieved via different pathways: a) phagocytosis
and b) macropinocytosis are capable of taking particles in the mi-
crometer range, which involves actin-driven membrane remod-
eling; nanometer-sized particles are endocytosed by c) clathrin-
mediated, d) caveolin-mediated or e) clathrin- and caveolin-
independent pathways. The involvement of the cytoskeleton is
not clear in all cases. Adapted from [107, 108].

tors via the clathrin-adaptor protein AP2 or by the formation of a nu-
cleation module including FCH domain only Proteins (FCHO), which
can sense low curvatures through their F-BAR domains [113]. To date
it remains unclear if clathrin assembles on the flat membrane and gets
curved as it grows to vesicles [114–116], or if CCPs are forming with a
constant curvature [117–120]. The cargo is recruited into the CCP by
binding of AP2 to cargo-specific adaptors and clathrin assembles in
hexagons and pentagons to form a clathrin-coated vesicle (CCV). The
GTPase dynamin is recruited to the neck of the vesicle to conduct
the scission and resealing of the separated membranes [113]. While
the typical diameter of a CCV is ~ 80 nm, particles up to 200 nm in
diameter have been found to be internalized by CME [121].

(d) Caveolae are 50� 80 nm sized, flask-shaped membrane invagi-
nations with an enrichment of sphingolipids and cholesterol as well
as caveolin proteins in the membrane [108]. Contradictory to this
typical size even particles as big as 500 nm have been observed to be
internalized via caveolae [121]. Like in CME, dynamin helps to pinch
off the vesicles, which are intracellularly trafficking to intermediate
compartments (caveosomes) or directly fusing with early endosomes
[122].

(e) In addition to clathrin- and caveolin-mediated endocyto-
sis there are several other pathways identified to date, which
are also dynamin-dependent (CLIC/GEEC-type, IL2Rb-pathway) or
dynamin-independent (Arf6-, or flotilin-dependent) [123].
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Figure 2.2: Membrane shaping mechanisms. Deformation of the membrane
during endocytosis as well as other processes like movement or
division costs bending energy. This can be obtained from bind-
ing an extracellular cargo to the membrane (i), the lipid compo-
sition and interaction with cytosolic and membrane proteins (ii)
and the cytoskeleton (iii). Adapted from [127].

2.2 forces driving endocytosis

For the big reorganization and formation of larger membrane ruffles
both, phagocytosis and macropinocytosis clearly require actin poly-
merization. For the other endocytic pathways the involvement of
actin is not that clear [124–126], however, also the bending of the
plasma membrane around smaller cargos requires energy that can be
obtained from (i) direct binding of the cargo or binding to receptors
in the cell membrane, which releases free binding energy or (ii) from
binding of cytosolic proteins to the membrane or alteration of the
lipid composition, which stabilizes the curvature and (iii) from the
cytoskeleton pushing against the membrane to form protrusions and
invaginations (see Figure 2.2). The energy barrier that has to be over-
come depends on the size and shape of the cargo. The smaller the
particle the higher is the energetic cost for membrane bending.

(i) Extracellular Cargo Binding

A
θ

R
κ - ����������������

���������������

Figure 2.3: Adhesion energy between an object and the cell membrane.
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The driving force for engulfment of extracellular objects is the ad-
hesion force Fad between an object and the cell, which depends on the
work of adhesionW, the elasticity composed of the elastic modulus E
and the Poisson´s ratio n as well as the dimensions d of the adhesion
area in the following way (with n being a constant):

Fad = n

s
WEd3

1� n2
(2.1)

Interestingly, it was proposed that although receptor-ligand interac-
tions have an effect on W, the highest adhesion force is expected
for smooth surfaces without specific adhesion molecules, depending
exclusively on van der Waals forces [128]. Neglecting further the elas-
ticity of the cargo, the energy Ead that is gained by adhesion over an
area A is defined as:

Ead = |W| A (2.2)

and depicted in figure 2.3. This gain in adhesion energy is partially
counteracted by the energetic cost required for bending the plasma
membrane, which can be calculated as an integral over the total sur-
face A :

Ebend =
Z

dA2kC2 (2.3)

with k being the bending rigidity and C = 1
R the curvature, which is

defined by the dimensions of the cargo assumed to be spherical, as-
suming complete adhesion and neglecting the formation of the neck
at the bottom of the membrane invagination. Thus, the smaller the
particle, the higher is C and the more energy it takes to bend the mem-
brane. Assuming a spherical particle, the adhesion area for a spheri-
cal cap with the opening angle q would be A = 2pR2(1� cos(q)) and
thus:

Ebend, sphere = 4pk(1� cos(q)) (2.4)

Membrane bending is favored if the total energy Etotal = Ead � Ebend
becomes negative:

Etotal = 4pk(1� cos(q))� |W| 2pR2(1� cos(q))  0 (2.5)

2k  |W| R2 (2.6)

Thus, in order to initiate its uptake purely by adhesion forces, the
particle radius has to exceed a critical value defined by the bending
rigidity of the membrane and the adhesion work:

Rcrit =

s
2k

|W| (2.7)

The adhesion energy per unit area of attractive van der Waals forces
between the lipid bilayer and a particle are typically in the order of
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1 kBT/a2, with a being the molecular length scale. For a membrane
with k ⇠= 20 kBT, this leads to the estimate Rcrit ⇠= 6 a. Assuming a
being comparable to the size of a lipid head group of a ⇠= 0.8 nm,
one obtains a critical radius of Rcrit ⇠= 5 nm [129]. Specific adhesion
molecules at the surface of nanoparticles can interact with cellular
receptors and thereby contribute with high binding energies. How-
ever, they also induce roughness, which causes separation between
the membrane and the particle and thus dramatically reduces van
der Waals forces. Since cellular receptors are limited in their con-
centration, specific adhesion molecules are rather reducing than en-
hancing the adhesion force compared to smooth surfaces [128]. As
we will see later (cf. 2.3.1), the adhesion energy obtained by specific
but sparse receptor-ligand interactions presented by virus particles
might be three orders of magnitude smaller than the adhesion energy
density, which would be obtained for a smooth nano-sphere. While
high adhesion forces allow for stable attachment and free energy to
overcome the energetic cost of membrane bending, they also hinder
the particles such as viruses to release the membrane for their further
journey into the cytosol. Thus, it is to assume that particles, which
gain entry into the cytosol, have a total adhesion energy in the or-
der of ~1 kBT, which allows for a reversible binding to the cellular
membrane under physiological conditions (cf. Section 1.3).

(ii) Membrane Shaping Proteins and Lipids

Membrane-deforming proteins such as Bin-Amphiphysin-Rvs (BAR)
superfamily proteins, dynamin and epsin have the capability to sta-
bilize and drive membrane curvatures upon their binding and have
been identified to be involved in endocytic pathways. BAR proteins
show an intrinsic banana-shaped curvature domain that peripher-
ally binds to the membrane surface via electrostatic interactions [130].
As they impose different curvatures, F-BAR proteins bind to shallow
membranes in early steps of CME, whereas at later stages N-BAR pro-
teins (endophilin and amphiphysin) bind to the neck of the bud [131].
In clathrin-independent endocytosis endophilin is important for the
tubulation of the membrane as well as its scission [132]. Dynamin
is recruited in several pathways to the neck of membrane vesicles,
where it oligomerizes in a helical lattice and upon GTP hydrolysis a
conformational change provides force for vesicle scission [133, 134].

Like the adhesion of extracellular ligands, the binding of intracellu-
lar proteins reduces the bending energy Ebend of the membrane and
induces a spontaneous curvature. In presence of BAR proteins the
local membrane curvature is matched as good as possible to the in-
trinsic curvature, imposed by the protein, in order to minimize the
energy density [135].
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Further the membrane compositions itself can impose a certain
curvature. If one layer of the lipid bilayer is enriched with lipids,
conically shaped lipids or transmembrane proteins this will induce a
“positive” curvature with the centre of curvature on the opposite side
of the membrane [131]. But not only the shape of lipids, defined by
their acyl chains and size of the head groups is important, also their
recruitment of proteins comes into play. They can further modify
the shape of lipid head groups. Especially phosphoinositides (PtdIns)
can be easily modified and are, amongst other things, essential for the
budding of CCVs by binding of adaptor proteins such as epsin [127].
Likewise, the concentration of certain curvature favoring lipids and
membrane-associated proteins can be used as a sensing mechanism
of extracellularly induced curvatures e.g. by cargo molecules [130].

(iii) Role of the Cytoskeleton

Actin dynamics are involved in a number of membrane shaping pro-
cesses such as filopodia, axonal growth cones and phagocytic cups.
They keep the membrane tension and thus its local decrease can pro-
mote curvature [127]. In cells with turgor, such as yeast, additional
force has to be generated by the endocytic machinery for membrane
deformations and here the role of actin is well studied [125, 136–
138]. In mammalian cells however, neither the role of the cytoskele-
ton for CME nor for clathrin-independent pathways is well under-
stood although a number of endocytic accessory proteins and lipids
are known to regulate actin dynamics [139–142]. E.g. membrane
phospholipids, especially PtdIns(4,5)P

2

, were found to enhance actin-
binding proteins that promote filament assembly, such as Arp2/3 and
formin, while repressing the binding of actin-filament destabilizing
proteins (e.g. cofilins) [134]. Clathrin can interact with actin filaments
via the light-chain-bound Hip1R, which becomes important as soon
as the membrane tension impedes with vesicle formation, e.g. by
mechanical stretching [143]. Actin polymerization at CME sites was
found to be regulated by cortactin, N-WASP and Arp2/3 [140, 144].
Further also dynamin binds cortactin and activates Arp2/3-mediated
actin polymerization cooperating in the vesicle scission [134]. How-
ever, despite all these evidences, endocytosis is often impaired but
not completely stalled upon actin disruption [145–148] suggesting al-
ternative actin-independent routes.

Also other cytoskeletal proteins like microtubules might be in-
volved. Intracellularly, many vesicles and viruses are translocated
along microtubules by kinesin motors, which have been proposed to
be also involved in pulling the vesicle inside the cell [127, 149].
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2.3 virus particle uptake

Viruses are obligate intracellular pathogens [150]. Therefore, they hi-
jack endocytic processes in order to be internalized into a host cell
where they capture the transcription machinery for their replication.
As a first step, they attach to receptors at the cell surface, which allow
a stable adhesion, bending of the cell membrane and interaction with
further receptors that ultimately lead to their uptake. Primary attach-
ment is often mediated by electrostatic or non-specific interactions
with lipids or glycosaminoglycans, that are ubiquitously expressed
in eukaryotic cells and brings them into close contact with the cell
membrane [151]. Hereafter specific interactions between cellular re-
ceptors and ligands on the virus capsid are established by mimicking
certain extracellular cues such as the fibronectin peptide sequence
RGD. In fact, the RGD motive has been found on a number of viruses
on their glycoproteins of the envelope or in case of non-enveloped
viruses in their capsid proteins. Representatives are herpesviruses,
ebolaviruses, adenoviruses or reovirus [152]. While the interaction
with certain integrins has been studied and structurally elucidated,
the role of integrin receptors for the virus attachment and/or entry is
not well understood.

One mechanism might be the force transduction via integrins lead-
ing to an outside-in signaling, which recruits endocytic proteins such
as clathrin. The turnover of b3 integrins by CME was found to be mu-
tually exclusive at sides with high traction forces [153], suggesting
that the binding between integrins and a loose object such as a virus
particle might lead to the hijacking of receptor recycling pathways.

On the other hand, the highly ordered nanostructure of viruses
displayed as nanopatterned ligands could also induce receptor clus-
tering in the host cell, which is associated with higher traction forces
[154–156]. This could be either a signal recruiting the endocytic ma-
chineries or induce clathrin- and dynamin-independent endocytosis
by the initiated bending of the membrane around the particle [126].

2.3.1 Endocytosis of Mammalian Reovirus

Mammalian orthoreovirus (called “reovirus” in the following) is a
non-enveloped, double-stranded RNA virus in the familiy of Reoviri-
dae. It is capable of infecting humans but has not been described to
cause a specific human disease. Thus, infections are either asymp-
tomatic or linked to minor respiratory and gastrointestinal illness in
early childhood [158, 159]. Reovirus was used in this study, as it is
well characterized and serves as a model for pathogenic viruses such
as rotavirus, adenovirus and other non-enveloped viruses concern-
ing the virus uptake. It is entering cells, amongst other pathways, via
CME [160]. Further, reovirus is in current clinical trials as viral anti-
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Figure 2.4: Attachment of reovirus to host cells. Reovirus establish primary
adhesions with sialic acids on the cell membrane. Specific ligand-
receptor interactions are formed between JAM-A and the viral
the attachment protein s1. b1 integrins have been proposed to
mediate the internalization. Adapted from [157].

cancer therapy and thus its exact entry strategies are of increasing
interest to exclude interactions combined oncolytic agents [161].

Its outer capsid displays an icosahedron of ~ 85 nm in diameter and
is mainly composed of the proteins µ1 and s3. The viral attachment
protein s1 forms trimers and is located at each of the 12 vertices.
During infection the intact virion undergoes conformational changes
involving the loss of the capsid protein s3, cleavage of µ1 and the
extension of the compact form of s1 to a flexible fiber, leading to
the so-called intermediate subviral particle (ISVP) [162]. The initial
adhesion is mediated by binding to sialylated glycans on the host cell
membrane via the attachment protein s1 [163, 164].

The junctional adhesion molecule A (JAM-A), which is expressed at
tight junctions at the cell-cell interface as well as on leukocytes, was
identified to serve as a specific receptor interacting with s1. While it
is dispensable for infection of the intestine in mice, it promotes infec-
tion of endothelial cells [165] and its expression allows the infection
of non-permissive cells [166]. Blocking of JAM-A in endothelial cells
prevents almost completely their infection with reovirus, however in-
fectivity does not depend on the intracellular interactions of JAM-A
mediated by its cytoplasmic tail [157]. Suggesting that the role of the
s1-JAM-A interaction is mainly for an efficient attachment rather than
signaling events, which are leading to the internalization of reovirus.

Coming back to the theoretical adhesion energy (cf. 2.2) one can
evaluate the local gain in adhesion energy between JAM-A and s1,
which is the main receptor-ligand interaction for reovirus particles. It
exhibits a dissociation constant of Kd = 9 · 10�8 M [166], account-
ing for a binding energy of roughly Ead,JAM�A = kBT ln(Kd

c0 ) ⇡
�16kBT per receptor. Due to the 12-fold geometry and the effec-
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tive radius of ~42 nm of the reovirus particle plus the s1 spikes of
48 nm in length, the adhesion energy density is given by |W| =
(12Ead,JAM�A)/(4pr2) ⇡ 1.9 · 10�3 kBT/nm2. Taking only these inter-
actions into account, only particles with an effective radius exceeding
Rcrit =

q
2·20kBT

1.9·10�3kBT
⇡ 145 nm could enter the cell, suggesting the in-

volvement of further adhesion sides (adopted from Felix Frey in the
Group of Prof. Ulrich Schwarz at the Institute for Theoretical Physics,
Heidelberg University, unpublished).

The outer capsid protein l2 displays the integrin-binding sequence
RGD [167]. Blocking and knock-out of integrin b1 leads to a reduction
in reovirus infectivity, suggesting a role of b1 integrins for the inter-
nalization of reovirus into the host cell [157, 168]. Assuming a bind-
ing energy of Ead,Integrin ⇡ �10kBT per receptor-ligand interaction
and the maximal number of 5 integrins binding the RGD sequences
at each penton base, the effective adhesion density is given by |W| =
(12Ead,JAM�A + 60Ead,Integrin)/(4pr2) ⇡ 7.8 · 10�3 kBT/nm2. This

would result in the uptake of particles with Rcrit =
q

2·20kBT
7.8·10�3kBT

⇡
71.6 nm or bigger, which holds true for reovirus particles.

The RGD sequence is displayed by both, virions and ISVP, which
were found to enter the host cells by different endocytic pathways
[160, 169]. Thus, the interaction with b1 integrins seems not to induce
a specific pathway but rather aiding the general uptake. It was sug-
gested, that another integrin binding motive, Ile-Asp-Ser-Ser (IDSS)
for a4b1 integrins in the capsid protein s3, could account for the dif-
ferential uptake, since s3 is present in virions only [160]. Until today
however, the mechanism by which integrins mediate reovirus entry
remains unclear.

2.4 nanoparticle uptake

Inanimate nanoparticles can largely vary in size, shape, stiffness and
surface properties like coatings or roughness. When they come in
close proximity to cells, they interact with the cell membrane, gener-
ating forces leading to their uptake [107]. The main determinant of
the endocytic pathway is again their size as discussed in section 2.1.
However, unlike small molecules or viruses, uncoated particles do not
interact with specific cellular receptors in order to initiate endocytic
pathways. So their cellular uptake depends solely on physical param-
eters. In contrast, coating of nanoparticles with specific molecules
or proteins can activate their cellular uptake via certain pathways e.g.
coating with transferring initiates CME [170, 171]. Furthermore, when
bare nanoparticles are applied to cells in growth medium or in vivo,
serum proteins or other molecules can adhere to their surface espe-
cially if charged. This results in an unspecific coating, which was
found to be sufficient for initiation of endocytosis [172].
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2.5 endocytic force measurement techniques
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Figure 2.5: . Endocytic force measurement techniques. a) AFM and b) op-
tical tweezers have been applied to perform single virus force
spectroscopy. Adapted from [173, 174].

To measure the adhesion strength and the forces due to the in-
vagination and uptake of cargo by a host cell, several biophysical
techniques have been applied. In the case of virus particles as cargo,
measurements based on AFM and optical tweezers have been sum-
marized by Hermann and Sieben under the term single-virus force
spectroscopy (SVFS) [173] and will be briefly discussed in the follow-
ing. Further, the forces of nanoparticle uptake have been investigated
using these techniques [175–177] or by altering cell mechanics on dif-
ferent stiff substrates [178]. Finally, also molecular tension probes
(cf. Section 1.4.2) have been utilized to characterize the forces during
adhesion and endocytosis of EGF through its receptor [92].

2.5.1 Atomic Force Microscopy

The classical force spectroscopy method in biophysics is based on the
adhesion of a (functionalized) tip to a substrate (e.g. cells), which
is measured by the deformation of a cantilever upon approaching
or retracting from the substrate via a deflected laser beam (see Fig-
ure 1.5). For the use in endocytic measurements the cargo is typi-
cally attached to the tip while interacting with immobilized cellular
ligands or whole cells. Rankel et al. tethered human rhinoviruses
to an AFM tip and measured binding as well as unbinding forces
to surface-tethered receptors and cells of 17 � 110 pN [179]. They
observed increased binding affinities for longer contact times and
stepwise rupture events suggesting binding of multiple receptors
to the virus and estimated based on these values the kinetic off-
rate ko f f = 0.05± 0.15 s-1for rhinovirus 2 with their cellular receptor
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ƒMBP-V1-8 and the dissociation constant KD ⇠= 24 nM. Sieben et al.
used influenza virus particles interacting with adherent cells from the
apical side and retracted the tip at a loading rate of 20� 1000 pN/s
resulting in rupture forces of ~ 10� 20 pN. They also observed force
curves with serial rupture events indicating multivalent binding and
an off-rate of ko f f = 0.12± 1.23 s-1for the interaction with CHO cells
[180, 181]. Similarly, Alsteen et al. immobilized virus-like particles
to an AFM tip and mapped the early adhesion steps with adherent
cells. However, they detected particle rupturing at much higher load-
ing rates up to 106 pN/s and thus higher forces up to 300 pN [174].
Applying the Bell-Evans model (cf. Equation 1.3), they revealed the
kinetic off-rate ko f f = 20.5± 6.7 s-1 for single virus-receptor bonds.
These results suggest a big variety of adhesion forces between viruses
and cells most probably depending on the specific receptor-ligand in-
teractions and adhesion times applied in these studies. While so far
AFM experiments with whole virus particles focused on the forces
during initial adhesion, studies measuring the actual forces during
virus endocytosis are lacking. The only studies characterizing the
trace peak of AFM during endocytosis of nanoparticles were con-
ducted in the lab of Prof. Hongda Wang with tips functionalized
with Qdots or AuNPs [175–177]. They found a particle size-dependent
force ranging from 39� 126 pN with bigger particles (20 nm) experi-
encing higher forces compared to smaller ones (5 nm). Actin inhibi-
tion by cytochalasin B resulted in depletion of the force signal, while
the mechanism of nanoparticle uptake was not elucidated. In overall
terms it remains difficult to dissect the contribution of forces originat-
ing from adhesion and endocytosis by the use of AFM.

2.5.2 Optical Tweezers

The working principle of an optical tweezer lies in the trapping of
a bead by a focused laser beam with Gaussian beam profile. When
an external force is pulling on the bead, the x-y position of the bead
is changing according to the restoration force generated by the mo-
mentum change of the refracted light at the edges of the bead [182].
This has been used with influenza virus particles tethered to the bead
to probe the interaction strength with cells revealing rupture forces
between 10� 23 pN at loading rates between 4� 1000 pN [181]. Simi-
larly, for the interaction between dengue viruses and cells expressing
their receptor DC-SIGN ~44pN have been documented [183]. Real
endocytic events have been followed by optical tweezers for CME of
notch ligands with a mean pulling force exerted by the cell of 10pN
[184]. Here, force generation depended on dynamin, epsin and actin
binding and was in the same order of magnitude as the forces re-
ported for EGF endocytosis by molecular tension probes [92].
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2.6 motivation

Besides specific molecular interactions and signaling events, bare bio-
physical parameters like particle size and plasma membrane tension
determine the uptake of viruses and thus their infectivity. A deeper
understanding of the mechanical processes of endocytosis is therefore
crucial to stop obligate intracellular pathogens from gaining access
to cellular hosts. While until today the adhesion strength between
virus (-like) particles and host cells has been characterized by SVFS
methods, data on the forces during virus uptake itself are still miss-
ing. Furthermore, AFM and optical tweezers are limited to probe
the interaction of particles and non-polarized cells or from the apical
side of adherent cells. However, receptor presentation and actin dy-
namics vary widely for the adherent vs. non-adherent sides of cells.
Moreover, the membrane tension, which is a critical factor opposing
endocytosis, is higher at the apical side than on the basolateral side
of polarized cells [143, 185].

In this study I will utilize mammalian reovirus particles as a model
system for non-enveloped virus particle uptake. The primary infec-
tion route of reovirus - and many other pathogens - is oral and thus
the viruses are first encountering epithelial layers of the respiratory
and intestinal tract [158]. One could assume that the uptake of these
viruses is thus mainly occurring from the apical sides of polarized
cells. However, like many other viruses, reoviruses depend on the
attachment to proteins mediating cell-cell junctions (JAM-A [166]) as
well as cell-matrix (b1-integrins [157]) interactions. It can be thus
speculated that these viruses first gain access, e.g. via small lesions,
to the basolateral side of their host cells or into tight junctions before
the initiation of their uptake. During the spreading of reovirus within
the body, other cell types such as neurons get infected displaying dif-
ferent receptors and adhesion modes [186], which further underlines
the importance of studying virus-cell interactions at the sides of cell
adhesion.

The first aim is therefore to establish a method to immobilize reo-
virus particles on glass substrates to observe in unprecedented detail
the interactions between the basolateral side of cells, their adhesion
sites and virus particles. It can be assumed that in vivo interactions
with the ECM trap virus particles in close contact to cells, which in-
creases their chance of cellular uptake. This is going to be mimicked
in vitro by co-presentation of ECM proteins or small peptides and reo-
virus particles. In addition I will consider the effect of the mechanical
properties of the surrounding applying substrates with varying stiff-
ness.

To quantify the absolute forces applied to single-virus particles on
the basolateral side of adherent cells I will employ modular tension
probes capable of bearing different types of ligands. MTFM has been
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previously used to determine the forces between integrins and ECM
peptides [79, 82, 97] as well as between EGF and its receptor complex,
which is subsequently endocytosed [92]. In the work presented here,
I show for the first time successful tethering of complete, infectious
virus particles to molecular tension probes immobilized on an adhe-
sive substrate. This method allows one to directly access endocytic
forces acting on single virus particles by adherent cells, which had
never been possible before.

Finally, I want to elucidate the origin of these forces through the use
of small molecule inhibitors, blocking antibodies and knock-out cells.
This will allow one to dissect the contribution of cellular receptors,
the actin cytoskeleton as well as different endocytic pathways to the
mechanics of virus particle uptake.





Part II

MATER IALS AND METHODS

Besides standard biophysical methods such as traction
force microscopy or live cell imaging, I herein present
new ways to study forces transduced by single cellular
receptors and towards single particles such as viruses.
I therefore combined block-copolymer nanolithography
and molecular tension fluorescence microscopy with trac-
tion force microscopy and established a method for non-
covalent as well as covalent immobilization of infectious,
non-enveloped virus particles.





3
CELLULAR FORCE MEASUREMENTS

To measure cellular traction forces, forces transduced by single recep-
tors and the forces applied to single virus particles during endocyto-
sis, several biophysical methods have been exploited and combined in
this thesis, namely: (reference-free) traction force microscopy, block
copolymer micelle nanolithography and molecular tension fluores-
cence microscopy. All chemicals have been purchased from Sigma-
Aldrich unless otherwise stated.

3.1 combination of traction force microscopy with

nanopatterned ligand presentation

In order to yield control over the ligand presentation on elastic hy-
drogels in the nano-range while accessing cellular traction forces,
I developed a two-step protocol combining BCML [95, 187] with
polyacrylamide (PAA) hydrogels including fluorescent marker beads
for traction force microscopy (TFM) [156].

3.1.1 Block Copolymer Micelle Nanolithography

I produced quasi-hexagonal ordered and disordered gold nanopat-
terns as previously described [41–43, 102, 188, 189]. Therefore,
polystyrene(x)-b-poly(2-vinylpyridine)(y) diblock copolymers (Poly-
merSource Inc., Canada) and Polystyrene standard (Alfa Aesar, USA)
were dissolved in toluene and stirred for 24h at room tempera-
ture (RT). To vary the spacing and order of the gold nanopatterns,
different compositions of the polymers were used according to ta-
ble 3.1. Gold(III) chloride trihydrate was added to the micellar solu-
tions with a specific loading parameter (L = n[HAuCl4]

n[P2VP] ), which defines
the size of the gold nanoparticles. For disordered structures the mi-
cellar gold solution was subsequently mixed with a polystyrene so-
lution in a 1:1 volume ratio. 10µl of the solution were spin-coated
(WS-400A-6NPP/Lite, Laurell Technologies Cooperation, USA) on
12mm round coverglasses (Glaswarenfabrik Karl Hecht, Germany)
previously cleaned with freshly prepared piranha solution for 1h (3:1
mixture of sulfuric acid and hydrogen peroxide (20%)) to remove or-
ganic residues. Samples were treated with oxygen plasma (TePla 100-
E, 0.4mbar, 150W, 10min) to remove the polymer matrix and form
metal particles with minimal interactions with the glass substrate.

For the transfer of the gold nanoparticles into hydrogels, the BCML
substrates were either used directly after plasma treatment or re-

29
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Table 3.1: Preparation details for BCML

GENERATED

STRUCTURES

STYRENE

UNITS (X)
VINYL-

PYRIDINE

UNITS (Y)

c IN
mg/ml

LOADING

PARAMETER

L

v (SPIN

COATING)

IN rpm

100 nm
ordered

1824 523 4 0.6 10000

100 nm
disordered

a) 1824
b) 123000

523 4

8

0.5 8000

50 nm
ordered

1056 495 8 0.5 7000

50 nm
disordered

a) 1056
b) 50000

671 9

8

0.3 5000

activated with a UV lamp for 30min for the coupling of a gold-
acryl crosslinker. Substrates were immersed in 30mM N,N´-bis-
(acryloyl)cystamine (Alfa Aeser, USA) in ethanol (99%) for 1h in the
dark, washed three times for 30min with pure ethanol and dried in a
stream of nitrogen.

3.1.2 Preparation of Hydrogel Substrates for Traction Force Microscopy

PAA samples with fluorescent marker beads were used to access
the tractions of cells sensing differently spaced extracellular ligands
as well as for experiments with cells encountering reovirus parti-
cles. The hydrogels were produced inspired by Elsegui-Artola et
al. [40] as follows: glass coverslips (20x20mm2, #1, Carl Roth, Ger-
many) were washed by sonication for 10min in ethyl acetate and
dried with compressed nitrogen. They were incubated in a solution
of 1.5ml 3-(Trimethoxysilyl)propyl methacrylate, 1.5ml acetic acid
and 20ml ethanol (96%) for 30min. Afterwards, they were washed
three times in ethanol for 10 min and dried with compressed nitro-
gen. phosphate buffered saline (PBS), acrylamide (40%) and N,N´-
Methylenebis(acrylamide) (2%) were mixed (according to table 3.2),
vortexed and devolatilized with a desiccator for 5 min. Subsequently,
10 µl fluorescent beads (0.2µm, red or 0.1µm, blue, diluted and
sonicated 1:10 in MilliQ water, FluoSpheresTMcarboxylate-modified,
Thermo Fischer Scientific, USA), 2.5µl ammonium persulfate (APS)
(freshly prepared 100mg/ml in MilliQ water) and 1µl N,N,N´,N´-
Tetramethylethylenediamine (TEMED) were added to the mixture. In
order to prevent bubbles forming during the polymerization, the so-
lution was not vortexed after degassing but mixed by repeated aspi-
rating and dispensing of a large portion of the volume with a pipette.
10µl of the solution were placed on the treated glass coverslip and
covered with a 12mm round nanopatterned surface (see section 3.1.1)
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Table 3.2: Polyacrylamide mixtures for TFM samples.

SUBSTANCES IN µl

STIFFNESS IN kPa
0.5 1.5 5 13 18 30

PBS 429 414 382.2 367.75 352 299

Acrylamide 50 62.5 93.3 93.75 94.5 150

Bis-acrylamide 7.5 10 11 25 40 37.5
Beads (diluted) 10 10 10 10 10 10

APS 2.5 2.5 2.5 2.5 2.5 2.5
TEMED 1 1 1 1 1 1

Sum 500 500 500 500 500 500

or 7.5µl of the solution were covered with a purified glass cover-
slip and allowed to polymerize for 20min at RT. The reaction was
quenched by incubating the sandwich in PBS for 10min. For the trans-
fer of the nanopattern, these samples were further incubated in PBS
at 37 °C for 72h before removing carefully the nanopatterned glass
from the hydrogel [156].

3.1.3 Immobilization of Ligands for Cell Adhesion

Cellular adhesion is promoted by peptide ligands, which are immo-
bilized on the AuNPs via short thiol linkers. 25µM cRGD-thiol (cyclo
[Arg-Gly-Asp-D-Phe-Lys(Ahx-Mercaptopropionic Acid), PCS-31062-
PI, Peptides International) were incubated on top of the hydrogels
at RT for 4h. Afterward, ligand-conjugated nanopatterned hydrogels
were washed 5 times for 10min each in PBS to remove unbound pep-
tides.

Surfaces of non-patterned hydrogels were further coated with fi-
bronectin for cells to adhere. Therefore, 100µl of freshly prepared
Sulfo-Sanpah (Thermo Fischer Scientific, 1mg in 10µl DMSO + 1ml
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), pH 8.5)
was applied on the hydrogel and exposed with UV light for 10min, af-
ter which the color turned from orange to brown. The hydrogels were
washed in a big volume of HEPES for 1min and directly immersed
on a drop of 50µl fibronectin (from human foreskin fibroblasts, dia-
lyzed against PBS overnight via Dispo-Biodialyzer, molecular wight
cut-off (MWCO) 1 kDa, 10µg/ml in HEPES) and incubated overnight
at 4 °C.

3.2 combination of tfm with mtfm

In this thesis I utilized molecular tension probes with different
“spring”-molecules and an NSET quenching mechanism. For the im-
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mobilization and intrinsic quenching function of the molecular ten-
sion probes, gold nanoparticles are needed on top of the classical
TFM samples. I therefore exploited transfer of gold nanopatterns into
PAA hydrogels as described in the previous section with enlargement
of the particles (see Section 3.2.1), as well as cTFM substrates with
micropatterned gold/Qdots arrays (see Section 3.2.2).

3.2.1 Electroless Deposition for the Enlargement of Gold Nanoparticles

PAA hydrogels with fluorescent marker beads and transferred gold
nanopatterns were produced as previously described in section 3.2.1.
Since the pure AuNPs showed low binding affinity for the molecu-
lar tension probes, another layer of gold was deposited on top of
the gold particles to make them readily available. In electroless de-
position Au3+ is reduced by NH

2

OH, which is surface-catalyzed and
thus mainly preexisting AuNPs are enlarged rather than new particles
being nucleated [190–192]. Therefore, hydroxylamine hydrochloride
(0.2mM in MilliQ water, freshly prepared) and gold(III)chloride trihy-
drate (0.5% w/w in MilliQ water) were mixed in a 5:1 volume ratio.
500µl of the mixture were applied on the hydrogels and incubated
for 10min at RT. Afterwards, coverslips were washed thoroughly in
PBS to ensure that no hydroxyl amine traces remain in the gels, which
could be toxic to cells and dried carefully from the side with the help
of a kimwipe (Kimberly-Clark Professional) for the subsequent reac-
tions.

3.2.2 Confocal Reference-free Traction Force Microscopy

Silicone substrates with micro-patterned Qdots and/or AuNPs arrays
were produced by Tobias Lendenmann in the lab of Aldo Ferrari,
ETH Zürich as previously described [75]. In brief: two component
polydimethylsiloxanes (CY52-276 Part A and B, Dow Corning, USA)
were mixed, spin-coated on glass coverslips for 1min at 1500 rpm
and cured at 70 °C for 30min. Afterwards the substrates were kept
for 2 weeks at RT before further use, to allow a homogeneous aging
of the samples. For immobilization of the molecular tension probes,
the composition of the ink was altered from the original protocol to
contain (i) Qdots only, (ii) AuNPs only or (iii) a 20:1 mixture of both.
Blue CdS/ZnS core/shell Qdots with an emission peak at 457nm and
octanethiol-capped AuNPs were obtained from the lab of David J. Nor-
ris, ETH Zürich [193, 194] and transferred from hexane dispersions
to tetradecane with an optical density of 0.25 for a 1mm path, to en-
sure a reproducible printing process. Electrohydrodynamic nanodrip-
printing allows to deposit small volumes of a conductive ink with
nanometer-control on a surface [195–197]. Therefore, the silicon sub-
strates were placed on a conducting grounded plate. The ink was
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filled in a gold-coated glass capillary with an opening diameter of
1 - 1.5µm, which was moved above the substrate using a piezoelectric
stage. Nanoscale droplets with a diameter of 50 - 100nm were ejected
through application of 200 - 250V voltage pulses for 100ms with the
custom-built control unit. Several droplets formed a nano-disc of
~200nm in diameter. These nano-discs were positioned in an hexag-
onal pattern with 3µm distance between individual nano-discs and
the tetradecane evaporated, leaving behind the nanoparticle content
only.

3.3 molecular tension fluorescence microscopy

In this thesis I conducted molecular tension fluorescence microscopy
adapted from and further developed in cooperation with the lab of
Prof. Khalid Salaita (Emory University, Atlanta). Three types have
been established and used: tension probes based on (a) an organic
PEG spring, (b) deoxyribonucleic acid (DNA)-hairpins and (c) the I27
domain of the protein titin. All of these molecules can be linked to
AuNPs via a thiol function on their lower end. This serves as an-
chor point on a surface and quenches distance-dependently the flu-
orophore, which is attached to their upper end of the tension probe
(see Figure 6.5 and Section 1.4.2).

3.3.1 Surface Preparation for the Binding of Molecular Tension Probes

For experiments on glass substrates, surfaces were passivated with a
self-assembled monolayer of PEG. This prevented non-specific adhe-
sion of the tension sensors to the background. Thiol modifications on
a fraction of the PEGs allowed me to immobilize AuNPs, which serve
as adhesion site and quencher of the tension probes. Therefore, glass
coverslips (20x20mm2, #1, Carl Roth, Germany) were washed and
activated in freshly prepared piranha solution for 1h. Afterwards,
the glasses were rinsed 3 times in MilliQ water, sonicated for 5min
and dried with compressed nitrogen. Silane-PEG-methoxy (molecular
wight (MW) ~ 2000 g/mol, Biochempeg, USA) and silane-PEG-lipoic
acid (MW ~ 3400 g/mol, synthesized as described in Section 3.3.2)
were solved in dry toluene (dried over 3Å molecular sieves) in a 19:1
molar ratio with total silane concentration > 125µM to ensure com-
plete coverage of the glass surfaces. Coverglasses were immersed in
this solution in a custom-made glass sample holder and the reaction
was catalyzed by 25µM triethylamine (�99.5%) and left for 16h un-
der nitrogen atmosphere at 80 °C. The substrates were subsequently
washed in ethyl acetate (p.a., AppliChem, Germany) and methanol
(p.a., Carl Roth, Germany) for 5min each by ultrasonication and dried
with compressed nitrogen. 300µl of gold nanospheres (9± 2nm) in
tannic acid (0.05mg/ml, nanoComposix, USA) were applied on top
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of the coverglasses, incubated for 30min at RT and unbound AuNPs
were washed off under a stream of MilliQ water. Successful binding
of AuNPs to the surface was evaluated by observation of a red sheen.
Samples were immediately used for experiments with tension probes.

3.3.2 Synthesis of Silane-PEG-Lipoic acid

(CH
3

CH
2

O)
3

Si-PEG-lipoic acid (MW ~ 3400 g/mol, referred to as
silane-PEG-lipoic acid in the following) was synthesized analogously
to (CH

3

CH
2

O)
3

Si-PEG(2000) in [198]. To a solution of 0.5 g NH
2

-PEG-
lipoic acid (MW ~ 3400 g/mol, Biochempeg, USA) in 3ml dry N,N-
dimethylformamide (DMF) (p.a., Carl Roth, Germany), 1.1 equiva-
lents of 3-(triethoxysilyl)-propyl isocyanate were added under nitro-
gen atmosphere and stirred for 24h at RT. The PEG-product was
cooled to 0 °C, precipitated in an excess of cold diethyl ether and fil-
tered with a porous frit (No. 3). The precipitate was washed with
cold diethyl ether and dried under reduced pressure overnight to
yield silane-PEG-lipoic acid as a white powder.

3.3.3 PEG-based Tension Probe

The synthesis of a PEG-based tension sensor was based on the work
of Dr. Yang Liu [79, 82] but designed in a modular way to be able to
exchange the ligands for cell adhesion.
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Figure 3.1: Synthesis route of the modular PEG-based tension probe.
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The ligand and the fluorophore were attached to the upper end of a
long PEG chain via a small, branched molecule. This molecule (Boc-L-
Aha-butan-1-amine, C

13

H
26

N
6

O
3

) containing an azide function, a free
amine group and a Boc-protected amine group was kindly provided
by Dr. Stefanie Neubauer from the lab of Prof. Horst Kessler (TU Mu-
nich) (see Figure 3.1, upper row). I reacted 0.5mg of this molecule
with 0.9 equivalents of the fluorophore Cy3B-N-hydroxysuccinimide
(NHS) (GE Healthcare, UK, solved in 70µl DMF) in a total volume of
140µl 1M NaHCO

3

buffer (pH 8.5) overnight at RT. The product was
lyophilized (FreezeZone, Labconco, USA) and subsequently purified
by high performance liquid chromatography (HPLC) (Äkta pure, GE
Healthcare, UK) with a C18 column (Phenomenex, USA, diameter
10mm, length 250mm) with buffer A: water + 0.1% TFA and a gra-
dient of 10 - 90% buffer B: acetonitrile + 0.1% TFA at a flow rate of
0.7ml/min and analyzed by mass spectrometry (see Section 5.4).

In the next step the Boc-protective group was removed by
trifluoracetic acid (TFA) in dichloromethane (DCM) for 2h at 0 °C
and 1h at RT. This allowed the intermediate product to react with
0.9 equivalents of trityl-protected thiol-PEG-NHS (MW ~ 3000 g/mol,
Iris biotech, Germany) in a small volume of DMF adjusted to mM
concentrations with triethylamine as base for 2days at RT. The reac-
tion in organic solvents prevents the PEG from forming a mushroom
conformation, which would bury its reactive group. Unreacted inter-
mediate product was purified from the PEG containing molecules by
HPLC. Impurities from the unreacted PEG-educt were not further pu-
rified as they can be considered as additional passivating PEGs strand
for tension sensing experiments.

Since the binding efficiency of the PEG-tension sensor to the
AuNPs was low in previous studies [79, 82], AuNPs have been pre-
incubated with the tension probes and short passivating ethylene
glycol (EG)

8

-thiols, purified in solution and subsequently immobi-
lized on the silane-PEG-lipoic acid surfaces (as described in Sec-
tion 3.3.1). Therefore, 500µl of gold nanospheres (9± 2nm) in tan-
nic acid (0.05mg/ml, nanoComposix, USA) were incubated with
400nM of the PEG-based tension probe and 1.2µM EG

8

-thiols (O-
(2-carboxyethyl)-O-(2-mercaptoethyl) heptaethylene glycol, 95%) in
a total volume of 1ml at 24 °C overnight in the dark. For purification,
the PEG-decorated AuNPs were centrifuged for 45min at 21000 rcf, the
supernatant was removed and the particles resuspended in 1ml wa-
ter for 4 times. After immobilization of 300µl of the PEG-decorated
AuNPs on the silane-PEG-lipoic acid surfaces for 10min, different
ligands were attached to the upper end of the PEG-tension sensor
by copper-catalyzed azide-alkyne cycloaddition (CuAAC) (see Sec-
tion 3.3.6).
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3.3.4 DNA-Hairpin-based Tension Probe

The design of the DNA-based tension sensor was based on a hairpin
structure with defined unfolding force as presented by Zhang and
co-workers [97]. Adaptations have been made to the previous de-
sign in order to immobilize the DNA on AuNPs (thiol-modification
at the lower end), covalently bind different types of ligands (azide-
modification at the upper end) and prevent shearing of DNA (one
force transmitting strand only - see Figure 6.5b). Custom synthe-
sized DNA oligomers were purchased from Integrated DNA Technolo-
gies, USA with 3´ and 5´ modifications as follows: 5AmMC6 is a 5´-
amino modifier with a C6 spacer arm, 3AmMO is a 3´-amino modifier,
5ThioMC6-D is a 5´-thiol modifier with a C6 spacer arm, 3ThioMC3-
D is a 3´-thiol modifier with a C3 spacer arm, 5AzideN is a 5´-azide
modifier with a C5 spacer (see table 3.3).

Table 3.3: DNA oligomers for DNA-hp-based tension sensor. Colors indi-
cate complementary bases, which were hybridized to form DNA-
hp-based tension sensors.

strand sequence

top DNA 5AmMC6/CGC ATC TGT GCG GTA TTT CAC

bottom
DNA

5ThioMC6-D/TT TGC TGG GCT ACG TGG CGC TCT

T/3AmMO

hp DNA
(4.2pN)

5AzideN/GTG AAA TAC CGC ACA GAT GCG TTT GTA TAA

ATG TTT TTT TCA TTT ATA C TT TAA GAG CGC CAC GTA GCC

CAG CAA A/3ThioMC3-D

hp DNA
(12pN)

5AzideN/GTG AAA TAC CGC ACA GAT GCG TTT GGG TTA

ACA TCT AGA TTC TAT TTT TAG AAT CTA GAT GTT AAC CCT

TTA AGA GCG CCA CGT AGC CCA GCA AA/3ThioMC3- D

hp DNA
(19pN)

5AzideN/GTG AAA TAC CGC ACA GAT GCG TTT CGC CGC

GGG CCG GCG CGC GGT TTT CCG CGC GCC GGC CCG CGG CG

T TTA AGA GCG CCA CGT AGC CCA GCA AA/3ThioMC3-D

Fluorophores have been covalently bound to DNA strands with
amine modification as follows: top strand DNA and bottom strand
DNA were reacted in 0.1M NaHCO

3

buffer + 2mM MgCl
2

with a 10

fold molar ratio of StarRed-NHS (Abberior, Germany, lem : 638nm
lex : 655nm) or QSY21-NHS (Thermo Fischer Scientific, USA, lem :
661nm), respectively, for 12h at RT. Purification of unreacted dye
was conducted by size exclusion chromatography with illustra NAP-
5 columns (GE healthcare, UK) using MilliQ water as mobile phase.
Further purification of unlabeled DNA was conducted by HPLC with
the C18 column (see Section 3.3.3) buffer A: 0.1M Trietyhlammonium
acetate (TEAA) and a gradient from 10 to 90% of buffer B: acetonitrile.



3.3 molecular tension fluorescence microscopy 37

Purified DNA strands were freeze dried and resuspended in a small
volume of MilliQ water to obtain µM concentrations.

DNA-hairpin sensors were hybridized from the 3 single DNA
strands with a final hairpin concentration of 300nM (900nM for ex-
periments on hydrogels) in 1M NaCl solution with 10% excess of the
bottom and top strand. They were heated up to 95 °C for 10min and
cooled down to 12 °C within 30min in a thermal cycler (T100, Bio-
Rad, Germany). Finally, additional bottom strands DNA were added
in excess to obtain a final concentration of thiolated DNAstrands of
3µM. This ensures the complete coverage of AuNPs, while keeping a
low density of DNA-hairpin sensors on the surface, which limits the
background fluorescence signal.

100µl of this solution has been applied on a surface with immobi-
lized AuNPs (see Section 3.3.1) and covered with another of these
surfaces upside down to form a sandwich, which was incubated
overnight at 4 °C. Unbound DNA was washed off in 100mM phos-
phate buffer containing 150mM NaCl and the coverglasses were care-
fully separated from each other. Substrates were further processed
avoiding drying out of the tension probe-surface at any time.

3.3.5 Titin-based Tension Probe

Tension probes based on the I27 domain of titin were expressed in E.
coli as previously described [51]. The plasmid pET22b-I27-RGD/E for
the modified I27 domains containing an RGD or an RGE sequence for
specific integrin adhesion or no specific adhesion, respectively, and
the amber codon (TAG) was a kind gift from Dr. Korelia Galior (Prof.
Khalid Salaita Lab, Emory University, Atlanta), as well as the pEVOL-
pAzF plasmid for p-azidophenylalanine incorporation at the amber
codon. The final amino acid sequence was as follows:
MTVYAVTGRG(D/E)SPASSAAHMGG(tag)GGLIEVEKPLYGVEVF
VGETAHFEIESEPDVHGQWKLKGQPLAASPDCEIIEDGKKHILILH
NCQLGMTGEVSFQAANTKSAANLKVKELCCHHHHHH

3.3.5.1 Preparation of Selective Agar Plates

25 g LB Medium (Carl Roth, Germany) and 15 g Agar-Agar, Kobe
I (Carl Roth) were dissolved in 1 l of water in an Erlenmeyer flask
(2 l) and autoclaved. The medium was allowed to cool down to
~ 50 °C before the following antibiotics: 1:1000 chloramphenicol (Ap-
pliChem, Germany), cstart = 34mg/ml in EtOH abs., 1:1000 kanamycin
cstart = 30mg/ml in H

2

O, 1:2000 ampicillin cstart = 100mg/ml in H
2

O.
The medium was carefully shaken to avoid bubble formation and
poured in Petri dishes and left at RT to solidify before being stored at
4 °C until further use.
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3.3.5.2 Co-Transformation of Bacteria with Purified Plasmids

45µl of chemically competent E. coli (BL21(DE3), NEB, USA) are
mixed with 5µl of plasmid pET22b-I27-RGD or -RGE (50 or 42ng/µl)
and 5µl of plasmid pEVOL-pAzF (40ng/µl) and kept on ice for 5min.
Then, a heat-shock was performed for 45 s at 42 °C, followed by 2min
on ice again. 1ml of LB medium was mixed with the 50µl of bacteria
solution and kept at 37 °C for 1h while shaking with 750 rpm. The dis-
persion was spun down for 3min at 14000 rpm to form a pellet and
750µl of the supernatant was discarded while the remaining 250µl
were resuspended and distributed on the pre-warmed agar plates,
which were incubated at 37 °C overnight.

3.3.5.3 Initiation of a Starter Culture

A single colony was picked and distributed in a falcon with 10ml LB
medium containing 50µg/ml ampicillin, 34µg/ml chloramphenicol
and 0.2% glucose (w/v) and incubated at 37 °C overnight in a shaker
with holes in the lid for CO

2

exchange.

3.3.5.4 Expression culture

100µl of the starter culture were used to inoculate 100ml of growth
medium in a 200ml Erlenmeyer flask and the optical density (OD)
was measured by UV-Vis spectroscopy (Lambda 25, Perkin-Elmer,
USA). At an OD of 0.2, 1mM of 4-azido-L-phenylalanine (Chem-
Impex International, USA), at an OD of 0.4, 0.02% (w/v) L-arabinose
and at an OD of 0.8, isopropyl beta-D-1-thiogalactopyranoside (IPTG)
was added to a final concentration of 1mM. Cells were grown for
16h at 30 °C while shaking (Excella E24 Incubator shaker series, New
Brunswick Scientific, USA).

3.3.5.5 Protein Purification

The expression culture was transferred into 50ml falcons and cen-
trifuged for 10min at 14000 rcf (Rotina 380R, Andreas Hettich, Ger-
many). The supernatant was discarded and the bacteria pellet was
resuspended in 10ml 0.1M KH

2

PO
4

buffer (pH 7.4) with 1mM
Dithiothreitol (DTT) and 10% Phenylmethylsulfonylfluorid (PMSF)
(0.1M in MeOH) and sonicated for 10min by Omni Sonic Ruptor 400
(Omni International, USA, 40% power purse, 50% pulser frequency)
to lyse the bacteria. The solution was centrifuged again for 30min at
12000 rcf at 4 °C to get rid of the cellular debris and the supernatant
was filtered with a Whatman syringe filter (cellulose acetate, 0.45µm
pore size). The I27 protein was purified by immobilized metal ion
affinity chromatography with a 1ml His-Trap column in the Äkta
pure system (GE healthcare, UK) with buffer A: KH

2

PO
4

buffer (pH
7.4) + 1mM DTT + 30mM imidazole and a gradient of 0 - 100% buffer
B: KH

2

PO
4

buffer (pH 7.4) + 1mM DTT + 500mM imidazole. Protein
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expression was checked by SDS page with NuPage 4-12% bis-tris
gel (Thermo Fischer Scientific, USA), MES buffer and a gel chamber
with Powerpac basic supply (BioRad, Germany). Gels were stained
with Coomassie plus protein assay reagent (Thermo Fischer Scientific,
USA) and imaged in an Amersham Imager 600 (GE healthcare, UK).

3.3.5.6 Protein Labeling

Purified I27-RGD and I27-RGE proteins were desalted by gel fil-
tration with Zeba spin columns (7000MWCO, Thermo Fischer Sci-
entific, USA) and subsequently randomly labeled with Alexa647-
NHS (Thermo Fischer Scientific, USA) in 1:10 molar ratio in 0.1mM
KH

2

PO
4

buffer at RT overnight. Unbound dye was removed again
by gel filtration. Protein concentration and the labeling ratio was
quantified by UV-Vis absorption in a NanoDrop ND-1000 (Peqlab,
Germany). UV-Vis absorption and photo-counting of bleaching steps
of single titin-based tension-sensors (in collaboration with Klaus
Yserentant in the lab of Prof. Dirk-Peter Herten, Heidelberg Univer-
sity) revealed that the majority of titin sensors bear one or two fluo-
rophores even though the I27 protein has multiple accessible lysins
at its surface (cf. Figure A.1).

3.3.5.7 Immobilization of Titin-based Tension Probes on Surfaces

The I27-RGD or I27-RGE tension probe labeled with Alexa647 was
typically diluted to a final concentration of 60nM in 0.1M KH

2

PO
4

buffer (pH 7.4) for experiments on glass substrates and 12nM for ex-
periments on cTFM samples. A 6.4x molar excess (384nM in this case)
of COOH-(CH

2

-CH
2

-O)
8

-SH was added to the solution and imme-
diately 300µl were applied on top of the surfaces with immobilized
AuNPs and incubated for 1h at RT. Samples with I27-RGD tension
probes were used directly after washing in KH

2

PO
4

buffer, while
ligands for cellular interactions were attached to the samples with
I27-RGE tension probes (see Section 3.3.6).

3.3.6 Attachment of Ligands by CuAAC

Different types of ligands can be linked to the azide-functionalized
tension probes, which are immobilized on AuNPs (on glass or hy-
drogel substrates) by CuAAC. For the analysis of cell-generated trac-
tion forces via integrin receptors, cyclic Arg-Gly-Asp (cRGD)-alkyne
(cyclo(Arg-Gly-Asp-D-Phe-Pra (see Figure 3.1 last row, custom-
synthesized by Biotrend, Germany) was clicked on the tension
probes following a protocol of Hong et al. [199]. Therefore,
100mM phosphate buffer pH 7 equipped with 150mM NaCl,
50mM tris(3-hydroxypropyltriazolylmethyl)amine (THPTA), 20mM
CuSO

4

and 100mM aminoguanidine were prepared in MilliQ water
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Table 3.4: Reaction mixture of CuAAC for covalent binding of cRGD-alkyne.

substance cstar t in mM cend in mM V in µl

phosphate buffer 100 ~ 100 87

cRGD-alkyne 10 0.15 1.5
THPTA 50 0.5 1

CuSO
4

20 0.1 0.5
aminoguanidine 100 5 5

sodium ascorbate 100 5 5

100

and stored at 4 °C until use and 100mM (+) sodium L-ascorbate was
always freshly prepared in MilliQ water. Substances were mixed ac-
cording to table 3.4 and 100µl of the reaction mixture were incubated
on top of the surfaces immediately after washing off unbound tension
probes for 2h at RT in a humidity chamber in the dark.



4
V IRUS PART ICLE MODIF ICAT IONS

4.1 purification of reovirus particles

Reovirus production and purification was performed byMarta Fratini
in the lab of Dr. Steeve Boulant (Heidelberg University and DKFZ).
Briefly, mammalian reovirus strain T3D (originally obtained from
Bernard N. Fields (Harvard Medical School) was grown in L-cells
as previously reported [200–202]. Frozen stocks of infected cells were
thawed and disrupted by sonication (UP200Ht ultrasonic processor,
50% of 200W, 26 kHz, Hielscher Ultrasonics, Germany) for 40 s on
ice. 1% (v/v) of sodium desoxycholate (10% w/v) was added, the
mixture was stirred gently and incubated for 15min on ice for cell ly-
sis. 33% (v/v) 1,1,2-trichlorotrifluoroethane were added and the sam-
ple was emulsified by sonication for 1min avoiding the formation of
bubbles. More trichlorotrifluoroethane was added to a final volume
of 50% (v/v) before sonicating again. To separate the two phases, the
solution was centrifuged at 7000 rcf for 10min (MF 48, awel interna-
tional, France) and the top aqueous phase was transferred into a fresh
falcon and emulsified again with trichlorotrifluoroethane, sonication
and centrifugation. The top phase was subsequently layered over
a CsCl gradient (1.25 - 1.45 g/cc) in virus buffer (VB) (150mM NaCl,
10mMMgCl

2

, 10mM tris(hydroxylmethyl) aminomethane (TRIS), pH
7.5) in a thin-wall polypropylene tube for use in SW 40 Ti ultracen-
trifuge rotor (Beckman Coulter, USA) and centrifuged at 23000 rpm
in an ultracentrifuge at 4 °C overnight. Cell debris, empty capsids
and intact virus particles were separated by their weight in different
bands in the CsCl gradient. By piercing the bottom of the tube with
a needle, drops of the band containing virus particles were collected
into a 1ml tube (Eppendorf, Germany). In order to get rid of the CsCl,
virus particles were dialyzed against VB (3ml Slide-A-Lyzer dialysis
cassettes, 20000MWCO, Thermo Fischer Scientific, USA) at 4 °C for
24h.

The concentration of reovirus particles in solution was determined
to be around 1.7·1011 particles/ml by nanoparticle tracking analysis
with the NanoSight 300 (Malvern, UK).

4.2 labeling of reovirus particles

Reovirus particles were labeled randomly with fluorescent dyes and
linker molecules for surface immobilization via NHS-amine coupling
at the lysine side chains on the viral capsid as previously described

41
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[169]. Therefore, reoviruses were first dialyzed against PBS to remove
free amines from the buffer that would interfere with the NHS re-
action in Slide-A-Lyzer MINI dialysis Devices, 3500MWCO (Thermo
Fischer Scientific, USA) at 4 °C overnight. Then 100µl of the virus so-
lution were mixed with the desired NHS-ligand and incubated for 1h
at RT. For experiments with covalently immobilized reovirus on sin-
gle tension probes, propargyl-NHS at 33.2µM final concentration and
Alexa568-NHS (Thermo Fisher Scientific, USA) at 0.5µM final concen-
tration, and for experiments with non-covalently immobilized reo-
virus on NeutrAvidin surfaces, 8.4µM EZ-link sulfo-NHS-biotin and
Alexa647-NHS at 33.7µM final concentration (both Thermo Fisher Sci-
entific, USA) were used. The NHS reaction was quenched by addition
of 10% VB and unreacted dye was removed by gel filtration with Zeba
spin columns (7000MWCO, Thermo Fisher Scientific, USA).

4.3 preparation of virus-like particles from gold

nanoparticles

Biomimetic virus-like particles were composed from AuNPs with
100nm diameter with differential surface coatings to fit the dimen-
sions and chemical structure of reoviruses as follows: 3ml of the
gold nanoparticle solution (OD1, in citrate buffer) were incubated
with final concentration of 25µM SH-PEG-alkyne (MW ~ 3000 g/mol,
Biochempeg, USA) and 2.5µM SH-PEG-NH-StarRed (synthesis see
Section 4.3.1) at RT overnight under constant shaking and exclusion
of light. Subsequently, unbound thiol linkers were washed off by cen-
trifuging the functionalized AuNPs three times (2600 rcf at 4 °C, for
10min in 5417R centrifugee, Eppendorf, Germany) and discarding
the supernatant. After the third washing step the pellet was resus-
pended in 50µl MilliQ water and the concentration was determined
by UV-Vis (Nanodrop) to be approximately 1 · 1011 particles/ml.
For the non-covalent immobilization via biotin-NeutrAvidin (cf.

Section 4.4.2), the AuNPs were further functionalized with azide-
EG

3

-biotin (Jena Bioscience, Germany), which was clicked at 15µM
final concentration to the alkyne functions of the AuNPs with
5 · 1010 particles/ml in a total reaction volume of 150µl (analogously
to section 3.3.6). Further, the surface of these functionalized AuNPs
can be modified to mimic ligands of viral capsids. Therefore, option-
ally cRGD-azide (cyclo[RGDfE]K(N3), Peptide Specialty Laboratories,
Germany) was clicked in the same reaction at 300µM final concentra-
tion. Modified AuNPs were purified from unbound ligands by size
exclusion columns (Zeba Spin Desalting Columns, 7000MWCO) and
stored at 4 °C until further use for up to 2weeks.
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4.3.1 Synthesis of SH-PEG-NH-StarRed

20µl of a 8mM solution of SH-PEG-NH2 (MW ~ 3000 g/mol,
Iris Biotech GmbH, Germany) and 18µl of 0.8mM StarRed-
NHS(Abberior, Germany), both in DMSO, were mixed and supple-
mented with 2µl triethylamine. The reaction was allowed to proceed
at RT for two days under continuous stirring and exclusion of light.
No purification steps were necessary, since unbound dye molecules
cannot bind to the AuNPs and will be hence washed off after the cou-
pling to gold. The product was stored at - 20 °C until further use and
will be referred to as SH-PEG-NH-StarRed.

4.4 immobilization of virus particles

In order to study the initial phase of cell interaction with nanoparti-
cles and initiation of endocytosis, in collaboration with Marta Fratini
(Dr. Steeve Boulant lab, Heidelberg University and DKFZ) I devel-
oped a method to covalently immobilize reoviruses on modified sub-
strates. In addition, I established a method to non-covalently immo-
bilize reoviruses and virus-like particles on substrates with varying
stiffness.

4.4.1 Covalent Immobilization

Covalent immobilization of virus particles allows to study the initi-
ation of viral uptake, while the later stages of endocytosis and vi-
ral infection can be neglected. Therefore, I sought after a method
that prevents the viral shape and infectivity in solution but allows to
tether viral particles non-reversibly on biomimetic surfaces or tension
probes. Here, I chose the highly selective CuAAC reaction, which was
shown to be biocompatible for coupling of biological molecules with
a copper-chelating agent such as THPTA [199, 203, 204]. Reoviruses
were clicked directly to passivated glass coverslips with silane-PEG-
azide (~ 3000 g/mol, Rapp Polymere, Germany) or on coverglasses
modified for MTFM with molecular tension probes bearing an azide
function (see Section 6.5).

To allow cell adhesion via integrin receptors, cRGD-alkyne or cRGD-
azide was clicked to the silane-PEG-azide and silane-PEG-alkyne sur-
faces, respectively, analogously to section 3.3.6 at 150µM end concen-
tration each. Where virus particles were clicked via the same ligands
to the surface, this reaction was conducted first for 1h and subse-
quently cRGD was clicked on the sample for 1h.

For combination of MTFM samples with virus particles as ligands,
10% silane-PEG-alkyne (w/w) was mixed with the other PEGs for
passivation of the glass coverslips (see Section 3.3.1 for details). Sub-
sequently, cRGD-azide was reacted in a first step with the surface (just
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like in section 3.3.6) and then AuNPs and tension probes were immo-
bilized as described in section 3.3. The concentration of the DNA-
hp-based and titin-based tension probes was adjusted to 300pM and
3nM, respectively, to limit the background fluorescence. Virus parti-
cles were reacted at a final concentration of ~ 5·109 particles/ml.

4.4.2 Non-covalent Immobilization

Biotinylated reoviruses or AuNPs (see Section 4.2 or 4.3) were non-
covalently immobilized via NeutrAvidin, which is sandwiched on a
biotin layer (see Figure 7.1).

Therefore, glass coverslips were passivated in a 0.3mg/ml solution
of silane-PEG-alkyne (~ 3000 g/mol, Biochempeg, USA) in toluene at
80 °C overnight analogously to section 3.3.1. After washing, azide-
EG

3

-biotin (Jena Bioscience, Germany) was immediately tethered to
the PEGylated glasses by CuAAC. Further cRGD-azide was immo-
bilized on the surface in the same reaction to allow cell adhesion
via integrins. In detail 150µM cRGDazide, 150µM azide-EG

3

-biotin,
500µM THPTA, 100µM CuSO

4

, 5mM aminoguanidine and 5mM
sodium-L-ascorbate (final concentrations) were mixed in 100mM
phosphate buffer (pH 7) and glass substrates were inverted on a 100µl
drop of this reaction solution for 2h at RT. Samples are washed sub-
sequently under a stream of MilliQ water and dried carefully over
the edge with a tissue. NeutrAvidin (A2666, Thermo Fischer Scien-
tific, USA) was reconstituted at 5mg/ml in PBS and stored in 10µl
aliquots at - 20 °C to avoid repeated freeze-thawing. Only clear so-
lutions without visible precipitates were used and diluted 1:100 to a
final concentration of 50µg/ml in PBS and a drop of 150µl was placed
on top of the biotinylated glass surfaces at RT for 1h in a humidity
chamber. Afterwards, samples were immersed in a petridish with PBS
for 5min to wash off unbound NeutrAvidin with two exchanges of
the washing solution. Successful binding of the protein was indicated
by a change in hydrophility and a remaining layer of solution on top
of the glass substrates after careful drying with a tissue over the edge.
100µl of the biotinylated reovirus (see Section 4.2) or AuNPs with a fi-
nal concentration of ~1 · 1010 particles/ml were added directly on the
remaining liquid film and allowed to interact with the NeutrAvidin
for 2h at RT in the humidity chamber. Samples were glued onto
35mm polystyrene petridishes with home-made 18mm in diameter
holes by TwinSil (Picodent, Germany) and washed with 50ml sterile
PBS avoiding to dry out the surface completely at any time.
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5.1 cell culture

All cells used in this study were cultured in Dulbecco´s modified ea-
gle medium (DMEM) either with 4.5 g/l D-Glucose and L-Glutamine
(#41965) or with 4.5 g/l D-Glucose, GlutaMAX and pyruvate (#31966),
or Ham´s F12 medium (#21765-029, Thermo Fischer Scientific, USA),
each equipped with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v)
Penicilin-Streptamycin, which was sterile filtered with Rotilabo sy-
ringe filters, cellulose mixed ester, 0.22µm pore size (Carl Roth, Ger-
many), in water saturated 5% CO

2

-atmosphere at 37 °C. Cells were
subcultured at least once before usage in experiments by detaching
them with StemPro Accutase (Thermo Fischer Scientific, USA) and
diluting 1:5 in fresh growth medium. For MTFM experiments, cells
were resuspended in their corresponding medium with reduced FBS
concentration of 0.5% (v/v). For experiments combining TFM with
nanopatterned ligand presentation, culture medium without FBS and
for all other experiments complete growth medium was used. Cells
were count in Neubauer chamber and 1 - 5 · 105 cells were plated per
sample. For the reference state in classical TFM experiments, cells
were removed with 3ml trypsin for 10min followed by gentle pipet-
ting up and down directly on the stage of the microscope. All culture
media and complementary substances were purchased from Thermo
Fischer Scientific, USA.

5.1.1 Cell Lines

Human breast myoepithelial cell lines were used as described in
[40, 156, 205], cultured in Ham´s-F12 medium supplemented addi-
tionally with hydrocortisone (1µg/ml), EGF (10ng/ml) and insulin
(5µg/ml). They were employed for experiments with nano-spaced
adhesion ligands on soft substrates in order to compare the results to
previous studies.

Wildtype rat embryonic fibroblasts (REF) and REF stably expressing
a fusion paxillin-yellow fluorescent protein (YFP) were originally ob-
tained from the lab of Benny Geiger (Weizman Institute, Israel) and
cultured in DMEM #31966. As fibroblasts, they have strong interac-
tions with the extracellular matrix in vivo and are thus used for force
transmission studies in this thesis.

Human osteosarcoma U2OS cells (HTB-96, ATCC, USA) originate
from a 15 year old girl and were cultured in DMEM #31966. These
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cells have been previously used in cell adhesion studies [206], but as
epithelial cells, they are less strong than fibroblasts and were thus
used for experiments on weaker tension probes in this study.

Wildtype BSC1 (CCL-26, ATCC, USA) derived from African green
monkey kidney cells were cultured in DMEM #41965. BSC1 cells sta-
bly expressing AP2-enhanced green fluorescent protein (eGFP) were
obtained from Dr. Steeve Boulant (Heidelberg University and DKFZ)
[143]. These endothelial cells are a well-studied model for clathrin-
mediated endocytosis and used in this context to study the origin of
force during virus uptake.

U373-MG (referred to as U373 in the following) were originally
obtained from Prof. Tomas Kirchhausen (Harvard Medical School,
USA). This human glioblastoma astrocytoma cell line derived from a
malignant tumor by explant technique and was cultured in DMEM
#41965. U373 is another cell line to study coated plaques [207]
and shows a high endocytic activity. Therefore, they were chosen
for experiments on reovirus uptake and infection while inhibiting
their actin cytoskeleton or endocytic proteins. U373 cells stably ex-
pressing AP2-eGFP were obtained from Dr. Steeve Boulant. U373

cells displaying a CRISPR/Cas9 induced double knockout of clathrin
light chain (CLT) A and B were generated and kindly provided by
Markus Mukenhirn. U373 cells with a transient overexpression of
the dynamin mutant K44A were generated by Marta Fratini with
the pEGFP-Dyn2-K44A plasmid [208] and co-expression of clathrin-
tomato.

HeLa cells originating from human cervix adenocarcinoma of the
31 year old patient Henrietta Lacks in the United States in 1951

were purchased from ATCC (CCL2) and cultured in DMEM #41965.
They are known to internalize mammalian reovirus in an integrin-
dependent manner [157] and were thus chosen for experiments ana-
lyzing the receptor dependence of virus endocytosis.

CHO-K1 cells (CCL-61, ATCC, USA) are epithelial like Chinese
hamster ovary cells cultured in Ham´s F12 medium. Since these cells
do not express JAM-A, they were chosen as a control for reovirus
uptake in the absence of JAM-A.

5.1.2 Receptor Blocking

Cellular receptors have been inhibited by incubating 10

5 cells in 200µl
FBS-free culture medium in solution for 1h at RT with the following
antibodies/ reagents: JAM-A antibody clone J10.4 (sc-53623, Santa
Cruz Biotechnology, USA) at 10µg/ml final concentration, human in-
tegrin b1 (CD29) blocking antibody clone P5D2 (#MAB17781, R&D
systems, USA) or clone 4B4 (#6603113, Beckman Coulter, USA) at
10µg/ml final concentration, integrin a5b1-selective ligand (FR248,
obtained from the lab of Horst Kessler, TU Munich) at 2.5µM final
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concentration, sialic acids were digested by neuraminidase (N3786)
diluted 1:10 with 50mU/ml final concentration and matrix metal-
loproteinases (MMPs) were inhibited by GM6001 (#sc-203979, Santa
Cruz Biotechnology, USA) at 25µM.

5.1.3 Protein Inhibition

To disrupt the actin cytoskeleton or the endocytic machinery the
following small molecules inhibitors have been applied to the cells
in 3ml growth medium during the experiments in the indicated fi-
nal concentrations: actin polymerization was inhibited by cytocha-
lasinD (#C8273) at 60nM and actin filaments were disrupted by jas-
plakinolide (#J4580) at 100nM, myosin II was blocked by blebbistatin
(#B0560) at 10µM, Rho-associated protein kinase (ROCK) was inhib-
ited by Y-27632 (ALX-270-333, Enzo Life Sciences, USA) at 10µM,
Arp2/3was inhibited by CK-666 (#SML0006) at 200µM, formins were
blocked by SMIFH2 (#S4826) at 30µM, caveolin-dependent endocyto-
sis was blocked with the tyrosine protein kinase-inhibitor genistein
(#G6649) at 200µM and membrane cholesterol was depleted with
methyl-beta-cyclodextrin (#C4555) at 10mM. Since most drugs were
solved in dimethyl sulfoxide (DMSO) at 1000x of their final indicated
concentration or higher, control cells were treated with 3µl DMSO in
3ml medium.

5.1.4 Immunofluorescence

Cells were fixed with 4% (w/v) paraformaldehyde after washing
once with PBS. For immunofluorescence (IF) of extracellular recep-
tors only, fixation was quenched after 5min with 0.1M glycine in PBS
and cells were directly blocked, otherwise fixation was continued for
20min. Samples were washed twice in PBS and for membrane per-
meabilization cells were treated with Triton X-100 0.5% (v/v) for
10min. Subsequently, cells were blocked for 30min in 1% (w/v)
bovine serum albumin (BSA) in PBS.
Antibodies against FA proteins, EEA1, CLT, the reovirus non-

structural protein µNS and reovirus T3D virion were diluted as in-
dicated in table 5.1 in 1% BSA solution and incubated on the samples
for 1h in a humidity chamber. Subsequently, samples were washed
3 times à 5min in 1% BSA while shaking. Secondary antibodies (see
Table 5.2) and 1:500 WGA 488 (Thermo Fischer Scientific, USA), 1:100
Phalloidin-FITC, 1:100 Phalloidin-TRITC and 1:1000 DAPI, if applica-
ble, were incubated on the samples for 1h in the dark before washing
again 3 times à 5min in 1% BSA and mounting the samples in mowiol
4-88.
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Table 5.1: List of primary antibodies

epitope origin supplier cat. no. dilution

vinculin mouse Sigma Aldrich V9264 1:600

zyxin mouse Synaptic systems 307011 1:200

EEA1 mouse BD Biosciences 610456 1:100

CLT mouse Sigma Aldrich C1985 1:1000

µNS rabbit GenScript custom-made 1:300

T3D-virion rabbit GenScript costum-made 1:500

Table 5.2: List of secondary antibodies. All antibodies were purchased from
Thermo Fischer Scientific, USA.

epitope origin conjugation cat. no. dilution

rabbit-IgG goat Alexa350 A-21068 1:200

rabbit-IgG goat Alexa488 A-11034 1:200

rabbit-IgG goat Alexa568 A-11036 1:500

mouse-IgG goat Alexa568 A-11031 1:1000

rabbit-IgG goat Alexa568 A-11011 1:500

mouse-IgG donkey Alexa647 A-31571 1:200

rabbit-IgG goat Alexa647 A-21244 1:200

5.2 cell imaging

5.2.1 Wide-field Microscopy

Wide-field fluorescence and MTFM images were acquired on a
DeltaVision system (GE healthcare, UK) based on an Olympus IX
inverted microscope (Olympus, Japan) equipped with a cooled CCD
camera (Coolsnap HQ, Roper Scientific, USA) and a home-build en-
vironmental chamber for temperature and CO

2

control. The 60x/1.4
NA PlanApo objective (Olympus, Japan) was used.

5.2.2 Confocal Imaging

Fixed and live cells interacting with single virus particles were im-
aged using the 405, 488, 561 and 633nm laser lines of an inverted
confocal microscope (LSM880, Zeiss, Germany). For live cell imag-
ing, a stage-top incubator (PM 2000 RBT, PeCon, Germany) and the
LD C-Apochromat 40x/1.1 NA water corrected immersion objective
(Zeiss) was used. To limit the phototoxic effect of the laser light for
living cells, images were recorded with 0.2% laser intensity of the
561 or 633nm laser and brightfield images were obtained from the
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same scans with the transmitted light detector (T-PMT). To follow
tearing of biotin-NeutrAvidin immobilized virus particles from glass
surfaces, cells were seeded directly at the microscope and allowed to
settle for 15min. Up to 10 positions with adhering cells were chosen
and imaged from 30min post seeding on (t0) with images taken every
5 - 10min for up to 16h.

5.2.3 TIRF Imaging

Single-molecule imaging of molecular tension probes in low density
in combination with virus particles as ligands were performed on a
total internal reflection fluorescence (TIRF) microscope in the group
of Prof. Dirk-Peter Herten in collaboration with Klaus Yserentant.
The microscope body Eclipse Ti (Nikon, Japan) was equipped with
TIRF illumination and “Perfect Focus System 2”. The 488 (4% of
40mW), 561 (5% of 30mW) and 640nm (5% of 50mM) laser lines
of the iChrome MLE-LFA (TOPTICA Photonics, Germany) were
fiber-coupled to the TIRF illuminator and used in combination with
525/50nm, 605/70nm bandpass and 640nm longpass filters. Excita-
tion and emission wavelengths were split with a quadruple dichroic
(R405/488/561/635, AHF Analysetechnik, Germany). The Apo TIRF
100x NA 1.49 oil objective was used with immersion oil n = 1.515 (both
Nikon). As camera, the back-illuminated EMCCD iXon Ultra 897

(Andor, Ireland) was employed. Live-cell imaging was performed
at 37 °C using a custom-built stage-top heating chamber and an ob-
jective heating collar. Time-laps movies were recorded 30min post
seeding of the cells for 10min per cell with 0.25Hz frame-rate.

TetraSpeck multi-color fluorescent microspheres (0.1µm, blue/-
green/orange/dark red, Thermo Fischer, USA) were used to correct
the images for chromatic aberration with a custom-written software
in Matlab (MathWorks, USA) by Dr. Kristin Grußmayer (formerly in
the lab of Prof. Dirk-Peter Herten).

5.3 scanning electron microscopy

Scanning electron microscopy (SEM) is performed with a Zeiss LEO
1530 Gemini equipped with a Schottky-field-emission cathode at
~ 10mm working distance and 5 kV acceleration voltage.

5.3.1 Critical Point Drying of Cells

To retain the structure of biological samples and making them ac-
cessible for the low pressure conditions during scanning electron mi-
croscopy, critical point drying is applied. Hereby, the transition be-
tween the liquid and the gas state occurs without any surface tension,
which would damage the sample, at the specific temperature and
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pressure of the critical point of the medium, typically CO
2

with 31 °C
and 75 bar. Therefore, samples were fixed in 2 % glutaraldehyde in
PBS for 15min and the water in the biological samples was stepwise
replaced with ethanol (25%, 50%, 75%, two times 95% and three
times 100%, each 10 min) and then transferred into the critical point
dryer (CPD 030, Bal-Tec, Lichtenstein). Here, the dry ethanol was fur-
ther replaced by liquid CO

2

without letting the sample run dry and
then the solution was heated up to reach the critical point for CO

2

and the gas slowly released until the samples were completely dry.
Finally, the glass samples were sputter-coated with a carbon layer
(ACE 200, Leica, Germany) to be imaged by SEM.

5.3.2 Cryo-SEM

Transfer of AuNPs into polyacrylamide hydrogels (see Section 3.1.2)
was analyzed by cryo-SEM. Therefore, samples were mounted in a liq-
uid nitrogen-cooled stage and transferred to a freeze fracture system
(EM BAF060, Leica, Germany). Here, samples were heated slowly
to -90 °C, kept in vacuum for 45min to sublimate the water at the
interfaces, and coated with carbon. Samples were further shuttled
via an evacuated liquid nitrogen-cooled shuttle (VLC 100, Bal-Tec,
Lichtenstein) into the Cryo-SEM (Ultra 55 FE-SEM, Zeiss, Germany),
where imaging was conducted at low-temperature conditions (T= -
130± 5 °C) and low acceleration voltages of 1 - 1.5 kV because of the
low conductivity of the samples with a working distance of 3mm
[156].

5.4 maldi mass spectrometry

For the matrix-assisted laser desorption/ionization (MALDI) matrix,
a 10mM solution of 2,5-dihydroxybenzoic acid (DHB) was prepared
in tetrahydrofuran (THF) supplemented with 0.1M NaCl as cationiza-
tion agent. Products were dissolved in THF and mixed with an equal
volume of the DHB matrix. 2µl of this mixture were added to each
well on the MALDI plate and allowed to dry for 20min before being
analyzed by a high performance MALDI time-of-flight mass spectrom-
eter (Voyager-DE STR, Applied Biosystems, UK).

5.5 image processing and data analysis

Fluorescent images were processed using Fiji software (Fiji is just Im-
ageJ, version 1.51n, http://imgej.nih.gov/ij). Brightness, contrast and
lookup tables (LUTs) of microscopy images were adjusted for the pre-
sentation. The software was furthermore used to determine nanopar-
ticle distances in SEM images and measure the projected cell area
in brightfield images. Distances between a gold nanoparticle and



5.5 image processing and data analysis 51

its k-nearest neighbors (k = 6 for ordered nanostructures, 4<k< 8 for
disordered nanostructures) for at least 300 particles of 2 individual
nanostructures per condition have been evaluated.

5.5.1 TFM Analysis

Classical TFM images were processed in Fiji to register the bead im-
ages with and without cells with the plugin MultiStackReg [209]. PIV
and FTTC were conducted with a custom written software in python
by Dimitri Probst in the group of Prof. Ulrich Schwarz (Heidelberg
University).

5.5.2 MTFM Single-Molecule Analysis

For the analysis of fluorescent signals from single molecular tension
probes, TIRF images were analyzed with a custom written program
in Matlab by Klaus Yserentant and Felix Braun the lab of Prof. Dirk-
Peter Herten (Heidelberg University). First, a binary mask from the
maximum projection of the virus particles was created by a particle
tracking algorithm. Additionally a mask of the cells was manually
created from background fluorescence in the AP2 channel. Under-
neath each particle the trace of the fluorescence intensity over time
was corrected by the local background for each channel. Traces of
the tension probe channel were manually evaluated for events with
an increase in fluorescence corresponding to the opening of a ten-
sion sensor. Traces of the AP2 channel were analyzed for recurrent
recruitment of AP2 with n � 3.

5.5.3 Analysis of Tearing of Immobilized Viruses

Confocal images of fluorescent viruses and nanoparticles were ana-
lyzed with a custom written particle tracking algorithm by Dr. Kota
Miura (Network of European Bioimage Analysts, Heidelberg) in Fiji.
Therefore time-laps image series were preprocessed with the plug-
ins MultiStackReg, bleach correction and median filter with 1pixel
radius. All particles underneath the projected cell area 1h post seed-
ing were considered in the tracking. This underestimates the relative
number of torn off viruses in the first frames, when the cell did not
yet cover the whole area or in later frames, when cells are migrating
outside the area. However, due to variability between the cells and
the different conditions tested, this proved to be the most robust ap-
proach. The remaining particles in this area were normalized over
time to those particles present in the first 2 frames. Thereby any tear-
ing events, that happened during the first 40min after cell seeding
were neglected. Relative numbers of remaining particles underneath
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each cell were plotted individually and fitted with a two-phase decay
function as discussed in section 7.4.

5.5.4 Statistics

All data have been plotted and analyzed in Prism (GraphPad Soft-
ware, USA). Column graphs are shown as the mean ± SD. Box plots
are shown as min, max, 25th and 75th percentile and median. Signif-
icance was evaluated by unpaired t-test or one-way ANOVA, where
more than two groups were compared. p-values less than 0.05 were
considered as statistically significant.



Part III

RESULTS AND DISCUSS ION

In the following, I will first present the results obtained for
forces applied by single integrin receptors, and how this
force load is instrumentalized by cells to sense extracellu-
lar ligand spacing. In the second part I will elucidate the
forces exerted by cells on single viruses and nanoparticles.





6
FORCE LOAD ON S INGLE RECEPTORS

6.1 sensing of extracellular ligand density

In order to mimic the biophysical parameters of the extracellular ma-
trix while accessing the traction forces exerted by cells, I created PAA
substrates equipped with fluorescence marker beads for TFM and a
gold nanoparticle array for differently spaced extracellular ligand pre-
sentation.
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Figure 6.1: AuNP patterns for ordered and disordered nano-spaced ligand
presentation. a) SEM images of BCML-derived AuNPs on glass
were obtained at 100, 000x magnification. Scale bar = 100 nm.
b) Histograms of the distances to the nearest neighbors (4  k 
8) as determined in ImageJ. c) Cryo-SEM analysis of the nanos-
tructures after transfer onto hydrogels revealed an increase of
the mean distances of ~ 15%, which did not significantly differ
among hydrogels with varying rigidities (d).
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First, I produced the arrays of gold dots on glass, either in an or-
dered or in a disordered manner to dissect the effect of ligand den-
sity vs. nano-spacing for the clustering of cell adhesion receptors.
Therefore, nanopatterns with an interparticle distance of ~ 50 nm or
~ 100 nm have been produced by BCML (see Section 3.1.1) and im-
aged via SEM (see Figure 6.1 a). Analysis of the ordered structures
revealed mean distances of (47± 6) nm / (91± 11) nm and for dis-
ordered (47± 12) nm / (88± 32) nm, respectively (see Figure 6.1 b).
After transfer of the gold nanoparticles onto PAA hydrogels via a bis-
(acryloyl)cysteamine crosslinker, gels were allowed to swell for 72h,
which increased the interparticle distance by ~ 15% to (100± 13) nm
for the 100 nm ordered structures. The effective spacing was found to
be independent from the rigidity of the substrate (Figure 6.1d).

6.1.1 Adhesion size depends on substrate rigidity and nano-patterned
ligand presentation

Next, thiolated ECM ligands, namely cRGDfK or GFOGER, have been
immobilized on the AuNPs to achieve control over the distribution
of ligands in the nanometer range. While more than one ligand can
bind per AuNP, just one integrin receptor will be able to interact with
each particle owing to steric hindrance [41, 43]. This results in an
effective ligand spacing, which is dictated by the gold nanopattern.
Different human and mouse cell lines or primary cells were used as
model system to access their response to varying rigidity and differ-
ently spaced ligands by fluorescence microscopy in the lab of Prof.
Pere-Roca Cusachs (IBEC, Barcelona) [156]. As expected, on very soft
(1.5 kPa) substrates only small nascent adhesions formed (results not
shown). On hydrogels above 5 kPa, focal adhesion formation was ob-
served. However, unlike on stiff glass substrates, FAs formed for both:
50 nm and 100 nm spaced ligands. In contrary to previous studies
[41, 102, 103], and reversed to the observation on glass, an increased
receptor spacing even promoted the growth of FAs (see Figure 6.2).
Interestingly, a disordered ligand distribution with the same average
distances further increased adhesion growth.

An increase in the substrate rigidity also increased the FA size and
total traction forces. However, adhesions seemed to collapse over
a certain threshold rigidity where again only minor adhesions have
been observed. This threshold rigidity was found to be 30 kPa for
100 nm and 150 kPa for 50 nm spaced ligands, respectively. For disor-
dered ligand distribution this collapse occurs at lower rigidity thresh-
olds but again an inverted behavior of focal adhesion size and ligand
spacing was observed above 100 kPa compared to the lower rigidity
regimes (Figure 6.2).
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Figure 6.2: Fluorescence image analysis of FA length on nanopatterned ECM
ligands on hydrogels. Human breast myoepithelial cells were
seeded on PAA hydrogels ranging from 5kPa to 150 kPa with
50 nm or 100 nm spaced cRGDfK ligands for 1 h. a) Staining of
phospho-paxillin positive adhesions was analyzed for the length
of FAs in � 10 cells per condition. Scale bar = 20 µm. b) Ex-
perimental average values (data points± SD) and corresponding
model predictions (lines, cf. Section 6.1.3) for adhesion length.
Differences between ordered and disordered conditions were sig-
nificant (p < 0.05). Adapted from [156].

6.1.2 Traction forces increase non-linearly with increasing substrate stiff-
ness

Total traction forces of myoepithelial cells on the nanopatterned hy-
drogels have been accessed by TFM in the lab of Prof. Pere-Roca
Cusachs [156]. We found, as observed in previous studies [210–
212], that tractions increase with increasing substrate rigidity (see
Figure 6.3). However, this dependence is not linear. After an ini-
tial increase, traction forces reach a plateau or even slightly decrease
at ~ 5� 10 kPa, followed by another increase with increasing stiffness.
At the threshold stiffness, where a collapse in adhesion size was ob-
served, also traction forces level-off and are expected to collapse like-
wise. However, tractions on substrates with Young´s moduli higher
than 30 kPa are not accessible by TFM since the deformations are too
small to be resolved with standard fluorescence microscopy. Again,
the increased ligand spacing promoted adhesion and thus higher trac-
tion forces have been observed at intermediate rigidities. Also an
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increase of tractions can be noted with the disordered ligand distri-
bution.
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Figure 6.3: Traction forces of myoepithelial cells depending on ligand nano-
distribution and substrate stiffness. a) TFM experiments on hy-
drogels ranging from 5 kPa to 150 kPa with 50nm or 100nm
spaced cRGD ligands. Scale bar = 20µm. b) Experimental av-
erage values (data points ± SD) and corresponding model pre-
dictions (lines) for cell tractions. Adapted from [156].

6.1.3 Molecular Clutch Model Predicts Force Load on Individual Integrin
Receptors

These results are incompatible with the idea of a molecular ruler
defining the optimal ligand density as suggested in previous stud-
ies [42]. Even considering the deformation of the elastic substrates
and thus variety in the ligand spacing would not explain why FAs
grow bigger on larger spaced ligands / on randomly spaced ligands
with similar mean density on elastic substrates between 1 and 100 kPa.
A regulation via the force load per integrin molecule as earlier sug-
gested theoretically [213–215], on the other hand, can explain the
observed behavior. Therefore, we extended and experimentally con-
firmed the molecular clutch model, which was first suggested 1988 by
Mitchison and Kirschner [216]. Integrins couple extracellular proteins
to the actomyosin-driven force generating machinery via molecular
clutches. The more integrins bind, the less force is loaded per indi-
vidual molecule, which influences the binding kinetics of integrins
according to Bell´s model (see Section 1.3).

In my set-up the adhesion sites are the AuNPs with immobilized
cRGD ligands that are coupled to the elastic substrate, which is mod-
eled by springs with a force constant ksub to the substrate and springs
that couple the ECM ligands to each other with klink (see Figure 6.4).
The binding rates kon/ko f f between integrins and their ligands are
further influenced by the catch bond behavior of integrins under ten-
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Figure 6.4: Schematic of the adjusted molecular clutch model. Myosin II
motors (black) pull on actin filaments (gray) with a velocity v,
which exerts a force on a set of parallel clutches formed by adap-
tor proteins (red) and integrins ( blue). They dynamically bind
and unbind cRGD ligands (yellow) with the corresponding bind-
ing rate kon/ko f f . Mechanosensitivity is introduced in the model
by setting a force threshold Fthreshold in each clutch that triggers
further integrin recruitment when surpassed (event symbolized
by green star). The elastic substrate is represented by springs
connecting ligands to the substrate (ksub, black) and to each other
(klink, orange). Adapted from [156]. For details see table A.1.

sion. Above a certain threshold force Fthreshold, which was adjusted
to 87 pN in our model, the adaptor protein talin unfolds. In single
molecule experiments talin was found to unfold at 29� 51 pN, which
opens cryptic binding sites for vinculin [217, 218]. Vinculin binding
in turn leads to further adhesion growth and YAP translocation (likely
via vinculin-actin binding). Thus, the higher the force load on an in-
dividual integrin receptor induced by stiffer substrates and/or larger
ligand spacings, the more likely talin unfolds resulting in adhesion
growth. Mathematical details and model predictions were calculated
by Jorge Escribano in the lab of Prof. José Manuel García-Aznar (Uni-
versity of Zaragoza) and the parameters are listed in the appendix
A.1 [156]. For each ligand, its force Fi and the displacement from rest
position xi were calculated as follows:

Fi = ksubxi � klink(xi � xi�1) + kinkl(xi+1 � xi) (6.1)

This nicely predicts the observation of FA growth and traction
forces on elastic substrates with differently spaced ECM ligands (Fig-
ure 6.2 and 6.3, lines represent modeling data). When the substrate
gets too stiff or ligand spacing too high, the increased force load per
molecule cannot be compensated by further integrin recruitment and
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the adhesion collapses. This was considered in the model with a max-
imum integrin density dint,max based on the physical limit in integrin
packing and size restriction to the radius of FAs a.

6.2 comparison of global traction forces and local

single receptor force load

The here developed molecular clutch model suggests that the distribu-
tion of forces amongst individual integrin heterodimers is important
for the cell to sense extracellular ligand spacing as well as the rigidity
of the substrate. By classical TFM, however, the force load per single
receptor can only be estimated from the ensemble measurement. I
therefore combined classical as well as reference-free TFMwith MTFM,
which is capable of measuring forces transduced by individual recep-
tors. This allows further to cross-validate the results obtained from
these two state-of-the-art techniques in mechanobiology and I could
show, for the first time, the force distribution on individual integrin
heterodimers in cells growing on soft substrates.

6.2.1 Molecular Tension Fluorescence Microscopy
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Figure 6.5: Schematic of the molecular tension probes used in this thesis. A
self-assembled PEG layer presenting thiol functions was formed
on glass substrates. 9nm AuNPs (yellow) were trapped on top
and a) PEG-based, b) DNA-hp-based or c) Titin-based tension
probes were immobilized via their thiol-functions. Ligands bear-
ing an alkyne function have been clicked to the top via CuAAC.



6.2 comparison of traction forces and receptor force load 61

In this study, I employed molecular tension probes based on either
PEG [79], DNA-hairpins [97] or titin-linkers [51] as depicted in fig-
ure 6.5. I changed the design of the molecules compared to these
previous studies towards modular tension probes, capable of bearing
different types of ligands. Therefore, I introduced an azide-function
at the upper end of the tension probes, which can be addressed in a
bio-orthogonal CuAAC. This allows to access forces transduced by in-
tegrins and other cellular receptors on single binding motives (such
as RGD) as well as whole virus particles (see Chapter 7) that have
been modified with alkyne functions. First, I characterized the func-
tionality of the newly developed molecular tension probes on glass
substrates, before transferring them on PAA hydrogels.
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Figure 6.6: MALDI-TOF analysis of PEG-based tension molecule. The shift
in the mass spectra from the raw PEG reactant (grey) to the final
PEG-based tension probes (black) was quantified by gaussian fits
(red).

The PEG-based tension probe was synthesized according to section
3.3.3 and analyzed by MALDI-TOF (see Figure 6.6). The long PEG
species thiol-PEG(3000)-NHS, which was used for the synthesis, has
a mean mass distribution of m/z= 3737± 788 g/mol. After coupling
of the intermediate tension probe product (L-Aha-butan-1-Cy3B), the
mass spectra shifted to m/z= 3979 ± 910 g/mol. Although the fit-
ted gaussian curves are not significantly different from each other
because of the broad distribution of molecular weights of the PEG
species, a successful coupling was proven by their functionality. PEG-
based tension probes were mixed with AuNPs and immobilized on
a glass substrate and subsequently cRGD-alkyne was clicked on top.
However, binding to the AuNPs as well as coupling of the adhesive
ligand via click reaction was sterically impaired due to their mush-
room confirmation in rest state. This resulted in a low binding effi-
ciency and thus low signal-to-noise ratios in experiments with BSC1
cells growing on the substrates (see Figure 6.7 a).
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a) PEG-based b) DNA-hp-based c) Titin-based 

Figure 6.7: Characterization of molecular tension probes on glass substrates.
Representative interference reflection images (upper row) and
fluorescence wide-field images (lower row) of BSC1 cells on a)
PEG-based and b) DNA-hairpin-based (12pN) tension probes
and REF cells on c) titin-based tension probes. The sensor
molecules were incubated on glass substrates with randomly im-
mobilized AuNPs as anchor points and fluorescence quencher.
cRGD-alkyne was clicked on a) and b) and RGD was co-
presented on titin in c) as ligand for integrin binding. Images
were recorded 1h post seeding in culture medium containing
0.5% FBS. Scale bars = 10µm.

DNA-hairpin based tension sensors are available with discrete
opening forces between 4� 19 pN. Here, “19 pN hairpins” have been
used, which provide a fluorescence tension map of the adherent cells
at 37 °C, where integrins have exceeded the opening force of 19 pN
(see Figure 6.7 b). Again cRGD-alkyne was clicked directly to the force
transmitting strand by CuAAC. The signal-to-noise ratio of these ten-
sion probes was the best compared over the other tension molecules
possibly due to this digital behavior and good accessibility of the
azide-function on top of the protruding DNA-probe for ligand bind-
ing. Further, I applied a double quenching mechanism, which was
achieved by (i) an organic dark quencher molecule (QSY21), which
acts as FRET acceptor of the StarRed fluorophore and (ii) by the gold
nanoparticle via NSET (cf. Section 1.4.2).

The titin-tension probe was expressed such that it contains a RGD
sequence for integrin binding. Thus no further step is necessary for
the coupling of a ligand. The I27 domain of titin is mechanically
more stable than the entropic PEG- or digital DNA- probe. Hence,
only strong cells such as fibroblasts are capable of opening the probe
within the time-course of a typical experiment (< 2h), where non-
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specific opening events can be neglected. The quenching efficiency is
limited by the random labeling of titin with Alexa647-NHS. By photo-
counting of the bleaching steps of single titin-based tension sensors
in fluorescence imaging I quantified the number of dyes per sensor
to be mainly one or two (see Figure A.1). Attached to the upper
end, the fluorophore might be already too far away (� 7 nm) from
the quenching gold nanoparticle in resting state, or, when attached to
the lower part of the I27 molecule, no strong increase in fluorescence
is expected upon opening. However, a clear fluorescence signal was
observed at focal adhesion sites in REF cells (see Figure 6.7c).

To conclude, for applications where low forces are expected, such
as on soft hydrogels, DNA-based tension probes are preferred for
their bright and specific signal. For cells exerting higher forces
titin-based tension probes were chosen, while the PEG-based tension
probes were omitted for further experiments due to their low signal-
to-noise ratio.

6.2.2 Combination of Molecular Tension Fluorescence Microscopy and
Traction Force Microscopy

For the combination of MTFM with TFM, AuNPs were transferred onto
PAA hydrogels as described before (see Section 3.1.2 and 6.1). How-
ever, I observed a very low binding efficiency of the molecular ten-
sion probes, which might be related to buried AuNPs or oxidation
of the gold in the hydrogels during the swelling process. To im-
prove the binding affinity, I therefore applied electroless deposition of
gold(III)chloride trihydrate, which grows the existing gold particles
and increases their reactivity towards thiols. A visual change from
colorless-translucent hydrogels to purple-red was observed due to an
increase in plasmon absorption (see Figure 6.8 b). Structural analysis
by SEM revealed a mean diameter of (11± 1) nm for AuNPs on glass,
which were transferred and grown to (16± 4) nm diameter. Notably,
not all AuNPs on the hydrogel were increased in size. Potentially, the
remaining originally-sized particles were shielded by the swollen hy-
drogel and thus did not respond to the electroless deposition. How-
ever, the resulting density of ~500 grown particles/µm2proved to be
sufficient for MTFM.

Next, molecular tension probes have been incubated on the hydro-
gels (see Section 3.3). Because of their high signal-to-noise ratio and
low force regime, DNA-hp probes up to 19 pN have been used. An in-
creased concentration of DNA-hairpins of 900 nMwas used compared
to the control experiments on glass substrates (300 nM), to increase
the fluorescence signal on the hydrogels.

REF cells seeded on the samples for 2 h exerted clearly visible forces
on the hydrogels as observed by 1.) the deformation of the hydrogel
visualized by fluorescent beads and 2.) an increase in fluorescence
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Figure 6.8: Transfer and growth of AuNPs on PAA. A visible change in ab-
sorption of the hydrogels from colorless to pink occurred upon
increasing the size of the AuNPs (b, 2x2 cm2hydrogels). SEM
images of AuNPs on a) glass and b) on PAA hydrogels with elec-
troless deposition of gold to enlarge the particles. Scale bars=
100 nm. c) Histogram of the size distribution of AuNPs with
gaussian fits resulted in mean particle diameter of (11± 1) nm
on glass and (16± 4) nm after transfer and electroless deposition
on PAA.

underneath the cell from opening of the 12 pN tension probes (see
Figure 6.9). After taking an image cells were removed by trypsination,
the gel relaxed and a reference image was acquired. Tractions were
reconstructed from the deformation of the hydrogel by PIV and FTTC
algorithm (see Section 5.5.1). The results are displayed as a heat map
distribution of tractions (see Figure 6.9), clearly depicting peripheral
tractions with absolute stress values up to 2.7 kPa.

Analysis of the fluorescence intensity signal of the DNA-hp sensors,
on the other hand, was conducted by subtraction of the background
signal obtained from the reference image. The result is displayed
in figure 6.9 g. In contrast to the tractions reconstructed by TFM, a
relatively homogeneous increase in fluorescence was observed under-
neath the cell. This evenly distributed forces exceed the opening force
of 12 pN for the DNA-hp probe. This resembles the behavior of inte-
grins outside focal adhesions, which Wang et al. observed with the
use of 12� 54 pN TGT-DNA sensors on glass substrates [50]. Interest-
ingly, after trypsinization of the cell, empty spots remain in the image
at sites of cell-surface interactions, presumably FAs (see Figure 6.9 f).
Integrins within FAs have been reported to exert forces as high as
110 pN [51], which may have led to DNA rupture and thus removal
of the DNA-bound fluorophore in these areas. The global distribu-
tion of integrins underneath the adhesion area of the cell bearing at
least 19 pN suggests that this force is not high enough to initiate the
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reinforcement through adhesion growth which is leading to focal ad-
hesion formation. In fact, the threshold force that was defined in our
molecular clutch model is 87 pN (cf. Section 6.1.3). Hence, unless this
threshold force is reached, no FA formation is expected.
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Figure 6.9: Molecular tensions probes differ from TFM in force. DNA-hp
tension probes with an opening force of 12pN (e and f, for
MTFM) were attached via an array of AuNPs on top of 12 kPa
PAA hydrogels with embedded fluorescent marker beads (b and
c, for TFM). REF cells were seeded in culture medium containing
0.5% FBS for 2 h and removed by trypsinization. Images were
recorded with an inverted wide-field fluorescence microscope,
analyzed in ImageJ (g) and with a FTTC algorithm in Python (d).
Scale bar= 20 µm.

When comparing the tractions obtained by classical TFM to the
molecular force data from MTFM, one has to consider the direction-
ality of the force. A two-dimensional analysis of the bead displace-
ments only takes the projection of forces in the xy-plane into account,
while the direction of the force with currently available tension sen-
sors cannot be determined. The difference in the distribution of the
observed forces is thus very likely linked to different directionalities
and hence, a well resolved three-dimensional analysis of bead dis-
placement becomes indispensable for future studies. Further, the pos-
sibility should be excluded, that the increase in the fluorescence sig-
nal of force sensors underneath the cell might stem from local enrich-
ment of background fluorescence due to the deformation of the sub-
strate. In an ongoing work, I therefore restricted the tension probes
to particularly small sites, which cannot be deformed. As described
in the outlook (cf. Chapter 8), I applied molecular tension probes
on substrates with micropatterned gold arrays in order to combine
MTFM with confocal reference-free TFM.





7
FORCES DUR ING V IRUS PART ICLE UPTAKE

Forces transduced via integrin receptors are not limited to cell adhe-
sion but they play a role in mechanosensing and possibly also during
virus particle uptake, where integrins serve as specific receptors [219].
To highlight the role of forces during endocytosis I applied, for the
first time, whole infectious reovirus particles as ligands on molecular
tension probes (Section 7.2). Therefore, I established a method to co-
valently and non-covalently bind reovirus particles to glass substrates
allowing to characterize the early steps of endocytosis by fluorescence
microscopy in unprecedented detail (see Section 4.4 and 7.1).

7.1 immobilization of reovirus particles
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Figure 7.1: Schematic of covalent and non-covalent immobilization strate-
gies for virus particles (not to scale). Blue: reovirus, orange: flu-
orophores, (1): DNA-hp probe, (2): titin probe, (3): NeutrAvidin.
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As depicted in figure 7.1 a, covalent immobilization of reovirus on
molecular tension probes was achieved via passivating glass sur-
faces with silane-PEG-methoxy, silane-PEG-alkyne and silane-PEG-
lipoic acid, the latter binding AuNPs. DNA-hairpin-based or titin-
based tension probes were attached to the AuNPs via thiol func-
tions and alkyne-modified reoviruses were clicked by CuAAC to the
azide function of the tension probes. Non-covalent immobilization
(b) was achieved via passivation of glass surfaces with silane-PEG-
alkyne and CuAAC of a biotin-azide linker. NeutrAvidin, which is
the deglycosylated version of avidin, was incubated on the surfaces
and unbound molecules were washed off before applying the biotiny-
lated reoviruses. On both types of surfaces cRGD-azide ligands were
clicked to the silane-PEG-alkyne to allow cell adhesion.

For detection and immobilization of the virus particles functional
linkers were covalently bound to the viral capsid via NHS-amine re-
action, namely Alexa568- or Alexa647-NHS for life fluorescence imag-
ing, alkyne-NHS for covalent immobilization (cf. Figure 7.1a) and
biotin-NHS for non-covalent immobilization (cf. Figure 7.1b). At

a) Reovirus
Ctrl

Reovirus
+ 33.7 µM A-647
+ 8.4 µM Biotin

Reoirus
+ 33.7 µM A-647
+ 840 mM Biotin

Biotin Concentration [µM] 

R
el

at
iv

e 
 In

fe
ct

iv
ity

b)

*

****

D
A

P
I /

 µ
N

S

****

1.0

0.5

0
0.1 1 10 100 1,000 10,000

Figure 7.2: Infectivity of modified reovirus particles. Reovirus particles were
labeled with Alexa647-NHS (A-647) at c f inal = 33.7 µM and
biotin-NHS (biotin) between 0 and 10mM. a) HeLa cells infected
with the indicated virus solutions were stained for reovirus infec-
tion with an antibody against the non structural reovirus protein
µNS (green) and for cell nuclei with DAPI (blue) and imaged
with wide-field fluorescence microscopy. Scale bar= 50 µm. Per-
centage of infected cells was normalized to the percentage of
cells infected with non-modified virus (b). *, P< 0.0376 and
****, P< 0.0001 in comparison to non-modified virus infected
cells.
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moderate concentrations these modifications had no or a limited ef-
fect on the infectivity of the reovirus particles (see Figure 7.2). Reo-
virus infectivity was checked by application of 5 · 105 virus particles
per cell on a layer of HeLa or BSC1 cells, incubation overnight, fixa-
tion and staining for reovirus infection. The number of infected cells
was quantified for 3 individual cover glasses per condition in ImageJ
and normalized to the percentage of cells infected with non-modified
viruses. Above 42 µM final NHS concentration (33.7 µM Alexa dye
+ 8.4 µM biotin linker) a significant drop in the relative infectivity
was observed. The indicated concentrations were therefore chosen
for further experiments since they proved to be sufficient for imaging
and stable immobilization but they did not significantly decrease the
infectivity. Further, as shown by Fratini et al. [220] the conditions
during CuAAC have only a limited effect on the integrity and thus in-
fectivity of reovirus particles. Therefore, BSC-1 cells were incubated
with Alexa647/alkyne-virus, which were pre-incubated for 2 h at RT
with 1mM CuSO

4

and checked for infectivity as described above (see
Figure A.2).

7.2 molecular tension fluorescence microscopy on sin-
gle virus particles

Until now, MTFM was used with a homogeneous layer of adhesion
sites probing an array of integrins or other cellular receptors [76, 92].
Here, I utilized single reovirus particles as ligands on DNA-hp-based
and titin-based tension probes. Since the concentration of virus par-
ticles produced with the described method (cf. Section 4.1) is much
lower than the concentration of cRGD, only some of the tension probes
will bear a virus particle. However, theoretically one virus can bind
to several tension sensors on one or even different AuNPs because of
the virus´ diameter of ~ 84nm and its icosahedral structure. To prove
the binding of individual virus particles to the tension probes on ran-
domly immobilized AuNPs and their interactions with cells, I per-
formed scanning electron microscopy. As clearly depicted in figure
7.3 b, covalent binding of reovirus particles to surface bound tension
probes resulted in the presentation of individual virus particles. To
allow integrin mediated cell adhesion, cRGD was covalently immobi-
lized on the silane-PEG-alkyne in the AuNPs interspace. The snapshot
of a cell in figure 7.3 a) proves the successful spreading and interac-
tion with the surface. Further, the retracting plasma membrane that
was captured in Figure 7.3 c) indicates interactions between cells and
the immobilized reovirus particles (see arrow). The apparent connec-
tion on the marked virus might has been a linkage towards the cell,
which was broken upon preparation of the samples for SEM. Since
such connections have been observed for few virus particles only, it
can be excluded that they are a result of the preparation process itself.
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a) b)

c)

*

Figure 7.3: SEM images of cells on an array of tension sensors on gold
nanoparticles, interacting with single virus particles. 9 nm
AuNPs (c, asterisk) were covalently immobilized on glass as
shown in figure 7.6. Surface-modified reovirus particles (c, ar-
row) were clicked and BSC1 cells were seeded on top for 1 h.
Scale bars: a) 5 µm, b) 1 µm, c) 200 nm.

To be able to detect single fluorophores from the individual force
sensors, TIRF microscopy was performed (see Section 5.2.3 for details).
Further, the concentration of molecular tension probes had to be re-
duced compared to the ensemble measurements (see Section 3.3) to
improve the signal-to-noise ratio. The reason for modifying the es-
tablished protocol was the high background signal, consisting of not
fully quenched or stochastically opened tension probes. To estimate
the background fluorescence intensity, I quantified the number of
AuNPs per diffraction limited area of ~3800 nm2 (with lem = 655 nm
for the StarRed dye and NA= 1.49) from SEM images to be ~ 20. For
bulk MTFM experiments I further assumed values for the binding rate
of ~ 8 tension probes per AuNPs and a quenching efficiency of ~ 95%
from literature [79, 97]. This results in a background fluorescence
equalling ~ 8 activated tension probes, which makes it impossible to
detect single tension probe signals.

Hence, for a successful combination of single virus particles with
live cell imaging, I reduced the concentration of the tension probes to
300pM for DNA-hp-based and to 3 nM for titin-based tension probes
compared to the ensemble measurements. BSC1 and U373 cells stably
expressing AP2-eGFP were seeded on the surfaces for 30min. This al-
lowed to follow clathrin-coated pit formation with respect to pulling
events on single virus particles. Fluorescence time-lapse movies were
recorded for 10min per cell with a frame rate of 3 s of DNA-hp-sensor-
StarRed or titin-sensor-Alexa647, reovirus-Alexa568 and AP2-eGFP
(see Figure 7.4 a and 7.5 a).
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Figure 7.4: MTFM on single reovirus particles reported forces exceeding
40 pN. Single molecule MTFM with reovirus as ligands was per-
formed on a TIRF microscope. a) Maximum projections of a
10min time-lapse movie of a BSC1 cell spreading on the sen-
sor surface. In the merged image the force sensor is depicted in
green and reovirus in red. Scale bar= 10 µm. Quantitative analy-
sis of the virus particles colocalizing with characteristic increase
in the fluorescence of the force sensors. As control non-specific
events in the background were quantified. b) Fluorescence sig-
nal of DNA-hp based tension probes corresponds to a force of
19 pN and c) of the titin-based force probe >40pN, respectively.
***, P= 0.0005; **** P< 0.0001.

For the DNA-hp-based tension sensors with 19 pN opening force
11 ± 2% of the virus particles underneath the cells (100 � 500 total
particles per cell) were found to colocalize with fluorescent signal
of the tension probes (see Figure 7.4 b). This suggests that ~ 10%
of the viruses are actively pulled by the cell with a force exceeding
19 pN within a 10min time window. Interestingly, for the mechani-
cally stronger titin-based tension probe, which takes 40� 150 pN to
unfold, likewise 11± 4% of the reovirus particles were pulled by the
cell on average (see Figure 7.2 c). However, during these highly sensi-
tive single-molecule experiments, some tension-sensors reported non-
specific signals e.g. induced by misfolding, missing quencher-strands
or non-specific opening from thermal fluctuations. Especially DNA-
hps with lower opening force than 10 pN are unstable since the ther-
mal energy at 37 °C is sufficient to induce unfolding and these tension
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probes were thus excluded from the analysis (data not shown). To
prove the specificity of the signal measured, I analyzed the colocaliza-
tion of force signals with virus particles in the background without
cells. Indeed, underneath the cells the force signal on virus particles
was significantly higher (see Figure 7.2 b and c). These results suggest
that cells can exert major forces of at least 40pN on single reovirus
particles from their basal side. Further, the higher mechanical re-
sistance of immobilized virus particles with differently stiff tension
probes does not impede with the frequency of pulling events. This
indicates, that the forces measured are an inherent part of the uptake
of virus particles and not induced by the immobilization and thus
hindered uptake.
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Figure 7.5: Colocalization of virus with AP2 and forces signals. Single
molecule MTFM with reovirus as ligands was performed as
shown in figure 7.4. a-c) Maximum projections of a 10min time-
lapse movie of a BSC1 cell spreading on the sensor surface. In
the merge the clathrin adaptor AP2 is depicted in green and reo-
virus in red. Scale bar = 10 µm. d) Colocalization of viruses with
AP2 was analyzed for recurrent recruitment of AP2 with regards
to the signal coming from the force probes.

Next, I analyzed the colocalization and temporal consistency with
clathrin-mediated endocytosis followed by AP2 clustering. Based on
Fratini et al., covalent immobilization of reovirus induces a recurrent
recruitment of the clathrin machinery above the virus particle. While
clathrin coated pits form continuously on random spots all over the
cellular membrane, CCPs on immobilized reovirus particles last on
average 59 s and are recurrently recruited every 75 s [220]. Here,
30 ± 5% of the virus particles underneath the cell induced such a
recurrent colocalization with AP2, which is within the range that
was determined for directly immobilized reovirus particles to glass
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substrates without tension sensing molecules. However, no signifi-
cant increase was observed for reoviruses that induced a force signal
(35 ± 6 %, see Figure 7.5d). Neither a temporal correlation between
the force event and the first AP2 clustering could have been distin-
guished. These findings suggest that the observed forces do not in-
duce neither are a result of CME, which is in line with the knowledge
that CME is the main but not the only pathway for reovirus uptake
[160, 169].

7.3 tearing of immobilized reovirus particles from

glass substrates

To follow the actual uptake of reovirus particles from the basolateral
side, where cell-matrix interactions are established, reoviruses were
simply deposited or non-covalently attached via biotin-NeutrAvidin
to glass substrates (cf. 7.1). The latter immobilization method proved
to be very specific since virus particles were exclusively observed on
surfaces treated with NeutrAvidin, while passivated surfaces present-
ing only biotin and cRGD did not bear viruses. Further biotinylation
of virus particles did not harm their infectivity (see Figure 7.2 a). This
allowed me to study the dependence of particle uptake on specific re-
ceptors (cf. Section 7.5), the cytoskeleton (cf. Section 7.6) or different
proteins of the endocytic machinery (cf. Section 7.7).

Intriguingly, I observed that BSC1, U373, HeLa and CHO cells,
which were seeded on these surfaces, were strong enough to brake
the NeutrAvidin-biotin bonds, rip off the viruses from the surface
and internalize them resulting in viral infection of these cells (see Fig-
ure 7.6 c andd). To exclude the possibility that the biotin-NeutAvidin
bond is destroyed by proteases rather than by force-induced dissocia-
tion, the matrix metalloprotease inhibitor GM6001 was added to the
cells which did not prevent virus uptake (see Figure 7.6 e).

In contrast, covalently immobilized virus particles could not be
removed by cells and thus did not cause viral infection (see Fig-
ure 7.6 a andb). Here, I passivated glass substrates with silane-PEG-
azide and reovirus particles bearing alkyne functions were clicked
in the lab of Dr. Steeve Boulant (Heidelberg University and DKFZ)
analogously to experiments on tension probes (cf. 4.4.1).

This was a surprising observation since biotin-NeutrAvidin is a
widely used immobilization technique for biological molecules and
there has been only one report of unbinding upon cellular forces [52].
In single-molecule force spectroscopy experiments in literature rup-
ture forces between 100 and 250 pN have been reported for the biotin-
NeutrAvidin interaction [221]. However, it is of note, that the exact
force depends on the loading rate and thus on the time cells are actu-
ally pulling on viral particles.
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Figure 7.6: Cell interaction with viruses either covalently or non-covalently
immobilized reoviruses on surfaces. a andb) Covalent im-
mobilization of alkyne-modified reovirus particles (red) was
achieved via CuAAC. c-e) Non-covalent immobilization of
biotin-modified reoviruses (red) was mediated by NeutrAvidin.
a-d) HeLa cells seeded on the surfaces for 16h were stained for
µNS indicating viral infection (green) and DAPI (blue). e) U373

cells (in brightfield, grey) pre-treated with 25µM of the protease
inhibitor GM6001 were imaged after 4h. Scale bar = 50µm and
10µm in the zoom-in.

Since the cells are spreading and migrating on the samples, I esti-
mated a minimum force using the interaction time between the cell
and the particles, which was in the order of Dt t 5min before virus
tear off events were observed underneath the cell. Since the ther-
mal energy is stochastically distributed among individual molecules,
I further assumed that rupture of an individual bond occurs at 50%
probability (P) of unfolding and estimated the rate of unfolding k for
a first order decay as follows:

P = 1� e�ko f f ·Dt ) ko f f ⇡ 2.31 · 10�3 s�1 (7.1)

Applying now the Bell´s function (see Section 1.3, Equation 1.2):

ko f f = k0o f f · e
FDx
kBT

with the distance to the transition state Dx ⇡ 0.5 nm [55, 222], the
temperature T = 310.15K and the dissociation rate for single biotins
from NeutrAvidin at zero force k0o f f ⇡ 3.8 · 10�4 s�1 [223], this corre-
sponds to a force exceeding 15 pN. However, the real desorption rate
constants for the biotinylated virus particles may vary dramatically
from the values for dissociation rates found in literature. Depending
on the analysis method used, dissociation rates for avidin and strep-
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tavidin, which showed lower affinities to biotin compared to NeutrA-
vidin [53], are reported two orders of magnitude smaller [224, 225].

The sandwich-like targeting of a NeutrAvidin protein from 2 sides,
which I applied here, might have a mutual influence on the respective
desorption rates. Further, multivalent binding of up to 4 biotins per
NeutrAvidin or even multiple NeutrAvidin adaptors per virus parti-
cle could significantly increase the immobilization stability. Hence,
to obtain conclusive force values, the kinetics of virus uptake from
the biotin-NeutrAvidin surfaces were analyzed by live fluorescence
microscopy.

7.4 kinetics of tearing viruses from biotin-
neutravidin surfaces

The herein presented method of analyzing the removal of non-
covalently immobilized viral particles from a surface serves as direct
force measurement for endocytosis by itself. This circumvents the
difficulties of single molecule fluorescence imaging. Therefore, U373

and HeLa cells were recorded by live confocal microscopy 30min af-
ter seeding on the surface with a frame rate of 5 or 10min for up to
16 h. However, a strong phototoxic effect inhibiting endocytosis was
observed in the first place. While most cells on the substrate teared off
almost all viruses underneath their spreading area, those cells imaged
overnight on the same substrate did not uptake any virus particles.
However, their spreading and migrating behavior remained normal.
To limit the photoxicity of live-cell imaging, reoviruses were labeled
with Alexa647 instead of Alexa568 since the red excitation light is
less harmful to cells. Therefore, imaging was conducted with the
HeNe 633 nm laser only, omitting the GFP-signal for clathrin coated
pits. A small percentage of the laser light was split and recorded
with a transmitted light detector for bright field images of the cells
(see Figure 7.7 a). The relative number of teared off virus particles
underneath the full spread area of the cells (defined at 1 h post seed-
ing) was analyzed with a particle-tracking algorithm developed by Dr.
Kota Miura (Network of European Bioimage Analysts, Heidelberg) in
Fiji.

Similar to the frequency of force events measured with the molecu-
lar tension probes, 10± 5% of viruses underneath U373 and 9± 4%
underneath HeLa cells were teared off within 10min (see Figure 7.7 b).
Conveniently, due to the high stability of the biotin-NeutrAvidin
bond very low percentage (1.3± 0.7%) of cell-independent unbind-
ing events of reovirus from the surface have been observed during
the 10min movie in the background.

Since the concentration of viruses underneath the cells was reduced
upon tearing and internalization, the data resembles a first order de-
cay. This becomes obvious by plotting the relative number of viruses
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remaining surface-bound over time (see Figure 7.7 c). However, the
efficiency of tearing off viruses was not constant over time. This is
likely due to the different phases cells are undergoing during spread-
ing [226, 227]. During initial attachment cell-matrix interactions are
established via integrins, which activates cell spreading. During this
phase when cells have not reached their maximal spreading area yet,
the observed tearing of virus particles was highest. Next, fast actin
polymerization initiates the increasing contact area between the cell
and the surface and the cell is spreading and polarizing upon external
cues. Later, the membrane tension rises, Rho GTPases are activated
and the cell is actively pulling and retracting the substrate to test the
environment [228].

To account for the different behavior of the cells and the change in
the cell-surface interaction area due to cell spreading and migration,
I fitted a two-phase decay function with normalized initial concentra-
tion of virus particles c0virus = 1 and final concentration Plateau = 0,
since complete uptake was observed after overnight incubation (see
Figure 7.6):

cvirus = c0virus · (
Percent(I)

100
· e�kI ·t +

Percent(I I)
100

· e�kII ·t) (7.2)

The percentage of the phases I and II were optimized by the fitting
algorithm, which allowed to take the individual spreading behavior
of cells into account and their respective rates of tearing off viruses kI
and kII . I further analyzed the rates for kI , since the variation in the
rates for kII between the cells have been high due to the migration of
cells outside of the detection area.

Surprisingly, the rate of uptake of biotin-NeutrAvidin immobilized
virus particles on silane-PEG-alkyne-biotin/cRGD surfaces by HeLa
cells was, with kI,Biotin = (1.3± 0.7) · 10�3s�1, even higher than the
rate of uptake of physisorbed reovirus particles, which were de-
posited on untreated coverglasses kI,deposited = (0.6 ± 0.2) · 10�3s�1

(see Figure 7.7 c). It should be noted that the van-der-Waals and elec-
trostatic interactions between the virus particles and the glass can
also be considerably strong [128] since only a little number of par-
ticles were observed to dissociate cell-independently. Further, the
biophysical properties of these two surfaces differ from each other
regarding stiffness and specific ligand presentation for the cells and
the observed differences in cell behavior might arise from this fact.
However, it proves that the uptake of biotin-NeutrAvidin immobi-
lized viruses is comparable to the uptake of non-specifically trapped
viruses. In literature, there is a growing evidence that interactions
between viruses and the ECM can also contribute to virus entry [229–
231]. Moreover, I found that the number of reovirus particles inter-
nalized upon tearing from the basolateral side was similar to the per-
centage of reoviruses internalized from those adhering to the apical
side when particles were applied in solution (see Figure A.4).
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From the biotin-NeutrAvidin immobilized virus particles that dis-
sociated cell-independently in areas without cells (background) dur-
ing an overnight time-lapse experiment I derived the dissociation rate
at zero-force k0virus = (1.060± 0.007) · 10�5 s�1 by fitting a one-phase
decay function with Plateau = 0. Taking these values into consid-
eration for Bell´s function (cf. Section 7.3) one obtains a mean force
of 41.2 ± 4.6 pN. The accuracy of the mean force strongly depends
on the quality of the value for the distance to the transition state
(Dx ⇡ 0.5 nm [222]) and on the assumption, that the force is applied
along this direction. Further the kinetics of individual cells and the
dissociation at zero force varied largely between single experiments.
To account for this different behavior I analyzed all cells in the fol-
lowing experiments with respect to an internal control.
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Figure 7.7: Tearing of non-covalently immobilized reovirus particles. U373

and HeLa cells were seeded on biotin-NeutrAvidin immobi-
lized virus particles a) Confocal snap-shots of a HeLa cell (grey)
spreading and tearing biotin-viruses-A647 (red) off the surface.
Scale bar = 10µm. b) The number of viruses torn off between 40

and 50min after seeding. ****, P< 0.0001. c) Relative number of
virus particles, either physisorbed on glass (grey) or immobilized
via biotin-NeutrAvidin (black), underneath HeLa cells. Data are
shown as mean ± SD and two-phase exponential fits (lines).
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This is the first time such high forces have been observed for endo-
cytic events at the basal side of cells. For the uptake of EGF and notch
endocytosis 4 and 10pN, respectively, were reported in literature [92,
184]. The herein obtained force might be higher due the larger size of
virus particles, which lowers the energetic cost for membrane bend-
ing and their multivalency allowing multiple receptors to bind (cf.
Section 2.2 and 2.3.1, respectively). Studies on the interaction between
virus particles and the apical side of cells revealed values between
10� 44 pN [174, 181, 183] (cf. Section 2.5). However, these studies are
limited to measure unbinding forces only and thus characterizing ad-
hesion strength from viruses being externally pulled away from cells.
Forces exerted by a cell itself on 4� 20 nm sized nanoparticles were
reported to range from 39 up to 126 pN by means of AFM trace peak
analysis [175–177]. Unfortunately, no studies on the forces applied on
bigger particles that are comparable to reoviruses exist to date. Fol-
lowing the proportional relationship, much higher values would be
expected for viruses of ~ 85 nm than the values derived from molec-
ular tension probes and biotin-NeutrAvidin rupture analysis in the
here presented work. One reason for the comparatively small forces
observed during reovirus uptake could be the lower adhesion energy,
which is gained from specific receptor binding compared to van-der-
Waals forces all over the smooth nanoparticle surface (cf. Section 2.2).
Further, the tracing and retracing speed in the above mentioned stud-
ies could have been of influence. In contrast, the method I established
here allows to detect the force between living cells and single virus
particles without externally probing their interaction. This method
can be further extended to the use with inanimate nanoparticles as
will be seen in section 7.5.4.

To test the contribution of 1) adhesion forces generated upon recep-
tor binding, 2) pulling forces by the cytoskeleton and cell contractility,
and 3) forces through an assembly of the endocytic machinery, cells
have been treated with blocking antibodies and small molecule in-
hibitors during adhesion, spreading and migrating on these surfaces.

7.5 contribution of cellular receptors to forces dur-
ing endocytosis

Through the specific interactions between binding motifs at the sur-
faces of viruses and cell surface receptors, viruses gain adhesion en-
ergy, which was speculated to be sufficient to overcome the mem-
brane tension during endocytosis (see Section 2.3.1). In the following
experiments I controlled the interaction between reoviruses and their
specific receptors by inhibiting sialic acids, JAM-A and integrins with
either the protease neuraminidase cleaving sialic acids or blocking an-
tibodies against JAM-A and/or against integrin b1. This allowed me
to investigate the contribution of cellular receptors on the two initial
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phases of virus infection: 1) viral adhesion (cf. Section 7.5.1) and 2)
virus internalization (cf. Section 7.5.3 and 7.5.2). Further, I studied
the uptake of nanoparticles lacking any specific interaction site (cf.
Section 7.5.4).

7.5.1 Effect of Receptor Blocking on Reovirus Infectivity

To prove the effect of receptor binding on virus infectivity, reoviruses
were added in solution and allowed to adhere on the cells on ice
for 1 h, before unbound viruses were removed by washing. Cells
were further incubated overnight, fixed and stained to quantify vi-
ral infection in collaboration with Marta Fratini (lab of Dr. Steeve
Boulant, Heidelberg University and DKFZ, see Figure 7.8 a). Thus,
here only the initial phase of virus binding is considered, since endo-
cytic processes are stalled at low temperatures during the first hour
whereas later the effect of antibody (Ab) blocking is reduced by recep-
tor homeostasis. Indeed infectivity in HeLa cells treated with either
neuraminidase or JAM-A Ab was significantly reduced, proving that
the treatment is affecting cell-virus interaction. Further, the block-
ing Ab against integrin b1 (clone P5D2) has been applied. However,
blocking b1 integrin did not significantly inhibit viral infection (see
Figure 7.8 b).
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Figure 7.8: Reovirus infectivity upon receptor blocking. Reovirus receptors
in HeLa cells were blocked. a) Adherent HeLa cells, pre-treated
with neuraminidase and blocking antibodies against JAM-A or
integrin b1 at RT for 1 h, were incubated with soluble reovirus
particles, fixed and stained for virus factories (green) and DAPI
(blue). Scale bar= 10 µm. Images acquired by Marta Fratini. b)
Quantification of infected cells normalized to untreated control
cells. ****, P< 0.0001.

While the results for neuraminidase and JAM-A blocking are in
line with the reduced infection rate observed in literature [166, 232],
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knockout as well as blocking of integrin b1 was previously shown
to also decrease the infectivity with soluble viruses [157]. Although I
proved that the blocking integrin b1 Ab (clone P5D2) was successfully
inhibiting HeLa cell spreading on a5b1-selective surfaces (results not
shown), it could be that the reovirus binding site on integrin b1 was
not addressed with this antibody. Unfortunately, the antibody used
by Maginnis et al. was not commercially available.

To conclude: reovirus binding was found to depend on sialic acids
and JAM-A but not on integrin b1. However, b1 integrins might be
involved in the next phase of viral infection, namely the internaliza-
tion.

7.5.2 Effect of Receptor Blocking on Reovirus Internalization

To better distinguish between virus binding and internalization, I con-
ducted experiments with the same receptor blocking procedure as
described above and reovirus particles in solution but fixed the cells
after 1h without permeabilizing the plasma membrane. This allows
to specifically stain virus particles that are not internalized. 3D stacks
were recorded with a confocal microscope (see Figure 7.9 a) and the
absolute number of reoviruses interacting with the cell (b) as well as
the relative number of internalized particles over the total number of
particles (c) was quantified.

As expected, blocking of JAM-A dramatically reduced the num-
ber of virus particles attached to the cell (see Figure 7.9 b). Out of
~ 500 particles applied per cell in solution, 41 particles (median value)
attached to untreated cells while almost none particles adhered on
JAM-A blocked cells. However, out of these particles a similar amount
got internalized into blocked cells, 61%, compared to 49% under con-
trol conditions. Note, that due to the low number of total viruses at-
tached to the JAM-A Ab treated cells the distribution is rather digital
with one reovirus particle being either inside or outside the cell (see
Figure 7.9 c). Since receptor blocking through Abs is targeting mem-
brane recruited receptors only, the intracellular pool is still active and
can replace the blocked receptors. The low amount of viruses bound
and internalized could have been thus engaged by single JAM-A re-
ceptors that are not blocked.

To exclude this effect, CHO cells have been employed, which do not
express JAM-A and are thus poorly permissive for reovirus infection
[157, 233, 234]. Just like for blocking of JAM-A in HeLa cells, I found
only a very small number of reovirus particles interacting with CHO
cells after 1h of incubation. Surprisingly, CHO cells that did bind a
few reovirus particles, 50% of those got internalized.

These findings are in line with the observations of Marta Fratini
that induction of CME is JAM-A independent [220]. And to conclude,
JAM-A might be dispensable for mediating endocytosis of reoviruses.
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Further, HeLa cells treated with integrin b1 blocking Abs have been
analyzed for virus binding from solution. To exclude that the Ab
clone P5D2 does not block the reovirus binding site on integrin b1 as
discussed above, another clone (4B4) was employed, which has been
previously reported to reduce integrin b1 mediated adhesion [235,
236]. Like for the tearing of surface bound reovirus particles, I ob-
served no effect on adhesion of reovirus (median of 44 reoviruses for
both integrin b1 blocking Abs) neither on their internalization (52%
and 45% of attached viruses were internalized after treatment with
integrin b1 blocking Ab P5D2 and 4B4, respectively; see Figure 7.9 c).
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Figure 7.9: Virus internalization from the apical side upon receptor block-
ing. Adherent HeLa and CHO cells were incubated for 1h at
RT with the indicated blocking antibodies against reovirus recep-
tors and subsequently reovirus particles (green) were added in
solution for 1h under physiological conditions. Afterwards un-
bound viruses were removed by washing and the cells were fixed
and stained by IF selectively for extracellular reovirus particles
(blue) and the cellular membrane (red) and imaged by confocal
fluorescence microscopy. Scale bars = 5µm. b) Quantification of
the absolute number of virus particles attached/internalized per
cell. c) Relative number of virus particles internalized of the total
number of viruses attached per cell. ****, P< 0.0001.

7.5.3 Effect of Receptor Blocking on Tearing of Biotin-NeutrAvidin Immo-
bilized Reoviruses

In the following I elucidated the role of reovirus receptors on the up-
take of virus particles at the basal side. Here, not only membrane
tension and receptor presentation differs from the apical side but the
virus particles are already trapped in close contact to the cell. There-
fore, I pre-treated HeLa cells with neuraminidase, JAM-A Ab, integrin
b1 Ab or both antibodies at a time for 1 h at room temperature in
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suspension, before seeding them on surfaces with non-covalently im-
mobilized reoviruses and followed the tearing of viruses by confocal
imaging as described before (Section 7.3). The initial rate of tear off
was calculated from two-phase exponential fits for each individual
cell (see Figure A.3). Untreated cells were prepared in parallel and
seeded on the same surfaces separated by partition walls. The me-
dian of the rate of initial virus tear off k̃ I,ctrl from untreated cells of
each experiment served as control for the respectively treated cells.
Their difference was calculated by DkI = kI � k̃ I,ctrl .
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Figure 7.10: Tearing of biotin-NeutrAvidin immobilized reoviruses upon re-
ceptor blocking. Difference in the kinetic rate constants of ini-
tial virus tear off by HeLa cells, which were incubated with
neuraminidase or blocking antibodies against JAM-A and/or
integrin b1 at RT for 1h in solution to their corresponding con-
trol cells. The dotted line indicates the median of all untreated
cells (ctrl). Cell-independent virus unbinding was quantified
from the background (bgd). ****, P < 0.0001.

Although neuraminidase and JAM-A blocking Ab treatments
showed strong inhibitory effects on the cells with respect to virus
binding and thus prevention of viral infection, they did not signif-
icantly alter the rupturing behavior of biotin-NeutrAvidin immobi-
lized virus particles (see Figure 7.10). Remarkably, also the rate of
viral uptake was not significantly reduced by blocking integrin b1. In
addition, I co-treated the cells with antibodies against JAM-A and in-
tegrin b1. Similarly, this co-blocking did not significantly reduce the
rate of virus uptake.

Sialic acids are mediating the primary attachment of reoviruses
to cells [151]. Thus it can be easily understood that neuraminidase
treatment had a strong effect on infectivity upon addition of soluble
viruses, while the tearing of reoviruses, which are already immobi-
lized in close contact to the cells, did not significantly change. In
contrast, JAM-A and integrin b1 have been suggested to mediate en-
docytosis [168, 237]. However, my results revealed that the role of
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JAM-A for reovirus uptake is, similarly to sialic acids, limited to the
initial step of viral adhesion and not for mediation of the uptake it-
self. Once the virus-cell contact is established, by receptor binding
or as purely physical contact between the immobilized viruses and
adhesive cells, they seem to become obsolete for endocytosis. Unlike
observed by Maginnis et al. [157, 168], blocking of integrin b1 had
neither an effect on virus binding (as checked in the infectivity assay
with soluble reoviruses) nor on the rupturing and uptake from biotin-
NeutrAvidin surfaces. This could be explained by the redundancy of
the different receptors for virus binding. Especially among integrins
many subunits are known to recognize the RGD binding sites and
they are performing similar functions [25, 27]. Also further ligands
like Nogo receptor 1 (NgR1), which has been identified to serve as reo-
virus receptor in neurons [238], could be utilized if the main receptors
are lacking.

To conclude, I could show that specific receptor types might be dis-
pensable for tearing off trapped viruses and their endocytosis. This
might be due to blocking-induced recruitment of the same receptor
species from intracellular pools. The complete lack of a specific re-
ceptor type can also lead to engagement of different receptors.

7.5.4 Tearing of Biotin-NeutrAvidin Immobilized Nanoparticles

To analyze if specific receptors are not required in general, inanimate
nanoparticles of the same size as reovirus particles have been pre-
sented to the cells in a similar way. Therefore, AuNPs of 100nm in
diameter were coated with a protein-repellent PEG layer disabling
any cellular interactions. Further, Abberior StarRed dye and biotin-
moieties were linked to the particles´ PEG layer allowing for anal-
ogous immobilization as virus particles on the silane-PEG-alkyne-
biotin/cRGD surfaces via NeutrAvidin.

Surprisingly, HeLa cells seeded on these substrates were capable
of ripping off the nanoparticles from the surface and internalizing
them even without specific adhesion sites. However, they did so at
a slightly lower rate kI, AuNPs = (0.7± 0.4) · 10�3 s�1 than they teared
off biotinylated reovirus particles, which were prepared in parallel
(1.0 ± 0.5) · 10�3 s�1. On the contrary, AuNPs coated additionally
with cRGD, allowing for specific interactions with integrin receptors
on the cells, showed a significant increase in their uptake rate with
(1.8± 1.5) · 10�3 s�1 (see Figure 7.11 a). Since cRGD also promotes in-
tegrin mediated adhesion to the substrate, I investigated the adhesion
capability of HeLa cells on these surfaces. As can be seen in figure
7.11 b, HeLa cells adhered to a similar extent and speed on both sub-
strates. Thus, the increased uptake behavior is not due to a better
adhesion or faster spreading on the surfaces.
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Figure 7.11: Tearing of biotin-NeutrAvidin immobilized nanoparticles with
and without specific ligands. 100nm PEGylated AuNPs func-
tionalized with Abberior StarRed, biotin and optionally with
cRGD were immobilize analogously to reovirus particles via
NeutrAvidin on glass. HeLa cell induced tearing was followed
by live confocal imaging. a) Relative number of AuNPs (black),
AuNPs with cRGD (light grey) and reoviruses (black) under-
neath the cells over time. b) Projected cell area of HeLa cells
spreading on substrates with immobilized AuNPs with (black)
and without cRGD (grey).

This challenges also the hypothesis, that specific receptor-
interactions are responsible for the energy that is needed to oppose
the energetic cost for membrane bending. However, for smaller parti-
cles or viruses this energetic cost is higher and the chemical recogni-
tion thus might become more dominant. To conclude, I could show
with these experiments that endocytosis of viruses and nanoparticles
can happen receptor independent via non-specific adhesion forces
(such as discussed in Section 2.4). However, specific ligands, such
as cRGD that was used here, can significantly increase the speed of
uptake and thus the forces applied. These differences in the kinetics
certainly play a major role in biological systems and hence can have
been of evolutionary advantage for virus particles. But the major part
of the observed forces of approximately 41 pN during endocytosis of
viruses and nanoparticles from the basolateral side of cells are most
likely not receptors-mediated. Thus, these forces must have another
origin, likely connected to the cytoskeleton.

7.6 contribution of the cytoskeleton to forces during

endocytosis

The actomyosin cytoskeleton can generate large scale forces that are
transmitted to the extracellular matrix and neighboring cells via spe-
cific adhesion sites. In order to dissect the origin of the forces during
virus particle uptake, I focused on the different force generating pro-
cesses including actin polymerization, actin branching mediated by
Arp2/3, initiated polymerization by formins as well as contractility
of the actin cytoskeleton caused by myosin II.
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7.6.1 Effect of Cytoskeleton on Tearing of Biotin-NeutrAvidin Immobilized
Reoviruses

Here, I used small molecule inhibitors to diminish specific force gen-
erating mechanisms and analyzed their effect on the tearing and
uptake of biotin-NeutrAvidin immobilized reoviruses. To account
for the variability among individual cells, each cell was imaged for
30min before drug addition, which served as internal control. The
change in the virus uptake was determined as ratio from the num-
ber of particles torn off 20min after addition of a cytoskeletal drug
for 20min, relative to the 20min directly before drug addition (see
Figure 7.12 a).
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Figure 7.12: Virus tearing upon inhibition of the actin cytoskeleton. U373

cells were seeded on the biotin-NeutrAvidin immobilized reo-
virus particles and imaged starting 30min after seeding. After
another 30min cells were treated with small molecule inhibitors
cytochalasin (CytoD), jasplakinolide (Jasp), CK666, SMIFH2,
blebbistatin (Blebb) and Y27632 or DMSO as a control (ctrl). a)
Schematic of the analysis of virus uptake change after addition
of cytoskeletal drugs. (b) Virus uptake change for cells treated
with the indicated drugs.
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Figure 7.13: Fluorescence images of U373 cells on biotinylated virus parti-
cles upon inhibition of the actin cytoskeleton. After overnight
incubation of U373 cells on the biotin-NeutrAvidin immobilized
reovirus particles (red), cells were fixed and stained for F-actin
(green) and zyxin (blue) to confirm the effect of the drugs on
the cytoskeleton. Scale bar = 10µm.
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Actin polymerization was inhibited by cytochalasin D in U373 cells.
Since actin is crucial for many vital processes in the cell, the concen-
tration was adjusted in a dose-response assay to c f inal = 625 nM (data
not shown) to break down most of the actin stressfibers while main-
taining cellular attachment and survival for at least 1 h. Likewise, jas-
plakinolide was applied at c f inal = 100 nM to destabilize actin. Com-
monly it is known to stabilize F-actin but was also found to desta-
bilize the actin cytoskeleton [239], arresting CCPs [124] and, in yeast,
inhibiting endocytosis [137]. Surprisingly, even with a completely dis-
rupted actin cytoskeleton (see Figure 7.13), cells continued to rip off
biotinylated reovirus particles from the surfaces with no significant
difference in the uptake before and after drug addition compared to
the control group (see Figure 7.12 b). After overnight incubation cells
were fixed and stained for F-actin and zyxin proving the disassembly
of the F-actin stress fibers. Consequently a lack of focal adhesions
as well as the uptake of virus particles have been shown by confocal
z-stacks (see Figure 7.13).

Actin assembly into branched networks was disrupted by the
Arp2/3 inhibitor CK666 at c f inal = 200 µM and actin nucleation by
the formin FH2 domain inhibitor SMIFH2 (c f inal = 30 µM). These pro-
teins are essential for membrane shaping in lamellipodia and filopo-
dia, respectively and especially Arp2/3 was reported to aid in CME
and other dynamin-dependent endocytic pathways [134, 139]. Inhi-
bition of Arp2/3 disrupted lamellipodia formation completely result-
ing in tri- or rectangularly shaped cells, while the inhibition of formin
disrupted filopodia and generally reduced membrane tension visible
by membrane ruffling (see Figure 7.13). However, neither of these
drugs reduced the virus uptake behavior of U373 cells indicating a
Arp2/3 and formin independent pathway.

Large forces such as those observed during virus particle uptake
are associated with contraction of the cytoskeleton. This is me-
diated by myosin II activity, which was inhibited by blebbistatin
(c f inal = 10 µM) and ROCK inhibitor (Y-27632, c f inal = 10 µM). Both
drugs induced strong morphological changes and increased the mi-
gratory behavior as can be seen in Figure 7.13. However, they did
not decrease the rip-off efficiency (see Figure 7.12 b). On the contrary,
the amount of total virus uptake after overnight incubation was even
increased due to their enhanced mobility.

To conclude, the tearing of biotin-NeutrAvidin immobilized virus
particles did not depend on F-actin, actin branching and contractility
of the actin cytoskeleton. However, cortical actin polymerization was
not addressed with the above mentioned drugs and thus might be
the origin of the forces observed. So unlike the endocytosis of notch,
which is clathrin-dependent and was found to require actin [184], en-
docytosis of reovirus does not seem to depend on actin. Difficulties
here are the numerous processes in cells, which involve actin making
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it difficult to totally knock out the cytoskeleton. This could also ex-
plain the varying literature on the importance of actin for endocytosis
[127, 143, 240, 241].

7.6.2 Effect of Soft Substrates on Tearing of Biotin-NeutrAvidin Immobi-
lized Reoviruses

Likewise, the reduction of cellular tractions by growing cells on soft
hydrogels with biotinylated fibronectin and NeutrAvidin immobi-
lized reovirus did not obviously change the uptake behavior. On PAA
hydrogels ranging from 1.5 to 30 kPa a substantial uptake of reovirus
particles was observed between 2h post seeding and 18h (see Figure
7.14). Quantitative analysis of these substrates was not possible with
the current methods since the custom-made tracking software would
account displaced particles on the deformed substrates as torn off par-
ticles resulting in a lot of false positive counts. Further the spreading
and migration behavior of the cells changed between the substrates
with different stiffnesses and a consistent comparison between the
cells is thus hampered.
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Figure 7.14: Tearing of biotin-NeutrAvidin immobilized reovirus particles
from PAA hydrogels. U373 cells were seeded on PAA hydrogels
of 1.5, 5 or 30 kPa stiffness coated with biotinylated fibronectin
and biotinylated reovirus particles (red dots) immobilized via
NeutrAvidin and imaged with confocal microscopy overnight.
Scale bar = 10µm.

To summarize, the reduction of total traction forces induced by
tuning the physical parameters of the substrates as well as small
molecule inhibitors did not reduce the uptake efficiency of substrate-
bound virus particles.
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I further used these soft substrates to analyze the reverse effect:
can the presence of immobilized / non-immobilized reoviruses alter
cellular traction forces applied to the ECM? I therefore conducted
TFM with U373 cells seeded on PAA hydrogels with biotinylated fi-
bronectin and either NeutrAvidin immobilized reovirus or reoviruses
added in solution compared to cells without virus exposure. Analysis
via PIV and FTTC algorithms revealed that the total strain energy ap-
plied by the cells were neither significantly altered by viruses added
in solution nor by biotin-NeutrAvidin immobilized reoviruses after
4h incubation time each (see Figure 7.15). While cells experiencing
virus interaction from their apical side showed increased tractions,
cells interacting with reovirus particles from their basolateral side
did not behave differently from cells without viral contact. This goes
along with my finding that tearing of reoviruses and uptake from the
basolateral side does not depend on actomyosin contraction, which is
responsible for generation of traction forces.
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Figure 7.15: Traction force microscopy on cells interacting with virus par-
ticles. a) Merge of U373 cell (brightfield) spreading on TFM
substrate with a stiffness of 12 kPa coated with fibronectin and
fluorescent reovirus particles (red) immobilized on biotinylated
fibronectin via NeutrAvidin. Scale bar= 10 µm. b) Traction
forces with absolute stress values between 0 and 6000 Pa ac-
cording to color code. c) Quantification of total strain energy
per cell interacting with bare fibronectin, immobilized viruses
or soluble viruses.

7.7 contribution of the endocytic machinery

Clathrin-mediated endocytosis (CME) is a major but not the only up-
take route for reoviruses [160, 169]. As I presented earlier (cf. Fig-
ure 7.5), around 30% of immobilized viruses induce a recurrent re-
cruitment of the clathrin machinery. Thereby, formation of clathrin
coated pits (CCP) stabilizes the bent plasma membrane, which lowers
the bending energy and enables the GTPase dynamin to bind and to
actively constrict the membrane neck, thus helping budding off from
the membrane (cf. Section 2.2).
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To investigate whether the observed forces leading to tearing of
viruses from biotin-NeutrAvidin surfaces are induced by CCP forma-
tion and growth, U373 cells with a double knockout (KO) for CLT a
and b (cf. Section 5.1.1 and Figure A.5) were seeded on the surfaces.
While the general tearing of virus particles underneath the cells per-
sisted and thus U373 with CLT KO showed significant amount of in-
ternalized particles and viral infection, the rate of virus tearing was
significantly reduced (see Figure 7.16 a and b and Figure A.6 for indi-
vidual fits).
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Figure 7.16: Contribution of components of the endocytic machineries to
virus tearing from biotin-NeutrAvidin. a) U373 cells with a
double knockout of clathrin light chain (CLT) A and B (CLT Ab
in purple, AP2 in green, viral factories in blue) and cells over-
expressing the dynamin mutant K44A (clathrin in green) were
seeded on biotin-NeutrAvidin immobilized reovirus particles
(red). Difference in the uptake rate DkI with respect to the me-
dian of the control cells, *,P =0.018. c) U373 cells treated with
200µM genistein or 10mM methyl-b-cylodextrin. d) Change in
virus tearing before and after addition of the drugs. Scale bars
in a and c= 10µm.

Further, dynamin was inhibited by transient overexpression of the
dynamin mutant K44A (with an eGFP tag, cf. Section 5.1.1), which is
deficient in GTP binding and therefore not functional. The efficiency
of CCV release was determined during live cell imaging in U373 cells
co-transfected with clathrin-tomato. Cells with reduced dynamin ac-
tivity did not show a reduced number of internalized viruses neither
a decreased rate of virus particle uptake (see Figure 7.16 b). However,
these results should be treated cautiously since overexpression of the
dynamin mutant has been discussed critically in literature because at
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high dosage it induces apoptosis due to failure of mitosis while being
inefficient at low dosage [242]. Indeed, most transfected cells showed
a damaged morphology as can be seen in figure 7.16 a. Alternative
tools including RNAi, knockout cell lines or small molecule inhibitors
should be applied in order to validate the results.

Taking into account that CME is only one of the possible pathways
for reovirus to enter cells, these results indicate that the clathrin ma-
chinery can contribute to the forces, however, it is not the main deter-
minant for tearing of particles from the biotin-NeurAvidin surfaces.

Caveolin-Dependent endocytosis was proposed as alternative path-
way for reovirus uptake since it is known to be used by other viruses
such as avian reoviruses [160, 243, 244]. Inhibition of the caveolin
pathway was conducted by adding the drugs genistein or methyl-b-
cylodextrin 1h after seeding U373 cells on biotin-NeutrAvidin immo-
bilized virus surfaces. Genistein is a broad-spectrum tyrosine kinase
inhibitor, so its target is not limited to caveolin-mediated endocytosis.
In fact, genistein was shown to diminish reovirus infectivity [245].
However, the authors focused on the effect of genistein on the Src
pathway inhibiting the targeting of incoming virions to lysosomes for
viral disassembly and thus functional entry into host cells.

Here, I found that cells showed strong morphological response to
the drugs since they are affecting membrane composition by deplet-
ing cholesterol. However, virus tearing was not reduced compared to
untreated cells (see Figure 7.16 c and d). On the contrary, some cells
showed even an increased virus tearing after drug addition, which
might be associated with the morphological changes.

Inhibition of caveolin-dependent endocytosis can reduce reovirus
infection to 30% as reported by Schulz et al. [160]. To better es-
timate the effect of caveolin on virus tearing and internalization in
future studies, KO cells or cells expressing a dominant-negative form
of caveolin should be employed.

To summarize, inhibition of specific endocytic molecules and path-
ways did not prevent virus particle tearing and internalization. This
is possibly linked to the redundancy of different pathways. Block-
ing one pathway does not completely stop virus entry, because other
pathways can be upregulated and thus compensating this depletion.

The herein presented methods allow to study the forces during par-
ticle uptake from the basolateral side in unprecedented detail. Fur-
thermore, I conducted functional assays revealing the importance of
individual proteins and ligands for virus particle uptake. Since reo-
viruses display a promiscuous uptake behavior, no single receptor
or pathway could be identified that would explain the total force of
~ 40 pN. However, there is evidence that actin polymerization and
connection to the clathrin-machinery contribute to the mechanics of
reovirus uptake.
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MOLECULAR FORCE LOAD AND R IG ID ITY
SENS ING

The first objective of this work was to investigate the force load on sin-
gle cellular receptor proteins while adjusting the stiffness and ligand
spacing of the surrounding substrate. For this purpose, I engineered
elastic hydrogels with fluorescent marker beads and nanopatterned
gold particles bearing extracellular ligands for defined cell adhesion.
This setup allowed to study adhesion growth as well as cellular trac-
tion forces depending on the nano-distribution of cellular receptors
and the rigidity of the substrate in unprecedented detail.

In contrast to earlier experiments on glass [41, 102, 155], cellular ad-
hesions on medium-soft substrates (between ~ 5� 30 kPa) grew big-
ger and displayed higher traction forces on bigger ligand spacings
(100 nm) than on smaller spacings (50 nm). However, above a certain
threshold stiffness adhesions collapsed. Next, I produced substrates
with disordered ligand presentation with the same mean spacing as
the ordered substrates. The disordering resulted in larger spacings
for individual integrin receptors, which in turn were experiencing
higher traction forces and thus engaged more integrin receptors, lead-
ing to adhesion growth. The results were in-line with the molecular
clutch model suggesting a minimal force load per integrin receptor
that needs to be surpassed for further integrin recruitment. By feed-
ing the molecular clutch model with new experimental data and ed-
ucated assumptions it was even possible to correctly predict the ob-
served adhesion lengths and traction forces. A limit that was set for
adhesion growth allowed to model the collapse of adhesions when
the traction forces get too high to compensate the increased force
load per integrin by further integrin recruitment.

This model helps to understand the basic biophysical process of
how cells are sensing both, substrate rigidity and extracellular ligand
density. Furthermore the hypothesis of a molecular ruler measuring
receptor distances [42] becomes obsolete since the optimal spacing
was found to be dependent on the stiffness of the substrate.

While the global traction forces nicely resembled the model predic-
tions, it was not possible to confirm the predicted local force loads
per individual integrin molecule with the current methods. I there-
fore successfully developed molecular tension probes based on PEG,
DNA-hp and the I27-titin domain capable of reporting forces applied
to various ligands which can be tethered to the tension molecules
via CuAAC reactions. Their functionality was confirmed with RGD
ligands reporting on integrin-mediated forces on glass substrates
with randomly immobilized AuNPs.
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Next, I applied these molecular tension probes on PAA hydrogels
with fluorescent marker beads which allowed, for the first time, to
access the forces on individual integrin receptors on soft substrates.
Unlike the traction forces reported by TFM analysis originating exclu-
sively at focal adhesions, integrin molecules all over the adhesion area
of the cells showed a force load of > 19 pN indicated by an increase
in fluorescence signal of the DNA-hp tension probes. While such a
behavior of integrins outside FAs was observed before on glass sub-
strates [50], no measurements exist proving these global forces under
physiological, soft conditions. TFM is mainly in-sensitive to depict
out-of-plane forces because tracking and traction reconstruction algo-
rithms of randomly incorporated marker beads get more complicated
in 3D and the optical resolution in z is limited. Therefore, I combined
MTFM with cTFM, which can detect z-components of traction forces
in high precision while being computationally less complicated than
classical TFM analysis [74, 246].

In an ongoing study, cTFM samples (see Section 3.2.2 and [75])
were applied, which exhibit fluorescent nanodisc arrays of Qdots and
AuNPs. Here, individual nanodiscs were 200 nm in diameter and
spaced 3µm from each other. On one hand, they were used to immo-
bilize molecular tension probes via their thiol functions and, on the
other hand, they served as reference sites for the deformation of the
silicon hydrogels. The Qdots used for tracing the deformation of the
substrate were composed from CdS/ZnS core/shells and applied on
the silicon hydrogels by electro-hydrodynamic printing (see Section
3.2.2). To avoid a bleed-through from the strong-emitting Qdots into
the channel of molecular tension probes, blue Qdots (lem = 457 nm)
in combination with red-emitting tension probes (lem = 655 nm) have
been chosen. Unfortunately, the blue Qdots used in this study were
very sensitive to oxidation in liquids and thus could not been used
to trace the deformations. However, their reflection visible in inter-
ference reflection microscopy proved to be sufficient for detection of
the arrays (see Figure 8.1 b). For future studies, oxidation could be
limited by the use of reducing agents such as ascorbic acid, or other
types of Qdots exhibiting more stable shells might be employed. Here,
2D tractions were reconstructed from the reflection images of the nan-
odisc array compared to the optimal pattern with a nonlinear finite
element analysis by Tobias Lendenmann (in the group of Dr. Aldo
Ferrari, ETH Zürich). This algorithm does not require any regular-
ization and thus circumvents subjective parameterization as used in
PIV-based TFM analysis, which are prone to underestimation of trac-
tions [75].

First results proved a successful immobilization of molecular ten-
sion probes (DNA-hairpins as well as titin sensors) to the nanodisc ar-
rays without further modification. However, closer analysis revealed
that mainly the Qdots in the nanodiscs are responsible for binding the
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molecular tension probes owing to their thiolated shell. In samples
with printed AuNPs only, I did not observe binding of the molecu-
lar tension probes (data not shown). Since the 457 nm-Qdots are not
capable of quenching the red fluorescence signal from the molecular
tension probes, only sensors with internal quencher, such as DNA-
hairpins, might be used. For future experiments the concentration of
the tension probes has to be optimized, since the background fluores-
cence on the arrays was very high even without cell induced forces
(see Figure 8.1d and e).
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Figure 8.1: Tension probes on cTFM samples readily bind to arrays of Qdots.
DNA-hp tension probes with an opening force of 19 pN (d, for
MTFM) were coupled to an array of 457 nm-Qdots on 12.6 kPa
silane substrates (b, for cTFM). REF cells were seeded in culture
medium supplemented with 0.5% FBS for 1 h and removed by
trypsinization. Images were recorded on an inverted wide-field
fluorescence microscope, analyzed in ImageJ and with a finite
element algorithm in Matlab. Scale bar = 10 µm.

Concluding, the combination of TFM with MTFM can help to get
a more complete image of the mechanical interactions between cells
and their surrounding. To further investigate the force load on in-
dividual integrins for testing the molecular clutch model, tension
probes with higher threshold forces such as TGT sensors or titin
probes have to be used. Furthermore, this method will help to cross-
validate the results for cellular traction forces obtained by the two
state-of-the-art techniques TFM and MTFM with regard to the local-
ization and direction of the forces as well as the absolute values for
the force load on individual receptors.





9
V IRUS UPTAKE

In the second part of this thesis I applied the modular tension
probes, which were successfully generated and tested with integrin
ligands in the first part, to measure the forces during virus particle
uptake in an adhesive environment. I therefore developed a non-
invasive technique for covalent and non-covalent immobilization of
non-enveloped virus particles, which preserves their infectivity in an
unbound state. Cells interacting with surface-bound reovirus parti-
cles on molecular tension probes generated forces exceeding ~ 40pN
as measured with DNA-hp and titin-based tension probes in single
molecule fluorescence experiments.

Cells growing on surfaces with non-covalently bound reovirus par-
ticles were able to tear them off the surface, internalize them and
eventually get infected. This is the first time that cellular uptake of
particles immobilized via biotin/NeutrAvidin from an adhesive sur-
face has been observed, which is surprising since it is a widely used
immobilization technique for biological substances.

Kinetic analysis of the cell-induced unbinding and unbinding at
zero force revealed a mean force of ~ 41 pN, which is in line with the
results I achieved by single-MTFM. Interestingly, the range of forces I
obtained from these measurements at the basal side of cells resembles
those forces that have been measured for virus-cell interactions at the
apical side in literature. This hints towards a general mechanism of
force generation during virus internalization.

To unravel this mechanism, I first tested the contribution of
receptor-binding. Therefore, I blocked cells for sialic acids, JAM-A
and integrins. While sialic acids are thought to mediate the initial
attachment of viruses only, JAM-A and b1 integrins are regarded as
genuine receptors, important for the endocytosis of reovirus. How-
ever, none of the blockings significantly reduced the uptake rate from
immobilized virus particles and thus the generated forces. Neither
did it change the percentage of internalized particles from reoviruses
attached to the apical side of cells. Since antibody blockings do not
lead to a complete silencing, it is advisable for future experiments to
better control the inhibition of cellular receptors with knockout cells
or to work with RNAi to suppress their translation. In the end, the
results suggest that either the remaining or a different type of recep-
tors are sufficient, or that the tearing and endocytosis of virus parti-
cles can take place receptor independent. Indeed, passivated AuNPs
of 100 nm in diameter were torn off the biotin-NeutrAvidin surface
without specific ligands for cells at a similar rate as reoviruses. Hence,
pure receptor-binding cannot explain the origin of the pulling forces
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during virus particle uptake. However, increasing the adhesion force
on the AuNPs by presenting integrin ligands (cRGD) on their surface
significantly increased their uptake rate.

Next, I quantified the contribution of the actin cytoskeleton on the
observed forces with small molecule inhibitors and by altering trac-
tion forces via changing the stiffness of the substrate. Lowering the
tractions with blebbistatin, ROCK-inhibitor or by soft substrates did
not significantly affect the uptake behavior. This indicates, that con-
tractility of the actomyosin cytoskeleton is not responsible for the
observed forces. While I could observe a reduced virus uptake upon
inhibition of actin polymerization by cytochalasin D in many cells, the
results were not statistically significant. Cellular behavior regarding
spreading kinetics and migration differed a lot between individual
cells and experimental conditions. Therefore, increasing the data pool
can help to compensate for this variability and will allow to draw a
more precise image of the role of actin during particle internalization.

Finally, CME and caveolin-dependent endocytosis were addressed
with mutant cells and small molecule inhibitors, respectively. Knock
out of the clathrin light chains significantly slowed down virus parti-
cle uptake while overexpression of the dynamin mutant K44A had a
limited effect on the uptake kinetics. Inhibition of the caveolin path-
way by genistein and methyl-b-cylodextrin rather accelerated than
slowed down the uptake. For future studies more controls including
KO cells or cells expressing a dominant-negative form of e.g. caveolin
should be employed to better target specific proteins. To conclude,
endocytic pathways of reovirus are manifold and, depending on the
chosen route, different adaptor proteins and the cytoskeleton might
be important to a greater or lesser extent.

The herein presented method to couple intact virus particles via bi-
otin/NeutrAvidin to an adhesive surface and observing cell induced
virus tear off by fluorescence microscopy provides a novel tool to
study the forces during endocytosis. Together with my experiments
utilizing molecular tension probes, this is the first time the mechanics
between virus particles and the basal side of cells have been recorded.
In order to compare these forces to those, cells are applying from the
apical side lacking nearby adhesions, AFM studies on reovirus par-
ticles could be conducted in a similar manner to the studies on rhi-
novirus, influenza and virus-like particles [174, 179, 181]. The com-
parison with biotin/NeutrAvidin immobilized reovirus particles on
bigger beads or flakes applied from the apical side would bear even
more resemblance. However, this approach did not result in virus
tearing events in previous tests. To further improve the presented
method, one could micropattern the cell adhesion ligands, which
would standardize cellular shapes and polarization. This would al-
low to track hotspots in virus uptake and correlate them to e.g. focal
adhesions.



Part V

APPENDIX





A
ADDIT IONAL DATA

Figure A.1: Bleaching-step analysis of titin-based tension molecules. a)
Single-molecule trace with two bleaching steps, indicating two
fluorophores bound on one titin-based tension probe. b) Nor-
malized abundance of titin-based tension molecules with 1-7 or
not analyzable (NA) bleaching steps per field of view (FOV) as
analyzed by Klaus Yserentant (lab of Prof. Dirk-Peter Herten,
Heidelberg University).
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Figure A.2: Effect of conditions during CuAAC on reovirus infectivity.
BSC1 cells were incubated (a) without virus, (b) with soluble
Alexa647/Alkyne-virus, which was pre-incubated with 1mM
CuSO

4

for 2h at RT or (c) seeded on covalently (via CuAAC
in absence of THPTA) immobilized reoviruses (red). After
overnight incubation cells were fixed and stained for virus fac-
tories (green) and DAPI (blue). Scale bar = 25µm. Images pro-
vided by Marta Fratini (lab of Dr. Steeve Boulant, Heidelberg
University and DKFZ).
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Table A.1: Parameters for the molecular clutch model. Adapted from [156].

parameter meaning value origin

nm Number of myosin
motors

190 Adjusted

Fm Myosin motor stall
force

2 pN [247]

vu Unloaded myosin
motor velocity

90 nm/s Values
measured here

and [213]

nl Number of ligands
(cRGD-functionalized

nano-dots)

180 (50 nm)
130 (100 nm)
5 (200 nm)

Adjusted

dint Initial integrin density
on the membrane

300/µm2 [40]

dint,max Maximum integrin
density on the
membrane

2200/µm2 Adjusted

kon True binding rate 2.3x10�4 µm2

s Adjusted, of the
order of values
reported for
aI IBb3 [248]

ko f f Unbinding rate,
scaling factor applied
to force curve reported

in [47]

0.5 Adjusted, catch
bond

dependency
from [47]

Fthreshold Threshold
reinforcement force

87 pN Adjusted, of the
order of

reported values
[218]

dadd Integrins added after
each reinforcement

event

120/µm2 Does not affect
model output

a Radius of adhesion 750 nm Adjusted

klink/ksub Elastic coupling
between ligands

10 (50 nm)
5 (100 nm)
1x10�19 (200 nm)

Adjusted
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Figure A.3: Individual two phase decay-fits of virus uptake upon receptor
inhibition. HeLa cells have been treated with Neuraminidase
(a and b) or Abs against JAM-A (c and d) or/and integrin b1
(e and f and g and h, respectively) or incubated without treat-
ment (Ctrl). Cell induced tearing of biotin-NeutrAvidin immo-
bilized reoviruses is plotted for each cell for eight individual
experiments.
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Figure A.4: Uptake of reovirus particles from the apical versus basolateral
side. Percentage of reoviruses internalized into HeLa cells
from the apical side were analyzed by confocal microscopy
5, 10, 30 and 60min after addition of soluble reoviruses (see
Section 7.5.2). Internalization from the basolateral cell-side of
biotin-NeutrAvidin immobilized reoviruses was determined at
the indicated time points after initial cell spreading with respect
to the local concentration of reoviruses in the background (see
Section 7.4).
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Figure A.5: Western blot of U373 CLT KO cells. U373 cells were transformed
by CRISPR/CAS9 and checked for deletion of CLT A and B by
Markus Mukenhirn (lab of Dr. Steeve Boulant, Heidelberg Uni-
versity and DKFZ).
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Figure A.6: Virus uptake kinetics upon inhibition of dynamin or clathrin
light chain. U373 wildtype cells (Ctrl, black), or cells overex-
pressing the dynamin mutant K44A (turquoise), or with a dou-
ble knockout of clathrin light chain (CLT A&B KO, red) were
seeded on biotin-NeutrAvidin immobilized reovirus particles.
Relative number of reoviruses underneath the cells over time
with individual two phase decay-fits.
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