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1. Introduction

Human blood platelets are small, anucleate cell fragments that are important for
the life-saving process of haemostasis, i.e. the process of wound healing. By adher-
ing to the extracellular matrix at the side of the wound, spreading and contracting
on it, the wound is closed and a continued bleeding prevented. A disturbance of
any of these steps leads to serious health impairments, in the most severe cases
even to death. To understand the mechanisms governing the blood clotting in
healthy humans is thus crucial to also comprehend the implications of the dis-
turbed process. At the same time, given their reduced complexity in biological
set-up, blood platelets can be used as simplified cell models to study the signalling
pathways between cell and environment. Lacking both DNA and transcription
factors, platelets react and adapt to the surrounding only by means of direct
chemical signalling across its membrane and within the cytoplasm. The reaction

of the platelets to its physical environment is the focus of this work.

The formation of a blood clot in the body takes place while the blood flows con-
tinuously within the blood vessel. The resulting shear rate experienced by the
blood platelets varies greatly between large veins (starting at about 10 s™!) to
small arteries (up to about 2000 s~!) under physiological conditions [99]. Simul-
taneously, the various tissues found in the human body that a platelet encounters
all exhibit different elasticities ranging from the soft brain tissue at about 1 kPa
to the harder stiffness of about 100 kPa of collagenous bone [28]. This directly
gives rise to the question whether the difference in micro-environment, such as
shear rate or elasticity, changes the reaction of the platelet in terms of adhesion
or contraction. Here, we investigate the contractile behaviour of platelets and its
variation if the stiffness or shear rate is changed. The forces are measured in a
two-dimensional setting for single platelets using traction force microscopy. The
influence of the two physical quantities is studied in two different set-ups, namely,
under static as well as dynamic conditions. For the static experiment, the stiffness
of the substrate is changed without additional external influences in terms of e.g.
shear stress. The dynamic experiment is conducted within a microfluidic device
with changing shear flows, keeping the substrate stiffness constant. Summarised,

there are four major goals in this works that are addressed:
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1. The development and optimisation of an analysis algorithm for the recorded
traction force data on the base of existing algorithms. Here, the small size as
well as the very dynamic and strong forces of the platelets require a revision

of the commonly used algorithms.

2. The measurement of the traction forces exerted by single platelets. Here,

both the spatial as well as the temporal development are studied.

3. The development of a microfluidic device that allows us to measure the forces
of the platelets under flow. The device is designed to not only facilitate the
force measurement but to do so under conditions comparable to the previous,

static experiments in terms of e.g. concentration of the trigger substance.

4. The measurement of the contractile forces of platelets under flow conditions.
As with the previous experiments, we again study both the spatial and tem-

poral evolution of the force.

Chapter 2 gives a brief summary of the architecture and function of blood platelets.
Furthermore, the main experimental and analytical methods to measure traction
forces exerted by cells are presented along with major insights gained from these
measurements for both platelets as well as other cells. Next, the concept of mi-
crofluidics in connection to cell biology is presented. Here, a major point is to pro-
vide the already proven usability of microfluidics when studying platelets. Lastly,
the first results in combining traction force microscopy and microfluidics are re-

ported.

Subsequently, Chapter 3 summaries several physical concepts that are important
for this work. This includes the basics of elasticity theory to understand the
physical and mathematical aspects of traction force microscopy. We will continue
with the underlying mathematics of fluid dynamics as well as mass transport in
fluids. In connection to platelets being exposed to shear flow, the stresses on the
cell due to the flow are described. Additionally, the theoretical concept of an elastic
dipole is presented. Finally, a mathematical model to simulate the contraction of
a cell or cell layer on an elastic substrate is described.

In Chapter 4, the experimental procedures are summarised. This includes the
fabrication of the elastic substrates used for both experiments, the assembly of the

microfluidic device as well as the imaging of the contracting platelets.

Chapter 5 presents the first, theoretical part of our results, namely the analysis
algorithm. It describes the analysis step-by-step, demonstrating results of the
individual steps on a specially constructed data set. The optimisation of the algo-

rithm is reported as well as an alternative, also adapted algorithm which is later



calibrated to our newly designed algorithm. Additionally, we introduce the force
dipole ratio to determine the degree of isotropy in contraction and its evolution over
time. For the practical application of the algorithms presented above, in Chap-
ter 6, the necessary parameters for the evaluation of the experiments are given.
Additionally, several analytical approaches used to calculate, e.g., the oscillatory

force frequency or final spread area are described.

This is followed in Chapter 7 by the presentation of the results for both experi-
mental set-ups. The spatial and temporal development of the force is described
and the previously introduced force dipole quotient studied. For the static ex-
periments, the model previously introduced in Chapter 3 is used to derive an
approximation for the internal stress of the platelet as well as evaluate the influ-
ence of the platelet’s thickness on the mechano-sensitivity. For the microfluidic
experiments, the designed measuring chamber is characterised both through sim-
ulation and measurement. Lastly, the preferred contractile direction compared to
the flow direction is presented. The observations made here are discussed in the
subsequent chapter, Chapter 8.

In the last Chapter 9, the major results of this work are summarised. We finish
this thesis with the possible implications of our results for the process of blood

clotting.






2. State of the Art

In the present chapter, an overview of the current knowledge about blood platelets
and their contraction is given (Section 2.1). Subsequently, different experimental
and analytical methods to determine cellular forces are presented in Section 2.2.
Finally, the newest advances of measuring forces under flow conditions as well as

the influence of shear flow on cells in general are described in Section 2.3.

2.1. Blood Platelets and Their Role in

Haemostasis

2.1.1. Blood Platelets Structure and Origin

Human blood platelets are small, anucleate cell fragments found in the blood with
a life span of only 7-10 days ( [77], Chapter 3). They are one of the key players
in the process of haemostasis as described previously. In the non-active state,
they exhibit a discoid shape with a diameter of only 2 ym to 5 pum and a height
of 0.5 pum ( [77], Chapter 3). They are thus considerably smaller as the more
commonly known cells in the blood, namely red blood cells (diameter: 7.5 pm to
8.7 pm, height: 1.7 pm to 2.2 pm [23]). Under shear flow, platelets are pressed

towards the blood vessel walls, allowing them to be close by in case of an injury.

The exact way of the formation of blood platelets is still a matter of research as
several pathways have been proposed. Common for all of them is the fact that
platelets stem from larger, polynuclear cells called megakaryocytes found in the
bone marrow. It has been suggested that platelets form by a budding-of process
or blebbing taking place at the outer membrane from the megakaryocyte ( [77],
Chapter 2).

Another model is based on the discovery of so called proplatelets, thin cytoplasmic
processes developing from the megakaryocytes. These proplatelets display small,
bead-like ends, connected via the cytoplasm. In the final stages of the proplatelet

production, they are released from the megakaryocytes. The ends of the pro-
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Figure 2.1.: The inner structure of a platelet. The outer shell is comprised out
of a membrane (black) with a multitude of receptors and proteins, such as the
integrin aIIbB33 (green), the glycoprotein GP Ib-IX-V (violet) and the thrombin
receptor family PAR (grey). The open canalicular system is not shown. Under-
neath the membrane, first a spectrin cytoskeleton (orange) is found followed by
the actin cortex (red). Further inside, a microtubule coil (blue) helps maintain
the characteristic, discoid shape of the platelet. On the inside, actin filaments
(red) span the cytoplasm. Associated to the filaments are the myosin motors
(pink) which bind to the actin upon activation of the platelet. Image adapted
from Ref. [100].

platelets now contain small microtubule coils similar to those found in platelets.
It has thus been proposed that platelets form from the ends of these intermediate
cells [49].

Intrinsically, platelets exist in their resting state. An sketch of the simplified
structure of a platelet can be found in Fig. 2.1. In resting state, a platelet exhibits
a generally smooth surface with smaller membrane indentions similar to those
found in the brain. Within these indentions of the internalised plasma membrane,
small openings of a tunnel-like system, the so-called open canalicular system, can
be found. During spreading, the surface area of the platelet increases to span,
on average, 30 um? [102] and it is believed that the invaginations provide the
additional membrane needed for this process. Further, the open canalicular system
has been shown to transports substances from the inside of the platelets to the
blood plasma and vice versa.
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While a multitude of receptors are found on the outer membrane, for this thesis, to
understand the adhesion and activation, we can reduce the number to five recep-
tors. Two of those are the glycoproteins GP Ib-IX-V and integrin allb83 which
are responsible for the adhesion to the extracellular matrix during haemostasis.
The former primarily binds to the ligand von Willebrand factor (VWF) while the
latter also binds to fibrinogen. Both glycoproteins are mobile on the surface. In
particular, it has been shown that in the early state of activation, the integrins are
moved towards the centre of the lower membrane of the platelet ( [77], Chapter
3).

Additionally, platelets contain a multitude of receptors for activation. One class of
receptors are the so called protease activated receptors (PAR). It has been shown
that PAR1, PAR3 and PAR4 are all receptors for thrombin, an activation agonist
for platelets. The binding of thrombin molecules to the PAR proteins is one way of
initiating the actin polymerisation as well as the activation of the myosin motors
( [77], Chapters 9 and 16).

Underneath the plasma membrane, a spectrin-based skeleton is bound to the actin
cortex. In its resting state, only about 50 % of the entire actin is polymerised into
filaments that stabilise the cell. Inside the actin cortex, the microtubules are
found laying in several loops to form a coil, maintaining the discoidal shape [111].
Further inside, actin filaments span the interior of the platelet to act as a matrix
for other organisational units. During activation and spreading, the cytoskeleton
changes its configuration to undergo the observed structural changes. It has been
shown that during spreading, the loops of the microtubule ring are elongated by
the dynein motors. Afterwards, they start to coil, resulting in a spherical shape
of the platelet [22,111]. At the same time, the actin is polymerised and activated

myosin motors bind to the filaments to facilitate the contraction of the platelet.

Lastly, a number of organelles are found within the platelets. Most interesting
here are the o granules and dense granules. Both structures are storage units
within the cell, where the former are larger in size. The amount of o granules
is dependent on the size of the platelet and each contains a number of proteins
such as von Willebrand factor and fibrinogen. Dense granules are storage units for

smaller molecules, especially for calcium, ATP and ADP.
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2.1.2. Haemostasis

Under normal conditions, that is without damage to the blood vessel walls, platelets
are found in their resting or quiescent state, exhibiting a discoid shape. To avoid
an activation at this stage, the blood contains molecules that actively hinder the
triggering, such as e.g. prostacyclin. Interestingly, for the work presented here,
the receptor on the platelet membrane that binds to prostacyclin also reacts to
prostaglandin E1 (PGE,, [77], Chapter 13).

Upon injury to the vessel walls, a chain of reactions is started to form a blood clot
which is initiated by the activation of platelets. The clot formation can, simpli-
fied, be divided into three major parts: the initialisation, the extension and the
stabilisation. The three stages are shown in Fig. 2.2. On a cellular level, an injury
means a detachment of endothelial cell at the wall which exposes the extracellular
matrix. This matrix consists of collagen as well as its ligand von Willebrand factor.
As the platelets are pressed to the side of the vessel wall due to the shear flow,
they are immobilised on the matrix surface and activated by the collagen-VWR
complex or free-flowing thrombin (Fig. 2.2 A). The activation describes two differ-
ent pathways. While the collagen-VWR, complex reacts with the aforementioned
glycoproteins GP Ib-IX-V and integrin allbg3, thrombin reacts with the PAR
receptors. Both reactions, however, result in an increase of intracellular calcium
concentration which activates integrin alIb/3 and thus the platelet ( [77], Chapter
16).

The activation of the platelet starts a cascade of structural changes. Its shape
changes from a discoid shape to a spherical shape. The intracellular calcium
triggers not only the integrin but also the polymerisation of actin filaments. The
platelet spreads on the extracellular matrix via the formation of both filopodia
and lamellipodia [101] and the extension of the folded membrane. Their final
spread shape resembles that of a fried-egg shape. Examples of spread platelets
may be found in Fig. 2.3. Simultaneously, myosin motors ITa and IIb associated
with the actin filaments are also activated by the intracellular calcium, assisted
by the activation by thrombin and its following reaction cascade. Thus, during
spreading, a contractile, actomyosin driven force is observed (Ref. [77], Chapter
4, [29]). This process is known as clot retraction. At the end of the initialisation
step, a monolayer of activated platelets is found on the site of injury.

On the monolayer of blood platelets, the blood clot is now extended by recruitment

of other platelets from the blood flow (Fig. 2.2 B). The recruitment is chemically

controlled by the release of agonists from the platelets as well as local generation
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Figure 2.2.: The process of wound healing. A During the initialisation of the
blood clot, the platelets start to bind to the extracellular matrix composed out
of collagen and VWF to form a monolayer of cells. Following, the arrested
platelets release signal substances such as e.g. ADP to recruit other platelets
to the blood clot (B). Free thrombin molecules assist in this process. Finally,
the blood clot stabilises, containing also fibrinogen and captured red blood cells
(C). Image adapted from Ref. [77], Chapter 16.

Figure 2.3.: Examples of spread platelets seeded on glass and recorded using
a confocal microscope. The membrane was stained before seeding with the dye
dSQ12S (Ref. [14]), at a concentration of about 300 nM. Most platelets here
show the typical round structure associated with fully spread platelets. The
high intensity in the middle of the platelets (red arrow) denotes the increased
height in the membrane due to assembly of the organelles. The last image
was taken on a gold coated surface and shows an ensemble of cells. Here, also
filopodia (blue arrows) can be seen. The smaller light streaks outside the cells
are bypassing platelets. Scale bar: 5 pm. Images were recorded in cooperation
with A. Chizhik, Third Institute of Physics, University of Géttingen.
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of thrombin. The agonists are first stored within the granules described above and
released upon calcium increase. The connection between platelets is facilitated by
fibrinogen to which they can bind wvia activated integrin allbg3. After the high
levels of activation signalling are decreased, tight bonds between the platelets
within the plug are built inside a meshwork of fibrinogen. This stabilises the clot
and prevents further bleeding. Additionally, captured red blood cells are found
within the final blood clot (Fig. 2.2 C).

In this thesis, we are interested in the stage at which the platelet spreads on the
matrix. In particular, it is known that during this process, the cells do not only
spread but also contract ( [77], Chapter 4). It has previously been shown that the
stiffness of the environment affects the spreading of platelets in that they increase
their spread area with stiffness [93]. This effect stagnates at a stiffness of about
50 kPa. Additionally, the number of platelets attached per area increases in a
similar way as the spread area. It has thus been suggested that the contractile
force may vary in a similar fashion [94]. Another interesting point is the influence
of continuous flow during haemostasis. A number of studies have been conducted
which demonstrated that the shear rate during blood clot formation greatly influ-
ences the process (e.g. Refs. [16,34,60,83,103]). Hence, the contraction of platelets
may also be influenced by the shear rate.

To measure the forces exerted by a cell, a multitude of experimental and analytical
tools have been developed. In the following section, a short overview of these
different approaches is given. Additionally, results gained from force measurements
are presented. Here, observations both for platelets as well as other cells are

summarised.

2.2. Force Measurements of Contractile Cells

2.2.1. Experimental Set-Ups to Measure Cellular Forces

Cellular forces have been shown to be of importance in various biological processes
such as cell migration [69], proliferation and differentiation [28]. To measure the
cellular forces during these processes, different methods have been developed, both

from an experimental as well as from an analytical point of view.

One of the earliest methods to visualise forces exerted by adherent cells was the
imaging of soft elastic substrates. If cells located on the substrate contracted, the
gel was deformed, resulting in a wrinkly surface [41]. To be able to quantify the

forces corresponding to the degree of 'wrinkling’, more accurate imaging techniques
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Figure 2.4.: Four different methods to study the force F generated by a cell
(orange). The direction of force measurement is given by the black arrows. A
AFM measurements are conducted by determining the deflection in a cantilever
upon cell contraction. To facilitate this kind of measurement, adhesive proteins
(green) are often used on the surface and cantilever. B Cells can be grown on
micro-post arrays and the deflection of the single post reflects the contraction.
Contrary to AFM, this is done in two dimensions. C Also measured in two
dimensions is the deformations of elastic substrates underneath a cell (TFM).
The beads within the substrate (green) are displaced accordingly to the exerted
force above them (green arrows). D A localised force measurement technique
involves the use of molecular force sensors (blue-red spheres). Upon pulling
on the molecule, it is stretched, thus increasing the distance between the active
parts (both spheres). Following, either the change in energy transfer is measured
(two fluorophores) or the direct change in fluorescent intensity (one fluorophore
and one quencher).

had to be found. Generally, four different methods for force measuring experiments
have developed over time: atomic force microscopy (AFM) measurements (e.g. [58,
78]), micro-post arrays (e.g. [29, 57,65, 116, 120]), continuous elastic substrates
containing markers (e.g. [17,20,43,74,88,107,122]) and, most recently, fluorescent,
spring-like force sensor molecules (e.g. [31,125,127]). A sketch of all methods may
be found in Fig. 2.4.

To measure the force exerted along an axis, atomic force microscopy or similar
set-ups can be used (e.g. [58,78], Fig. 2.4 A). The cell is grown between a sub-
strate and a flexible microplate [78] or cantilever [58]. By changing the stiffness
of the flexible part of the set-up, the response of the cell to the stiffness can be
determined. Also, detachment forces from the cell to the substrate may be mea-
sured by actively applying an external force. However, as already mentioned, this

approach measures the forces along a one-dimensional axis.
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A two-dimensional tool to measure the contractile forces is the so called micro-
post array (e.g. [29,57,65,116,120], Fig. 2.4 B). A micro-post array consists of
a number of elastic, deformable posts positioned close to each other. The single
posts are usually cast from Poly(dimethylsiloxane) (PDMS) and vary in post size,
density and stiffness [120]. They are regularly distributed to facilitate easy tracking
of deformation. Further, the posts are coated with adhesion proteins such as
fibrin to facilitate attachment. By micro-contact printing the adhesive proteins
to the posts in defined geometries, the cell’s shape and cytoskeletal organisation
can be actively controlled [57]. Contracting cells seeded on the array deflect the
underlying micro-posts, enabling the observer to directly re-calculate the exerted
force. These assays are either conducted on ensembles of cells [29,65] or on a
single-cell basis [57,116,120]. Note that this approach yields a measurement at

discrete locations, namely the positions of the micro-posts.

Instead of using the discrete, two-dimensional set-up of micropost arrays, contin-
uous substrates can be used, a technique called traction force microscopy (TFM,
e.g. [17,20,43,74,88,107,122], Fig. 2.4 C). These substrates are cast from PDMS [17,
43] or, most commonly, polyacrylamide (PAA, [81,88,107,122]). Within the sub-
strate, fluorescent markers are embedded to visualise the deformation of the sub-
strate during cell contraction. Contrary to the micropost array, each fluorescent
marker within the continuous gel yields a contribution to the measurement of the
entire deformation field. Keeping in mind that the size of the fluorescent beads
in general varies between a few tens to hundreds of nanometres in diameter, this
gives a much higher resolution of the force field. The resolution in force mea-
surement is limited by the density of beads, the imaging resolution as well as the
employed analysis algorithm. At the same time, as all previously described force
measurement tools, the stiffness of the substrate can be varied, here in terms of
the degree of cross-linking in the polymer gels. The fabrication of PAA gels have
been adapted to also include micro-contact printed proteins as for the micro-post
arrays [74,81,88,122] as well as force measurement in three dimensions [21, 62].
Using this experimental set-up, keep in mind that due to the continuity of the
substrate, deformations are not only observed at the point of force transduction

on the gel but also in its direct neighbourhood.

To measure the forces at the actual point of force transmission, in recent years,
so called tension sensor molecules have been developed (e.g. [31,125,127], Fig. 2.4
D). Simplified, these sensors consist of two fluorescent molecules connected by a
spring-like molecule. When the two fluorophores are close together (= the "spring'

is relaxed), an active energy exchange occurs between them and can be measured
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by using Forster resonance energy transfer (FRET). The further the molecules
are apart, less energy transfer is seen. Depending on the folding properties of the
connecting molecule, different force ranges can be covered with a single sensor,
often spanning an interval of some piconewtons [31], contrary to the nanonewtons
measured in the methods described above. Alternatively to two fluorophores, one
can be exchanged by a gold particle to quench the flourescence of the other [105,
127]. Developing these sensors is still an ongoing research topic as it has to be
guaranteed that advert effects such as hysteresis do not occur during multiple
stretching cycles.

In the presented work, the most common force measurement technique, TFM in
combination with continuous PAA substrates, is used. This allows us to study
the force development of a single platelet both in a two-dimensional space as well
as in time. PAA substrates have the advantage of being well tunable in stiffness
between 100 Pa and 100 kPa [115] which corresponds to the elasticity range found
in the human body [28]. It has previously been demonstrated that platelets adhere
well to these substrates when coated with fibrinogen [93,107].

In TFM, one interesting point apart from the experimental set-up is the way
to analyse the given data. Independent of the dimensionality of the set-up, the
initial point of analysis is a given set of images of beads changing their position.
To re-calculate the forces exerted by the cell on the gel from the bead positions, a

multitude of algorithms have been developed and are presented in the following.

2.2.2. Different Analysis Algorithms for TFM

All algorithms to calculate the exerted forces of the cell when using continuous
substrates are based on elasticity theory [59]. In technical terms, one determines
the displacement of the markers in the gel and from there re-calculates the corre-
sponding forces. Note that the deformation of the gel is always taken towards a so
called null-image, an image taken of the un-deformed substrate. Most commonly,
the null-image is recorded by trypsination [50, 88] or other forms of cell relax-
ation drugs [80] after the recording. In cases of migrating cells, the un-deformed
substrate is recorded when the cells have left the recording frame [20]. When
the adherence of cells is also imaged, the point of attachment acts as a reference
frame [107]. For micro-contact printed substrates, the un-deformed fluorescent

protein patterns is taken as a null-image [81,122].
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To determine the displacement within the substrate, different analysis approaches
have been developed: particle tracking velocimetry (PTV; e.g. [61,62,98,107]),
particle image velocimetry (PIV; e.g. [3,20,21,46,69,88,95,114,117]) and, more
recently, an optical flow method (e.g. [45,71,75]).

PTYV involves direct bead tracking within the image and is, mathematically seen,
a Lagrangian approach to solve the problem of the displacement field calculation.
Each bead is identified in the null-image and the deformed image and the most
likely match between them is found. This may be done by triangulation [62,107]
or correlation-based [98]. PTV has been adapted to include both time-resolved
measurements [107] as well as three-dimensional recordings [61,62]. The compu-
tational complexity here depends heavily on the number of beads as well as the
number of images that are compared. Furthermore, with increasing bead density,
the reliable identification of the beads between images becomes more and more
difficult, especially when using triangulation. One way to circumvent this problem
is the introduction of beads of multiple colours [98] but that is not possible for all
applications. Hence, this approach, while intuitive and easily applicable for sparse
bead densities, fails for problems of tightly packed tracers.

Most commonly used is the PIV algorithm [69,88,95,114]. Here, the single images
are sub-divided into smaller square windows and the entire included bead pattern
is studied. By calculating the cross-correlation between windows at equal position,
the statistically most probable translation is determined. This approach assumes
that within the sub-window, approximately, all pixels move linearly in the same
direction. Note that the window grid is static for all images for this algorithm
to work and is thus an Eulerian method. This approach allows for a higher bead
density of a single colour to be used as no bead identification is needed. Indeed,
only intensity patterns in space are utilised at this point. Hence, a higher spatial
resolution may be reached here. Additionally, PIV has been adapted to include
both time-resolution [3,20,46,117] and three-dimensional spatial resolution [21].
The limiting factor from a computational point of view is here the choice of sub-
windows. The size is dependent on the degree of deformation of the substrate which
in turn depend on the substrate stiffness, the magnitude of the exerted force as
well as of the time difference between images that are compared. Consequently,
for large enough deformations, a cross-correlation between sub-windows becomes
impossible to determine. Further, with an increasing number of sub-windows, the

computational cost increases as well.
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A more recent algorithm in connection with TFM is the optical flow method [45,
71,75]. Similar to the PTV, single beads or features are found in the images
that are to be compared. Around these features, similar to the PIV algorithm,
small sub-windows are defined which are tracked. Note that here no regular, static
grid is used but a set of irregularly spaced, translating windows. Yet, it is still
assumed that neighbouring pixels move similar to each other and the deformations
are small enough to be able to to track them reliably. Most importantly however,
this algorithm requires that the brightness of the feature that is tracked does