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Chapter 1

Introduction

A cell is a highly organized, dynamic system assembled from various molecular components. The
cytoskeleton, a polymer meshwork, is an essential part of the eukaryotic cell that maintains its
structural integrity. The following chapter introduces the structure and functions of cytoskeletal
filaments. The importance of the cytoskeleton in active processes such as cell division, migration
and adhesion is also explained. The chapter ends with an outline of the thesis, briefly describing
the contents of each chapter.
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1.1 The cell and its cytoskeleton

Figure 1.1: Schematic of a cell showing cytoskeletal filaments. Cells contain three types of
cytoskeletal filaments - microtubules, intermediate filaments and actin. Microtubules are
stiff biopolymers that span the entire cell. Intermediate filaments are commonly localized
close to the cell nucleus. Actin filaments form dense networks in the cortex, close to the
cell membrane. Filopodia and lamellopodia are protrusions of actin networks, important
for cell adhesion and migration. Figure adapted from Ref. 1

Cells can be described as highly complex and active living matter. Eukaryotic cells comprise a
scaffold of polymers, called the cytoskeleton, which is important for maintaining the structural
integrity of cells. The key feature of the cytoskeleton is that it shows highly dynamic re-
organization; yet maintaining order. The generation of a hierarchical complexity makes the
cytoskeleton an emergent system. Emergent properties are described as macrostate properties,
which arise from interactions of the underlying molecular components.

There are three classes of intracellular biopolymers - actin, microtubules (MTs) and inter-
mediate filaments (IFs)2 (see Fig. 1.1). These cytoskeletal polymers vary in their persistence
lengths over orders of magnitudes; largely differing in their mechanics and functionality. MTs
are rigid polymers that are responsible for intracellular transport and cell division. Actin is a
semiflexible polymer, which is crosslinked into networks and bundles. Actin plays a key role
in maintaining cellular structure and in cell migration. The third type of biopolymers are the
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intermediate filaments that also contribute to the mechanical properties of living cells. All the
polymer types show stochastic fluctuations in length, the origin of which lies in polymerization
and depolymerization of filaments.3–5 The global impact of variability in local arrangements of
cytoskeletal components is exploited in cellular functions.

The properties of cytoskeletal filaments, actin and MTs in particular, are the subject of
ongoing studies. Although the functioning of intermediate filaments is comparatively less stud-
ied, their role in the complex interplay of components in cells is nontrivial.6 However, in the
following sections we shall only focus on actin and MTs to comprehend the prominent influence
of these filaments on cytoskeletal dynamics.

1.2 Actin structure

Figure 1.2: Actin polymerization and crosslinking. (A) Helical actin filaments are polymerized
from G-actin monomers in presence of ATP. Hydrolysis of ATP to ADP results in asym-
metrical polymerization and depolymerization kinetics at the ends of the filament. This
results in a polar structure with a plus and a minus end, where monomers assemble at the
plus end and travel through the filament before dissociating at minus end. This process
is termed as ’treadmilling’. (B) The network architecture of a crosslinked actin network is
regulated by the type and concentration of crosslinkers. Low crosslinker concentrations
result in an isotropic, homogeneous network. Increasing the crosslinker concentration
results in bundles of actin when the crosslinkers are small. Composite clusters of actin
bundles are observed in the case of long and flexible crosslinkers.

Actin is a highly conserved protein found in abundance in eukaryotic cells. The monomeric
form of actin (G-actin) has a molecular weight of 42 kDa. G-actin, on binding of adenosine
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triphosphate (ATP), polymerizes into actin filaments (F-actin) under physiological salt condi-
tions, as shown in Fig. 1.2A. The polymerized actin filaments are helical, with a diameter of
approximately 10 nm and a mean length of 6-7 µm.7 The arrangement of subunits in a par-
ticular orientation effectively imparts polarity to the actin filaments.5 The presence of a plus
(barbed) end and minus (pointed) end results in a thermodynamically non-equilibrium state of
the polymer. Asymmetrical polymerization and depolymerization kinetics at the filament ends
arise from hydrolysis of ATP, which is bound to G-actin, to ADP. The ADP actin monomers
have a reduced binding affinity for the neighboring monomers. Therefore, the critical concen-
tration, which is the concentration of G-actin at which the polymerization and depolymerization
rates are equal, is significantly higher at the minus-end than at the plus-end of the filament.
The resultant phenomenon of ’treadmilling’ refers to the traveling of newly added monomers
along the filament from plus to minus end, where they dissociate.8

Mechanically, actin is a semiflexible polymer at physiological length scales, with a persistence
length of approximately 10 µm. The self organization of actin filaments into isotropic networks,
clusters or bundles is regulated by a range of crosslinking proteins called actin binding proteins
(ABPs), as shown in Fig. 1.2B. The association with different ABPs largely influence the
structure and integrity of actin networks.9 Functionally, actin maintains the cell shape and
plays an important role in cellular process such as adhesion and migration.

1.3 Microtubules

Microtubules (MTs) are another type of cytoskeletal filaments, which are highly stiff (persis-
tence length in mm) tubular polymers. Microtubules play an important role in cell division and
vesicle transport in cells.2 Structurally, they are hollow cylinders with a diameter of 25 nm,
assembled from molecular subunits called tubulin. The heterodimers of α and β tubulin poly-
merize in presence of nucleotide GTP to form a protofilament.11 The head-to-tail arrangement
of tubulin subunits renders polarity to the protofilaments; they consist of a plus and a minus
end. Microtubules typically consist of 13 or 14 protofilaments arranged in parallel with the same
polarity,12 as shown in Fig. 1.3.

The varying polymerization and depolymerization kinetics at ends of MTs make them non-
equilibrium polymers. During polymerization process, hydrolysis of the β tubulin bound GTP
to GDP reduces the binding constants, thereby destabilizing the MT. The subsequent depoly-
merization and shrinkage of the MT is called catastrophe. A phenomenon called ’rescue’, in
which GTP bearing dimers form a cap on the filament can prevent the catastrophe process.13

The rapid switching between phases of growth and shrinkage is called dynamic instability of
microtubules.

These special properties of microtubules are relevant for their biological function. Polarity
is essential for vesicle transport, as molecular motors traverse MTs in a specific direction. The
dynamic instability of MTs is especially important in spindle formation during cell division.
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Figure 1.3: Microtubule polymerization and dynamic instability. (A) Heterodimers of α and β
tubulin polymerize, on binding of GTP, to form a protofilament. Typically, 13 protofil-
aments are arranged in parallel to form a microtubule, which is a hollow cylinder of 24
nm diameter and a length in tens of µm. (B) During the polymerization process, the
GTP, which is bound to β tubulin, is hydrolyzed to GDP. This results in destabilization of
the microtubule and subsequent depolymerization, termed ’catastrophe’. A phenomenon
called ’rescue’, in which GTP bearing dimers form a cap on the filament can prevent
the catastrophe process. The rapid switching between phases of growth and shrinkage is
called dynamic instability of microtubules. Figure adapted from Ref. 10.
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1.4 Role of the cytoskeleton in cellular processes

The importance of actin in cell mechanics has been demonstrated by treatment of cells with
drugs that specifically target the actin cytoskeleton. Drugs such as latrunculin or cytochalasin
D, which depolymerize actin filaments, result in a decrease of the cellular rigidity and affect
cell migration.1,14–17 It was found from these experiments that the major contributor to cellular
elasticity is the cortical layer of entangled and bundled actin below the membrane.18,19

Actin also plays an important role in the cellular processes of adhesion, as shown in Fig. 1.4A,
B. Cells adhere to a substrate through multimolecular assemblies called focal adhesions.20,21

Focal adhesions are the intracellular linkages between actin cytoskeleton and integrins, which
further connect the cell to the extracellular matrix. They can transmit as well as respond
to mechanical forces. Quantification of forces (pN range) transmitted at the cell-substrate
interface has been the focus of many cell adhesion studies.22–24 Filopodia, which are membrane
bound extensions of tightly bundled actin filaments that protrude from the cell, are known to
mediate the search for new adhesion sites of a cell to its extracellular matrix.25,26

Apart from cell adhesion, filopodia are also important for cell migration, in conjunction with
another flat extended actin network protrusion, the lamellopodium.27,28 The mechanism of cel-
lular locomotion by crawling is based on breaking cell symmetry by generating a ’front’ and a
’rear’ (see Fig. 1.4C). The polymerization of actin at the leading edge of the cell results in push-
ing forces that propel the cell forward. This is accompanied by detachment of focal adhesions
at the rear end of the cell through contractile forces generated by myosin II motors.29–31

While actin plays a pivotal role in cell mechanics, adhesion and migration, microtubules are
imperative for the process of cell division. The spindle apparatus, formed during cell division,
consists of microtubules that are spatially organized and oriented by molecular motors and
various microtubule binding proteins,32,33 as shown in Fig. 1.4E, F. The mitotic spindle is
responsible for the segregation of chromosomal DNA with forces in the nN-range.34 This is
achieved through a combination of two types of active forces. The first one is a pushing-pulling
force arising from polymerization-depolymerization of microtubules.35–37 Another type of force
is the sliding force generated by motors between the microtubules.38–40

It must be emphasized that the functionality of cytoskeletal polymers is intertwined with
each other. Although the roles of actin or MTs may be individually dominant in a particular
process, the overall smooth functioning of cellular processes is not devoid of interactions between
the cytoskeletal filaments. For instance, cell migration is largely an actin dependent process.
However, MTs are essential for motility in growth cones of neuronal cells. In fact, the interaction
of MTs with actin in the peripheral region of the growth cones is crucial for path finding in the
cone,10,41,42 as shown in Fig. 1.4D. On similar lines, cell division is also not a solely microtubule
dependent process. Actin and myosin motors form a contractile ring at the equator of the cell
that separates the two daughter cells during the last step of division43 (see Fig. 1.4E, F). It
is therefore imperative to comprehend that there is an intricate mechanical and biochemical
interplay between these biopolymers in cells.41 Although the fundamental nature of this crosstalk
is not completely understood, it is clear that the cytoskeletal filaments cannot be treated as
unrelated separate entities of a cell.
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Figure 1.4: Dynamic cellular processes. (A) Schematic of a cell adhered to a 2D substrate. The
actin cytoskeleton is connected to the substrate through multimolecular assemblies called
focal adhesions and integrins. (B) Fluorescently labeled human mesenchymal stem cell
adhering to glass showing actin cytoskeleton in red and focal adhesion contacts in green
and yellow (permission Florian Rehfeldt). (C) Schematic of a crawling cell. Actin poly-
merizes at the leading edge, which propels the cell forward. This is accompanied by
detachment of focal adhesions at rear end of the cell through contractile forces gener-
ated by myosin II. (D) NG-108 15 neuronal cell showing growth cones. Microtubules
play an important role along with actin in the migration of neuronal growth cone. Actin,
shown in red, forms the lamellipodium and filopodia of the cone and MTs (green) explore
the periphery of the growth cone to target adhesion sites. Scale bar is 10 µm. Figure
adapted from Ref. 1. (E) Schematic of the last phase in cell division. Spindle fibres,
formed from microtubules, pull the chromosomal DNA towards the opposite poles. A
contractile ring consisting of actin and myosin II motors is formed in the centre of the cell
that eventually separates the daughters cells. (F) Cytokinesis in cell with actin labeled
in red, microtubules in green and DNA in blue. Image adapted from Ref. 1.
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1.5 Outline of thesis

The elastic properties of cells have been measured using different methods such as optical
tweezers, atomic force microscopy (AFM), magnetic bead cytometry and micropipette aspira-
tion, to name a few.18,44–48 The observed values of cellular rigidity were found to be sensitive to
several parameters such as the method of measurement, geometry of cells, sample preparation
and most importantly, the extracellular environment.49 It is now known that cells respond to the
stiffness of the substrate by reorganization of their actin cytoskeleton and changes in internal
stresses, which in turn influences their own stiffness.50 A striking example are fibroblasts, which
were shown to modulate their stiffness according to substrate rigidity, within a stiffness range
spanning that of soft tissues.51 The most drastic and convincing case is the differentiation of
stem cells into neurons, muscles or bone cells, depending on the stiffness of the substrate.52

The implication that cell adhesion and mechanics are interdependent processes governed by the
feedback loop of the cytoskeleton is crucial in understanding both the topics. This led to studies
on quantification of forces exerted at the cell-substrate interface. The field of mechanosensing
has made enormous progress from measuring coarse-grained cellular traction forces using beads
embedded in soft substrates to advanced force-sensor designs capable of measuring forces on
single molecule level. The next step is to extend the current research to include investigation of
dynamic cellular processes such as migration and division in a unified fashion. So far, we lack
a tool that can be commonly applied for quantifying forces in multiple cellular processes. To
realize this, we have developed a DNA-based force sensor that can bind to cytoskeletal filaments
in cells, sensitive to forces in range of few pN. Chapter 2 covers a detailed account of progress
in the field of force sensing, followed by the design and working of the DNA force sensor.

The intricate design of processes from a plethora of biochemical components in cells can be
overwhelming and complicated to reproduce. Isolated, reconstituted systems have, therefore,
proven to be useful experimental systems. The number of components can be minimized
for a bottom-up approach and also precisely controlled in many parameters. Investigation of
reconstituted actin networks, for instance, gave a good macroscopic overview on the types
of actin networks inside cells. The network architecture was shown to highly depend on the
type and compliance of crosslinking proteins.9 The nonlinear mechanical properties of actin
crosslinked with a compliant crosslinker in vitro closely resembled those of living cells.53 In
the spirit of understanding the complex nature of cytoskeletal networks, we study mechanics
of artificially crosslinked composite networks. Another advantage of this approach is that it
can be easily implemented in silico, allowing us to extrapolate information about local stresses
to experimental systems. Chapter 3 describes the process of assembling crosslinked composite
networks and elaborates on rheological methods used for investigating the same.

The accomplishments from in vitro experiments increasingly add new pieces of the puzzle
to our knowledge. However, a caveat in these systems is that they cannot fully mimic cellular
response, in particular, the numerous internal feedback mechanisms in cells. How does one
solve the paradoxical situations of a simpler, reductionist approach at the risk of losing valuable
information against a highly complex system that proves to be difficult to comprehend? We
need to find a fine balance of both approaches; understanding isolated parts of processes in
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vitro and simultaneously testing in vivo to fill the gaps. Therefore, we tested our DNA-based
force sensor in in vitro cytoskeletal networks as well as inside cells. The in vitro experiments are
described in Chapter 2, while the experimental trials of introducing the force sensor in human
mesenchymal cells (hMSCs) are discussed in Chapter 4.

Chapter 5 includes a general discussion of the experiments and an outlook for follow-up
studies.

The biochemical protocols and other methods are elaborated in Chapter 6.
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Chapter 2

DNA force sensors

Current advances in force sensing techniques have now made it possible to measure forces
in the pN range in vivo. Upcoming DNA-based force sensor designs offer many advantages
over traditional protein-based FRET sensors; flexibility in sequence and length giving multiple
possible structures and accessibility to a broad force range, to name a few. This chapter begins
with an account of progress in the field of cell mechanics and force sensing in cells over the past
few years. We elaborate on the material properties of DNA that make it an optimum candidate
in designing a force sensor. We then describe in detail the design of our DNA force sensor,
along with control experiments that validate its working. In the later part of the chapter, we
explore possibilities of force application on the sensor in different systems including isolated,
immobilized DNA as well as in artificial cytoskeletal networks.
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2.1 Advances in the field of force sensing

The demonstration of traction forces that are exerted by cells as a function of its structure
and shape modulation, congruent to the classical biochemical cues, was depicted by culturing
cells on soft and deformable silicone substrates.1,2 The discovery that mechanical cues influence
interactions of cells with their surrounding matrix introduced the field of cell mechanics. Ad-
vanced methods have since been developed for quantitatively measuring traction forces. Some
of them include embedding beads in substrates, using deformable patterns or micro-posts, thus
enabling force measurements in the nN range.3–6

In the past few years, increasing efforts have been made to increase the accuracy of force
measurements in cells down to the pN range. Incorporating fluorescent dyes in force sensors is a
lucrative option as it combines intuitive, qualitative visualization of fluorescence with quantifi-
cation of forces. Thus, a range of force sensors were introduced, principally based on distance
dependent fluorescence resonance energy transfer (FRET) between two dyes.

The design of the first such molecular sensors was primarily based on protein manipulation.
Typically, a flexible protein domain was inserted between a FRET pair and genetically encoded
with specific proteins of interest. One of the noteworthy examples of protein-based force
sensors was insertion of a tension sensor module in vinculin to quantitatively investigate its
role in focal adhesions.7 The authors could quantify forces across vinculin with pN resolution,
contributing largely to our understanding of focal adhesion dynamics. Along similar lines,
another set of experiments fused a casette of FRET pair, separated by an alpha helix, with
α-actinin and expressed it in human cells. The work showed stress changes in α-actinin under
various conditions such as cell migration, increased cell contractility with thrombin and osmotic
changes.8,9 Another application of a protein-based fluorescence sensor includes visualization of
the force distribution on integrins with single molecule sensitivity.10

On parallel lines of research, other works explored new designs of force sensors, mostly based
on DNA. The ’tension gauge tether’ (TGT) was an important development that exploited the
dependence of the rupture force of double-stranded DNA on the position of force application.11

By utilizing different force geometries from unzipping to shearing of DNA strands, a force range
from 12-56 pN was available for measuring the forces exerted on integrin-ligand receptors.
Building on this foundation, more DNA-based sensor designs were introduced with additional
features such as high spatio-temporal resolution. DNA hairpins incorporating a fluorophore-
quencher pair were used as elegant sensors for measuring single integrin forces.12,13

The latest developments in force sensors have now made it possible to measure forces at the
scale of single molecules. However, measuring tension across integrins to reveal the intricate
details of cell adhesion to substrates remains prime focus of most experiments. This limits
force sensing to a 2D level while ignoring the intra and inter-filament interactions between
cytoskeletal filaments, which are the main force generating machinery inside cells.14–16 Also,
the forces involved in cellular processes such as adhesion, migration or division have been studied
individually.5,17–19 What is missing, however, is a general force sensor as a tool to investigate
multiple processes, giving a broad overview of cellular functioning.

Our goal was to bridge this gap by designing a DNA-based force sensor for 3D force sensing
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in cells. The sensor can be attached to cytoskeletal filaments, mainly actin and microtubules,
to measure interactive forces between biopolymers. Finally, the spatial information of force
distributions can be utilized to realize a coarse-grained stress map of the cell.

2.2 DNA structure

Figure 2.1: Structure of double-
stranded DNA.

Prior to elaborating on the concept of a DNA-based force
sensor, it is first important to understand the structural
properties of DNA that make it such an interesting material
in general and, as a component of force sensor, in particular.

DNA stands for deoxyribonucleic acid. It is a biopoly-
mer responsible for encoding genetic information in cells.
Fig. 2.1 shows the structure of DNA, consisting of two com-
plementary strands wound around each other to form a dou-
ble helix.20 Each strand is composed of a deoxyribose sugar
phosphate backbone and 4 nucleotide bases - adenine (A),
thymine (T), cytosine (C) and guanine (G). The nucleotide
bases pair with each other with high specificity; adenine
with thymine (A-T) and cytosine with guanine (G-C). A
complementary DNA sequence refers to matching sequence
of bases on two strands such that they can pair together.
The length between two base pairs is known to be around
0.33 nm. Therefore, DNA of desired length can be gener-
ated with high precision by controlling the number of base
pairs.

The mechanical properties of DNA have been extensively
studied and are well characterized. DNA is a flexible polymer
with a persistence length of approximately 50 nm and best
described by the worm like chain (WLC) model.21,22 The
strand separation forces of double-stranded DNA have also
been quantified and are known to depend on a number of factors; an example being GC content
of the sequence. The hydrogen bonds between the base pairs maintain the double-stranded
structure of DNA. As guanine interacts with cytosine through three hydrogen bonds while
adenine and thymine have only two, DNA with high GC content requires larger mechanical
forces for strand separation.23

Thus, we have a monodisperse material with precise length control and well characterized
mechanical properties that can be easily manipulated to form different structures, based on
its specificity to complementary sequences. These properties make DNA a perfect building
block for novel structures and designs. The field of DNA origami, as it is popularly called, has
found wide applications in the past decade.24–26 The following section gives the advantages of
choosing DNA as a candidate for designing a force sensor over traditional protein-based sensors.
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2.3 Advantages of a DNA-based force sensor

There are certain important criteria that need to be considered in designing a molecular force
sensor. First and foremost, it should easily self-assemble with high efficiency and minimum
errors. DNA strands have been shown to self-assemble into 3D structures under hybridization
conducive environment. The assembly process is in order of few seconds and the yield can be
as good as upto 95% .27 The flexibility of having a vast array of possible designs based on DNA
sequences gives DNA-based designs an advantage over protein-based constructs.

Figure 2.2: Mechanisms of separation of complementary DNA strands. (A) Applying forces
on same end of DNA in opposite direction results in unzipping of DNA. (B) Pulling on
opposite ends of DNA requires relatively high rupture forces than unzipping of DNA.

Another desirable property of a force sensor is that it should be possible to access a broad
range of forces, without modifying the design in a major way. Protein-based sensors, for
instance, are limited to a force range of approximately 2-6 pN, rendering them useless in certain
biological processes where forces exceed 50 pN.11,13 On the contrary, DNA sensors can be
easily manipulated to generate various sensor designs that respond to different forces. This can
be achieved through several mechanisms. It is known that the unbinding forces required for
separation of double-stranded DNA vary depending on the length, temperature or GC content
of the sequence.23,28–31 Also, strand separation forces vary largely depending on the mechanism
of pulling.23,32 A simple way of understanding this concept is to imagine a DNA duplex of
complementary strands with forces exerted at its ends. Applying forces in opposite directions
from same end of the duplex results in unzipping of DNA and requires relatively small force for
strand separation, as shown in Fig. 2.2A. On the other hand, shearing the DNA by pulling the
strands from opposite ends will require a larger force, as shown in Fig. 2.2B. Therefore, the
same design of DNA sensor can be fine tuned to measure over a broad force range by simply
modifying the nature of sequence or the force application geometry. A recent study showed
rupture forces for a 21 bp DNA strand to span a range between 12-56 pN, based on the force
application geometry.11

Lastly, the possibility of introducing the force sensor into cells while it maintains its structure
and function is a vital prerequisite in our experiments. Although the introduction of foreign DNA
might trigger cellular defense mechanisms, experiments have shown DNA tetrahedra complex
to remain intact in mammalian cells for 48 hrs without degradation.27,33 Therefore, DNA force
sensors can be expected to survive in cells over the duration of measurements.
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In the above section we have discussed the advantages of DNA as a force sensor. As we
inch a step forward in designing a DNA-based force sensor, we exploit FRET mechanisms to
have a reliable visual readout from our sensor. The underlying principles of FRET are described
in the following section.

2.4 Fluorescence resonance energy transfer (FRET)

Figure 2.3: Mechanism of FRET. (A) Jablonski diagram showing energy state transitions in FRET.
Blue, green and red vertical arrows represent the absorption and emission transitions
and wavy yellow arrows show vibrational relaxation. The dashed lines show the energy
transitions if the process would be photon-mediated, while the violet arrow indicates
transfer of excited state energy from donor directly to the acceptor without emitting a
photon. (B) Example of a FRET pair showing spectral overlap, where J(λ) is the overlap
integral. Figures adapted from www.microscopyu.com webpage.

Fluorescence (or Förster) resonance energy transfer, originally developed by Theodor Förster,
is a mechanism that occurs between two fluorophores in close proximity.34 In FRET, one flu-
orophore (donor) transfers its energy, on excitation, to a neighboring fluorophore (acceptor)
in a non-radiative fashion. Non-radiative means that there is no emission of photons from
the excited fluorophore. Fig. 2.3A shows a Jablonski energy diagram that illustrates energy
transitions between the donor emission and acceptor absorbance in FRET. The acceptor fluo-
rophore, excited via energy transfer from donor, undergoes emission resulting in a fluorescence
signal. The distance dependent dynamics are monitored as intensity changes in donor as well
as acceptor channels. However, it is not necessary to have a fluorophore as an acceptor. Dark
quenchers, which return to ground state through non-radiative decay, can also be used as per
experimental requirements.35 In this case, we detect the fluorescence fluctuations of the donor
itself.

There are two basic conditions required for FRET in dye molecules. First, that the absorption
spectrum of the acceptor must overlap with the emission spectrum of the donor. A measure
of spectral overlap is given by the overlap integral J(λ), as shown in Fig 2.3B. Secondly, the
separation distance between the dyes should be between 1-10 nm. This is important as the
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energy transfer is highly distance dependent and varies as the inverse sixth power of the distance
between the two dyes. The equation is given by,

EFRET =
1

[1 + (r/R0)6]
, (2.1)

where E is the FRET efficiency, r is distance between the two molecules and R0 is the
characteristic distance when the FRET efficiency is 50 percent.

An important advantage of FRET is that it gives spatial information regarding two molecules
with a much higher resolution than conventional fluorescence microscopy techniques. It has
therefore been applied in diverse studies such as protein unfolding, protein-protein interactions
and co-localization.36,37 As described in Section. 2.1, FRET has gained popularity in force sensor
designs due to the simple fluorescent readout of a structural change, following an application
of force.

Having laid the foundation of the desirable parameters for an optimum sensor design, we
describe the actual design and working principle of our construct in the following section.

2.5 Design of the DNA force sensor

We chose a simple DNA hairpin structure as the basis of our force sensor. It consists of a 72
bases long DNA strand that folds over itself to form a hairpin of 8 bp stem and 16 bp loop
region. Complementary strands to arms of the hairpin are 20 bases each in length. Sequences of
DNA strands were designed online on NUPACK webpage and obtained commercially (Integrated
DNA Technologies, Leuven, Belgium).38 The unfolding forces of DNA hairpins for a given set
of parameters such as length, temperature, GC content are well characterized.39–41 Therefore,
we can estimate forces for unfolding our DNA hairpin sensor to be approximately 10 pN.13,41

The next step was to incorporate a FRET pair in the sensor, such that unfolding of hairpin
results in a visually detectable change in fluorescence. In our sensor, we use a FRET pair
consisting of a fluorophore, Alexa 488 and a quencher, Iowa black dark quencher. A dark
quencher, as described in Section. 2.4, allows energy transfer from the fluorophore but does not
emit any fluorescence. Therefore, a quenched fluorophore results in a ’dark’ or low fluorescence
state of the sensor.

The two main sensor designs can be categorized as reversible or irreversible. Each of these
designs is described in detail below. For the sake of convenience, the strand with fluorophore
and the quencher will be referred to as F and Q, respectively. The hairpin strand will be denoted
as H, the control strand as C. The mechanism of control strand differs with the type of sensor
and will be explained while describing each of the relevant sensor.

2.5.1 Irreversible sensor

The design of the irreversible sensor is shown in Fig.2.4A. It consists of a self-assembled 72
bases hairpin, as described above. An additional pair of DNA strands, F and Q, also form a
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Figure 2.4: Schematic of irreversible DNA sensor. The basic design is a DNA hairpin and an
additional pair of strands incorporating a fluorophore-quencher pair. Ends of sensor
are modified with thiols for attachment to substrates or cytoskeletal filaments. (A)
Closed configuration of DNA hairpin keeps the fluorophore (F) and quencher (Q) strands
together. (B) Opening of hairpin on application of force (approximately 10 pN) reveals
a complementary sequence for F strand. This causes displacement of F strand from Q
strand and thereby gives an increase in fluorescence. The sensor is irreversible as the
hairpin remains open even after stress relaxation.

part of the sensor. F strand has 16 bases and consists of a fluorophore, Alexa 488, at one
end. Q strand is complementary to F, but is shorter (8 bases) and has a dark quencher, Iowa
black, at its end. The sequences of strands F and Q are such that F is also complementary
to the hairpin stem and loop. As long as the hairpin is closed, F strand remains hybridized
with Q strand. However, when the hairpin unfolds due to an external force, it will expose
the complementary sequence to F strand. This results in an energetically favorable strand
displacement reaction, in which Q strand is displaced, as shown in Fig. 2.5B. This results in an
increase in the fluorescence intensity. Thus, we have a bright on-state of unfolded hairpin and
dark off-state of folded hairpin.

The ends of the complementary strands to the arms of the hairpin are modified with a thiol
(SH) group. This is useful for attachment of the sensor to cytoskeletal filaments or substrates,
as described in later sections.

Control experiments

Fig. 2.5 shows the hybridization and displacement of F and Q strands in bulk experiments in a
spectrophotometer. DNA strands, F, Q and C, were added sequentially to hybridization buffer
in a cuvette (100 µl) such that the final concentration of each strand was 25 nM. Samples
were excited at a wavelength of 494 nm and maximum emission was recorded at 520 nm.
Fluorescence intensity of F strands showed approximately 3-fold decrease on hybridization with
Q strands. A control strand (C) was designed such that it has the same sequence as the
stem and loop of the hairpin. Therefore, the control strand is perfectly complementary to the
F strand. Addition of the C strands resulted in an energetically favorable displacement of F
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Figure 2.5: Control experiments on irreversible sensor. DNA strands, F, Q and C were sequen-
tially added in a hybridization buffer such that the final concentration of each strand
was 25 nM. The fluorescence was measured with a spectophotometer at a maximum
emission wavelength of 520 nm and excitation wavelength of 494 nm. Fluorophore (F)
strands were added to measure maximum intensity, followed by the addition of quencher
(Q) strands. Quenching results in a drop in the fluorescence intensity, which recovers
on addition of control strands (C). Sequence of the control strand resembles part of the
hairpin sequence that is complementary to the F strand, thus displacing it. Schematic
of F, FQ and FQC strands is shown on the right.

strands from Q strands, resulting in an increase in the fluorescence intensity. The fluorescence
does not completely recover to its original value within the time duration of the experiment, as
all the reactions are diffusion limited.

The displaced F strand remains hybridized with a part of the hairpin. Thus, the sensor
cannot refold on stress relaxation, making it irreversible. An advantage of irreversible sensor is
that we can detect the signal for fast dynamic processes even after relaxation.

2.5.2 Reversible sensor

Although an irreversible sensor has certain advantages, an ideal sensor must be applicable
to studying dynamic processes. Therefore, we designed an alternative reversible force sensor.
Fig. 2.6 shows the basic design, which consists of a hairpin of 72 bases with thiol modified ends
on complementary strands of its arms. In this sensor design, the fluorophore and quencher are
attached to interior ends of arms of the hairpin. Unfolding of hairpin on force application will
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Figure 2.6: Schematic of reversible DNA sensor. The basic design is a DNA hairpin incorporating
a fluorophore-quencher pair. Ends of the sensor are modified with thiols for attachment
to substrates or cytoskeletal filaments. (A) Closed configuration of DNA hairpin will have
low fluorescence due to FRET between fluorophore and quencher. (B) Applying forces
(approximately 10 pN) at ends of the sensor results in unfolding of the hairpin, which
increases distance between the FRET pair. An open configuration of DNA hairpin, thus,
corresponds to higher fluorescence than closed configuration. The sensor is reversible as
the hairpin closes after stress relaxation and can undergo multiple on-off cycles.

Figure 2.7: Control experiments on a reversible DNA sensor. DNA sensor was assembled by
mixing H, F and Q strands in a hybridization buffer such that the final concentration of
each strand was 25 nM. The fluorescence was measured with a spectrophotometer at a
maximum emission wavelength of 520 nm and excitation wavelength of 494 nm. Closed
state of DNA sensor corresponds to a basal fluorescence intensity. Addition of control
(C) strands, which are complementary to stem as well as loop of hairpin, unfold the
hairpin resulting in an increase in fluorescence. A schematic of HFQ and HFQC strands
is shown on the right.
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result in an increase in the fluorescence intensity, as shown in Fig. 2.6B. An important feature
of this sensor is that the hairpin can refold on relaxation of an applied force. Thus, the sensor
can reversibly switch between folded and unfolded states, allowing us to monitor multiple on-off
cycles until the fluorophore bleaches.

Bulk control experiments

Fig. 2.7 shows control experiments of the reversible sensor measured with a spectrophotometer,
similar to those of the irreversible sensor. DNA sensor, HFQ, was assembled by mixing H, F
and Q strands in a hybridization buffer such that the final concentration of each strand was
25 nM. Emission scans of the sensor in its folded configuration were measured at an excitation
wavelength of 494 nm. Although the hairpin is in its ’off-state’, there is basal level fluorescence
depending on efficiency of quencher and due to the fraction of unhybridized F strands. A control
(C) strand, which is complementary to stem and part of the hairpin loop, was then added to
HFQ. Competitive binding of the control strand to the sensor forms the HFQC complex, resulting
in unfolding of the hairpin. The resultant increase in fluorescence successfully demonstrates the
working principle of the reversible sensor in a bulk solution.

Single molecule control experiments

Control experiments demonstrating working of the construct were also performed at a single
molecule level. 1 nM of HF and HFQ were spin coated on a plasma cleaned coverslip at 8000
rpm for 40 s. The scan pixel size was 100 nm with a pixel dwell time of 5 ms. Fig. 2.8 shows
the intensity scans from a commercial confocal system Microtime 200 (PicoQuant, Berlin,
Germany). Scans of immobilized HF show clearly visible single molecules in Fig. 2.8A. The
quenched HFQ scans, however, have much a weaker intensity as seen in Fig. 2.8B. We identified
single molecules from the images using a 2D Gaussian model and then plotted the histograms
of the maximum intensity pixel for each molecule. Fig. 2.8C, D show histograms of 288 and 71
identified HF and HFQ molecules, respectively. The average of the distributions are 211 and
65 photons per pixel, respectively.

2.6 Immobilized force sensor experiments

The next step was to demonstrate unfolding of hairpins in response to externally applied forces.
We began with a simple system of immobilizing DNA on a surface, which would then be
subjected to forces. The advantage of this system is its minimum complexity, as we work with
a single component. These experiments would also be useful in verification of the force range
required for unfolding hairpins.

Plasma cleaned coverslips were silanized and coated with sulfo-SMCC to bind thiol modified
DNA following a protocol described in detail in Chapter 6. A schematic of the coating protocol
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Figure 2.8: Single molecule controls of DNA sensor. Confocal scans of immobilized (A) HF
strands and (B) HFQ strands show clear differences in the fluorescence intensity after
quenching. (C) and (D) represent histograms of maximum photon counts per pixel from
the identified 2D Gaussian single molecule patterns from (A) and (B), respectively.

is shown in Fig. 2.9A. The binding specificity of the coated coverslip was tested by spotting
different DNA strands such as HF, HFQ, HFQC and washing thoroughly. F strand with biotin
modification, instead of thiol, was also spotted as a negative control. Fluorescence microscopy
(data not shown) revealed that the biotinylated strand was almost completely washed off, while
the thiolated DNA remained attached to the surface. This verified the specificity of the coated
coverslip for thiol modified DNA. For certain experiments the coverslip was then attached to a
sticky-Slide I Luer (Ibidi GmbH, Martinsried, Germany) with a channel height of approximately
100 µm.

We confirmed immobilization and in situ hybridization of DNA strands with the following
experiment. HF strands were spotted on coated coverslip and images were recorded in an
epifluorescence microscope. Q strands were flushed into the channel and washed after 1 hr
of incubation. Images of the same spot were recorded and the procedure was repeated af-
ter flushing in control strands. Fluorescence intensities from images of HF, HFQ and HFQC
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Figure 2.9: Immobilization of thiolated DNA on coated coverslips. (A) Plasma coated coverslips
were silanized with APTES, followed by sulfo-SMCC treatment. Biotinylated HF, thiol
ended HF, HFQ and HFQC strands were spotted on coverslip and enclosed in a 100 µm
channel. (B) Hybridization of immobilized DNA is demonstrated by spotting thiolated
HF strand and sequentially adding Q and C strands. Images were recorded after 1 hr on
addition of each type of strands. Intensities show quenching and recovery of fluorescence
after flushing in Q and C strands, respectively. Error bars show standard error of mean.

strands are shown in Fig. 2.9B. Quenched HFQ strands showed reduced fluorescence intensity
in comparison to HF strands. The addition of control strands (HFQC) resulted in an increase
in the fluorescence intensity. This was consistent with our observations from bulk experiments
in spectrophotometer. Thus, we could confirm that DNA was successfully immobilized and
capable of hybridization with complementary strands in its immobilized state.

The next step was to unfold the immobilized hairpins using external force and record the
corresponding changes in fluorescence. We tested various methods of force applications in
parallel for the same; elaborated below. The reversible DNA sensor was used in all the following
experiments, unless mentioned otherwise.

2.6.1 Magnetic beads experiments

A quick and easy method of exerting forces was to use a magnet to pull on magnetic beads
attached to the DNA sensor. Streptavidin coated magnetic beads were obtained commercially
as Dynabeads M-280 Streptavidin (Life Technologies GmbH, Darmstadt, Germany). Fig. 2.10A
shows a schematic of the experimental set-up. HF strands were immobilized on coated coverslips
and hybridized with biotinylated Q strands. The streptavidin coated magnetic beads were then
attached to the immobilized DNA sensors. A small magnet was brought in vicinity of the
coverslip, while simultaneously recording images. The presence of magnet resulted in visible
movement of beads, except the few which remained strongly adhered to the substrate. However,
the beads showed a strong autofluorescence at an excitation wavelength of 494 nm, which
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Figure 2.10: Magnetic beads to pull on immobilized DNA sensors. (A) Streptavidin coated
magnetic beads were incubated with immobilized HFQ strands (Q strands with modified
biotin ends). Beads were subjected to magnetic forces using a small board magnet. (B)
Magnetic beads were autofluorescent at the excitation wavelength of the sensor, which
probably masked any changes in the fluorescence intensity given by opening of the
hairpins.

Figure 2.11: AFM experiments on immobilized DNA sensors. (A) An AFM cantilever tip was
coated with neutravidin and interacted with HFQ (biotinylated Q) strands that were
immobilized on a coverslip. (B) A representative force curve was measured in contact
mode with an indentation force of 300 pN, waiting time of 1 s and retraction distance
of 500 nm. The tip reacts non-specifically with the surface resulting in large forces
during retraction; possibly ripping the immobilized DNA strands off the surface.
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overlaps with the spectrum of fluorescent DNA, as shown in Fig. 2.10B. Thus, any fluorescence
from opening of hairpins due to movement of beads would be masked and difficult to detect in
presence of the autofluorescent beads.

2.6.2 AFM experiments

Another strategy was to apply forces on immobilized DNA sensor using atomic force microscopy
(AFM). AFM has been commonly used to determine ligand-protein interaction forces by us-
ing functionalized cantilever tips.42–45 In our experiments, we used neutravidin functionalized
cantilever tip to pull on biotinylated DNA strands, as described below.

HFQ complex was hybridized in a final concentration of 1 nM using F strand with thiol
modification at end, hairpin and quencher strand with biotinylated end. The strands were
immobilized on a sulfo-SMCC coated coverslip. The cantilever (Olympus Biolever RC150VB)
was coated with neutravidin using a protocol described in Chapter 6. Schematic of experimental
set-up is shown in Fig. 2.11A.

Experiments were performed on a MFP3D AFM set-up (Asylum Research, Santa Barbara,
CA) combined with a TIRF microscope. The details of the experimental set-up are described
elsewhere.46 The TIRF microscope was equipped with a CFI Apochromat TIRF 100x lens (Nikon
GmbH, Düsseldorf) and an Andor DL-658M-OEM (Andor Technology, Belfast, UK) camera.
Samples were excited with a 488 laser and images were recorded with an exposure time of
0.1 s. We operated AFM in contact mode with an approach force of 300 pN, waited for 1 s
and retracted the cantilever for 500 nm at a velocity of 1 µm/s. A representative force curve
obtained at these settings is shown in Fig. 2.11B. As seen from the force retraction curve, the
cantilever tip adhered to the surface with non-specific interactions. Detachment of tip from
the surface required a large force (approximately 500 pN) that probably also resulted in ripping
off the immobilized DNA strands from the surface.

We also experienced problems in optimizing concentration of DNA strands for our exper-
iments. As seen from bulk experiments, quenched DNA shows some basal level fluorescence.
High concentration of immobilized DNA resulted in a large background signal in the TIRF mi-
croscope, making it difficult to detect any changes in fluorescence. Low concentration of DNA,
on the other hand, resulted in reduced number of hairpins that could interact with the AFM
tip.
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2.6.3 Flow experiments

Figure 2.12: Shear flow to unfold DNA hair-
pins. Silica beads of 5 µm diameter
were coated with neutravidin and at-
tached to biotin ends of Q strand on
an immobilized HFQ complex. The
DNA strands with attached beads
were enclosed in a 100 µm high
channel. A syringe pump was used
to flow buffer into the channel at a
constant flow rate.

Lastly, we used shear flow in a microfluidic
chamber to apply forces on DNA hairpins.
HFQ strands; thiol modified F strands and Q
strands with modified biotin ends were spot-
ted on a coated coverslip. Silica beads of
5 µm diameter were coated with neutravidin
and then incubated with immobilized HFQ
strands to allow interaction of streptavidin
with biotinylated ends of Q strands. Inclu-
sion of beads was necessary to ensure suffi-
cient shear forces on the construct. This is
because DNA is small in size, with a maxi-
mum contour length of approximately 25 nm.
As the flow velocity close to the surface is neg-
ligible, the hydrodynamic forces at surface of
the chamber would be insufficient to open the
hairpins. DNA strands, along with attached
beads, were enclosed in a 100 µm channel
with sticky-Slide I Luer (Ibidi GmbH, Martin-
sried, Germany). A syringe pump (Harvard
Apparatus, Holliston, MA, USA) was used to
maintain a fixed flow rate. We tested a wide
range of flow rates and yet did not observe an
increase in fluorescence intensity of the DNA sensors.

In this chapter, we discussed the need for novel 3D force sensor designs to explore force
sensing and stress mapping in cells. DNA-based force sensor designs provide various advan-
tages over protein-based ones; most importantly, flexibility in designs and possibility to detect a
broad force range. We have, to this end, designed a simple DNA-based hairpin sensor incorpo-
rating a FRET pair to give a visual output on application of force. We could also successfully
demonstrate working of our sensor with control experiments in bulk, as well at single molecule
level.

The force application experiments on immobilized DNA turned out to be more challenging
than expected. AFM and magnetic bead experiments posed fundamental problems, making
these methods unsuitable for our experiments. In shear flow experiments, estimated forces for
unfolding the DNA hairpin are based on the assumption that the sensor is oriented perpendicular
to the surface. Unfortunately, we have no information regarding orientation of the sensor. We
speculate that horizontally oriented sensor that remains stuck in the plane of the coverslip might
potentially hinder opening of hairpin on application of shear force.

Successfully unfolding immobilized DNA hairpins would have demonstrated working of the
DNA sensor in a simple system. However, unprecedented situations added to complications,
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demanding time consuming controls before further execution of these experiments. As we
aim to measure forces in a 3D environment in cells, we redirected our focus to design an
experimental system that better resembles cellular interior. In vitro composite networks of
crosslinked cytoskeletal filaments have been shown to resemble living cells in their mechanical
properties.47 Attaching DNA force sensors to in vitro cytoskeletal filament networks, which can
be perturbed by external forces, would serve as an ideal system for force sensing experiments.
Moreover, crosslinking cytoskeletal filaments with DNA gives a model network with tunable
crosslinker parameters.

Therefore, we generated in vitro networks of microtubules crosslinked with DNA sensor.
This system serves dual goals of providing an ideal experimental system to test force sensing
as well as for studying mechanics of composite networks. The crosslinking and characterization
of mechanics of these networks is described in detail in Chapter 3. The next section describes
experiments monitoring response of DNA sensor in microtubule networks, after application of
external shear forces.

2.7 Force sensing in cytoskeletal networks

Microtubules were crosslinked with the DNA sensor via a heterobifunctional chemical crosslinker,
sulfo-SMCC. The networks were first subjected to bulk shear, followed by experiments where
microscopic shear was applied by local perturbation of network.

2.7.1 Shearing with needle in a cuvette

We first tested working of the irreversible sensor in in vitro networks through a simple, crude
experiment. Microtubules were crosslinked with DNA sensor in a cuvette and vigorously sheared
using a microliter needle (Hamilton Process Analytics, Switzerland) with an inner diameter of
150 µm. A schematic is shown in Fig. 2.13A. The fluorescence intensities of pre-sheared
and post-sheared networks were measured in a spectrophotometer (maximum excitation 494
nm, maximum emission 520 nm). The graph shown in Fig. 2.13B shows an increase in the
fluorescence intensity on shearing the networks; corresponding to displacement of F strand from
Q strand on opening of the hairpins.

The experiment validated applicability of the DNA sensor in response to external force at a
basic level. However, it is qualitative and suffers from manual error, making it highly difficult
to reproduce. Therefore, we needed to modify the experimental procedure to apply a more
controlled shear force. Experiments where networks of microtubules crosslinked with reversible
DNA sensor were perturbed locally, in a controlled fashion, are described in the following
subsection.
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Figure 2.13: Bulk shear of microtubules crosslinked with DNA sensor. (A) Schematic of the
experimental set-up, in which microtubules were crosslinked with DNA sensor in a
cuvette and sheared with a needle. (B) Emission scan of fluorescence intensity from
500-550 nm (maximum emission 520 nm) at an excitation wavelength of 494 nm was
measured in a spectrophotometer. The fluorescence intensity increases after shearing
the networks, most likely due to opening of DNA hairpins.

2.7.2 Microscopic shear experiments

Networks of microtubules crosslinked with the reversible DNA sensor were prepared in an open
chamber attached to a coverslip. Experiments were performed on a home-built set-up explained
in detail elsewhere.48 The set-up is equipped with an injection needle holder and a micro-injector
(Inject man NI2; Eppendorf, Hamburg, Germany). A custom-pulled glass needle with a long,
uniform and steady tapper was used for the experiments. The experimental set-up is shown
in Fig. 2.14A. The needle is positioned just above the sample chamber and its movement can
be manipulated with micrometer precision. The needle was lowered into chamber (position 1),
displaced 30-40 µm at a speed of 1000 µm/s (position 2) and then returned to original position.

Intensity of fluorescence from the recorded videos is plotted in Fig. 2.14B. A similar exper-
iment was done in water as negative control and showed a constant background. Fluorescence
intensity from experiments where the needle was held in a fixed position showed an initial step-
like increase, corresponding to entry of the needle into the sample. The fluorescence intensity
then decayed; corresponding to bleaching of the fluorophore. Back and forth movement of nee-
dle resulted in a saw-tooth pattern of fluorescence intensity. The observed saw-tooth pattern
in intensity was in accordance with our expectations from opening and closing of the hairpins.

However, the fact that the fluorescence intensity never exceeded the initial background in-
tensity on changing positions of needle was puzzling. Bleaching of fluorescence over duration
of the experiment made it difficult to compare and analyze intensities at different positions
(and times). We then performed an experiment to minimize bleaching of sample during the
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Figure 2.14: Microscopic shear of networks. (A) Experimental set-up showing the assembled
position of glass needle used during the measurements. (B) Fluorescence intensity
values from videos recorded while moving needle back and forth through networks of
microtubules crosslinked with DNA sensor. Back and forth movement of needle results
in a saw-tooth intensity pattern, which is not observed on maintaining a fixed position
of the needle. Similar set of experiments performed in water, as a negative control,
showed constant background intensity throughout the video.

Figure 2.15: Experiments with minimized bleaching of fluorophores. (A) Schematic showing
step-wise position of needle during the experiment. The numbers correspond to the
chronological order of positions followed in the experiments. (B) Fluorescence intensity
recorded by excitation of sample after every change in needle position. The intensities
are same at each needle position, including the control where needle did not touch the
sample.
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experiment. This was achieved by switching on the excitation laser intermittently, only after a
change in position of the needle. A schematic showing step-wise change in position of needle
during the experiment is shown in Fig. 2.15A. Analysis of the video showed that fluorescence in-
tensities measured after moving the needle, indeed, never exceeded the background fluorescence
intensity. The intensities at all needle positions were comparable, as shown in Fig. 2.15B.

Unfolding of the DNA hairpin must result in a higher fluorescence intensity than the
quenched background, as shown in bulk control experiments (Section 2.5). What gives rise
to the saw-tooth patterns in intensity, if not the unfolding of DNA sensor? Our speculation is
that movement of the needle from position 1 to position 2 pulls the neighboring network into
the field of view. Fluorophores in this part of network were not excited and therefore have not
undergone bleaching. As a result, intensity of this part of network is higher than that measured
from the field of view; the part that bleached due to excitation. On minimizing bleaching, we
therefore measure a constant intensity, irrespective of position of the needle. Thus, we conclude
that the observed saw-tooth intensity patterns give a misleading impression of opening of the
sensor and are in reality artifacts from our shearing method.

The artifact from shear experiments with glass needle necessitated optimization of the ex-
perimental set-up for shearing networks. An alternative method of shearing could be perturbing
the network using two beads in an optical trap. On one hand, we focus on developing better
strategies for testing force sensing ability of our DNA sensor. On the other hand, it is also
important to remember that our knowledge regarding our experimental system is limited. Me-
chanics of composite networks of crosslinked MTs have not been studied previously. Therefore,
it was not only interesting but rather important for us to understand properties of these net-
works to customize our experiments accordingly. A simple example would be knowing mesh
size of crosslinked networks of MTs, to choose the appropriate size of beads in force sensing
experiments. Therefore, before resuming our experiments with force sensors, we focused on
methods of crosslinking MTs with DNA and studied mechanical properties of these networks
using rheology. A detailed description of the same is given in Chapter 3.
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Chapter 3

Rheology

Rheology is the study of deformation and flow in materials under an externally applied force.
In practice, rheology is divided into two branches - microrheology and macrorheology. Mi-
crorheology involves study of local deformations in samples, for example, using an optical trap.
Macrorheology is used to characterize the mechanical response of bulk samples to an external
force. We have used bulk rheology for characterizing mechanical behavior of networks in all our
experiments. A detailed description of rheology and methods is given in this chapter.



44 Rheology

3.1 Rheology of elastic and viscous materials

Rheology is the characterization of the mechanical properties of materials under an applied
deformation. The simplest types of materials are solid-like elastic materials or viscous fluids.
We begin with the description of purely elastic and viscous materials and then move on to
materials exhibiting complex viscoelastic behavior, more common in biological systems.

Consider a simple case of a purely elastic box of given height H and area A. The top of the
box is sheared with an external force F , resulting in a displacement of length D as shown in
Fig. 3.1A. The resultant physical quantities of shear stress and strain are defined as σ = F/A
and γ = D/H , respectively. An ideal elastic material can be compared mechanically to a
Hookean spring. The stress and strain are related through a material parameter called shear
modulus G , given by

G =
σ

γ
. (3.1)

The shear modulus here describes stiffness of a material.
The behavior of a viscous material is very different from an elastic material. Fig. 3.1B shows

a viscous material enclosed between two plates separated by height H . Here, shearing the top
plate with a velocity V generates a flow in the fluid. The fluid layers move at different velocities;
the top layer moves with a maximum velocity V while the bottom layer remains stationary. As
the flow induces a continuous increase in strain, the rate of change in strain becomes the main
factor that determines drag forces in the fluid. The shear rate γ̇, for a Newtonian fluid, is
constant and is given by the velocity gradient V /H between the plates. The stress and shear
rate are related through a material parameter called viscosity η, given by

σ = ηγ̇. (3.2)

Viscosity is a material property that describes its resistance to flow.
Experimentally, the mechanical response of materials can be tested using transient or dy-

namic tests. In a transient measurement, an external deformation (stress or strain) is applied for
a finite time and the response of the material (strain or stress) is measured over a certain time.
An example of one such type of measurement is the creep test. In a creep experiment, a stress
is imposed on a sample and the resultant strain is measured over time, t1. The material is then
relieved of the imposed stress and allowed to recover while monitoring the strain over relaxation
time, t2. Fig. 3.1C, D shows differences in the response of elastic and viscous materials to an
external stress. An elastic material shows an instant increase in strain on applying a stress and
an instant recovery on stress relaxation, as shown in Fig. 3.1C. On the other hand, deformation
of a purely viscous material is permanent and does not recover on stress relaxation, as shown
in Fig. 3.1D. Dynamic measurements are oscillatory measurements in which a sinusoidal strain,
γ(t) = γ0 sin(ωt), is applied to the sample and the resultant stress response is measured.
Fig. 3.1E shows the measured stress for an elastic material, which is exactly in phase with the
strain. On the contrary, stress response for a viscous material is exactly out of phase with an
angle of π/2, as shown in Fig. 3.1F.
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Figure 3.1: Rheology of elastic and viscous materials. (A) An elastic box of height H and area A
is sheared with a force F such that displacement is D. The strain and stress are given by
γ = D/H and σ = F/A, respectively. (B) Shearing a fluid results in a velocity gradient
across fluid layers, given by V /H, where V is velocity of flow in chamber of height H.
(C) In a purely elastic material, the strain increases and relaxes instantly on application
and removal of external stress. (D) In case of a viscous material, strain increases slowly
at a constant rate on stress application and remains constant even after stress relaxation.
(E) Stress response on imposing a sinusoidal strain on an elastic material is in phase with
the strain and (F) exactly out of phase (δ = π/2) for a viscous material.
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The mechanical behavior of purely elastic and purely viscous materials is simple to charac-
terize and predict. Many materials, however, cannot be categorized as purely elastic or viscous
but are rather a combination of both. Models for understanding mechanical properties of such
viscoelastic materials are described in the following section.

3.2 Linear viscoelasticity

Viscoelastic materials show a combination of elastic and viscous behavior. We saw that elastic
materials can be completely described by the physical quantities of stress and strain. Simi-
larly, Newtonian fluids are characterized simply by describing stress and shear rate. However,
viscoelastic materials require consideration of an additional variable - time. The rheological
properties of soft, viscoelastic materials may depend on the time scale at which they are probed.

One way of describing the behavior of viscoelastic materials is using a combination of
mechanical elements of a spring and a dashpot. Two simple models that are commonly used
to describe linear viscoelastic behavior of materials are Maxwell and Kelvin-Voigt models.

3.2.1 Maxwell model

The Maxwell model describes a viscoelastic material as a spring and a dashpot connected in
series, as shown in Fig. 3.2A. The stress across the spring and the dashpot is constant. The total
strain is additive of the individual strain experienced by the spring and the dashpot. The strain
response of a Maxwell material on subjecting it to a creep test is qualitatively shown in Fig. 3.2C.
On application of stress at t1, the spring deforms instantly, giving a sharp increase in strain. The
viscous part shows a delayed response and then flows with a constant rate. Relaxation of stress
at t2, results in an instantaneous relaxation of the spring resulting in a small decrease in strain.
The viscous part does not show a tendency to recover, thereby maintaining a permanent strain.
The Maxwell model, therefore, describes a viscoelastic liquid showing plastic deformation.

3.2.2 Kelvin-Voigt model

An alternative model is the Kelvin Voigt model, which assumes a spring and a dashpot to be
connected in parallel, as shown in Fig. 3.2B. In this model, the strain experienced by the spring
and the dashpot is same. Fig. 3.2D shows creep response of a Kelvin-Voigt material. When
the material is subjected to a stress at t1, the response of the spring is delayed by the dashpot,
resulting in slow creep of the strain. Similarly, relaxation of stress at t2 results in a delayed but
complete recovery of strain. Thus, the Kelvin-Voigt model describes behavior of a viscoelastic
solid.

The Maxwell and Kevin-Voigt models are basic and useful for the purpose of understanding
viscoelastic behavior. However, biological systems are, in general, complex and cannot be
described simply by single spring and dashpot models. There are many other complicated
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Figure 3.2: Models for viscoelastic materials. (A) Maxwell model describes a viscoelastic material
as a spring and a dashpot connected in series. (B) Kelvin-Voigt model describes a
viscoelastic material as a spring and a dashpot connected in parallel. (C) Creep test on
Maxwell material shows an initial instantaneous increase in strain on stress application
(t1), given by the spring. The dashpot then results in flow of the material at a constant
rate. Relaxation of stress (t2) gives an instant relaxation of the spring, resulting in a
sharp drop in strain. The dashpot, however, does not relax, resulting in a permanent
strain. (D) Stress application (t1) on Kelvin-Voigt material results in a slow creep of the
strain, due to damping of the spring by the dashpot. The recovery of strain is delayed
but complete on relaxation of stress (t2).

models that use combinations of multiple springs and dashpots to describe viscoelastic materials
more accurately.1 A generalized approach for understanding viscoelastic behavior is based on
the Boltzmann superposition principle, which is elaborated below.

3.2.3 Boltzmann superposition principle

The concept of Boltzmann superposition principle is that the material retains ’memory’ of
deformations applied to it in the past. Also, the total deformation is additive of all previous
deformations. This can be explained as follows. If a material is subjected to a strain γ at a
certain time t, then the stress relaxation over time is given by,

σ(t) = G (t)γ, (3.3)
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where G is the relaxation modulus. Suppose that a series of strains γ1, γ2, γ3 have been
imposed on a system at times t1, t2 and t3, respectively. Then according to the Boltzmann
superposition principle, the stress σ(t) can be obtained as a sum of all previous stresses on the
material as follows:

σ(t) = G (t − t1)γ1 + G (t − t2)γ2 + G (t − t2)γ3. (3.4)

Passing to the continuous time limit, where γ = γ(t), one obtains the following stress strain
relation:

σ(t) =

∫ t

−∞
G (t − t ′)γ(t ′)dt ′. (3.5)

The equation above takes into account different relaxation time scales in a system. It holds
for transient as well as dynamic measurements. In dynamic, oscillatory experiments, measuring
stress response to an imposed strain determines the shear modulus. The shear modulus has two
components. One is the storage modulus G ′, given by the elastic part of the system. Another
one is the loss modulus G ′′, which represents viscous component of the system. Oscillatory
measurements are described in detail in the following section.

It is important to remember, in general, that the models described above are applicable for
linear viscoelastic response. Therefore, they can only be useful at low deformations, such that
the stress-strain relation remains linear.

3.3 Rheometer

Figure 3.3: Rheometer and oscillatory test. (A) Anton Paar rheometer MCR series (Image from
www.anton-paar.com). (B) Schematic of a cone plate. (C) Oscillatory tests for vis-
coelastic materials show a phase shift (δ) with, both, in phase (dark blue) and out of
phase (faded colors) contributions.
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The instrument used for measuring material properties in bulk solutions is called a rheometer.
We used a commercial rheometer (Physica MCR 501, Anton Paar, Ostfildern, Germany) in our
experiments. The rheometer is equipped with a fixed bottom plate and a movable top plate.
The bottom plate is made of chromium oxide; temperature controlled by a Peltier element.
The top plate is made of stainless steel and can either be a parallel plate or a cone with a small
angle, typically 1◦ or 2◦. An image of the rheometer and schematic of a cone plate are shown
in Fig. 3.3A, B, respectively. The distinguishing features of each of the plates are summarized
in Table 3.1.

Parallel plate Cone plate 1 Cone plate 2

1 mm gap 50 µm gap 100 µm gap
500 µl volume 70 µl volume 140 µl volume

Table 3.1: Rheometer plates. Distinguishing features of different types of top plates of the rheome-
ter are given.

The main advantage of a cone plate over a parallel plate is that it maintains a constant
shear rate across the sample. Each of the cone plates has a different gap size, corresponding to
truncation of the cone. It follows that the volume requirements for different cone plates will also
be different. It has been shown that smaller cone angles result in relatively large errors in gap
size and thereby in calculated strain and strain rate values.2 However, sample volume becomes
a limiting parameter, especially for high concentrations of biological materials. Therefore, we
used a cone plate with an angle of 1◦ (CP-1) and 25 mm diameter in our experiments, as it
requires a small sample volume of 70-80 µl. All measurements were performed at 23◦C. The
sample was surrounded by wet paper towels to minimize evaporation.

3.3.1 Linear viscoelastic measurements

The elastic and viscous contributions of materials at different time scales can be extracted using
oscillatory tests in a rheometer. The top plate applies a sinusoidal strain, γ(t) = γ0 sin(ωt),
and the resultant stress is measured. The stress response in case of viscoelastic materials, shows
in phase as well as out of phase contributions (0 < δ < π/2), as shown in Fig. 3.3C. From
Eq. (3.2.3), the stress response to the imposed sinusoidal strain can be written as

σ = G ′(ω)γ0 sin(ωt) + G ′′(ω)γ0 cos(ωt). (3.6)
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As mentioned above, G ′ is the storage modulus that represents the elastic component or
energy stored in the system. G ′′ is the loss modulus that gives the energy dissipated due to
viscous contribution.

Figure 3.4: Linear rheology tests. (A) Time sweep showing polymerization kinetics of a polyacry-
lamide gel. (B) Frequency sweep of actin filaments (1 mg/ml) shows weak dependence
of G ′ on frequency. Crossover of G ′′ over G ′ around 1 Hz indicates fluid-like behavior of
actin at higher frequencies.

Oscillatory measurements are done to obtain linear viscoelastic (LVE) response of materials
at small deformations. There are three types of LVE measurements - time sweep, frequency
sweep and amplitude sweep. As the names suggest, these tests measure mechanical properties
with time, frequency or amplitude as variables. Time sweep experiments are useful for charac-
terizing polymerization dynamics of samples such as polyacrylamide gels, as shown in Fig. 3.4A.
Measuring mechanical properties over a range of frequencies gives important information re-
garding the time dependent mechanical behavior of a material. Fig. 3.4B shows an example of
a frequency sweep on polymerized actin (1 mg/ml). G ′ is higher than G ′′ at lower frequencies.
Above approximately 1 Hz, we see a crossover regime after which G ′′ dominates over G ′. This
means that actin shows fluid-like behavior at higher frequencies. An amplitude sweep is useful
in determining yield point of a material as well as for characterizing strain stiffening or softening
behavior. Strain stiffening, for example, is a commonly observed property in tissues as a pro-
tection mechanism against damage from excessive strain.3 However, one must be careful with
such measurements as some materials may show nonlinear behavior at large amplitudes. As
the material response is assumed to be in linear range by the rheometer software, these simple
tests cannot be used for characterizing nonlinearity in a system.
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3.3.2 Nonlinear tests

Many types of artificial as well as biological samples show similar linear response but a diverse,
informative nonlinear regime.4,5 Nonlinearity in systems can be characterized using specialized
tests such as large amplitude oscillatory shear (LAOS), strain ramp and differential measure-
ments. We used differential measurements in our experiments, in which a stress, also called
prestress, is imposed on the sample by rotation of the top plate of the rheometer. A small
oscillatory stress, typically 10% of the imposed prestress, is superimposed on top of the rota-
tional stress. The strain response to this small oscillatory stress is linear and gives a differential
modulus, K ′, written as

K ′ =
dσ

dγ
. (3.7)

The role of differential measurements or other nonlinear tests in the field of network rheology
is summarized in the next section.

3.4 Mechanics of biopolymer networks

Elasticity of living cells has been measured to be around 1000 Pa from various methods such as
AFM and microrheology methods.6–8 However, cells are active systems that tune their elasticity
according to the substrate; most likely by endogenous forces exerted by molecular motors.9–11

This makes it difficult to interpret the origin and exact nature of measured cellular elasticity.
Cellular rigidity is mediated by bundles of crosslinked actin in cortex.12,13 In fact, disruption of

polymeric actin has shown to cause softening of cells.14,15 Therefore, mechanics of in vitro actin
networks has been widely studied as a bottom-up approach in understanding cell mechanics.16–18

Network behavior has been described using combined biophysical approaches of experimental
rheology, theoretical modeling and simulations.

Experiments have been done on networks of entangled actin and actin crosslinked with a
wide range of biologically relevant actin binding proteins (ABPs).5,19 The elasticity G ′ of these
networks is entropic in origin, i.e., the restoring force appears due to reduction in number
of conformations on application of external deformation.20 The network microstructure and
mechanics are largely governed by concentrations of actin and crosslinker, as well as compliance
of the crosslinker.21 For instance, densely crosslinked networks give rise to bundles of actin
instead of isotropic networks that are observed with weak crosslinking.22,23 The high crosslinker
density networks exhibit nonlinear stiffening behavior above a critical stress applied in differential
measurements.19,24–26 The observed scaling exponent of differential modulus K ′ over stress
covers a broad range from 0.1-2 depending on the type of ABP used for crosslinking.19,24,27,28

Compliance of the crosslinks especially influences critical crosslinker concentrations required
for network formation. Actin crosslinked with filamin, a compliant ABP, can withstand about
1000-fold larger stresses in comparison to networks with stiff crosslinkers of comparable concen-
tration.5 In the nonlinear regime, the differential modulus scales linearly with stress (K ′ ∼ σ);
similar to scaling laws observed with living cells.6,29 Indeed, networks of bundled actin and
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compliant crosslinker structurally mimic the cellular cortex where stiff actin stress fibres are
embedded in a soft actin mesh.

Thus, composite networks of stiff rods and flexible crosslinkers provide a generalized system
to describe cortical networks. The first theoretical model describing such networks was given
in Ref. 30. The model assumes rods to be embedded in an effective medium and predicts a
scaling of K ′ ∼ σ, that fit well with in vitro and in vivo experimental data, as described above.

However, there are certain shortcomings of existing experimental systems as well as theoret-
ical models. On the experimental side, it is difficult to fine tune parameters in composite actin
networks. One problem is that increasing concentration of crosslinkers will not solely increase
the crosslink density but also increase filament bundling and thereby change persistence length
of filaments. Secondly, possible variations in length of crosslinker are limited due to maximum
length of binding proteins. Therefore, we need an ideal model system with tunable parameters
to mimic composite cellular networks.

On the theoretical front, the main problem with modeling is in the assumption of an effective
medium. The assumption implies that the medium is self consistent and can be subjected to
an infinite strain. However, in a composite network of infinitely rigid filaments and compliant
crosslinkers, any applied strain is borne by the crosslinkers alone. Since the crosslinkers cannot
be subjected to infinite strain owing to the force divergence at a finite extension, the network
as a whole cannot withstand infinite strain. Recently, a fresh theoretical approach has been
applied to model these composite networks.31,32 Within this approach, the shortcomings of the
previous model are resolved. One of the major predictions, in contrast to the previous theory,
is scaling of differential modulus, given by K ′ ∼ σ3/2 instead of K ′ ∼ σ.

Experimentally, an ideal system of composite networks can be achieved by crosslinking mi-
crotubules with DNA. DNA is a flexible polymer (persistence length, Lp ∼ nm), monodisperse
with precise length tunability; an ideal crosslinker. Microtubules, in contrast, are stiff biopoly-
mers (Lp ∼ mm) that can be polymerized and stabilized for in vitro experiments.33,34 These
heterogeneous networks are, therefore, an optimum model system of stiff rods and flexible
crosslinkers for comparison with theory and simulations.

Additionally, network behavior of crosslinked microtubules has not been as well characterized,
in comparison to actin. Moreover, the existing experiments on microtubule networks have mainly
been done with rigid crosslinkers.35,36 Therefore, crosslinking microtubules with compliant DNA
that can be tuned in length is a new and interesting system to investigate. Lastly, we aim to
attach our DNA sensor to cytoskeletal filaments in cells. Therefore, crosslinking of microtubules
with DNA sensor in vitro is a step forward in that direction. The following sections describe
our experimental approaches in crosslinking microtubules (MTs) with DNA and mechanics of
crosslinked networks.

3.5 Crosslinking microtubules with DNA

The choice of an intermediate crosslinker for linking DNA to microtubules is an important step
in our experiments. The crosslinker should satisfy certain conditions for an optimum network
assembly. Most importantly, it must attach specifically to the biopolymers but at the same
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time have minimum crossreactions. For instance, crosslinking biotinylated DNA and biotiny-
lated microtubules via streptavidin would follow a simple crosslinking mechanism. However,
this would also result in unwanted rigid crosslinks by interaction of biotinylated microtubules
through streptavidin. This is highly undesirable as we aim to study mechanics of composite
networks of MTs crosslinked with complaint DNA crosslinkers. Needless to say, presence of the
crosslinker, by itself, should not contribute to network mechanics. Also, investigating a new
system is best achieved by minimizing variables in the system. Therefore, we avoid transient
crosslinkers, such as molecular motors, to have permanent crosslinking and eliminate binding-
unbinding effects from our networks. Bearing all these desirable features in mind, we chose
a commercially available chemical heterobifunctional crosslinker, sulfo-SMCC, for our experi-
ments. Sulfo-SMCC (Sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate) has
a N-hydroxysuccinimide (NHS) ester on one end to react with primary amines. On the other
end, it consists of a maleimide group that reacts specifically with sulfhydryl/thiol (SH) groups.
In our experiments, maleimide end of sulfo-SMCC was linked to thiol modified ends of DNA
and NHS ester group to primary amines present on microtubules. Crossreaction of maleimide of
sulfo-SMCC with thiols on microtubules was avoided by blocking them with maleimide, prior to
incubation with the crosslinker. The crosslinker is very small (8.3 Å) and should not contribute
largely to mechanical properties of the networks.

Figure 3.5: Schematic of the crosslinking protocol. NHS ester of crosslinker sulfo-SMCC is re-
acted with the primary amines present on MTs. DNA with thiol modified ends is added
to the mixture and binds to the maleimide end of crosslinker.

A schematic of the crosslinking protocol is shown in Fig. 3.5. A detailed protocol of MT
polymerization and DNA preparation is given in Chapter 6. Briefly, MTs were polymerized from
a final tubulin concentration of 20 µM (referred to as 20 µM MTs) and incubated with 250
µM sulfo-SMCC. Thiol modified DNA strands (50 nM) were reduced and added to the MTs
and sulfo-SMCC mixture, after removal of the reducing agent, TCEP. The mixture was loaded
on rheometer base plate and measured after 1 hr of incubation to allow network formation.



54 Rheology

Figure 3.6: Linear viscoelastic measurements of MT networks. (A) Frequency sweep of MTs and
MTs crosslinked with DNA shows comparable G ′ and G ′′ values for both samples. (B)
Linear elastic modulus values from many measurements show that crosslinking MTs with
DNA does not significantly change the average G ′ of MTs. Error bars show standard
error of mean from 8 and 10 measurements of non-crosslinked and crosslinked MTs,
respectively.

3.5.1 Linear rheology of crosslinked networks

Comparative frequency sweeps of MTs crosslinked with DNA and non-crosslinked MTs at a
small strain of 0.01 are shown in Fig. 3.6A. MTs, with and without crosslinking, show a weak
frequency dependence, typically observed for biopolymers.35 Also, G ′ dominates over G ′′ for
both samples, which shows that the samples are more elastic than viscous over the frequency
range. Interestingly, G ′ of MTs after crosslinking with DNA remains comparable to G ′ of non-
crosslinked MTs. Fig. 3.6B shows average G ′ values at 1 Hz from multiple measurements of
MTs and MTs crosslinked with DNA. The average G ′ values for both, crosslinked and non-
crosslinked MTs, lie between 1-2 Pa and do not differ significantly from each other. Error bars
show standard error of mean from 8 and 10 measurements of non-crosslinked and crosslinked
MTs, respectively.

3.5.2 Nonlinearity tests

The mechanical behavior of networks of stiff rods and flexible crosslinkers is expected to be highly
nonlinear from theory and simulations.32 The nonlinear response of networks of MTs crosslinked
with DNA can be elucidated experimentally from differential measurements. We tested networks
with varying parameters such as concentration of DNA, length of DNA, concentration of MTs
and length of MTs. Representative graphs for each condition are shown in Fig. 3.7. Typically,
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we observe that K ′ is constant over a stress range in the linear regime. The differential modulus
increases nonlinearly beyond a critical stress and scales as K ′ ∼ σ until the network ruptures.
Note that scaling behavior here is only an approximation, as we have very few data points in
nonlinear regime before the sample yields. Thus, we can only characterize true scaling and
compare to simulations if we can measure network response over decades of prestress.

A plot of differential modulus over stress of MTs crosslinked with different concentrations
of DNA is shown in Fig. 3.7A. Surprisingly, we see that characteristic network response looks
similar for weakly, strongly and even non-crosslinked MTs. We also tested networks of MTs
crosslinked with a range of DNA lengths from 25 nm to 1.32 µm (see Fig. 3.7B). Long DNA
fragments of lengths 1 kb and 4 kb were obtained from PCR amplification of plasmid UNC
104. However, we could not elicit any differences in rheological properties for networks of MTs
crosslinked with DNA of Lmax = 25 nm, 330 nm and 1.32 µm from non-crosslinked MTs. We
then tested a higher concentration of MTs to reduce the mesh size of networks and thereby
increase overlap between filaments for better crosslinking. Fig. 3.7C shows that the nonlinear
behavior of crosslinked MTs resembled its non-crosslinked counterpart even after increasing the
concentration of MTs to 40 µM. Short MTs were obtained by polymerizing tubulin in presence
of GMPCPP, instead of GTP. Differential measurements of 20 µM short MTs, crosslinked with
DNA are shown along with control of non-crosslinked MTs in Fig. 3.7D. The plot shows that
shortening MTs does not improve the crosslinking, as the response for crosslinked MTs still
follows the non-crosslinked ones. We do not see a nonlinear regime in measurement of short
MTs or crosslinked MT networks. However, it must be mentioned that nonlinear regime in the
representative plots of long MTs is not always reproducible. The cause of this irreproducibility is
unclear. Thus, we cannot comment yet on the nature of interactions between MTs responsible
for the nonlinear mechanics or the parameters which they depend on.

Since the nonlinear behavior is independent of crosslinking details, it seems that the observed
nonlinear response is majorly contributed by MTs. This is contradictory to our expectations
from theory and simulations, which predict that network response at higher stresses should be
dominated by DNA.32 The above conundrum can be explained by two possible scenarios. In first
case, we presumably have networks of MTs crosslinked with DNA but are limited by slippage of
networks from rheometer plates prior to actual network rupture. This means that we measure a
transition regime at low and intermediate stresses but are unable to capture the actual nonlinear
regime with maximum stretching of DNA crosslinks. Another possibility is that the crosslinking
procedure does not work as we expect, thus resulting in a weak or no crosslinking at all.

It is difficult to circumvent slippage of sample from the rheometer plates due to limited pos-
sibilities of modifications in plate materials. We thoroughly tried troubleshooting for the latter
case, testing many variations for optimization of crosslinking protocol. We tested reversing the
binding protocol by reacting sulfo-SMCC with DNA first and removal of any excess crosslinker
before adding to MTs. An important change in strategy was attaching one strand of DNA
to one population of MTs and complementary strand to another population and mixing both
populations to hybridize DNA in situ. This measure is useful to avoid looping and attaching of
DNA to same MT and thereby enhances crosslinking. However, none of the above mentioned
experiments showed any differences between rheology of crosslinked and non-crosslinked MTs.

We also imaged networks with a TCS SP5 X confocal microscope (Leica Microsystems,
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Figure 3.7: Differential measurements of MT networks. Networks of MTs crosslinked with DNA
for different parameters. (A) 20 µM MTs were crosslinked with different DNA concentra-
tions of 500 nM and 10 µM. (B) Networks of 20 µM MTs crosslinked with DNA lengths
ranging from very short DNA of approximately 25 nm to long DNA of 1kb and 4kb,
corresponding to lengths of 330 nm and 1.32 µm, respectively. (C) Higher concentration
of 40 µM MTs, with and without crosslinking. (D) 20 µM short MTs, polymerized in
presence of GMPCPP, with and without crosslinking. Nonlinear response of crosslinked
MTs in all cases is very similar to MTs without DNA crosslinking.
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Figure 3.8: Confocal images of networks. (A) MTs and (B) MTs crosslinked with DNA. The
network microstructure does not show obvious differences between crosslinked and non-
crosslinked MTs.

Mannheim, Germany) to visualize and identify any differences in the network microstructure of
crosslinked MTs. Images of high concentration of MTs (10 µM) showed many overlaps and
entanglements, as shown in Fig. 3.8A. Thus, the non-crosslinked MTs are morphologically very
similar to MTs crosslinked with DNA, which are shown in Fig. 3.8B. Therefore, we could not
obtain conclusive evidence of crosslinking of MTs from imaging or rheology. Troubleshooting
for crosslinking of MTs led to some interesting observations, explained in details in the following
sections.

3.6 Troubleshooting MT crosslinking

An important check in troubleshooting crosslinking experiments was to verify the attachment
chemistry of sulfo-SMCC to MTs and DNA. The binding of maleimide group of sulfo-SMCC to
thiols of DNA was confirmed through the DNA immobilization experiments on coated coverslips,
as described in Section 2.6. The attachment of NHS ester group to the primary amines of MTs
was tested by using a Alexa 488 NHS ester dye. The dye was incubated with MTs in two
different buffer conditions; HEPES buffer (pH 8) and BRB 80 (pH 6.8). While HEPES provides
the basic pH conditions optimum for NHS ester chemistry, BRB 80 is an ideal buffer system for
microtubules. Fig. 3.9 shows that the NHS ester dye labeled MTs in both the buffer conditions,
thus confirming the attachment chemistry.
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Figure 3.9: NHS ester dye labeling primary amines of MTs. MTs were incubated with Alexa
488 NHS ester dye for 1 hr in (A) HEPES (pH 8) or (B) BRB 80 buffer (pH 6.8).

3.7 Sulfo-SMCC prevents annealing of MTs

Microscopy showed some interesting effects on length distribution of MTs on addition of
crosslinker, sulfo-SMCC. As sulfo-SMCC consists of a N-hydroxysuccinimide (NHS) ester and
a maleimide group, control experiments were done by testing effects of maleimide and NHS
ester groups, individually, on MTs. MTs were incubated with 250 µM each of sulfo-SMCC,
Alexa 488 malemide dye (Life Technologies GmbH, Darmstadt, Germany) and Alexa 488 NHS
ester dye (Life Technologies GmbH, Darmstadt, Germany) and imaged after 24 hrs. Negative
control sample consisted of MTs without any chemical treatment. Details of image processing
and analysis of length distributions are given in Chapter 6.

Fig. 3.10 shows length distribution calculated from images of MTs after 24 hrs incubation
for all treatment conditions. Solid lines show exponential fits for length distribution of MTs
for all cases, as previously reported for biopolymers.35,37 We observed that MTs treated with
sulfo-SMCC are drastically shorter in comparison to untreated MTs with almost a magnitude
of difference in their mean lengths (2 µm and 17 µm, respectively). Curiously, maleimide dye
treatment showed only a two-fold difference in mean length (9.2 µm) from untreated MTs. It is
unclear why the effect of sulfo-SMCC is much more pronounced than maleimide dye, although
they bear the identical reactive group. We, therefore, tested a control sample to check for
an effect of NHS ester group from sulfo-SMCC on MT lengths. The length distribution after
NHS ester treatment of MTs overnight, however, was very similar to untreated MTs, thereby
negating the possibility of its effect on MTs.

It is clear that 24 hrs treatment with sulfo-SMCC results in much shorter MTs than untreated
ones. To further understand the sulfo-SMCC induced MT ’shortening’ effect, we compared
length distributions of chemically treated and untreated MTs after short (2 hrs) and long (24
hrs) incubation times. Fig. 3.11 shows the graphs and corresponding representative images of
short (S) and long (L) time incubations for each condition. MTs without treatment elongated
approximately three times their original mean length after overnight incubation due to end to
end annealing, as shown in Fig. 3.11A. Addition of a maleimide dye also showed a similar trend,
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Figure 3.10: Length distribution of treated and untreated MTs after long incubation. Length
distribution of 20 µM untreated MTs, MTs treated with 250 µM sulfo-SMCC, 250 µM
maleimide dye and 250 µM NHS ester dye is shown. Length of MTs, in all cases, is
distributed exponentially; fits shown as solid lines. Treatment with sulfo-SMCC resulted
in drastically shorter MTs in comparison to untreated MTs (mean length was 2 µm and
17 µm, respectively). Maleimide dye treated MTs, however, showed a less drastic effect
with an intermediate mean length of 9.2 µm. Addition of NHS ester dye to MTs as
control did not affect the length of MTs.

as shown in Fig. 3.11B. This implies that the presence of a maleimide dye does not drastically
alter the annealing process. On the contrary, MTs treated with sulfo-SMCC maintained a
temporally constant mean length of approximately 2 µm, as shown in Fig. 3.11C. This result
suggests that sulfo-SMCC induced ’shortening’ of MTs is, in fact, prevention of end to end
annealing.

Many previous studies have identified sulfhydryl (SH) groups from cysteines of tubulin to
be essential for MT polymerization; first demonstrated by blocking them with chemicals such
as PCMPS, NEM and DTNB.38,39 MT assembly was shown to be affected in vitro as well as in
vivo, in these experiments. Experiments with isothiocyanates have also shown to induce mitotic
arrest and apoptosis in cells by covalent modification of cysteines in tubulin.40 An interesting
result showed preferential inhibition of minus end assembly by mixing NEM-tubulin with regular
tubulin during MT polymerization.33,41 Although the exact mechanism is not known, it is
postulated that NEM binding to tubulin Cys239 may be responsible for the minus end capping
mechanism. We speculate from our results that vital SH groups on cysteine residues that are
essential in MT polymerization are also important for annealing of MTs.
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Figure 3.11: Length distributions of treated and untreated MTs after 2 hrs and 24 hrs incu-
bation times. Length distributions of 20 µM untreated MTs and MTs treated with 250
µM maleimide and 250 µM sulfo-SMCC after 2 hrs (short) and 24 hrs (long) incuba-
tion times are shown in (A), (B) and (C), respectively. Red and black circles represent
data from short and long time incubation, respectively. Solid lines show exponential
fits of data. Corresponding images are also shown next to the graphs, where S and L
denote short and long incubation times, respectively (scale bar = 10 µm). We see that
mean lengths of both, untreated and maleimide treated MTs, increased approximately
3-fold from short to long time incubation due to temporal end of end annealing of MTs.
Sulfo-SMCC treatment, however, inhibited annealing of MTs and maintained a mean
length of approximately 2 µm.
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Interestingly, all the previous studies demonstrated deleterious effects of chemicals blocking
the SH groups on the polymerization of MTs. Polymerized and stabilized MTs have been
assumed to be insusceptible to these chemicals. It is therefore, surprising and also important
to know that a commonly used crosslinker has a huge impact on MTs structure and dynamics,
even after stabilization. Although, the exact mechanism of how sulfo-SMCC prevents annealing
in MTs is not clear so far, MTs are clearly susceptible to cysteine binding chemicals and special
care must be taken while dealing with the same.

3.8 Crosslinking of MTs with biotin and neutravidin

The last two sections showed that rheological response of MTs crosslinked via sulfo-SMCC
is indistinguishable from non-crosslinked MTs. Also, sulfo-SMCC prevents annealing of MTs,
which results in different length distributions of crosslinked and non-crosslinked MTs over long
time scale experiments (24 hrs). In order to find out if the weak rheological response is an effect
of poor crosslinking with sulfo-SMCC or an inherent property of MTs themselves, we tested an
alternative crosslinking strategy.

Biotin-neutravidin linkage has been commonly used for crosslinking biopolymers, including
microtubules.35,36,42–44 Neutravidin has four binding sites for biotin and attaches with a high
specificity and affinity of Kd = 10−15M. We crosslinked biotinylated MTs with varying con-
centrations of neutravidin and measured linear moduli over a frequency range, as shown in
Fig. 3.12A. MTs crosslinked with different concentrations of neutravidin, surprisingly, do not
differ in their linear moduli from non-crosslinked MTs.

We measured networks of biotinylated actin with similar neutravidin concentrations as those
used for MT crosslinking, as a positive control. Fig. 3.12B shows a plot of differential modulus
over prestress of crosslinked and non-crosslinked actin and MTs. The ratio of crosslinking
for actin networks shown in plot was RN : RB = 1. Crosslinked actin networks show more
than a magnitude higher G ′ values in linear range in comparison to non-crosslinked actin. The
observed behavior of actin networks compares well with similar studies reported previously.45

The crosslinked networks also display a short nonlinear regime and yield at approximately 10-fold
larger stress than entangled actin.

Fig. 3.13 shows confocal images of same concentrations of entangled actin and networks
of neutravidin crosslinked biotinylated actin. Images of actin crosslinked with neutravidin show
a clearly different network structure with clusters of actin filaments and a larger mesh size, in
comparison to entangled actin. Our results show that crosslinked actin networks show drasti-
cally different rheological properties from entangled actin. In contrast, mechanical properties
of crosslinked MT networks closely resemble those of non-crosslinked MTs, irrespective of the
method of crosslinking. This is intriguing, as bulk rheology on microtubule networks of compa-
rable concentrations has demonstrated up to 6-fold difference between G ′ values of crosslinked
and non-crosslinked networks.35 We speculate that the discrepancies arise possibly due to dif-
ferent experimental parameters. Mechanical properties of such composite networks are known
to be susceptible to length of MTs, for instance.32 Long MTs are more likely to be geometri-
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Figure 3.12: Biotin-neutravidin crosslinked networks. (A) Frequency sweeps of biotinylated MTs
crosslinked with varying neutravidin concentrations do not show drastic differences in
linear modulus values. (B) Comparison of differential measurements of biotinylated
actin crosslinked with neutravidin to crosslinked MTs. Ratio of crosslinking for networks
was RN : RB = 1. Actin networks show more than a magnitude higher G ′ values after
crosslinking with neutravidin. Networks of crosslinked actin are nonlinear and the yield
stress is much larger than non-crosslinked actin. Mechanical response of MTs, on the
contrary, does not change after crosslinking.

cally frustrated with a few crosslinks than short MTs. It is known that GTP polymerized MTs
are longer than MTs polymerized in presence of GMPCPP. Therefore, mechanical properties
of networks of long MTs in our experiments may not match the short MT network studies. A
detailed study of characterization of network mechanics of varying MT lengths is required to
confirm our speculation.

We conclude from our observations with biotin-neutravidin networks that our problems with
crosslinking of MTs are not necessarily dependent on the crosslinking strategy. In general,
it seems that mechanical response of MT networks is complicated and difficult to interpret
from rheometry. Actin networks, on the contrary, show drastic differences in their mechanical
properties on crosslinking. Furthermore, actin can be treated as stiff rods, depending on the
degree of crosslinking.46 We can therefore generate the desired composite networks experimen-
tally by crosslinking actin, instead of microtubules, with DNA. The next section describes actin
crosslinking with DNA using Halotag fusion proteins.

3.9 Actin crosslinking with Halotag

As described in Section 3.4, actin networks have been commonly crosslinked using actin binding
proteins (ABP). Designing a crosslinking strategy with ABPs has two important advantages.
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Figure 3.13: Images of entangled and crosslinked actin. Confocal images of same concentration
of (A) entangled actin and (B) biotinylated actin crosslinked with neutravidin. The
network architecture of crosslinked actin shows cluster of filaments and a relatively
larger mesh size, while entangled actin has a homogeneous, fine meshwork.

First of all, networks of actin crosslinked with ABPs are biologically more relevant than an artifi-
cial system such as biotin-neutravidin. Secondly, ABP fusion proteins can be easily generated to
attach another component, in our case DNA, specifically to actin and avoid any crossreactions.

We developed a strategy utilizing a fusion protein of Lifeact with Halotag. Lifeact is a 17
amino acid long part of an ABP, α-actinin, that is routinely used for labeling actin in live cells.47

Halotag binding strategy is based on the formation of a covalent bond between a protein fusion
tag and a Haloligand (PROMEGA GMBH, Mannheim, Germany). Detailed preparation of the
fusion protein is given in Chapter 6. In brief, the Lifeact-Halotag fusion protein with a His tag is
expressed in E. coli and purified using a Ni-NTA column. In our experiments, the Haloligand is
functionalized with iodoacetamide, which reacts with thiol ends of the DNA sensor. A schematic
of the binding strategy is shown in Fig. 3.14. The purified fusion protein was incubated with
actin filaments in vitro, in a molar ratio of 10:1, to test for binding specificity. Confocal images
of actin, with and without protein, are shown in Fig. 3.15. The images showed that the protein
bound to actin but also resulted in aggregation of actin filaments. A gel confirming binding of
Lifeact-Halotag protein is shown in Fig. 3.17A.

One of the reasons for protein aggregation could be chelation of nickel ions during purifica-
tion of His tagged protein. We added different chemicals to the elution buffer, such as 1 mM
EDTA, 0.1% Triton-X 100 and 0.1% Tween 20, to address this possibility. However, the purified
protein in all cases still resulted in protein aggregation, as shown in Fig. 3.17B. Over-expression
of proteins can also result in a misfolded structure, leading to aggregation. We down-regulated
protein expression by inducing stress in E.coli by addition of 5% ethanol and/or lowering the
incubation temperature to 25◦C. The native PAGE gel, shown in Fig. 3.17C showed reduced
aggregation of protein on combining addition of 5% ethanol and incubation at 25◦C.

Thus, we now have a fusion protein that can be used for crosslinking actin with DNA. The
next steps for in vitro experiments would be characterization of network mechanics with the
rheometer. Also, we aim to continue with the force sensing experiments to demonstrate working
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Figure 3.14: Schematic of crosslinking actin using Halotag binding strategy. Haloligand, func-
tionalized with iodoacetamide is incubated with thiolated DNA. Lifeact-Halotag fusion
protein is expressed in E.coli and purified. The Lifeact part will attach specifically
to actin while Halotag forms covalent bonds with Haloligand attached to DNA, thus
crosslinking actin.

Figure 3.15: Aggregation of actin with Lifeact-Halotag protein. Confocal images of (A) actin
and (B) actin with Lifeact-Halotag. Actin forms a homogeneous carpet-like fine mesh,
while addition of Lifeact-Halotag results in aggregated bundles of actin.

Figure 3.16: Confocal and STED imaging of actin. Actin imaged using (A) confocal and (B)
STED microscopy. The branching of filaments (white circles) and general microstructure
is resolved much better using STED microscopy.
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Figure 3.17: Gels showing Lifeact-Halotag purification and binding to actin. (A) Binding
assay of the fusion protein Lifeact-Halotag with actin showed that the protein bound
to actin and largely co-sedimented with it in the pellet fraction (P). The supernatant
(S) consisted of a small amount of both, actin and the protein. (B) Electrophoreses
of purified protein fractions of Lifeact-Halotag using different elution conditions. The
protein aggregated (white box) under all elution conditions of no addition in elution
buffer (lane 1), adding 1 mM EDTA (lane 2), 0.1% Triton-X 100 (lane 3) and 0.1%
Tween 20 (lane 4). (C) Other ways of avoiding protein aggregation was to reduce protein
expression by stressing E.coli with addition of 5% ethanol (lane 2) or lowering incubation
temperature to 25◦C (lane 4). The aggregated protein band, marked by a white box,
was especially reduced with a combination of ethanol and lowering temperature (lane
3) in comparison to the protein purified using normal protocol (lane 1).

of our DNA force sensors in these artificial networks using optical traps.

Imaging of networks will be done using stimulated emission depletion microscopy (STED).
The advantage of STED microscopy is its high resolution to visualize fine details in network
micro-structure; especially relevant at high polymer concentrations.48 An example of actin
sample imaged in confocal and STED microscope is shown for comparison in Fig. 3.16A, B,
respectively. Comparison of areas marked in white circles in the images shows that branching
and small clusters of filaments, which are not resolved in confocal images, are clearly visible in
the high resolution STED images.

An important advantage of this strategy is that it can also be extended to in vivo experi-
ments. We also briefly tested introduction of our DNA sensor along with in vitro purified fusion
protein into cells. These experiments are described and discussed in Chapter 4.
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3.10 Possible artifacts in rheometry

The rheometer is a handy tool to measure the viscoelastic properties of bulk solutions. However,
it is prone to certain artifacts that are important to be aware of while working with it. Some
of the key points of discrepancies that we realized during our experiments are described below.

3.10.1 Volume matters

The motivation for the experiments explained below arose from a paper showing jamming tran-
sition based on volume fraction of an emulsion of castor oil in water.49 During our rheology
experiments with microtubules, we came across an interesting observation. Shear rate sweeps
on varying concentrations of MT solutions interestingly showed a behavior reminiscent of jam-
ming transition in emulsions. The stress characterized as a function of shear rate is shown
in Fig. 3.18A. The behavior at different concentrations of MTs could be categorized into 2
distinct regimes. The flow curves at c > ccr showed a finite yield stress at low shear rates and
exhibited shear thinning at high shear rates. At lower concentrations of c < ccr , we observed
Newtonian fluid-like behavior at low shear rates and shear thinning at high shear rates. The
critical concentration, ccr , was the transition point between two regimes.

The flow curves could also be scaled onto a master curve by appropriate scaling of the axes
with respect to critical concentration. The rescaled flow curves are shown in Fig. 3.18B. Since
we correct for viscous response of the buffer, the subcritical branch disappears on rescaling the
curves.

This result was extremely surprising and interesting, since the behavior of MTs cannot be
described by jamming. The volume fraction is very low at ccr (0.001) in comparison to that
required for athermal jamming transition (0.64).50 However, due to problems in reproducibility
of experiments, we investigated deeper into this issue with control experiments without micro-
tubules. We observed with control experiments on PBS buffer that simply changing the volume
of buffer in the rheometer resulted in different flow curve regimes. Fig 3.19A shows represen-
tative curves from 3 different sample volumes - 70 µl (underfilled), 80 µl (correctly filled) and
120 µl (overfilled). The flow curve of an underfilled buffer volume of 70 µl looks similar to
the ’critical regime’ in MT experiments. Fig. 3.19B shows evident resemblance of flow curve
of 70 µl of PBS plotted together with 10 µM MTs. Thus, we concluded that different regimes
observed in flow curves of varying concentration of microtubules are probably artifacts arising
from volume changes in solvent.

A recent paper gives a model explaining the cause and effect of volume-based artifacts in
rheometer measurements.51 In an ideal case, one would not expect torque to be generated
between the rheometer plates in a rotationally symmetric geometry. However, asymmetries
in contact line at sample edge, depending on wetting conditions and evaporation, result in
differential surface tension along sample edge. The torque, arising due to the generated surface
tension, can be misinterpreted as inaccurate shear thinning of fluids or give an apparent elastic
modulus in oscillatory measurements.



3.10 Possible artifacts in rheometry 67

Figure 3.18: Critical gelation of microtubules. (A) Stress as a function of strain rate for differ-
ent concentrations of microtubules (mg/ml). MTs showed critical behavior between
concentrations of 0.3-0.5 mg/ml (corresponding to a volume fraction of approximately
0.001). (B) Plot of σ/|∆c |∆ vs γ̇/|∆c |γ showing collapse of flow curves of different
MT concentrations onto a master curve (ccr = 0.5mg/ml).

Some studies have tried to correct for the volume-based artifacts in cone and plate rheome-
ters. The methods include implementing modification in rheometer design itself or applying
corrections based on sample radius monitored throughout the readings.52,53 In general, the
knowledge that changes in volume largely affect low torque measurements is of special impor-
tance for soft biopolymer samples (also see Section 3.10.3). It also necessitates choosing time
scales of experiments such that they are devoid of these artifacts. For instance, our rheometer
does not have an inbuilt solvent trap system to avoid evaporation of sample. We maintain
humidity in our experiments by surrounding the sample with wet tissues. This method works
for a short time course (few hours) of experiments but one must be aware of the possible issues
arising due to evaporation over long time experiments.

3.10.2 Bottom plate dilemma

The two common materials used for bottom plate of the rheometer are stainless steel and
chromium oxide. While both are chemically inert, the former is more widely used for biopolymer
networks while the latter is more useful in temperature sensitive experiments due to better heat
conductivity. Our rheometer is equipped with an chromium oxide bottom plate and therefore,
most experiments were performed using this plate. However, in order to test whether we find
any differences in our measurements based on material of bottom plate, we compared samples
on both plates.
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Figure 3.19: Volume based artifacts in the rheometer. (A) 70 µl (underfilled), 80 µl (correctly
filled) and 120 µl (overfilled) volume measurements of PBS buffer. Underfilling buffer
volume (70 µl) resembles the critical regime seen in MT experiments. (B) Flow curves
of 70 µl of PBS and 10 µM MTs. Control sample of buffer show same behavior as
critical concentration of MTs.

Figure 3.20: Stainless steel bottom plate of
rheometer.

Fig. 3.20 shows a custom-made stainless
steel plate, which could be fitted on top of
the existing chromium oxide plate of rheome-
ter. The plate was roughened using sandpa-
per prior to mounting, to minimize slippage
of sample from the plate.

Fig. 3.21 shows frequency sweeps of actin
and BRB 80 buffer on an externally attach-
able stainless plate in comparison to those
obtained on a regular chromium oxide bot-
tom plate. The G ′ and G ′′ values of actin
are higher with the stainless steel plate as
compared to chromium oxide plate, as shown
in Fig. 3.21A. Comparison of BRB 80 buffer
on both plates also shows slightly higher G ′

values with the stainless plate, as shown in
Fig. 3.21B. Similar experiments with polyacrylamide gels (data not shown) also showed consis-
tently higher G ′ values on stainless plate, while those with hyaluronic acid gels (data not shown)
showed an opposite trend with lower G ′ on stainless plate. This suggests that shear moduli
measured on different plates may be influenced by material dependent differential spreading of
the sample.

It is unclear whether the G ′ values obtained from either of the plates are universally real
or if suitability of the bottom plate material is sample dependent. It is, however, important to
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Figure 3.21: Comparison of different materials of bottom plates of the rheometer. Frequency
sweeps of (A) actin and (B) BRB 80 buffer on stainless and chromium oxide bottom
plates. Linear moduli (G ′ and G ′′) are consistently higher on the stainless steel bottom
plate for actin as well as buffer.

know the differences resulting from bottom plate material to selectively utilize them based on
sample and experiment requirements.

3.10.3 Case of increasing G ′ over time

Time sweep experiments on microtubules that were polymerized in a tube and then pipetted
onto the rheometer presented a curious problem. The linear shear moduli, G ′ and G ′′, of MTs
kept increasing for about an hour before finally saturating to a plateau value, as shown in
Fig. 3.22A. Interestingly, placing the sample in rheometer and waiting for 1 hr before starting
the measurement directly gave saturated G ′ and G ′′ value. Fig. 3.22B shows experiments on
actin, which also showed a similar trend of increase in shear moduli after pipetting onto the
rheometer.

Control measurements were also performed on glycerol (data not shown), which showed a
consistent value of loss modulus over time. Therefore, an increase in shear modulus over time is
not an inherent error given by rheometer, but rather unique to the system of biopolymers. One
possibility is that the filaments are randomized after pipetting and probably reorient during an
hour prior to stabilization. Another possibility is that the observed increase in linear moduli may
arise from line tension artifacts due to evaporation of sample (as discussed in Section 3.10.1).
Unfortunately, we could not verify the exact nature of these artifacts. However, this observation
once again validates the necessity to be aware of possible artifacts of rheometer, especially while
working with soft samples.
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Figure 3.22: Increase in G ′ over time. (A) Time sweeps of microtubules, measured immediately
after pipetting sample on rheometer and after 1 hr waiting. The G ′ increased rapidly
and reached a plateau value. Waiting for 1 hr directly gave plateau G ′ values. (B)
Similar behavior was observed for time sweeps of actin, with and without 1 hr waiting.
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Chapter 4

DNA force sensors in cells

Reconstituted in vitro experimental systems are considered to be simple in terms of the number
of components. These systems can however be complicated to interpret, as discussed in the
previous chapter. It is evidently essential to walk the tight rope, seeking best of both, in
vitro and in vivo systems, in experiments. We therefore, tested attachment of the DNA force
sensor to actin filaments in human mesenchymal cells (hMSCs). The results of our preliminary
experiments are described in this short chapter.
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As actin is the most dynamic among the cytoskeletal filaments, we chose to attach the
DNA force sensor to filamentous actin in cells. Lifeact-Halotag fusion protein was purified from
E.coli, as described in Section 6.5. Different methods were tested for transfection of the DNA-
protein complex in cells. These included electroporation, transfection with a chemical reagents
such as Viafect and Saponine. The detailed protocols for each method are given in Chapter
6. Briefly, Lifeact-Halotag fusion protein was incubated with a mixture of fluorescent DNA
sensor (without the quencher strand) and Haloligand. The attachment of the fusion protein
to actin in cells should result in fluorescently marked actin filaments. The cells did not survive
the Saponine treatment and therefore no images are shown from this method. Fig. 4.1A, B
shows fluorescent and phase contrast images of cells at 0 and 24 hrs after electroporation and
transfection with Viafect, respectively. The cells were fluorescent on imaging immediately after
transfection (time 0) with both the methods; albeit with varying efficiencies. However two
main issues surfaced from these experiments. Importantly, although the cells were fluorescent
we could not see filamentous actin structures, implying that the fluorescence did not arise from
the specific attachment of the fusion protein to its target. Another issue was concerning the fate
of the protein-DNA sensor complex. Electroporated cells, when imaged after 24 hrs, showed a
weak remnant fluorescence, while the fluorescent complex appeared to be localized in vesicles
with passage of time in the case of cells transfected with Viafect. The localization is most
likely an effect of triggering of defense mechanisms of the cells; possibly due to targeting of the
protein-DNA mixture directly into the nucleus.

We therefore also tested Fuse-It-P as a transfection agent, which is specifically designed to
deliver proteins into the cytoplasm of cells. A Haloligand labeled with TMR dye was used as
a fluorescent marker, instead of the DNA sensor, in these experiments. Nevertheless, in these
experiments as well, the fluorescence remained homogeneously distributed in the cytoplasm and
weakened drastically over time. No filamentous structures were observed, as shown in Fig. 4.1C.

The preliminary cell experiments leave scope for optimization of many parameters. A range
of concentrations of protein-DNA mixtures must be tested to find the combination that works
best for the cells. Importantly, control tests must be performed with the introduction of just a
fluorescent labeled Haloligand into cells, without the fusion proteins. This would clarify if the
homogeneous fluorescence in cells arises purely from the ligand. Lastly, expressing the fusion
proteins in cells, followed by transfection of the DNA sensor could be tested as an alternative
to the introduction of large protein-DNA complexes externally. Although, we could not do
the needful, due to shortage of time, these experiments set the stage for improved future
experiments.
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Figure 4.1: Introducing DNA force sensor in cells. Human mesenchymal cells (hMSCs) were
transfected with Lifeact-Halotag fusion protein combined with fluorescent DNA sensor.
Different methods of transfection were used and images were recorded for 24 hrs. Images
of cells in fluorescence and phase contrast recorded at 0 and 24 hrs after (A) electropora-
tion, (B) transfection with Viafect and (C) transfection with FuseIt-P, which specifically
delivers proteins in cytoplasm. Scale bar is 50 µm. The cells showed homogeneous flu-
orescence when imaged immediately after transfection with the different methods. The
fluorescence weakens for electroporated and Fuse-It-P treated cells, while Viafect treated
cells show localization of fluorescence in vesicles. Note that fluorescent DNA was not
used for FuseIT-P transfection; TMR dye labeled Haloligand was used as a fluorescent
marker instead.





Chapter 5

Summary and Outlook

The following chapter summarizes the experimental observations described in the thesis. A
short outlook regarding possible future experiments is included in this chapter.
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The presented work introduces a DNA hairpin based force sensor that is sensitive to forces
of the order of 10 pN or more. The unfolding of the hairpin directly translates to a visual
fluorescence signal from an incorporated fluorescence-quencher pair, which undergoes FRET.
Furthermore, the sensor design is such that it can be easily modified as per experimental
requirements. This is useful in terms of modifying the DNA sequence or length to change the
forces required for unfolding the hairpin. Dual color FRET experiments can also be performed by
replacing the quencher with an appropriate fluorescent acceptor dye. The working of the DNA
sensor was demonstrated in bulk and at a single molecule level through control experiments.

The in vitro demonstration of force sensing on immobilized DNA hairpins proved challenging
due to technical issues and inadequate information regarding orientation of the sensor. More-
over, as immobilization would limit force sensing to a 2D system, we designed a 3D experimental
system that is biologically more relevant. Reconstituted networks of microtubules, crosslinked
by the DNA sensor, serve as a model for composite networks resembling those found in cells.
Yet, such a system is not well studied and therefore, remains less understood. Our dual goal
behind the choice of networks of microtubules crosslinked with DNA as an experimental system
was to characterize rheology of these networks, along with force sensing experiments.

Experimental trials of perturbing these networks with a glass needle revealed some artifacts,
necessitating optimization of the force application method. A possible, alternative method
would be using dual bead optical trap to shear the in vitro networks. Meanwhile, classi-
cal linear and nonlinear rheology tests were conducted in parallel, to understand mechanics
of the networks. A rather surprising observation was that rheology and microscopy meth-
ods proved insufficient to gather evidence of crosslinking of MTs, irrespective of the strategy
used for crosslinking. Furthermore, additional problems such as deleterious effects of chemi-
cal crosslinker, sulfo-SMCC, on MT length or artifacts from instrumentation led to unforseen
problems in these experiments. While the credibility for crosslinking strategies was salvaged
in case of actin, it became generally clear that in vitro experiments are not exactly a ’simple’
representation of the cellular network. Although these networks consist of fewer components,
the system can prove to be extremely complicated at a molecular level. Moreover, as stiff
rods cannot easily bend like actin, composite networks of stiff rods are especially sensitive to
parameters such as filament length. This might provide an explanation regarding the difficulties
in crosslinking microtubules; a non-issue in case of actin. Therefore, force sensing experiments
can be combined with crosslinking studies of actin networks in future, to complete the in vitro
experiments on the sensor. Actin can also be treated as stiff rods, depending on its length,
thereby extending the possibility to compare experimental data with simulations of stiff rods
and flexible crosslinkers.

Preliminary experimental data showed that the DNA sensor, complexed with the Lifeact-
Halotag fusion protein, can be introduced into cells through different methods of transfection.
Some control experiments and optimization of concentrations is required for achieving specific
binding to actin filaments in cells. Furthermore, expressing the fusion protein in cells and
transfecting only the small sized DNA-ligand mixture could ensure better uptake and prolonged
survival of the DNA sensor in cells.

In conclusion, through this study, we developed a new tool for force sensing in 3D cytoskeletal
networks that supports a unified approach to study multiple cellular processes together. The
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construction and analysis of in vitro networks gave an insight into the loopholes in artificial
networks and also highlights basic differences in semi-flexible and rigid rod networks. Although
our contribution is merely a grain in the sandbox of network mechanics, we believe that it is an
important step to understand the fundamental problems while dealing with different types of
polymers. This will allow us to choose the polymer type wisely, depending on the experimental
system. Lastly, with the in vivo experiments, we demonstrate the possibility of using the force
sensor in cells in the near future.





Chapter 6

Materials and methods

Materials were obtained from Sigma-Aldrich Chemie Gmbh (Munich, Germany), unless specified
otherwise.
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6.1 Preparation of DNA

6.1.1 DNA sensors

The sequences of DNA sensor strands were designed online on NUPACK webpage and obtained
commercially (Integrated DNA Technologies, Leuven, Belgium).1 Lyophilized powders were
resuspended in DNA buffer and aliquots were stored at -20◦C. The design of sensor is explained
in Section 2.5 and sequences of strands are given below.

Hairpin strand, H

CGCCCTGAAAGCACGCAGCGGCGAACCGGAGAGTGTTAGAGACACGGTTCGCGCGCGGG
CACGCGGCTTGCG

Complementary arm with fluorophore, F

In reversible sensor design, the strands bears the fluorophore, Alexa 488. CGCTGCGT-
GCTTTCAGGGCG

Complementary arm with quencher, Q

In reversible sensor design, the strands bears the quencher, Iowa black dark quencher. CG-
CAAGCCGCGTGCCCGCGC

Fluorophore strand, F

In the irreversible sensor the fluorophore is not incorporated in the hairpin but attached to
this strand.
TGTCTCTAACACTCTCCGGTTCGC

Quencher strand, Q

In the irreversible sensor the quencher is not incorporated in the hairpin but attached to this
strand.
GAGAGTGTTAGAGACA

Control strand for irreversible sensor, C

ACAGAGATTGTGAGAGGCCAAGCG

Control strand for reversible sensor, C

TGTCTCTAACACTCTCCGGTTCGC
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1. Polyacrylamide gel electrophoreses (PAGE)

Figure 6.1: DNA strands on gels. (A) Polyacrylamide gel showing hybridization of 100 nM strands
of the reversible DNA sensor. (B) DNA fragments of 1kb and 4 kb on an agarose gel
after PCR are shown in lanes 2 and 7, respectively. Lanes 3 and 8 show 1kb and 4kb
fragments after purification and concentration.

Hybridization and sizes of DNA strands were tested on 20% Novex TBE gel (Life Tech-
nologies GmbH, Darmstadt, Germany) run at 250 V for 40 min in TBE buffer (SERVA
Electrophoresis GmbH, Heidelberg, Germany). GeneRuler ultra low range DNA ladder
(Life Technologies GmbH, Darmstadt, Germany) was run as reference to estimate size of
DNA. The gel was stained with 1 to 10000 diluted SYBR Gold Nucleic Acid Gel Stain (Life
Technologies GmbH, Darmstadt, Germany) for approximately 30 min and imaged using
UV filter in Intas ECL Chemocam imager (INTAS Science Imaging Instruments GmbH,
Sartorius, Goettingen, Germany). A gel showing hybridization of strands of the reversible
DNA sensor is shown in Fig. 6.1A. The lane with HFQ shows a fraction of unhybridized
HF strands; responsible for background fluorescence in the spectrophotometer.

2. DNA purification

DNA constructs were purified with Amicon Ultra-0.5 mL Centrifugal Filters with 3 kDa
cut-off (Merck Chemicals GmbH, Hessen, Germany), following company specified proto-
col.

3. Spectrophotometer experiments
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Control experiments were performed to test working of the DNA sensors, which are
described in Section 2.5. Bulk experiments were done on AMINCO-Bowman Series 2
spectrophotometer (Thermo Electron Scientific Instruments Corporation, Madison, WI,
USA). DNA buffer was used as negative control. DNA sensor strands (F, Q and C) were
added sequentially and hybridized in situ in quartz cuvettes (Hellma Analytics, Müllheim,
Germany). Final DNA concentration was 25 nM in a final volume 100 µl. DNA strands
were labeled with fluorophore Alexa 488 and measured at an excitation wavelength of
494 nm and an emission wavelength of 520 nm.

4. Single molecule experiments

1 nM of HF and HFQ strands (reversible DNA sensor) were spin coated at 8000 rpm for
40 s on plasma cleaned coverslips. Confocal scans of single molecules were obtained on
the commercial confocal system Microtime 200 (PicoQuant, Berlin, Germany).

Details of the instrumentation are as follows. A modified Olympus IX-71 microscope
(Olympus Deutschland, Hamburg, Germany) was used and samples were scanned at a
speed of 5 ms per 100 nm pixel by using a three-axis piezo stage. A pulsed diode laser
(λ = 480 nm) with a pulse width of 100 ps full-width at half-maximum was operated
at a pulsing frequency of 20 MHz. The excitation beam was then reflected by using a
dichroic mirror to guide it into the side port of the microscope. The excitation power
used was around 10-25 kW cm2. A high numerical aperture objective was used to excite
the samples (UAPON 100XOTIRF, 1.49 N.A., Olympus) and to collect the fluorescence
emission. The emission light was then passed through the dichroic mirror and focused
onto the active area (approximately 75 µm) of a single-photon counting module (SPCM-
AQR-13, PerkinElmer). A band-pass filter (BrightLine HC 525/45, Semrock) was used
before the detector to block the back-scattered laser light. The photons detected were
counted using a multichannel picosecond event timer and time-correlated single-photon
counting (TCSPC) module (HydraHarp 400, PicoQuant). The collected photon data
was processed by using custom written Matlab routines in order to obtain intensity and
lifetime images. Further technical details are given elsewhere.2

6.1.2 Long DNA fragments

We used DNA of different lengths for crosslinking microtubules, in order to understand the
dependence of network mechanics on crosslinker length. The results are shown in Section 3.5.2.

1. Polymerase chain reaction (PCR)

1 kb and 4 kb fragments were amplified from plasmid UNC 104 using thiol modified
primers and Phusion High-Fidelity DNA Polymerase (New England Biolabs GmbH, Ip-
swich, MA).3

PCR programs used for amplification of 1 kb and 4 kb DNA fragments are given in
Table. 6.1.
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Step 1 kb 1 kb 4 kb 4 kb
1 98◦C 30 s 98◦C 30 s
2 95◦C 10 s 95◦C 10 s
3 50◦C 30 s 58◦C 30 s
4 72◦C 30 s 72◦C 2 m
5 72◦C 10 m 72◦C 10 m
6 4◦C Hold 4◦C Hold

Table 6.1: PCR programs

2. Agarose gel electrophoreses

The DNA fragments were run on 1% agarose gel (CarlRoth GmbH + Co.KG) with 6X
loading dye (Life Technologies GmbH, Darmstadt, Germany). GeneRuler 1 kb DNA
Ladder (Life Technologies GmbH, Darmstadt, Germany) was run as reference for sizes.
Midori Green (Biozym Scientific GmbH, Oldendorf, Germany) was added to gels in a
dilution of 1 to 10000 while casting. Images were recorded using UV filter of Intas ECL
Chemocam imager (INTAS Science Imaging Instruments GmbH, Sartorius, Göttingen,
Germany). A gel showing 1kb and 4 kb DNA fragments before and after purification is
shown in Fig. 6.1B.

3. DNA purification

PCR amplified DNA fragments were purified using QIAquick PCR Purification Kit (QIA-
GEN GmbH, Hilden, Germany), as per protocol specified in product manual.

6.2 Immobilization protocols

The DNA sensor was immobilized on a coverslip to test the opening of hairpins on force
application in a minimum component system.

6.2.1 DNA immobilization on coverslips

DNA with thiol ends was attached to coated coverslips using a protocol, modified according to
our requirements, from Ref. 4. Main steps of the protocol are described below.

1. Glass coverslips were cleaned in plasma cleaner (Harrick Plasma, Ithaca, NY, USA) for
15 min.

2. Coverslips were immersed in absolute ethanol (250 µl) and ultrasonicated for 5 min.
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3. Silanization was done by incubating coverslips in a 2% solution of 3-aminopropyl dimethyl
ethoxysilane (APTES) in ethanol for 30 min.

4. Silanized coverslips were washed twice with ethanol, followed by ultrapure water and air
dried with stream of nitrogen.

5. Bake at 80◦C for 1 hr.

6. Coverslips were wetted with HEPES buffer (pH 8) for 1 hr followed by incubation with 10
mM sulfo-SMCC (Life Technologies GmbH, Darmstadt, Germany) sandwiched between
two coverslips.

7. The coverslips were separated and washed in ultrapure water and air dried with a stream
of nitrogen.

8. Thiol modified DNA strands (Integrated DNA Technologies, Leuven, Belgium) were re-
duced with 20X Bond-Breaker TCEP solution (Life Technologies GmbH, Darmstadt,
Germany) for 30 min at ambient temperature.

9. 2-5 µl of DNA was spotted on coated coverslip and incubated for 1 hr in water saturated
environment. The concentration of DNA used depended on experiment requirements and
ranged from 10 nM-1 µM.

10. Controls included spotting with L-cysteine to block maleimide groups from sulfo-SMCC
and then adding thiol DNA to same spot and/or using DNA with biotin end to check for
unspecific binding.

11. Coverslips were washed carefully in PBS buffer and air dried in stream of nitrogen.

6.2.2 Coating AFM cantilever with neutravidin

AFM experiments to unfold DNA hairpins are described in Section 2.6.2. Cantilevers were
coated using a modified protocol from Ref. 5,6. Olympus Biolever RC150VB cantilevers (Olym-
pus Europa SE & Co. KG, Hamburg, Germany), made of silicon nitride were used with a nominal
resonance frequency of 37 kHz (in air) and a nominal spring constant 30 pN/nm. Cantilevers
were immersed in acetone (CHROMASOLV grade) for 5 min followed by UV irradiation for
30 min. Subsequently, cantilevers were incubated overnight in 0.5 mg/ml biotinylated BSA at
room temperature. Cantilevers were washed the following day 6 times with PBS (pH 7) and
incubated with 0.5 mg/ml neutravidin (Life Technologies GmbH, Darmstadt, Germany) for 1
hr. The cantilevers were ready to use after rinsing with PBS to wash off excess neutravidin.
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6.2.3 Coating beads with neutravidin

Flow experiments to unfold DNA hairpins are described in Section 2.6.3. Beads were attached
to the DNA strands using a protocol described below.

Biotin used: 6-((6-((biotinoyl)amino)hexanoyl)amino)hexanoic acid, succinimidyl ester) 50
µl carboxylated silica beads (1.5 µm; Kisker Biotech GmbH & Co. KG, Steinfurt, Germany)
solution was diluted in 950 µl phosphate buffer. Beads were centrifuged at 7800 g for 10 min
to remove any impurities and pellet resuspended in 800 µl phosphate buffer. 100 µl N-(3-
Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) and 100 µl Biotin-XX, SE (1
mg/ml) were incubated for 1 hr while shaking. The beads were centrifuged at 7800 g for 10
min followed by resuspension in 1 ml buffer twice and stored at 40◦C.

25 µl of biotinylated beads were diluted in 55 µl phosphate buffer, along with addition of
10 µl glycine and 10 µl neutravidin. After 1 hr incubation (while shaking) at 7800 g for 10 min,
the pellet was resuspended in 100 µl phosphate buffer. The centrifugation step was repeated
and beads stored at 40◦C until further use.

6.3 Preparation of microtubules

Microtubules were polymerized in vitro for assembling artificial networks, as described in Chap-
ter 3. The protocols for preparation and handling of MTs are given below.

6.3.1 Reconstitution and storage of tubulin

Porcine brain tubulin (10 mg) was obtained commercially as lyophilized powder (Cytoskeleton,
Inc., Denver, CO, USA). Tubulin was reconstituted to 20 mg/ml stock with General Tubulin
Buffer (80 mM PIPES, pH 6.9, 2 mM MgCl2, 0.5 mM EGTA), also obtained from Cytoskeleton,
Inc., Denver, CO, USA. Aliquots of reconstituted tubulin were snap frozen in liquid nitrogen
and stored at -80◦C.

6.3.2 Polymerization of MTs

Microtubules were polymerized in BRB 80 buffer with 1 mM GTP, 2 mM MgCl2, 10 µM taxol
and porcine brain tubulin at 37◦C for 30 minutes. Final concentrations of tubulin used for rhe-
ology experiments was 2 mg/ml (20 µM), unless specified otherwise. Dilutions of polymerized
MTs for microscopy were made in BRB 80 buffer containing 10 µM taxol.

Some variations in protocol have been used in certain experiments as per requirements.
Polymerization of labeled microtubules was done by mixing tetramethylrhodamine (TMR) la-
beled tubulin with unlabeled tubulin in a ratio of 1 to 5. Similarly, biotinylated microtubules
were polymerized by adding biotin labeled tubulin to unlabeled tubulin during polymerization.
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Short microtubules were polymerized by incubating a mixture of unlabeled tubulin with N-
ethylmaleimide (NEM) labeled tubulin (3:2) and 1 mM GMPCPP (Jena Bioscience GmbH,
Jena, Germany) for 30 minutes at 37◦C.

6.3.3 Cleaning MTs

A glycerol cushion was prepared by mixing 60% glycerol in BRB 80 buffer and 10 µM taxol.
MTs were loaded gently on top without mixing and spun-down in air driven ultracentrifuge
(Beckman Coulter, Inc., Palo Alto, CA) for 5 min at 10 psi. The pellet was resuspended in
taxol containing BRB 80 buffer.

6.3.4 DETA coating of coverslips

Protocol for coating coverslips with a positively charged silane to attach negatively charged
microtubules is described below.

1. Coverslips were cleaned for 15 min in a plasma cleaner.

2. Plasma cleaned coverslips were then silanized with 0.1% solution of 3-[2-(2-Aminoethylamino)-
ethylamino]propyl-trimethoxysilane (DETA) in ultra-pure water for 5 min and sonicated.

3. The next step was washing twice with Millipore water and sonication for 5 minutes.

4. Coverslips were dried at 70◦C for approximately 1 hr.

6.3.5 Microscopy of MTs

Chambers of approximately 10 µl volume were prepared by using double-sided tape of 100
µm thickness between glass slide and DETA coated coverslips. Polymerized MTs were diluted
in taxol buffer as described above and flushed into the chambers. After incubation of 5 min,
antibleach solution was flushed in through one end and filter paper placed at other end to replace
unattached MT solution by capillary action. Antibleach solution consists of BRB 80 buffer
containing 10 mM dithiotreitol (DTT), 0.08 mg/ml catalase 40, 0.1 mg/ml glucose oxidase
and 10 mM glucose. Samples were imaged on an epifluorescence microscope, Axiovert 200
(Carl Zeiss MicroImaging GmbH, Jena, Germany) using an oil immersion objective (EC Plan-
Neofluar 100x/1.3, Carl Zeiss MicroImaging GmbH, Jena, Germany). Images were recorded
with a digital CCD camera (CoolSnap ES, Roper Scientific, Martinsried, Germany) using a
software Winspec (Roper Scientific, Martinsried, Germany).
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Figure 6.2: Image analysis routine. Raw image of MTs is shown in (A). Image processing was
done in Fiji by thresholding with MaxEntropy, followed by skeletonization and selection
of particles above a minimum length of 645 nm and circularity between 0 and 0.1. MTs
at edges were excluded as they went out of the field of view. The image after analysis
routine is shown in (B).

6.3.6 Image analysis for length distribution of MTs

Images of MTs treated with sufo-SMCC and maleimide dye were analyzed for their length
distribution using Fiji software. The raw image of MTs is shown in Fig. 6.2A. Image processing
was done by thresholding using ’MaxEntropy’ followed by ’skeletonization’. Using the Analyze
particles’ tool, a minimum length threshold of 0.645 m and circularity between 0-0.1 were
selected to avoid measuring tubulin aggregates. The image after analysis routine is shown in
Fig. 6.2B. As the skeletonization step reduces objects to single pixel width, fitting an ellipse
to straight MT will result in minor axis value of 1. Individual MTs were sorted from clusters
of MTs by neglecting those with minor axis values greater than 4. The lengths for long and
looped MTs were measured manually.

6.4 Preparation of actin

Actin filaments were polymerized in vitro for assembling artificial networks, as described in
Chapter 3. The protocols for preparation and handling of actin are given below.

6.4.1 Reconstitution and storage of actin

G-actin (1 mg) from rabbit skeletal muscle was purchased as lyophilized powder (Hypermol EK,
Bielefeld, Germany). A stock of 4 mg/ml actin was prepared by reconstituting lyophilized actin
in ultra-pure water. The stock solution contains 95.2 µM actin, 8 mM Tris-Cl (pH 8.2), 1.6
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mM ATP, 2 mM (DTT), 0.4 mM CaCl2 and 0.8% disaccharides. Aliquots were snap frozen in
liquid nitrogen and stored at -80◦C.

Monomix (Hypermol EK, Bielefeld, Germany) is used as a dilution buffer to obtain the
required actin concentration. It consists of 2 mM Tris-Cl (pH 8.2), 0.4 mM ATP, 0.1 mM
CaCl2 and 0.5 mM DTT. Small aliquots of 50X Monomix were stored at 80◦C and diluted to
1X with millipore water, prior to use.

Polymix (Hypermol EK, Bielefeld, Germany) is used as a polymerization buffer to induce
actin polymerization. It consists of 1 M KCl, 0.1 M imidazole (pH 7.4), 10 mM ATP and 20
mM MgCl2. Aliquots of 10X Polymix were stored at 80◦C and thawed on ice, prior to use.

6.4.2 Polymerization of actin

Actin was diluted to a final concentration of 1 mg/ml G-actin (stock 4 mg/ml) with Monomix
buffer. 10X Polymix was added in 1 to 9 ratio to the mix to get a final concentration of 1X
Polymix. The mixture was incubated at 23◦C for 1 hr for polymerization of F-actin.

6.4.3 Microscopy of actin

Actin was labeled by incubating a mixture of 10 µl actin, 89 µl 1X Polymix buffer and 1 µl
Atto 647 with phalloidin (ATTO-TEC GmbH, Siegen, Germany) for 1 hr.

Labeled actin was further diluted as per requirement and pipetted onto DETA coated cov-
erslip (preparation described in Section 6.3). After incubating for 5 min, the fluid was gen-
tly washed with 1X Polymix buffer. The coverslip was inverted onto a slide with 3 µl mix-
ture of Mowiol and Dabco as embedding medium. The medium consists of glycerin (6g),
polyvinilalcohol 4-88 (2.4 g), Tris Buffer 200 mM pH 8.5 (12 ml with HCl), water (6 ml),
1,4-diazobicyclo[2.2.2]octane 2.5 %w/v (0.6 g).

Actin filaments were imaged with confocal and stimulated emission depletion microscopy
(STED) setup. In STED microscopy, the diffraction-limited excitation focal spot is overlapped
with a donut-shaped laser on the default laser. This laser has the ability to switch off the
fluorescent molecules in the periphery of the excitation spot, confining the fluorescent area
to donut center. In our experiments, the excitation laser originated in a Chameleon Compact
OPO-Vis unit (Coherent Inc., Santa Clara, CA USA), converting the IR light of a Ti:Sa laser
in the visible 590 nm light. The excitation laser, pulsed at 80 MHz, triggers the 775 nm STED
laser (Onefive GmbH, Zurich, Switzerland). The delay between excitation and STED pulses
was set by an home-made electronic delay unit. The donut-shaped depletion spot was rendered
by imprinting an helical phase delay on the STED laser wavefront (Vortex Phase Plate VPP-1,
RPC photonics, Rochester NY USA). Excitation was typically performed at 10 µW, with a dwell
time of 20 µs; STED depletion was performed at 150 mW, allowing a resolution of less than
35 nm (calibration not shown).

Laser focusing and collection of fluorescence was performed by the same oil immersion ob-
jective (UPlanSApo 100x 1.4 Oil, Olympus Corporation, Tokyo, Japan). Fluorescence emission
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was detected by a Single Photon Counting module (SPCM-AQRH-13-FC, Excelitas Technolo-
gies Corp., Waltham MA USA). An appropriate series of dichroic mirrors and optical filters
separate the excitation and STED light from fluorescent emission. Experiments were run with
the software ImSpector (MPI fr biophysikalische Chemie, Göttingen, Germany); data analysis
was performed with Fiji.7

6.5 Preparation of Halotag-fusion proteins

The chemical crosslinking strategy was replaced by Halotag protein binding, described in Sec-
tion 3.9. Lifeact-Halotag sequence was cloned in plasmid pET17b with a His tag at C-terminus.
The engineering of the construct was done from individual protein sequences. Lifeact sequence
was obtained from company (Ibidi GmbH, Martinsried, Germany) and oligos were purchased
commercially (Sigma-Aldrich Chemie Gmbh, Munich, Germany). Halotag sequence was cut-out
from plasmid, pFC14A (PROMEGA GMBH, Mannheim, Germany) by using suitable restriction
enzymes. Sequence of His tag was added at the C-terminus of the protein sequence using
suitable primers in PCR.

Post cloning, E. coli BL21(DE3) (Invitrogen, Carlsbad, CA, USA) were transformed with
the pET17b plasmid and grown to an optical density of about 0.8 at 37◦C. TPM medium was
used, supplemented with ampicillin (0.1 mg/ml). The medium consists of 2% tryptone, 1.5%
yeast, 0.8% NaCl, 0.2% Na2HPO4 and 0.1% KH2PO4.

Protein expression was induced using 0.1 mM IPTG for 3 hrs at 37◦C. Variations in this step
were tested by adding 5% ethanol and reducing incubation temperature to 25◦C. This was done
to reduce the protein expression and thereby reduce any protein aggregation due to misfolding
of proteins. After induction, the cells were harvested by centrifugation and resuspended in a
20 mM imidazole buffer, pH 7.4, supplemented with 1 mM each of DTT, MgCl2, EGTA, BME
and 150 mM NaCl before lysis using ultrasound in the presence of lysozyme and DNAseI. After
separation from cell debris by centrifugation, the cytosol was incubated for 1 hr at 4◦C with
Ni-NTA-column material (Qiagen, Hilden, Germany) and then transferred to a syringe column.
After washing the column with 80 mM imidazole and 300 mM NaCl, bound protein was eluted
using a 300 mM imidazole buffer containing 10 mM ATP and 1 mM DTT.

6.5.1 Protein binding assay

A binding assay was done to verify binding of the fusion protein to actin filaments. 1 mg/ml
actin was polymerized using a protocol described previously. Actin was incubated with Lifeact-
Halotag in a molar ratio of 1:10 for 1 hr. The samples were then spun-down in an air driven
ultracentrifuge (Beckman Coulter, Inc., Palo Alto, CA) at 100000 g for 1 hr. The supernantant
was decanted into another tube and the pellet resuspended in an equivalent amount of 1X
Polymix buffer. The samples were run on a SDS PAGE gel to check for co-sedimentation of
the protein with actin.
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6.5.2 SDS PAGE protocol

The supernatant and pellet, obtained after centrifugation from binding assay, were run on a
SDS PAGE gel. The samples were pre-treated as follows. 10 µl of each sample was mixed
with 10 µl of 2X sample buffer and heated to 95◦C for 5 min. The sample buffer consists
of 2-Mercaptoethanol, 0.1% bromophenol blue, 0.0005% glycerol, 10% SDS (electrophoresis-
grade), 2% Tris-HCl, 63 mM (pH 6.8). The treated samples were run on a 10% polyacrylamide
gel at 150 V for 60-70 min. The gel was stained with PageBlue Protein Staining Solution
(Life Technologies GmbH, Darmstadt, Germany) for approximately 30 minutes and imaged
with Intas ECL Chemocam imager (INTAS Science Imaging Instruments GmbH, Sartorius,
Göttingen, Germany).

6.6 Cell culture

The DNA force sensors were introduced into human mesenchymal stem cells using different
methods, as described in Chapter 4. The maintenance of cells and the various transfection
protocols are elaborated below.

Adult human mesenchymal stem cells from bone marrow [hMSCs] (Lonza Group Ltd, Basel,
Switzerland, PT-2501, Lot#2F3478) were used in all cell experiments. We seeded cells at a
density of 100000 to 200000 per flask in T75 Corning cell culture flasks (Corning Incorporated
Life Sciences, Tewksbury, MA, USA). The cells are kept in Dulbeccos Modified Eagle Medium,
DMEM (Life Technologies GmbH, Darmstadt, Germany) + 10% FBS and + 1% penicillin/
streptomysin (Life Technologies GmbH, Darmstadt, Germany). The cells were split every 2-3
days by detaching from substrate using 0.05% trypsin-EDTA (Life Technologies GmbH, Darm-
stadt, Germany) following the company specified usage instructions for human mesenchymal
stem cells.

6.6.1 Preparation of Lifeact-Halotag and DNA mixture

Lifeact-Halo protein was purified from E.coli, as described above. The concentration of the
purified protein was 0.6 mg/ml. 1 µg DNA strands, H and F with thiol ends, were annealed
in DNA buffer. The buffer consists of PBS (pH 7), 50 mM NaCl/KCl and 10 mM MgCl2
The annealed DNA was reduced with TCEP for 1 hr and incubated with 10 µM iodoacetamide
functionalized Haloligand (PROMEGA GMBH, Mannheim, Germany). The DNA-ligand mixture
was incubated with 10 µM Lifeact-Halotag for 15 minutes before further treatments. This
solution is referred to as ’Lifeact-Halotag and DNA mixture’ in following subsections.
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6.6.2 Viafect treatment

Viafect transfection reagent was obtained commercially (PROMEGA GMBH, Mannheim, Ger-
many). We followed company specified protocol for introducing Lifeact-Halotag and DNA
mixture using Viafect into the cells. Briefly, approximately 2500 cells were plated out in a Petri
dish, one day before transfection. The medium was removed and cells were washed with sterile
PBS, prior to transfection. Lifeact-Halotag and DNA (60 µl) was mixed with Viafect (12 µl)
and incubated for 15 minutes at room temperature. DMEM was then added to the mixture to
make up the volume to 300 µl. The mixture was added to adhered cells, followed by incubation
for 1 hr at 37◦C and 5% CO2, prior to imaging over a period of 24 hrs.

6.6.3 Electroporation

The Nucleofection mixture was prepared by carefully mixing 82 µl Nucleofector Solution P1,
18 µl Supplement 1 and Lifeact-Halotag and DNA mix (contained approximately 1 µg DNA).
Trypsinized cells were centrifuged at 1000 rpm for 5 minutes. The cell pellet was resuspended
in the prepared solution and put in Nucleocuvette. A1, P1 slot in Xunit of the 4D Nucleofector
(Lonza Group Ltd, Basel, Switzerland) was used for electroporation. Pulse code FF 104 was
used on the cells followed by incubation for 3-5 min at RT. Warm 1 ml DMEM medium was
added to a Petri-dish and electroporated cells were plated out (approximately 2500 cells in one
dish). The plates were incubated at 37◦C and 5% CO2 for 1 hr to allow recovery, followed by
imaging over a period of 24 hrs.

6.6.4 Saponine treatment

0.05 g/l Saponin was prepared in a hypotonic buffer consisting of 130 mM sucrose, 50 mM
KCl, 50 mM potassium acetate and 20 mM HEPES. Approximately 2500 cells were trypsinized
and treated with Saponin and Lifeact-Halotag and DNA mix using the following protocol.

1. Wash cells 1x with PBS.

2. Add Saponin and Lifeact-Halotag and DNA mix and shake for 5 min.

3. Wash with PBS.

4. Incubate in medium for at least 30-45 min.

The treated cells were allowed to recover for 1 hr 37◦C and 5% CO2 and imaged over a
period of 24 hrs. However, all the cells died after treatment with Saponin. Therefore, this
method of transfection cannot be used in our experiments.
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6.6.5 Fuse-It-P method

Fuse-It-P (Ibidi GmbH, Martinsried, Germany) was obtained commercially as a lyophilized pow-
der. Company specified protocol was followed thereafter, with minor modifications. The pro-
tocol used is given below.

1. Add 40 µl of the Lifeact-Halotag and TMR Haloligand (no DNA) to a Fuse-It-P vial and
mix thoroughly by vortexing until complete resuspension.

2. Sonicate the mixture in a standard ultrasonic bath for 5-10 minutes at room temperature
or lower.

3. Fill up the fusogenic mixture with 20 mM HEPES buffer (pH 7.4) or sterile water, to
make a total volume of 100 µl, then vortex for 30 seconds.

4. Make 2 batches of 10 µl and 25 µl of the fusogenic mixture in 500 µl 1X PBS by vortexing
for 30 seconds.

5. Replace the culture medium of the cells (approximately 2500) with the diluted fusogenic
mixture.

6. Incubate for 5 minutes at 37◦C.

7. Replace the fusogenic mixture with fresh culture medium to stop fusion.

8. After fusion, the cells were immediately transferred to microscope chamber and imaged
over a period of 24 hrs.

6.6.6 Imaging of cells

Cells were imaged for 24 hrs, using a 32X objective, on a regular epifluorescence microscope,
Axio Observer.Z1 (Carl Zeiss MicroImaging GmbH, Jena, Germany). The microscope is fitted
with a heating System (Ibidi GmbH, Martinsried, Germany) for maintaining temperature at
37◦C. A gas incubation system for CO2 with a humidifying column (Ibidi GmbH, Martinsried,
Germany) is also included to maintain 5% CO2 in the chamber. Images were recorded in phase
contrast as well as in fluorescence (λexcitation and λemission was 494 nm and 520 nm).
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Glossary

MT Microtubule

DNA Deoxyribonucleic acid

ATP Adenosine triphosphate

GTP Guanosine triphosphate

PCR Polymerase chain reaction

NHS N-Hydroxysuccinimide

TMR Tetramethylrhodamine

TCEP Tris(2-carboxyethyl)phosphine

SH Sulfhydryl

APTES (3-Aminopropyl)triethoxysilane

DETA Diethylenetriamine

NA Numerical aperture

LVE Linear viscoelastic

LAOS Large amplitude oscillatory shear

STED Stimulated emission depletion

FRET Frster/fluorescence resonance energy transfer

NEM N-Ethylmaleimide

DTT Dithiothreitol

EDTA Ethylenediaminetetraacetic acid

PCMPS p chloromercuribenzenesulfoate

DTNB 5, 5’ - dithiobis(2-nitrobenzoic acid)

GMPCPP Guanosine-5-[(α, β)-methyleno]triphosphate

ABP Actin binding protein
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PBS Phosphate buffered saline

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

SDS Sodium dodecyl sulfate

PAGE Polyacrylamide gel electrophoresis

Sulfo-SMCC Sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate

IPTG Isopropyl -D-1-thiogalactopyranoside

TBE Tris-borate-EDTA

DMEM Dulbeccos Modified Eagle Medium

hMSC Human mesenchymal stem cells

IF Intermediate filament
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