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Abstract

The interior as well as the exterior of cells is governed by networks composed of fi-
brous proteins. The mesh size of these networks is on the order of micrometers and
therefore distinguishes microfluidics as an excellent tool to gain insight into prin-
cipal mechanisms of single molecule behavior, on the one hand, and the interplay
and self-assembly of the network constituents, on the other hand. Here, we present
new results derived from biomimetic investigations of two different systems, namely
single molecule experiments on actin, one of the most important intracellular pro-
teins, and in situ observation of the fibril formation of collagen I, the most abundant
extracellular protein. The use of microfluidic channels fabricated by means of soft
photolithography as the principle tool for our experiments enables us to manipulate
the molecules via confining wall potentials and hydrodynamic flow fields, analyze
their mechanical behavior, and observe time and spatially resolved reactions. Fur-
thermore, microfluidics is very well suited for combination with different observation
methods such as fluorescence microscopy, polarized light microscopy, and X-ray mi-
crodiffraction.

Analyzing single fluctuating actin filaments under the influence of confinement yields
a thorough characterization of the mechanics of the system. The biomacromolecules
are observed by means of fluorescence microscopy. We find that the behavior of the
biopolymers depends on their contour length L and the influence of the microfluidic
environment. The confining energy is considered as a parabolic wall potential. Thus,
we succeed to remarkably well describe the competition between bending energy and
confining energy. Moreover, the results are consistent with Monte Carlo simulations
and with scaling laws for the deflection length A and the segment distribution in the
channels.

The experiments on collagen I give insight into the dynamic evolution of the hi-
erarchical organization of native collagen fibrils. We use a hydrodynamic focusing
and diffusive mixing device to establish a stable pH-gradient within the microfluidic
channels. Therefore, we are able to perform non-equilibrium measurements in the

laminar flow and observe different stages of the self-assembly process at different po-
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sitions within the same system. We characterize the system on a microscopic length
scale by availing the birefringent properties of collagen. Additionally, using X-ray
microdiffraction the dynamic formation of critical subunits of collagen fibrils can
be observed. Furthermore, we demonstrate that finite element method simulations
provide a good description of our experimental results regarding diffusive phenom-
ena, influence of the solution viscosity on the flow profile, and pH distribution.

The experiments presented here elucidate the principle understanding of the studied
biological systems and furthermore show the ability of microfluidic tools to advance

the diverse field of life science.
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Inhalt

Sowohl das Zellinnere als auch die zellumgebende Matrix sind von Netzwerken
aus Faserproteinen durchzogen. Da die Maschenweite dieser Netzwerke im Bereich
weniger Mikrometer liegt, ist die Mikrofluidik besonders geeignet, um einerseits das
prinzipielle Verhalten von Einzelmolekiilen, umgeben von einem Geflecht aus Poly-
meren, und andererseits das Zusammenspiel und die Organisation der Netzwerk-
bestandteile zu charakterisieren. In dieser Arbeit stellen wir neuartige Ergebnisse
aus biomimetischen Untersuchungen zweier unterschiedlicher Systeme vor: Einzel-
molekiilexperimente an Aktin, einem der bedeutendsten intrazellularen Proteine,
und n situ Beobachtungen der Faserbildung von Kollagen I, dem haufigsten ex-
trazellularen Protein. Wir verwenden mikrofluidische Messzellen, die mit den Me-
thoden der ,,weichen Lithographie* aus elastischen Kunststoffen hergestellt wer-
den. Dadurch sind wir in der Lage, Makromolekiile durch raumlich einschrankende
Wande und hydrodynamische Flussfelder zu manipulieren. Um das mechanische
Verhalten der Biopolymere zu analysieren und zeitlich und raumlich aufgeloste Reak-
tionen zu beobachten, kann die Mikrofluidik sehr gut mit an die experimentellen
Anforderungen angepassten Untersuchungsmethoden wie Fluoreszenzmikroskopie,
Polarisationsmikroskopie und Rontgenstreuungssanalyse kombiniert werden.

Die Analyse einzelner fluktuierender Aktinfilamente, deren Bewegung durch enge
Kanéle beeintrachtigt ist, ermoglicht eine umfassende Beschreibung der mechani-
schen Systemeigenschaften. Untersuchungen mit Hilfe der Fluoreszenzmikroskopie
zeigen, dass das Verhalten der Biopolymere von ihrer Konturlange L und der Umge-
bung, also der Form und Abmessungen der Kanéle, abhédngt. Der duflere Einfluss
wird als ein parabolisches Wandpotential angenommen. So gelingt es, den Wettstreit
zwischen der Biegeenergie der Filamente und dem Einfluss der Kanalwande be-
merkenswert genau zu beschreiben. Die Ergebnisse der Experimente sind aufler-
dem im Einklang mit Monte-Carlo-Simulationen und mit Skalengesetzen fiir die
Abstollinge A und fiir die Segmentverteilung in Kanélen.

Die Experimente an Kollagen I bieten tiefe Einblicke in die dynamische Entwick-

lung der hierarchischen Organisation natiirlicher Kollagenfibrillen. Wir verwenden



hydrodynamische Fokussierung in Verbindung mit diffusivem Materialtransport um
einen stabilen pH-Gradienten in der Mikrofluidikumgebung zu erzeugen. Dadurch
sind wir in der Lage, Nichtgleichgewichtsmessungen durchzufiithren und verschiedene
Stadien des Selbstorganisationsprozesses an verschiedenen Positionen entlang der
Reaktionskoordinate zu beobachten. Wir untersuchen das System auf der Mikrom-
eterskala, indem wir den Vorteil nutzen, dass Kollagen doppelbrechend ist. Zu-
satzlich konnen wir mit Rontgenstreuungsanalyse die dynamische Entstehung der
kritischen Untereinheiten der Kollagenfibrillen auf der Nanometerskala beobachten.
Ein detaillierter Vergleich mit Simulationen zeigt, dass die Finite-Elemente-Methode
eine gute Beschreibung unserer experimentellen Ergebnisse im Bezug auf Diffu-
sionsphanomene, pH-Verteilung und den Einfluss der Losungsviskositat auf das
Flussprofil liefert.

Die hier vorgestellten Experimente bringen das fundamentale Verstandnis der un-
tersuchten biologischen Systeme voran und zeigen dariiber hinaus das Potential mi-
krofluidischer Techniken auf, umfassende Bereiche der Lebenswissenschaften weiter

7zu entwickeln.
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Chapter 1
Introduction

In 1943 Erwin Schrodinger raised the question “What is life?” which was the title
of his well-known book and can in some respect be considered as the initiation of
biophysics.[1] Up to present time the interest of scientists in the physical properties
of biological systems is undiminished - to a considerable extent certainly because
there are still numerous unanswered questions and unresolved problems. The human
body consists of roughly 104 cells all of which serve their unique function and meet
very specific requirements. One of the most fascinating phenomena in biology is
that while every individual cell is a very complex and sophisticated organism itself,
the ensemble of all cells reveals a unique team play which eventually results in the
remarkable functionality of every multi-cellular organism.

Besides biochemical signaling mechanical phenomena play a key role for cellular
processes. The physics of the cell as well as of its surrounding are to a great extent
influenced by the properties of fibrous biopolymers. Cell motility, division, shape
and mechanical stability of eukaryotes are mainly determined by the cytoskeleton,
a flexible scaffold made up of a set of fibrous proteins - microtubules, intermediate
filaments, and actin. They all fulfill very specific tasks in the cell to which their
structure and mechanical properties are perfectly adapted. Microtubules are stiff,
hollow cylinders with a diameter of around 25 nm and are mainly responsible for
intercellular transport. Intermediate filaments are ropelike fibers with a diameter
of about 10 nm which basically provide the cell with mechanical strength. Actin
filaments have a diameter of about 8 nm and govern, among other things, the cell’s
motility and shape. Thus, the mechanical and dynamic properties of cytoskeletal
proteins and their supramolecular organization are important issues whenever living
beings are studied. Cells are embedded in the so-called extra cellular matrix (ECM)

whose main component is the protein collagen I. Collagen I is highly hierarchically
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Figure 1.1: Fluorescence micrograph of vascular smooth muscle cells. The actin cy-
toskeleton is stained red, the DNA in the nuclei is stained blue. In wvivo, the cells are
embedded in a matrix of fibrous proteins, mainly collagen and elastin.

organized on the nano-, micro-, and macroscale - a structural property which also
effects the functionality of tissue. In addition to investigations of the intra- and
extracellular polymer networks and their components themselves, interactions com-
municated via the cell membrane are of great scientific interest. One example for
such interactions is the muscle layer in blood vessels as shown in figure 1.2, where
muscle cells and collagen fibrils are circumferentially organized and influence each
others alignment.[3, 4]

In recent years, microfluidic methods have in many respects revolutionized biophy-
sical, biochemical and biomedical research. Microfluidic techniques play an ever
greater role for the development of so-called labs on a chip or uTAS (total analy-
sis systems) since the rapid and efficient analysis of even minimal sample volumes
requires tools for the handling of simple as well as complex fluids. As soon as biopoly-
mers are involved in the reactions and processes which take place on microfluidic
chips a principle understanding of the fundamental behavior of these molecules under
geometric confinement is indispensable. In addition to these applications, devices
containing channels on the micrometer scale provide excellent means to study bio-
logical macromolecules and even whole cells in an environment which is simplified
enough to describe it theoretically but yet includes the basic features of the corre-
sponding in vivo system. We can thus gain a deeper fundamental understanding of

cellular and biopolymer mechanics.
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Figure 1.2: Illustration of the layering structure of a blood vessel. The vessels fine tune
the blood pressure by slow contraction (a) and relaxation (b).[2] The diameter of blood
vessels ranges between 0.01 mm and 3 cm.

Here, we present studies of two different biological systems, the cytoskeletal protein
actin and the extracellular matrix protein collagen I. Both systems provide funda-
mental insights into tissue and cellular mechanics and functionality since they repre-
sent very abundant and hence important building blocks of intra- and extracellular
protein networks. In chapter'2, the biological relevance of the studied systems and
the state of the art in theoretical and experimental polymer research, microfluidics,
and tissue engineering will be discussed. Materials and methods will be described in
chapter 3. In chapter'4, the theoretical background that is relevant for the descrip-
tion of semiflexible polymers will be presented. The results concerning experiments
on single actin filaments in microchannels will be discussed in chapter 5 followed by

those concerning the study of hierarchical organization of collagen I in chapter 6.
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Chapter 2

State of the Art

In this chapter we will relate our work to a broader context of current research by
discussing the biological relevance of the studied systems and by describing microflu-
idics as a tool for biophysical and biochemical investigations. Furthermore, we will
motivate our choice of projects by identifying some open questions concerning the

state of the art in both actin and collagen research.

2.1 Actin Research

2.1.1 Biological Relevance

The cytoskeleton is responsible for the motility, shape and structural support of the
cell. Actin is the most abundant intracellular protein - in muscle cells it amounts
to 10% by weight of the total cell protein and even in non-muscle cells it consti-
tutes 1 - 5%. Consequently, actin plays a key role in many cellular processes. This
assumption is also supported by the fact that actin is highly conserved - only very
few differences between yeast and human actin could be detected. Because such
a great variety of critical functions is related to actin, minor changes would have
the potential to interfere with many crucial processes. Globular actin monomers
(G-actin) are moderate sized having a molecular weight of 42 kDa. Each monomer
contains an ATP (adenosine triphosphate) binding cleft and is stabilized against
denaturing by the binding of ATP. A two-stranded helical filament (F-actin) with
a diameter of about 8 nm and a helical pitch of 37 nm is assembled from G-actin.
The resulting filamentous macromolecule displays a characteristic polarity: At the
so-called “minus-” or “pointed” end the ATP binding cleft is exposed to solution,

whereas at the “plus-” or “barbed” end it contacts the neighboring actin-subunit.



6 CHAPTER 2. STATE OF THE ART

Some of the cellular processes where actin is involved will be briefly discussed in the
following section.

The shape of a cell is mainly determined by the actin network which is attached to
the plasma membrane by other proteins. In fact, most actin in a cell lies directly
beneath the membrane and is arranged in networks and bundles. Self-generated
cell movement (motility) and force generation (for example muscle cell contrac-
tion) are mainly caused by two mechanisms both involving actin: the assembly
and disassembly of actin filaments and the molecular motor system composed of
actin and myosin. The high flexibility of the cytoskeleton is due to different and
varying filament lengths and manifold actin binding proteins (ABPs). Regulated
(de-)polymerization of actin filaments leads to dramatic changes in cell shape as
can be seen in platelets during blood clotting, for example. The variety of ABPs
is extensive. Some of these molecules, like fimbrin, a-actinin, spectrin, and filamin,
bind several actin filaments together and thus stabilize actin networks and bundles.
Other ABPs regulate actin polymerization and filament length. While in vitro poly-
merization can be initiated by addition of salts, cells have to maintain constant ionic
strength. Therefore, other mechanism are employed, namely actin polymerization
is regulated by G-actin binding proteins such as thymosin 3, or profilin. Differ-
ent toxins inhibit polymerization (such as cytochalasin D, which binds to the plus
end of F-actin, or latrunculin, which binds to G-actin) or depolymerization (such
as phalloidin, the poison of the “angle of death” mushroom, which locks adjacent
monomers together). Severing proteins break filaments apart (for example gelsolin
or cofilin), and capping proteins stabilize F-actin (for example CapZ or tropomod-
ulin). These mechanisms are needed in places where the organization is desired to
remain unchanged, such as in muscles or erythrocytes.

Cell migration is probably the most prominent process where reorganization of actin
filaments plays a crucial role. In this case, actin polymerization occurs at the leading
edge of a moving cell. Another example where impressive forces are generated is
the interaction between myosin Il and actin involved in muscle contraction and cy-
tokinesis. The so-called sarcomere consists of a repeating structure of myosin thick
filaments and actin thin filaments. It is contracted when myosin heads walk along
F-actin. Myosin I forms dimers of two heavy chains, whose tail domains associate
to form thick bundles. This structure enables the head domains to interact simul-
taneously with actin thin filaments. The movement is performed in discrete steps
of 5 - 10 nm and produces a force of 3 - 5 pN per molecule. Additionally, there are
many other forms of myosins which have different functions in the cell.[3, 4] Since

actin is involved in so many different processes, it has become a very popular object
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of research and a fundamental understanding of the characteristics and properties

of this protein is highly desirable.

2.1.2 Microfluidics and Life Science
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Figure 2.1: Optical micrograph of a microfluidic chip. The various inputs have been
loaded with food dyes to visualize the channels and subelements in the fluidic logic.[5]

In recent years, microfluidics has been discovered as an excellent tool to study bio-
logical and biochemical systems. New techniques allow for rapid and efficient han-
dling and analysis of ever smaller sample volumes. This is especially important since
certain substances like proteins are expensive, difficult to purify, or - as in the case
of forensic DNA material - simply not available in large amounts. For these reasons
significant research efforts have been devoted to developing so-called “micro-labs”
on fluidic chips. The use of channel networks on the micrometer scale implies that
a principle understanding of the influence of confining geometries, hydrodynamic
flow, and stress on biological systems becomes increasingly important for the design
of microfluidic applications in lab-on-a-chip platforms.[6-9]

In order to gain a better understanding of so-called “complex fluids”, such as polymer
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solutions, under the influence of confining microfluidic devices, several groups have
studied single macromolecules in microchannels. The most popular system for such
experiments is lambda bacteriophage DNA (A-DNA) because the single molecules
are rather stable to breakage and the long (48.5 kilo base pairs, which corresponds
to 16.5 pm) monodisperse strands can easily be fluorescently stained using inter-
calating dyes. Moreover, the system is well characterized in literature. Pioneering
experiments where single DNA strands have been exposed to elongational flow [10]
have been followed by further studies of the influence of flow on chain molecules
with special attention to stretching and successive relaxation.[11,12] The transition
to nanometer sized channels, which then are in the same order of magnitude as the
persistence length of the DNA chains, has led to the conclusion that the crossover
from the flexible (“De Gennes”) regime [13] to the semiflexible (“Odijk”) regime [14]
takes place at a confining length scale roughly twice the persistence length of the
molecules.[7]

Microfluidics provides a very controlled environment to conduct such experiments
since the channel dimensions are comparable to the contour lengths of the molecules
and exterior parameters such as confinement and hydrodynamic flow can be defined
in a straight forward manner. Even whole cells can be studied in a microfluidic
device, each individuum encapsulated in a droplet.[15] This provides detailed char-
acterization of the individual biological system. Furthermore, accurate statistical
information can be obtained by screening a large pool of individual molecules or
cells. Moreover, systems of channels on the microscale provide an excellent method
to mimic certain confining biological systems such as blood vessels or protein net-
works. One prominent example of such physiological confinement is the dense cy-
toskeletal network which has a mesh size on the order of micrometers and is exposed
to permanent structural changes. It is therefore of substantial interest to investigate
the individual macromolecule in an environment that resembles its native surround-
ings.[16-18]

2.1.3 Actin as a Model System for Semiflexible Polymers

The physical properties of biopolymers are very challenging to investigate in vivo
and the poor understanding of the mechanical details of the cytoskeleton further
complicates a theoretical description of these systems.[19,20] Therefore, extensive
research effort has been devoted to modelling the cellular mechanics with purified,
reconstituted in vitro systems. Actin takes an exceptional position among the cy-

toskeletal biopolymers. In addition to its considerable importance in life science (see



2.1. ACTIN RESEARCH 9

section 2.1.1)), it also serves as one of the few experimentally accessible model sys-
tems for semiflexible chain polymers.[21,22] Fortunately, actin can quite readily be
polymerized in wvitro and experiments can be conducted in cell-free systems. Since
the contour length L of the filaments is on the order of several micrometers the
fluorescently labeled biopolymers can be observed by optical microscopy. A crucial
measure in polymer science is the persistence length Lp. Generally speaking, it is
the arc length distance along the contour of the molecule at which two polymer
segments have lost any correlation. In recent years, several experimental studies on
freely fluctuating actin filaments in dilute solutions have been performed, elucidating
some of the mechanical and statistical properties of these biopolymers. In the past,
different methods have been employed to determine the persistence length of actin
filaments. All of these studies restricted the fluctuations of the biopolymers to two
dimensions by confining the molecules between glass slides with distance ~ 1 - 6 pm
or keeping them in the focal plane of the microscope using optical tweezers. The
persistence length of the biopolymers has been deduced from the mean square end-
to-end distance,[23] from the Fourier modes of the fluctuation,[24, 25] the height-
height correlations,[26] the tangent correlation function,[21,22,26] the reaction of
the filaments to external forces [27] and the radial distribution function.[21] These
experiments revealed a persistence length of 7.4 - 22 um. As this length scale is in
the same order of magnitude as the contour length, F-actin is a semiflexible polymer
and is situated between stiff biopolymers and flexible biopolymers. Therefore, actin
can serve as a model system not only for semiflexible but also for more flexible and
stiffer polymers once the contour length is adjusted appropriately.

A different approach has been followed by studying more concentrated actin solu-
tions and the interactions of actin and other molecules. Outstanding experiments in
this field are the investigation of self-assembly in the presence of lipids,[28] actin-a-
actinin network formation with [29] and without [30] confining microchannels, actin
bundling in the presence of multivalent counter-ions,[31] studies of the mechanical
properties of actin networks and gels,[32,33] and “artificial muscles” composed of
actin and myosin.[34]

The theoretical description of semiflexible polymers has also advanced to a great
extent in recent years. The radial distribution function has been determined for
free [35] and confined [36] filaments. Also, polymers confined in soft tubes,[37] in a
parabolic potential,[38] in rectangular tubes,[39] and in cylindrical pores [14,40] have
been discussed. The free energy of confined polymers has been determined.[39,41,42]
More concentrated solutions of actin,[43] the reptation motion of single actin fila-

ments in semidilute F-actin solutions, and bundling of individual filaments [44] has
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also been described.

However, studies on individual actin filaments in an environment which mimics their
natural surrounding in terms of the degree of confinement but is yet simple enough
to be theoretically describable are largely missing. In this thesis, we will therefore
present characterization of the Brownian motion of F-actin confined in microchan-
nels.[45, 46]

2.2 Collagen Research

2.2.1 Biological Relevance
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Figure 2.2: The hierarchical organization of collagen. a - e) Schematic representation:
a) Collagen fiber consisting of b) collagen fibrils. The characteristic striation stems from
the staggered organization of ¢) collagen subunits. d) Helical collagen monomers consist
of e) three peptide chains each (two «j, one ag chains). f) Electron micrograph of a
fibroblast surrounded by collagen fibrils in the connective tissue of embryonic chick skin.[47]
g) Electron micrograph of characteristically striated collagen fibrils.[48]
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Figure 2.3: Model for two dimensional aggregate of collagen molecules. The triple helical
molecules are laterally displaced by A.

Collagens are a family of fibrous proteins which are found in all multicellular organ-
isms. They are the major component of bone and skin and represent about 25%
of the total protein mass in animals. More than 20 different types have been iden-
tified and classified primarily according to their physiological structure. Fibrillar
or fibril-forming collagens form higher order polymers. Fibril-associated collagens
decorate the surface of collagen fibrils and link them together or to other molecules.
Network-forming collagens assemble into a feltlike sheet or meshwork. They consti-
tute a major part of the mature basal lamina, which is the layer on which epithelium
sits. Here, we will focus on collagen I, which represents 90% of the total body col-
lagen and belongs to the group of fibril-forming proteins. The macroscale structure
and organization of collagen I fibrils are key contributors to the mechanical prop-
erties of soft tissue, bone, tendon, and ligaments. Furthermore, the organization of
collagen on the microscale profoundly influences cell morphology, migration, prolif-
eration and gene expression.[49]

Collagen is synthesized in the endoplasmatic reticulum of fibroblasts and other cells.
The structure of the peptide chains is extremely repetitive: Every third position is
occupied by glycine, which is the smallest amino acid and can be packed tightly
inside the triple-stranded helical structure characteristic of collagen. Another 22%
of the amino acid sequence is constituted by proline which stabilizes the helical
structure. The disadvantage of this highly repetitive structure is that denatured
collagen, referred to as gelatine, cannot return easily to its original state once the
triple helices are broken apart. In the cell, signal peptides are added to both ends
of the collagen peptide chain. The propeptides at the C-terminus are bound via
disulfate groups and facilitate the formation of the triple helix.[50] The helical pitch
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Figure 2.4: Schematic representation of the model for three-dimensional arrangement of
collagen molecules in five stranded A periodic microfibrils. a) The minimum number of
laterally assembled molecules is five. b) In order to transfer the model to three dimensions,
cylinders have to be formed. ¢) Top view of the pentameric cylinders.

is 10 nm and the diameter is 1.5 nm. An advantage of the additional non triple
helical groups at the C- and N-termini of the peptide chains is that premature fibril
formation inside the cell is inhibited. The resulting procollagen molecules, a pre-
cursor form of collagen, are secreted from the cell. In the extracellular space, the
collagen molecules hierarchically self-assemble at the nano-, micro-, and macroscales
into many different structures which are adapted to their physiological function.

A simplified representation of the principle hierarchical stages is shown in figure/2.2.
Already inside the cell single collagen peptide chains assemble into triple stranded he-
lical structures. These procollagen molecules, also referred to as collagen monomers,
self-assemble into critical subunits. The non triple helical regions (propeptides) at
the C- and N-termini of the procollagen molecules play an important role in col-
lagen self-assembly. In the presence of these propeptides lateral self-assembly is
limited to five molecules.[51] The molecules self-assemble linearly to form 4 nm di-
ameter fibril subunits. [52] Only upon cleavage of the propeptides does a further
lateral assembly into thicker fibrils and eventually fibers occur. Collagen molecules
without propeptides are called tropocollagen. Collagen fibrils show a characteristic
striation in electron micrographs (see figure 2.2g) since the collagen monomers are
organized in a staggered manner with a period comprising of gap and overlap re-

gions.[53] X-ray diffraction studies have shown that in the hydrated state the period
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is A = 67 nm.[54]

While the linear periodicity is rather easy to detect by electron microscopy much
more effort has to be devoted to the investigation of the lateral packing. Especially
the lateral organization of the critical subunits remains somewhat unresolved [55]
although theoretical models and X-ray data exist. In 1968 the existence of a five
stranded microfibril has been deduced from the A-periodicity parallel to the axis of
the collagen fibrils.[56] The length of a triple helical molecule is 295 nm = 4.4A. The
dark and light regions which are observable in collagen fibrils by electron microscopy
upon negative staining (heavy metal stains are incorporated in the fibril, highlight-
ing predominantly the gap regions between two adjacent molecules) suggest that the
molecules are laterally displaced by A with an overlap region of 0.4A, leaving a gap
of 0.6A. A schematic representation of this arrangement is shown in figure 2.3. In
order to transfer this two-dimensional model to three dimensions, hollow cylinders
have to be formed from the sheets. The minimum number of molecules needed to
form such a cylinder with optimized molecular packing is five. This leads to the
arrangement of collagen molecules in five-stranded A-periodic microfibrils (figure
2.4). This basic model has been further refined. It has been suggested that upon
further lateral compression the pentameric subunits disappear and a quasi hexago-
nal lattice forms.[54,57] The theoretical model has been supported by subsequent
X-ray diffraction data.[58,59] Interestingly, the formation of a 4 nm microfibril as
the critical subunit of collagen self-assembly has been observed in isolated in vivo
systems, for example in the cornea [60] or in rat tail tendon [58] as well as in in vitro
systems, as shown for precipitated collagen aggregates by electron microscopy.[61]
However, to our knowledge there is no study which uses X-ray diffraction to resolve
the molecular packing of in wvitro assembled collagen.

With respect to mechanical properties, the alignment of collagen fibrils plays a clear
role: By aligning in the direction of highest tissue strain, the collagen fibrils act
as reinforcement to the tissue structure.[62] Aligned collagen fibers can also guide
cell migration through contact guidance.[63] To this end, much research effort has
been devoted to preparing aligned collagen networks through the use of intense
magnetic [64,65] or electric fields, cell-generated traction forces,[65] hydrodynamic
flow,[66] dip-pen nanolithography,[67] and interfacial orientation on the surface of
other biopolymers.|[68] However, most of these methods lack microscale control of
the self-assembly process, and none are amenable to dynamic investigations of the
self-assembly process. We are particularly interested in controlling structural prop-
erties such as the degree of alignment and concurrently investigating the dynamics

of the assembly process in situ.
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2.2.2 Implications for Tissue Engineering

Countless tissue replacements are needed for medical applications every year: for
burn patients, patients with cardiovascular diseases, or patients in need of bone re-
placements. Up to now, physicians are often bound to the use of synthetic materials
such as titanium and cobalt alloys, ceramics and polyethylene for hip joint prosthe-
ses, and Dacron® or Goretex® for vessel replacements. Alternatively, it would be
highly desirable to use natural materials with higher biological tolerance, or at least
biodegradable scaffolds which sustain the newly developing material and degrade
after a certain time.

Since collagen is the most abundant protein in the animal kingdom, it also plays
a very important role for engineered functional tissue replacements such as extra-
cellular matrices for the repair of orthopedic soft tissues,[69] heart valves,[70] and
blood vessel replacements. [71] In many cases, anisotropic, aligned, or structured
collagen networks or gels, or substrates modified with collagen provide the basis for
such engineered tissues.|[72] These materials have therefore been used extensively
to investigate cell behavior.[63,73,74] In vitro, the collagen triplehelical monomers
are stable at acidic pH and assemble into fibrils at ~ pH 6. This process is often
referred to as “fibrillogenesis” [75] or “gelation”.[61] While the pH dependence of
collagen fibrillogenesis is known in principle,[61,75] its understanding is complicated
by the fact that existing methods cannot precisely predict the pH within the system.
However, these pH conditions are crucial for the comprehension of the process of
collagen assembly into its unique hierarchical organization. The mechanical proper-
ties of protein matrices have also been extensively investigated since they are a key

factor for tissue engineering.[76,77]



Chapter 3

Materials and Methods

The utilization of biological matter in wvitro requires specific handling. The exper-
imental techniques along with the methods of measurement will be described in

detail in this chapter.

3.1 Biological Systems

3.1.1 Molecular Mechanisms of Actin Polymerization

Fortunately, actin can be polymerized in wvitro. The resulting filaments cannot be
distinguished from those isolated from cells.[3] In many cases, it is easier to perform
experiments in a cell-free environment as compared to the much more complex
i vivo system since the number of parameters which have to be controlled and
understood is smaller. Certainly, actin owes its popularity amongst experimental
polymer scientists and biophysicists partly to this excellent in vitro manageability.
The process of actin polymerization in vitro can be divided into three steps (figure
3.1). The nucleation step leads to a stable aggregation (blue in figure 3.1) of three to
four actin monomers. The globular actin monomers have a diameter of about 8 nm,
and a molecular weight of 42 kDa. The number of amino acids can be estimated to
~ 382 assuming 110 Da per amino acid. Formation of a nucleus occurs relatively
rarely since a third monomer necessarily has to interact with the complex of two
monomers before they separate again. During the following growth phase ATP-G-
actin (adenosine triphosphate globular actin, gray in figure 3.1) is successively added
to the existing filament with a rate constant k,,. The ATP is slowly hydrolyzed to
ADP (adenosine diphosphate) and stable ADP-F-actin (filamentous actin, red in

figure [3.1) forms. Simultaneously, depolymerization occurs with a rate constant
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Figure 3.1: Actin polymerization is a three step process including nucleation, growth
phase, and steady-state. Stable nuclei (blue) form and are elongated by the addition of
ATP-G-actin (gray). Stable ADP-F-actin (red) results from ATP hydrolysis.

kofs. The system is in steady-state when the rate of ATP-G-actin addition equals
the rate of ADP-G-actin loss. The corresponding G-actin concentration is the critical

concentration c., which correlates the rate constants k,, and k¢
k‘off = Cckon. (31)

This indicates that the amount of added ATP-G-actin depends on the concentration
in the solution, but not on the amount of removed ADP-G-actin. c. depends very
much on the conditions in the actin solution such as temperature and ion concen-
tration. At 4 °C and in the absence of monovalent and divalent ions ¢, is more than
3 mg/mL (71.4 uM), whereas it decreases by a factor of 100 upon the addition of
Mg** and K. Increasing the temperature further decreases c.. Actin filaments are
not symmetric concerning both ends. In principle, actin monomers are added to
and removed from both ends of the filaments. However, k,, and ks are not equal
for both ends, namely polymerization occurs at a slower rate k, for the so-called
“minus-" or “pointed end” of the filament owing to a necessary conformation change
whereas it is 5 - 10 times as fast (k) for the “plus-” or “barbed end”. Due to the
fact that the rate constants differ for both ends of the filaments, we also have to

deal with different critical concentrations,
c. >cf. (3.2)

It has been shown that at physiological salt concentration and room temperature
c; = 0.5 uM and ¢ = 0.12 uM.[78] At a concentration of 0.16 puM the filaments
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lengthen at the plus-end at the same rate as they shorten at the minus-end. The
monomers “move” along the filament from the plus-end to the minus-end. This

process is known as “treadmilling”.[3, 4]

3.1.2 In Vitro Actin Polymerization

Lyophilized rhodamine labeled G-actin from rabbit muscle (purchased from Cy-
toskeleton, Denver, USA; purity > 99%) is stored at -70 °C. The powder is dis-
solved in ultrapure water (produced by a Milli-Q facility, Millipore, Schwalbach,
Germany) to 10 mg/mL (in 5 mM tris(hydroxymethyl)aminomethane-hydrochlo-
ride (Tris-HCI, pH 8.0), 0.2 mM NaATP, 0.2 mM CaCly, 5% sucrose, and 1% dex-
tran). The G-actin solution is diluted in A-buffer (5 mM Tris-HCI (pH 8.0), 0.2 mM
NaATP, 0.2 mM CaCly, 0.5 mM DTT (dithiothreitol), and 0.002% chlorhexidine)
to 0.2 mg/mL (4.8 uM) and placed on ice for two hours to allow for depolymeriza-
tion of existing oligomers. This step reduces the number of polymerization nuclei
and thus leads to fewer but longer filaments. The concentration of 0.2 mg/mL is
also optimized for rather long, individual filaments. A higher concentrated solution
will lead to more, but shorter filaments. Polymerization buffer (100 mM Tris-HC]I
(pH 7.5), 20 mM MgCl,, 500 mM KCI, and 10 mM ATP) is added to decrease ¢, to
< 0.03 mg/mL and to initiate the polymerization process, and the solution is incu-
bated at room temperature for two hours (volume ratio A-buffer : polymerization
buffer =9 : 1). The solution is diluted to a final monomer concentration of 70 nM in
stabilization buffer to prevent actin filaments from depolymerizing (A-buffer, poly-
merization buffer (9 : 1), and 70 nM phalloidin). The solution is thoroughly mixed
and kept at 4 °C until it is used for the experiments. Polymerized actin can be kept
at 4 °C for several weeks without observable degradation of the filaments.

Stabilization with phalloidin increases the persistence length of the filaments by
about a factor of two,[26] a fact which we have to keep in mind when transferring
any results to an in vivo system. However, the filaments remain semiflexible and
the general results are thus still valid. It is important to stabilize filaments and
dilute the solution in one and the same experimental step. If the filaments are first
stabilized, they form rather dense networks which cannot be diluted easily after-
wards. We found that the method of stabilizing fluorescently labeled actin with
unlabeled phalloidin is superior to using labeled phalloidin with unlabeled actin
since the background fluorescence is distinctively reduced. We have chosen TRITC
(tetramethylrhodamine-isothiocyanate) as fluorescent dye for the system. The max-

imum of the absorption spectrum is at a wavelength A\ = 554 nm, the maximum of
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the emission spectrum at A = 573 nm. To avoid photobleaching and breakage of
the filaments during observation and exposure to light, antifade solution (77 mM
glucose, 11.2 mM DTT, 183 U/mL glucose oxidase, 0.2 mM NaATP, 5 mM Tris-
HCI (pH 8.0), 0.2 mM CaCly, and 0.06 mg/mL catalase) is added to the actin so-
lution just before filling the microchannel chamber (volume ratio actin solution :
antifade = 5 : 1). Polymerization buffer and ATP are from Cytoskeleton, the en-
zymes from Roche Diagnostics (Indianapolis, USA), all other chemicals from Sigma

(Taufkirchen, Germany).

3.1.3 Collagen Characterization

A 10 mg/mL solution of collagen I (from calf skin, USB Corporation, Cleveland,
OH, USA) in 0.075 M acetic acid (AcH, ~ pH 3) is used. The pH of the AcH
solution is slightly increased to 3.7 once collagen is dissolved in it. However, we will
disregard this buffering effect here in order to simplify the description of the system.
Assumedly, the difference in the absolute value of the pH only weakly affects the pH
conditions discussed here. The collagen solution obtained from the manufacturer
contains a combination of alpha subunits (a;, as), dimers (fy1, f12) and trimers
(71, 72) as determined by SDS polyacrylamide gel electrophoresis (SDS-page, see
figure 3.2). We assume that the v trimers (My, ~ 285 kDa) represent triple helical
USB collagen o molecular weight markers (kDa)

=~ |
v/7, (~285kDa) ==

~205
B./B.. (~190kDa) q
Jo, (~95kD q
o,/oL, ( a) ol 116
~ 66

Figure 3.2: SDS page of the used collagen solution containing a combination of alpha
subunits, dimers and trimers.

collagen molecules which are stable at acidic pH and assemble into fibrils at neutral

to basic pH.
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3.2 Microfluidic Devices

3.2.1 Soft Lithography

Just as silicon revolutionized the microelectronics industry in the 1980’s, new elas-
tomeric materials progress the development of micrometer scale fluidic devices now,
20 years later.[79] Even though silicon as well as glass are preferable materials when-
ever electronic or mechanical properties are desired, most applications in chem-
istry and biology require different attributes. For example, optical transparency
and chemical inertness are much more salient. The transparent elastomer PDMS
(poly(dimethysiloxane), CH3(SiO(CHj)2),Si(CHjs)s) provides a very good alterna-
tive to microstructured silicon. Advantages include that it is flexible and thus con-
forms to other surfaces, chemically inert, and surfaces can easily be functionalized.
PDMS is mixed with a crosslinker, poured onto the master structure, cured, and
peeled off the master for use in experiments. Already in 1998 a method called “rapid
prototyping” has been introduced [80] which in principle allows for the experimental
realization of new ideas within 24 hours. The desired structures are drawn with a
CAD program and printed on a transparency using a high resolution printer. The
transparency is used as a lithography mask to fabricate the master structures by
means of standard photolithography. A significant advantage of this technique is
that one silicon master can be used repeatedly to fabricate replicas, which ensures
the cost and time effectiveness of the method.

To fabricate the master structures of the microchannels standard photolithography

techniques are used.[81,82] In figure [3.3a - d the principle steps of this technique are

¢)
= E—

clean silicon wafer as substrate spin coated photo resist exposure to UV light through
high resolution lithography mask

|

f)
_— P »
= = -— —
PDMS replica casting in PDMS developed structure

Figure 3.3: Schematic representation of the principle steps in soft lithography. a - d)
Conventional photolithography with negative resist. e - f) Casting the microstructures in
PDMS.
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shown. Silicon wafers are cleaned with isopropanol and dried with nitrogen and on a
hotplate (5 min at 200 °C). Depending on the experimental requirements, two dif-
ferent formulations of SU-8 negative photo resist (Micro Resist Technology GmbH,
Berlin, Germany) are used, namely SU-8 2 and SU-8 50. The less viscous SU-8 2
resist requires a thin layer of Omnicoat (Micro Resist Technology GmbH) to pro-
mote adhesion of the photo resist to the silicon wafer (for this step, the spin speed
is ramped to 500 rpm in 5 s, then to 2000 rpm in 7 s, and held for 30 s at 2000 rpm;
then the sample is baked for 1 min at 200 °C). The wafers are spin coated with a
thin layer (0.9 - 35 pm) of SU-8 negative photo resist. The photo resist is then se-
lectively exposed to UV light at a wavelength A = 365 nm using a Karl Stiss MJB3
mask aligner (Siiss Microtech AG, Garching, Germany). For resist layers thicker
than a few micrometers the exposure has to be divided into several steps, allowing
the resist to relax in-between for about 1 min. A high resolution chrome mask or
a lithography transparency is used as pattern, depending on the desired lateral res-
olution (~ 1 pm or ~ 10 - 100 pm, respectively). The microstructures are drawn
using AutoCAD 2005 (Autodesk, Miinchen, Germany). Lithography transparencies
are ordered from JD-Photo-Tools Ltd. (Oldham, UK) and the chrome masks from
ML&C (Jena-Maue, Germany). To completely crosslink the exposed areas of the
photo resist the wafers are post exposure baked and developed. In table 3.1/ an

overview of the parameters which are used is given.

| resist/thickness

| SU-8 50/35 pm

|

SU-8 2/1.4 pum

| SU-8 2/0.9 im

spin coating

10 s @ 700 rpm
45 s @ 3000 rpm

in 5 s to 500 rpm
in 7 s to 2000 rpm
30 s @ 2000 rpm

in 5 s to 500 rpm
in 17 s to 5000 rpm
30 s @ 5000 rpm

soft bake 45 min @ 90 °C 1 min @ 65 °C 1 min @ 65 °C
3 min @ 95 °C 3 min @ 95 °C

exposure 4 x 225 mJ 150 mJ 75 mJ

post exposure bake 10 min @ 95°C 1 min @ 65 °C 1 min @ 65 °C
6 min @ 95 6 min @ 95

Table 3.1: Parameters used for photolithography.

The wafers with the developed structures as shown in figure 3.3d are treated with
heptafluoropropyl-trimethylsilane (97%, Sigma) to ensure that the surface is hy-
drophobic and the cured PDMS will easily come off the silicon wafer and resist
structure. We place the samples together with a small amount of silane (about
10 pL per two-inch wafer) in a desiccator, evacuate the system and let the silane
adsorb from the gas phase to the surfaces during 2 hours. Sylgard 184 PDMS (Dow
Corning GmbH, Wiesbaden, Germany) is mixed with the crosslinker (ratio 10 : 1),
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degassed thoroughly, poured onto the three-dimensional microstructures, and cured
for 4 hours at 65 °C. The PDMS replicas are peeled off the wafer and used for the
experiments (figure 3.3e - f). The width d of the channels is measured by optical
brightfield microscopy (accuracy + 200 nm), their depth h by confocal reflection

microscopy (accuracy £ 100 nm).

3.2.2 Assembly of Microfluidic Flow Chambers

Single Molecules Experiments

After peeling off the PDMS microstructures from the silicon wafers, holes are punched
into the filling areas with a blunt needle. To obtain closed channel systems, the
PDMS microstructures as well as isopropanol-cleaned glass cover slips are oxidized
using a plasma cleaner (Harrick Scientific Corporation, Ossining, USA) for 10 s at
2 mbar and brought into contact. Immediately, a covalent bond forms which resists
a static pressure up to 2 bar.

A schematic representation of the flow chambers that are developed to investigate
the thermal fluctuations of actin filaments under geometric confinement (see chap-
ter [5) is shown in figure 3.4. They consist of channels with varying widths and
different geometries, and a filling area at each front end of the channels. In figure
3.4a - b schematic representations of a flow chamber with many parallel straight
channels with different widths are shown. Other configurations are possible, for
example curved channels or wedges (figure 3.4c). The experiments are performed
without externally applied flow. To be able to fill the dilute actin solution into the
flow chambers, polyethylene tubing with an inner diameter of 280 ym and an outer
diameter of 610 um (SIMS Portex, Hythe, UK) is glued into the connection holes
using Loctite® 406/770 glue (Henkel Loctite, Miinchen, Germany).

An external pressure of 1.5 bar is applied to both tubes in order to fill the cham-
ber fast. Remaining air which is captured inside the flow chamber readily diffuses
through the PDMS. In this respect, it is a great advantage that PDMS is very per-
meable to air. On the other hand, however, PDMS is also permeable to water. To
demonstrate this effect, in figure 3.5 micrographs of an empty flow chamber before
and after immersion in water are shown. After about two hours (thickness of the
PDMS ~ 3 mm) small water droplets begin to condens at the channel walls. This
proves that water indeed diffuses through the PDMS. During an experiment, once
the channels are filled with aqueous solutions the diffusion of water out of the chan-

nels (D ~ 107%m?/s [83]) leads to an intrinsic flow within the microchannels.[84]
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b)

= =

Figure 3.4: a) Schematic representation of the top view of a flow chamber with many
parallel channels of different widths. Holes for the connection of the tubing are punched
into both filling areas. b) Schematic representation of the assembled flow chamber. The
PDMS microstructure is covered with a glass slide and tubes are glued to the connection
holes. ¢) Micrographs of different channel geometries. d) Fluorescence micrograph of
several fluctuating actin filaments in a flow chamber similar to the one sketched in a.

Since the intention of the actin experiments is to observe the fluctuations of the
filaments as caused by Brownian motion, only data obtained from chambers with
negligible intrinsic flow rates, which have no influence on the dynamics of the fila-
ments, can be analyzed. To prevent flow in the microchannels we immerse the flow
chamber in water to saturate the PDMS for approximately two hours before as well
as during the experiment (see figure!3.6).

To avoid adhesion of biomolecules to the channel walls, the channel surfaces are
coated with the protein BSA (bovine serum albumin, 1 mg/mL) prior to performing
the experiment. This process saturates the PDMS and glass surfaces. Alternatively,
BSA can be added to the solution containing the biomolecules. We found that the
filaments are fluctuating inside the channels without sticking for at least 24 hours.
We carefully adjust our experimental system in order to enhance the reliability and
reproducibility of the results. In the case of parallel straight channels the width of
the microchannels (2 - 10 um) covers one order of magnitude, whilst their length
(2 cm) guarantees translational invariance in the direction of the channels. F-actin
naturally has a polydisperse length distribution. Since we use microfluidic chambers

which include different channel widths, we are able to investigate the channel width
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Figure 3.5: a) Flow chamber directly after assembly, the channels are empty. b) The
same flow chamber after immersion in water for several hours. Small water droplets have
formed at the channel walls.

water bath

Figure 3.6: Schematic representation of a cross section of the flow chamber in a water
bath. The PDMS block is completely immersed in water.

dependence and contour length dependence in a single experiment. Designing flow
chambers combining many parallel channels yields the advantage that data from
many individual filaments can be recorded simultaneously and additionally the flow
chamber is much more reliable because single blocked channels do not affect the
reminder of the system and can be disregarded. An actin concentration of 70 nM
is chosen to secure investigations of individual actin filaments in order to prevent
interactions between actin filaments. We observe F-actin in a quasi two-dimensional
system. This is realized by using channels with a depth of merely h = 0.9 - 1.4 pm.

Furthermore, we visualize the filaments’ contour in the focal plane of the microscope.
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Self-Assembly of Collagen

A further project involves the dynamic observation of collagen fibril formation and
alignment (see chapter [6). To be able to apply a controlled flow and stress to the
biopolymers while establishing a stable pH gradient, a hydrodynamical focusing de-
vice is used.[85] A schematic representation of the device is shown in figure 3.7.

The device consists of two perpendicularly crossed channels [16,17,86] which have

)

€ collagen

%%\_/- -

Figure 3.7: a) Setup of the microfluidic flow chamber, tubing and syringes. The main
channel is connected to a syringe filled with collagen solution. The solutions in the side
channels (NaOH, AcH) can be diluted with water using T-valves. b) Schematic represen-
tation of the top view of a flow chamber with crossed channel geometry. Holes are punched
into all four filling areas.

a depth of 35 pm and a width of 100 yum. The microfluidic device is connected
via polyethylene (inner diameter 580 pm, outer diameter 965 pum, Becton Dickin-
son & Co., Sparks, MD, USA) and Teflon® (inner diameter 500 pum, outer diame-
ter 1000 pum, NovoDirect, Kehl, Germany) tubing to custom-made syringe pumps,
which in turn are driven by programs written in LabVIEW (National Instruments
Corporation, Austin, TX, USA).

Collagen solution is injected into the main channel. In order to stabilize the colla-
gen flow before initiating the self-assembly, we first inject the solvent of the collagen
solution, acetic acid solution (AcH, 0.075 M, pH 3), into the side channels. We
subsequently flush the tubing and channels with ultra pure water (produced by a
Millipore Milli-Q facility), and then switch the flow to sodium hydroxide (NaOH)
solution. Depending on the experimental requirements different concentrations of
NaOH (0.075 M - 1 M, pH 13 - 14) are used. The NaOH solution can be further
diluted with water using T-valves. The flow into the side channels hydrodynami-

cally focuses the collagen stream.[85] The fluid velocity in the main channel (0.84 -
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8.1 mm/s) is slower than the side channels (1.26 - 40.5 mm/s). In this configuration,
the pH of the collagen solution gradually increases along the length of the outlet

channel resulting from diffusive mixing with the NaOH.[87,88] Unless otherwise
stated, the chemicals are from Sigma.

3.3 Fluorescence Microscopy
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Figure 3.8: The light path for reflection fluorescence microscopy.

Fluorescence microscopy is an excellent method for our experimental purpose since
actin filaments with a diameter of merely 8 nm cannot be visualized by conven-
tional bright field microscopy. Using fluorescence microscopy, the diffraction disc of
the dye molecules is imaged. This of course increases the visible width of the fila-
ment, but fortunately it does not strongly change the visible contour or the length
of the molecule - properties in which we are predominantly interested. The light
path for upright reflection fluorescence microscopy is shown in figure 3.8. An Olym-
pus BX61 microscope is used (Olympus Microscopy, Hamburg, Germany) equipped
with a 100x Plan Apochromat oil immersion objective (N.A. 1.40). The sample
is illuminated from above and the reflected light is collected in the eyepiece. The
divergent light coming from the light source (in our case a 75 W xenon lamp, see
spectrum in figure '3.9a) is parallelized by a lens and passes the excitation filter.
In accordance with the fluorescent dye (TRITC, see spectra in figure-3.9¢c) we use

a band pass with wavelengths A = 530 - 560 nm (figure'3.9b top). The excitation
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Figure 3.9: a) The emission spectrum of a xenon lamp.[89] b) The spectra of the used
filters.[90] ¢) The absorption and emission spectra of the fluorescence dye TRITC.[91]

light with A < 570 nm is reflected by the dichroic mirror (figure 3.9b center). The
objective also serves as a condenser and focuses the light on the sample. The dye
molecules absorb the (higher energy) light and emit lower energy light, which then
passes the objective. The difference in wavelength is the so-called Stokes shift. The
lower energy light passes the dichroic mirror (while the higher energy fraction is
reflected) and finally the high pass filter which cuts off all light with wavelengths
below A = 572 nm (figure 3.9b bottom). All filters are purchased from AHF Analy-
setechnik (Tibingen, Germany). The sample can be observed through the eyepiece.
Alternatively, images and movies can be recorded using a PCO SensiCamQE CCD
camera (PCO, Kelheim, Germany) and the appropriate recording software Camware.
For the observation of actin fluctuations the exposure time is 100 ms and 10 frames

per second are recorded.
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3.4 Polarized Light Microscopy

Our microscope setup (Olympus BX61) is equipped with a polarizer and a rotatable
analyzer, a 10x objective, and a halogen lamp for transmission illumination. In
figure 3.10a the light path for polarized light transmission microscopy is shown.

The divergent, non-polarized light from the light source is parallelized by a collector

a) camera
eyepiece = == s
rotatable
analyzer %
objective = =
= b) Py P p
4 specimen 4%; ' .... ,% J
condensor == — 5 S S gf s
. !
polarizer T polarizer specimen analyzer
collector = =
{e
light source
(halogen lamp)

Figure 3.10: a) The light path for transmission polarized light microscopy. b) Schematic
representation of the basic principle in polarized light microscopy.

lens. It subsequently passes the polarizer which leads to a parallel, polarized light
beam. The light is focused onto the specimen and while passing a birefringent
sample the direction of polarization is changed. An objective is used to parallelize
the light beam again. The light beam reaches the eyepiece after having passed a
rotatable analyzer. The direction of polarization of the analyzer is adjusted such
that it is perpendicular to the (fixed) direction of polarization of the polarizer. This
means that as long as there is no birefringent sample in the light path, the image is
black. Only a sample which is birefringent and turns the direction of polarization
of the incoming light will result in a signal.

In figure 3.10b the basic principle of polarized light microscopy is shown. After
passing the polarizer, one direction of polarization is blocked out of the light beam
and only the p-polarized (p for parallel) light remains. The analyzer in turn blocks
out the p-polarized light. Thus, only the s-polarized (s for senkrecht, German:

perpendicular) fraction of the light can be observed. The intensity of the observable
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signal depends on the angle by which the sample turns the direction of polarization,

but in general it is lower than the original incoming intensity.

3.5 X-Ray Microdiffraction
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Figure 3.11: Schematic representation of the X-ray microdiffraction setup. Photograph
taken from [92].

Kapton foil

stainless steal plate

Kapton foil

Figure 3.12: Schematic representation of the flow chamber used for X-ray experiments

consisting of a cross geometry spark eroded into a stainless steel plate covered with self-
adhesive Kapton® foil.

The small angle X-ray microdiffraction experiments are conducted at the beam-line
ID10B of the European Synchrotron Radiation Facility (ESRF, Grenoble, France).
The ID10B beam-line is a multi-purpose, high-brilliance undulator beam-line for
high resolution X-ray scattering and surface diffraction on solids and liquids. [93]
The microdiffraction set-up is sketched in figure"3:11. The microfluidic device is
mounted onto the ID10B goniometer and the X-ray beam is adjusted by using fo-
cusing optics mounted onto a secondary stage for optical elements. Beryllium com-
pound refractive lenses (CRL),[94,95] are used to focus the X-ray beam down to a
spot of ~ 20 um. The CRL have a focal distance of ~ 1.30 m. As a detector we use

a CCD camera with fluorescent screen. The resultant 2D images of the diffraction
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patterns cover a g-range from 0.02 to 0.35 A~!. The smectic layer spacing of the
liquid crystal 8CB (4 "-n-octyl-4-cyanobiphenyl, Sigma) serves as calibration. The
exposure time of a single image is 30 s. A flow chamber developed specially for
X-ray experiments is used [86] as shown in figure 3.12. The cross geometry (width
150 pm) is spark eroded into a stainless steel plate (thickness 300 pm). Both sides
of the steel plate are covered with self-adhesive Kapton® polyimide foil (Dr. D.
Miiller GmbH, Ahlhorn, Germany). Holes are punched into one of the Kapton®
foils and tubing is connected to the flow chamber using homemade clips.
Additional in-house experiments are performed using a Bruker (Karlsruhe, Ger-
many) AXS Nanostar. The setup includes a rotating anode X-ray source for Cu
K radiation (1.54 A) at a generator power of 4.05 kW and a virtually noise-free,
real-time 2D Hi-Star detector with photon counting ability.

3.6 Software

The syringe pumps are controlled by LabVIEW (National Instruments Corporation,
Austin, TX, USA) programs. To record the microscopy images and movies we use
Camware (PCO, Kehlheim, Germany). Image processing and data analysis is done
using the commercial software AnalySIS (Soft Imaging Systems, Miinster, Germany)
and Image-Pro Plus (Media Cybernetics, Silver Spring, MD, USA) as well as Mat-
lab (The Mathworks, Natick, MA, USA) programs written for this purpose. Data
analysis and fit of the data curves is done using Origin (Origin LabCorporation,
Northhampton, MA, USA) and C-routines written by Jan Kierfeld for this purpose.
Finite element method (FEM) simulations are conducted using the commercial soft-
ware Femlab (Comsol, Inc., Burlington, MA, USA). For analysis of the X-ray data
we use the program fit2d by Andy Hammersley. Mathematica (Wolfram Research,

Inc., Champaign, IL, USA) is used to solve systems of equations.
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Chapter 4

Worm-Like Chain Model

4.1 Definition of the Persistence Length

Synthetic as well as natural polymers can be classified according to their stiffness
since many of their mechanical properties are in fact coupled to this characteristic.
The stiffness is measured by the bending rigidity x of the molecule or the so-called

persistence length Lp. The two measures are directly proportional:

K

Lp=——
P kBT7

(4.1)
where 7' is the temperature of the system and kp is the Boltzmann constant. Strictly
speaking we would have to mark Lp with an index referring to the temperature for
which it is valid. However, in this thesis all experiments have been conducted at room
temperature and we therefore assume that Lp generally refers to these conditions.
[lustratively, Lp is the distance along the contour of a polymer where the tangential
orientation is lost; for a freely fluctuating polymer, two segments with an arc length
distance Lp behave independently.

In general, it is important to consider the ratio of Lp and the contour length L of
the filament. Flexible polymers (Lp < L), can be described by Gaussian statistics.
[13,96-98] A biological polymer with a contour length on the order of micrometers
that falls in this category is the DNA double strand (Lp = 53.4 nm [99]). Stiff
rods, where Lp > L, denote the other extreme. Here, a good biological example
is microtubules (Lp = 5.2 mm [25]). The transition between both these ranges of
stiffness is given by the so-called semiflexible polymers (Lp &~ L), represented for

example by actin filaments.
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4.2 Unconfined Polymers

4.2.1 Tangent Correlation Function

b) Z()

) )

» X

Figure 4.1: Schematic representation of a fluctuating polymer. a) Arc length
parametrization, b) Monge parametrization.

Since the persistence length Lp of semiflexible polymers is on the same order of
magnitude as their contour length L, they cannot be described by Gaussian statis-
tics. Instead, the worm-like chain (WLC) model [100,101] is used to characterize
this class of polymers. In the following section the WLC model will be discussed for
two-dimensional systems, since our experimental setup physically confines the fila-
ments to two dimensions and we observe the projection of the filaments’ fluctuations
merely in the focal plane of the microscope. The generalization to three dimensions
will be pointed out when necessary.

The general idea of the WLC model is that the Hamiltonian describing the mechan-

ical properties of the system only contains the bending free energy of the chain-like

H e (l)] = g/OL dl [agg)r, (4.2)

molecule:

were r(l) is the position vector on the contour of the filament parameterized by the
arc length [ of the polymer (see figure 4.1a). The index f in equation 4.2 refers
to the unconfined (free) case, in contrast to equations describing spatially confined
polymers that will be indexed with ¢ in the following discussion. The correlation of
the unit tangent vectors t(s) = ag—(:) can be calculated in a straightforward manner
by applying a Boltzmann distribution to the energies in the system, and shows a

first-order exponential decay with Lp as a characteristic length scale:[101,102]
(cosB(l))f = (t(s) -t(s+1)) =exp(—1/2Lp), (4.3)

where 6 is the angle between the two considered tangent vectors. The bar in equation
4 3 denotes the spatial averaging within one snapshot of a conformation of a filament,

whereas the brackets denote the thermal (that is, time) averaging which includes



4.2. UNCONFINED POLYMERS 33

many conformations of a filament. The two-dimensionality leads to the factor 2 in
the denominator of the exponent. According to the definition that we use here Lp is
an intrinsic property of the filament. This implies that the value of Lp is the same
in two and in three dimensions and the factor 2 appears in the tangent correlation

function.!

[

Figure 4.2: Definition of the end-to-end vector R of a fluctuating polymer.

The mean square end-to-end distance (R?) can be calculated by integrating the

(R?) = </0L /OL dlydist(ly) - t(l2)>. (4.4)

Since averaging operation and integral commute we arrive at

(R?) =8L% (% —1+exp (—i)) (4.5)

for the two-dimensional case

tangent correlation:

4.2.2 Radial Distribution Function

To demonstrate the principle difference between Gaussian and semiflexible chain
molecules, it is instructive to compare the respective radial distribution functions.
For Gaussian chains it can for many purposes be well approximated by a normal
probability curve. For semiflexible polymers the description is more complex. Never-
theless, for a given L and Lp the approximate radial distribution function Gy(R/L)
for free semiflexible polymers can be calculated analytically.[35] However, one has
to introduce the Monge parametrization, which is also very convenient if the fluctu-
ations of a semiflexible polymer are to be related to some kind of external potential
(see section 4.3). Only weak bends are assumed and configurations where the fil-
ament performs overhangs are neglected. The contour line can be described by

a function z(z) (see figure 4.1b). Since we study a two-dimensional system, z(z)

I Alternatively, a more mathematical definition of Lp as the characteristic decay of the tangent
correlation can be chosen. In this case, Lp,, = 2Lp,, and the tangent correlation function is

universal for two or three dimensions.[103]
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is a scalar; however, in the more general case of a three-dimensional system it is
a two-dimensional vector. The assumption that the filament is only weakly bent
also implies that 2/(x) < 1. In this case the second derivative of z(x) equals the

curvature. With these assumptions the Hamiltonian in equation 4.2 becomes

Hslz(2)] = g /OLZ dx [azzgff)} 2 , (4.6)

where L, is the contour length projected on the z-axis. For small fluctuations we

can set L, = L.

To calculate the radial distribution function the expression
Gy(R/L) = 6(R/L — |R/LJ), (4.7)

where R is the end-to-end vector (see figure 4.2) and §(x) is the Dirac function, has
to be evaluated. We make the rotation invariance explicit by using the normalized
norm of the end-to-end vector R/L as the argument of the function. In principle
the end-to-end vectors of the different conformations do not necessarily have to be
considered, but the radial distribution function can be analyzed for any vectors R
connecting points on the contour of the filament with an arc length distance L.
However, in section 5.3/ we will analyze our data in terms of the radial distribution
function of the end-to-end vectors. Therefore we consider this special case. Equation
4.7 can be solved by applying Monge parametrization and harmonic or Gaussian
approximation, which implies that any orders higher than second are neglected. For
the two-dimensional case this leads to [35]

2Lp
LaN o

Gi(R/L) = 2k (—1)* 1 exp <—2LTP7T2/<:2(1 — R/L)) , (4.8)

where N is a normalization constant. Analyzing the radial distribution function in
addition to the tangent correlation function provides a second method to obtain
the persistence length from the experimental data and thus verifies the consistency
of the experiment and the data analysis. Combining both statistical measures,
the tangent correlation and the radial distribution function, helps to complete the

characterization of semiflexible polymers.

4.3 Confined Polymers

4.3.1 Tangent Correlation Function

The WLC model is based on the mere mechanics of the actin filaments. To be able to

describe confined filaments an additional energy term describing the microchannels
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has to be accounted for and included into a modified WLC model. Ideally, this
should be a hard wall potential implying rectangular channel walls. However, in
a first approximation a parabolic wall potential K/2 - z(x)?, where the z-axis is
perpendicular to the direction of the channels and K is a constant value determining
the strength of the potential, will be discussed.[38,104] We will show that even this
very rough approximation is surprisingly well suited to describe our experimental
results. Again, since we discuss a two-dimensional system z(z) is a scalar, although
in the more general case of a three-dimensional system we would have to consider

a two-dimensional vector. The Hamiltonian using Monge parametrization is now

H[2(2)] = /0 r [g (a;iff)f + gz(xﬂl . (4.9)

For F-actin in confining channels this approximation is certainly justified. Further-

given by

more, we assume infinitely long filaments and no special boundary conditions. We

use the Fourier transform

1 :
z(x) = %/dq z(q) exp(—igx), (4.10)
and take the limit L, — oo in terms of which the Hamiltonian in equation 4.9
becomes
1 [ .
3120)) = o= [ dalig' + K)2(0)2" @) (111)

Equation 4.11/ shows that the modes z(q) decouple. There are no mixed terms
2(q)z*(q') with ¢’ # ¢. From this it follows that

(2(9)2(¢)) = 2nG(q)d(q — ¢). (4.12)

In order to determine G(q), we recall that Boltzmann weights exp(—H.[2(q)]/ksT)
lead to a Gaussian distribution for each mode z(q) if H, is a quadratic Hamiltonian.

The expected value for a quantity with Gaussian distribution is known, and thus we

obtain
kT
G(q) = pr (4.13)
First of all the height-height correlations
1 ; I 1 k T N /
_ i(qr—q’'x’) __ B iq(z—1")
@) = 75 [ [ dadg o=@ = - [ agte e
(4.14)

shall be calculated. To solve the integral in equation 14.14' we close the integra-

tion path in the complex plane, analyze the poles of the denominator and apply
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the residue theorem. Furthermore, we introduce a new length scale, the so-called

deflection length

A=12 (%)1/4, (4.15)

which is characterized by the competition of bending energy and confining energy.

A descriptive idea of the deflection length as the distance between two consecutive

—

/T N )

Figure 4.3: Illustration of the deflection length .

contact points of the filament with the channel walls and the appropriate scaling
law have been introduced by Odijk.[14] He found that

A=a-dPLY? (4.16)

where a is a geometry dependent coefficient and d is the channel width. Equation
4.14 thus leads to

(2(2)2(z")) = N;Lp exp (33 _Ax) cos (x _A”“" - %) . (4.17)

The angular correlations can now be calculated:

(cosO(z — ') ~ 1 — %w(:p _ ), (4.18)

which for small fluctuations (6 ~ tanf = g—;) becomes

(cos Oz — ') ~ 1 — = <(32<;> _ 32%)) > —1— (g(0) — g(z — '), (4.19)

2

where

gz —2') = <82(;) . 62(;/)> _ 2\/ng exp (%ﬂj/) cos (33 ;x’ + %) . (4.20)

For small fluctuations we can now set (x — z’) = [ and obtain an analytical solution

for the tangent correlation function for confined filaments:

(cos (1)) =1 — ﬁ <cos G) — cos G + %) exp (;)) . (4.21)

In addition to Lp which describes the mechanical rigidity of the actin filaments, the

deflection length A describing the channel geometry appears as a fitting parameter
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in equation 4.21. Note that the scaling arguments by Odijk, as well as more rig-
orous calculations of the deflection length, were deduced for semiflexible filaments
in cylindrical hard wall tubes of diameter d,[14,43] whereas a parabolic potential is
used to describe our system.

To show that the tangent correlation function in equation [4.21] for K’ — 0 (A — 00)
approaches the free tangent correlation in equation 4.3/ we expand both expressions
in series around [ = 0 taking into account that all terms with A in the denominator

approach zero for small K. For unconfined filaments we arrive at

! 2
(cosf(l))y=1— 3, + 0(1%), (4.22)

whereas for confined filaments the tangent correlation is

(cosO(l)). =1 A (i — (i — @ + O(l2)>> : (4.23)

C2V2Lp \ V2

A comparison of both terms yields
(cosO(1)). = (cosO(l)); = — (4.24)

Equation 4.3 can therefore be considered as a special case of equation 4.21 for
infinitely small potential strength K.

In the following we will discuss the course of the tangent correlation under the
influence of a confining potential in more detail. For large arc length distances [,
the tangent correlation function described by equation 4.21 does not decay to zero
in the same manner as the tangent correlation for unconfined filaments (equation

4.3). Instead, it approaches a constant asymptotic non-zero value:

A
(cosO(l))oo = 1 — —— = const. # 0. (4.25)
4Lp
We observe a characteristic oscillation along the tangent correlation function whose
wavelength is set by the external potential. Determining the position of the first
local minimum [,,,;,, of the modified tangent correlation (equation 4.21)), we find that

it depends on the deflection length but not on the persistence length:
2
A= —lnin- (4.26)
™

This provides a suitable method to deduct the deflection length from the experi-

mental results.
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4.3.2 Radial Distribution Function

The radial distribution function is a central quantity of single polymers. In con-
trast to the tangent correlation function, which demands knowledge of the complete
course of the contour of the filament, it can also be analyzed in the case of poly-
mers bound in networks. As in the case of unconfined polymers (equation 4.8) the
Monge parametrization and Gaussian approximation are presumed. If the confining
potential is again considered to be quadratic the radial distribution function can be

calculated.[36] For the two-dimensional case we obtain:

G.(R/L) = Zexp k)(1— R/L)F(k)(—1 )kﬂf”pj(f) ;Z;]’; (4.27)

where
2L3LP 2LP7T2]€2

F( ) = 7T2k2A4 + L ) (428)
L4

and

o0

pa(e) = H (1 + %) : (4.30)

=1 J
Note that we set L, = L for these calculations which is a valid approximation for
the case of small fluctuation which is considered here. For K — 0 (A — o0) we
obtain once more equation 4.8, which describes the radial distribution function of
unconfined filaments. In this case F'(k) is reduced to its second summand, e = 0,
consequently ps(e) = 1. A series expansion of z/sinx around zero shows that the
respective factor in equation 4.27 approaches the value 1.
Equation 4.27) contains three free parameters: L, Lp , and A\. The distribution
becomes narrower and is shifted towards larger values of R/L if the filaments are
shorter (decrease of L), stiffer (increase of Lp), or more confined (decrease of \).
Since L can usually be directly deduced from micrographs, the same set of free
parameters, Lp and A, remains as in the tangent correlation function. Therefore
we are able to analyze both quantities independently and cross-check the results for

consistency.

4.3.3 Segment Distribution

A confining potential also influences the temporal and spatial distribution of seg-

ments of the filament within the conformational space. If we consider unconfined



4.3. CONFINED POLYMERS 39

»
»

infinitely broad channel

<
<«

Figure 4.4: Illustration of the procedure to determine the thermal roughness exponent

C.

polymers, their spatial distribution is determined merely by the so-called thermal
roughness exponent ¢ = 3/2. That is to say, if we imagine a main direction (or an
infinitely broad channel) in the system (dashed lines in figure [4.4) the probability
to find the two ends of the polymer at the same vertical position (dotted line) scales

with L=¢ = L_3/2.[1057107]
2(x)

z+0z
z

n
L

X

Figure 4.5: Illustration of the procedure to determine the segment distribution.

If a confining wall potential comes into play, it induces deflections of the polymers at
the wall and competes with the bending rigidity of the molecules. We consider semi-
flexible polymers in the proximity of a surface or in the presence of two walls (that
is, in a channel). The exponents related to the segment distribution perpendicular
to the wall (6,, r for “repulsion”) and to the return probability to the wall along
the polymer (parallel to the wall, x,.) can be obtained by calculating the probability
P(z) to find a segment of a filament within a range [z, z + 2] as a function of z (see
figure 4.5). It can be shown that

P(2) (L%) - (L%)WB' (4.31)

From normalization requirements it follows that 6, and y, are not independent but

36,
It has been shown that 6, = 1/3 and x,, = 5/2.[105-107] Thus, the probability to

find a segment of the filament at a distance z close to the channel wall scales with
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2%/3 and the absolute value of the probability at a certain distance z is proportional
to A=%/2. The relation 4.31/is true for the behavior of filaments in the presence of one
or two walls since a segment of a polymer is influenced by only one wall. However, in
the case of a confining channel we have to keep in mind that A plays the role of the
longest free segment instead of L, as in the case of only one wall. Thus, in addition
to the scaling relation between A\, Lp, and d (equation 4.16)), a second scaling law
for semiflexible polymers is obtained. Note that these scaling laws are independent
of the considered form of the confining potential and also hold in the exact case of
a rectangular hard wall potential. Hence we can in some respect consider the data
analysis in terms of scaling laws as a more general approach than the description of

tangent correlation function and radial distribution function.



Chapter 5

F-Actin in Microfluidic

Environment

Single actin filaments shall be investigated in an environment which resembles their
native surrounding: a polymer network with a mesh size on the micrometer scale.
We analyze the mechanics of the biopolymers under the influence of confining mi-
crochannels. The system is characterized by the stiffness of the biopolymers and the
confining potential, which we determine by analyzing the tangent correlation func-
tions, the radial distribution functions, and the segment distributions for different

channel geometries.

5.1 Image Processing and Data Analysis

Figure 5.1: Snapshots of fluctuating actin filaments in channels of different widths. The
elongation of the biopolymers increases with decreasing channel width. The white dotted
lines mark the positions of the channel walls which are not visible in the fluorescence
micrographs.
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Figure 5.2: Step by step representation of image processing and data analysis. a) The
statistical noise in the original micrographs is reduced and the images are b) binarized. c)
Subsequently, the contour is skeletonized. d) The radial distribution function is obtained
by determining the end-to-end distance of the contour. e) To obtain the segment distri-
bution the intensity is integrated in the direction of the channels along the full length of
the polymer and plotted against the z-coordinate over the complete channel width d. f)
A smoothing spline fit is applied and g) the tangent correlation function is determined.

Snapshots of the fluctuating actin filaments are taken and the contour is analyzed in
order to determine the tangent correlation function, the radial distribution function
of the end-to-end distances, and the segment distribution. In figure/5.1 three differ-
ent series of such snapshots are shown. Obviously, the smaller the channel width d
is the more elongated the filaments are, whereas in the channels with 9.8 ym they
almost behave like unconfined filaments. The 16 bit grayscale images (figure' 5.2a)
are recorded using a PCO SensiCamQFE CCD camera and the appropriate recording
software Camware. The image processing software AnalySIS is used to apply an
N x N filter to the images, which reduces statistical noise by assigning the averaged
gray value of a square area of the image to the central pixel of this square. The size
of the square and the number of iterations are determined individually for each data
set and usually lie in-between 3 x 3 -5 x 5 and 1 - 4, respectively. A threshold is
set and the images are binarized (figure'5:2b). In the following step, the images of
the filaments are skeletonized to a one-pixel-line using the image processing software
Image-Pro Plus (figure'5.:2c).

The radial distribution function is obtained by measuring the end-to-end distance R

for each image, that is to say, each conformation, of one data set (figure-5.2d). The
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contour length L corresponds to the length of the one-pixel-line. To obtain the seg-
ment distribution, we rotate all images such that the channel direction is horizontal.
We integrate the intensity along the full filament length along the direction of the
channel, average the values over all recorded conformations of a filament, normalize
the result by the length of the filament, and plot the result against the z-coordinate
perpendicular to the channel. In the resulting graph one channel wall is positioned
at z = 0 while the second channel wall lies at z = d (figure 5.2¢).

Analysis of the tangent correlation function is conducted using a Matlab program
written for this purpose. A smoothing spline fit is applied to the one-pixel-line (fig-
ure [5.2f). An arc length reparametrization of the fitted line is obtained by dividing
it into tangent vectors of equal length (figure[5.2g). The correlation of these tangent

vectors as a function of the arc length [ is given by their scalar product. Although
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Figure 5.3: Data set analyzed by choosing different values for ;. The vertical position
but not the horizontal position of the curve is affected.

data acquisition and analysis are in principle straightforward, they still hold some
pitfalls. First of all we have to deal with the so-called pixelization - a pronounced
decorrelation of neighboring pixels on the one-pixel line due to the discretization of
the microscopy images. In order to reduce this effect, we apply a cubic smoothing
spline to the one-pixel-line thus allowing for coordinates which do not lie exactly on
the grid which is given by the pixels of the image. Using a cubic spline ensures that
(i) all given pixels on the filament’s contour are included, (ii) the first and second

derivative of the curve are continuous, and (iii) the fourth derivative of the position
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o*r(l)
Rl

= 0). The latter constraint is equal to the equation of

9%r (1)
ol2

vector equals zero (

2
motion which minimizes the bending energy H = % fOL dl [ ] . The Lagrangian

density of the bending energy is

L@r’) = —gr"2 (5.1)

and the Hamiltonian principle and the Euler-Lagrange equations yield

i@_&_d_Qﬁﬁ _8_L:>84r(l)
dt or  di2or"”  Or ol4

—0. (5.2)

For confined filaments, the Hamiltonian includes a second energy term which, strictly
speaking, should also be considered. However, we can apply the above argumenta-
tion since the segments of the filament in-between the wall contacts are still governed
by bending energy.

Subsequently, equidistant points are placed on the smoothed line and these points
are connected by secants. We assume that on small length scales the secants and
the tangents are very similar and can be considered as equal. We choose a tangent
length [; of 300 nm (corresponds to 4.8 pixels), since this is the approximate optical
resolution of the system. We find that the vertical position of the tangent correla-
tion function depends on the value chosen for [;, as can be seen in figure 5.3. The
same data set is analyzed in terms of the tangent correlation function for different
values for [;. The curve is vertically displaced to higher values for higher values of
l;. However, we have to keep in mind that the differences are very small: In the
example shown here, decreasing [; by a factor of 25 decreases the values for (cos6(1))
only by about 5%. Also, the horizontal position of the curve and consequently the
local minimum (indicated by the dashed line in figure 5.3) is not affected by the
choice of ;.

The microscopy and image processing procedures we use slightly broaden the contour
due to restrictive optical resolution and thermal fluctuations during the exposure
time of 100 ms. The effect leads to a superposition of slightly different conforma-
tions of the filament in one and the same fluorescence micrograph (see figure 5.4).
The full width at half maximum (FWHM) of a filament, or effective width, in an
original gray scale micrograph is Dy ~ 0.3 - 0.5 um. After applying the appropriate
threshold criterion to binarize the images, the filaments’ effective width is ~ 1 pm.
Since the actual diameter of F-actin is merely 8 nm, this implies that some higher
frequency fluctuations cannot be visualized or analyzed. We account for this fact
by introducing a correcting term in the theoretical description of the problem.[103]

The local averaging of data over arc length distances similar to Dy can be taken
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Figure 5.4: a) Micrograph and b) schematic representation of a slightly blurred actin
filament owing to thermal fluctuations during the exposure time. c¢) Cross section and

Gaussian fit (see red line in a) of the intensity in the micrograph. The effective width
(FWHM) is Dy = 0.4 pm in this case .

into account by convoluting the correlation function of Fourier modes (see equation
4.13)

kgT

TS

(5.3)

with a Gaussian of width ~ Dy, similar to the Debye-Waller factor in solid state
physics, which leads to

kT

Gplq) = eXP(—QQDi)m-

(5.4)

We use Dy = 0.5 pm which is in agreement with the experimental values. The
procedure is described in more detail elsewhere.[103] Fits of the data using equation
4.13 in consideration of equation 5.4/ are performed using C-routines written by
J. Kierfeld. [107] Thus, we are able to determine the free fitting parameters, the
deflection length A and the persistence length Lp, and therefore to describe the
mechanics of the filaments as well as the influence of the external potential. In
order to improve the statistics, spatial averaging within the same image as well
as thermal (that is to say, time) averaging, which includes many conformations
of a filament, are performed. Discussing the data, we exclude the first few pixels
(< 1 pm) because it is extremely difficult, if not impossible, to make assumptions

on a length scale similar to the optical resolution.[22]
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5.2 From Free to Confined Filaments

5.2.1 Characterization of Unconfined Filaments

The thermal fluctuations of unconfined filaments have been experimentally inves-
tigated intensively in the past (see also section 2.1)).[21-27,108,109] Filaments are
restricted between two glass slides and observed in the focal plane of the microscope.
Lp is derived by different methods which leads to values between 7.4 - 22 ym. The
tangent correlation functions show the exponential decay as theoretically predicted,

with Lp as the characteristic length scale (see equation [4.3).
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Figure 5.5: Tangent correlation functions of individual, unconfined filaments. Red lines
and symbols: filaments with a total observation time 7 < 30 s. Green lines and symbols:
filaments with a total observation time 7 > 66 s. Inset shows a plot of Lp against 7.
Clearly, if 7 is too short, filaments seem to be stiffer than they are.

In order to characterize our specific actin system, we also analyze measurements
with filaments that freely fluctuate in a quasi two-dimensional environment between
two glass surfaces without further lateral confinement. We find a dependence of Lp
on the total observation time 7. The red and green data lines and symbols in figure
5.5 show semi-logarithmic plots of such tangent correlation functions of unconfined
filaments. The red lines represent data sets derived from filaments where the total
observation time is 7 < 30 s. The characteristic decay Lp of the exponential func-

tion is 20 - 21 pm (see red squares in inset). In contrast, if the total observation time
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is increased to > 66 s (green lines), Lp is decreased to 11 - 13 pum (see green circles
in inset). Even for 7 > 17 min = 1020 s the value of Lp is not decreased any further.
After an observation time as short as 30 s the filament has not taken all possible
shapes yet. That is to say, the complete conformational space of the system has not
been occupied and the individual snapshots of the filaments’ contour are still very
correlated. For 30 s < 7 < 66 s we expect a smooth transition in the value of Lp.
Our data indicate that after about 1 min observation time the filament has taken
all possible conformations and Lp reaches an asymptotic value of 12 4+ 0.8 um.

To support this assumption, we compare different total observation times for one
specific filament. The altogether 2360 individual snapshots of the filament are taken
in subsets of 295 images each, with an exposure time of 100 ms and no delay time
in-between the images. Between the subsets there is a delay time of 1 - 3 min and the
total observation time of the filament adds up to more than 17 min. First, only one
data subset (295 images, 7 = 29.5 ) is included in the analysis that leads to a tan-
gent correlation as shown by the red open squares in figure 5.5 and Lp = 20.2 pm.
Second, we analyze every tenth image of the whole data set, so that the total number
of images (240) is approximately the same as in the first case, but the total obser-
vation time is an order of magnitude higher (7 > 17 min). We obtain the tangent
correlation shown by the green open circles and Lp = 12.5 ym. Obviously, to de-
duce the real Lp of the data it is therefore crucial to observe the individual filaments
over a sufficiently long period of time. It is not primarily the mere number of im-
ages included into a data set which improves the statistics of the measurement but
rather the prominent role of 7. Actin filaments that are confined in microchannels
are much more sensitive to breaking than unconfined filaments. Mostly, we recorded
data for ~ 30 s which proved to be sufficiently long for the filament to thoroughly
occupy the conformational space, which is smaller if a microchannel is employed

than in the unconfined case.

5.2.2 Tangent Correlation Function of Confined Filaments

Confinement of F-actin is achieved by placing the filaments into rectangular chan-
nels of varying widths and geometries. We consider our system two-dimensional
for the following two reasons. First of all, the depth h of the microchannels for
all experiments presented here is small (< 1.4 ym). Monte Carlo simulations show
that a further reduction of the channel depth does not influence the results.[107]
Secondly, using optical microscopy, as a matter of principle we observe the molecules

in the focal plane. Possible fluctuations that occur in the third dimension cannot
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Figure 5.6: Tangent correlation functions of individual filaments. Blue symbols: confined
filaments, channel width d = 4.0 pum. Green symbols: unconfined filaments. Despite of
individual deviations the increased overall correlation of the confined filaments is clearly
visible.

be visualized. Since the perpendicular directions decouple from each other, we can
disregard the third dimension.

In simulations, the fluctuations of the filaments and the corresponding tangent cor-
relation functions in three dimensions can be investigated. This results in more
detailed information about the system. It has been shown that for filaments con-
fined between two walls with distance h there is a crossover between the two-
and the three-dimensional case.[110] For arc length distances | smaller than h
the filaments show three-dimensional behavior and the tangent correlation function
(cos@(l))y = exp (—1/Lp) is obtained, whereas for [ > h two-dimensional behavior is
observed, that is to say, the tangent correlation is (cosé(l)) s = exp (—{/2Lp). If the
simulated chain is projected onto a two-dimensional plane before the tangent correla-
tion function is determined, which corresponds to the microscopy experiments, there
is no such transition and the two-dimensional behavior is present for the complete
range of [. This result is in good agreement with our experimental observations.
We can therefore equate our system with the two-dimensional case and apply the
corresponding analytical description.

In figure 5.6, tangent correlation functions of confined (blue symbols) and uncon-

fined (green symbols) filaments are compared with one another. The channel width
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is d = 4.0 um. Despite individual variations within the two groups of data (free
versus confined filaments) the completely altered course of the tangent correlation
function under the influence of confinement is obvious. The most striking feature
is that the overall correlation is dramatically increased. Instead of reaching a zero
correlation for infinitely large distances [, as in the unconfined case, the curves ap-
proach an asymptotic value. The fluctuations about the saturation plateau, which
are clearly observed here and which vary individually for each of the three data sets
(that is to say, filaments) shown here, can be attributed to slight differences between
the individual macromolecules. They are indeed averaged out once several data sets
are included.

The ramification of our observation is that the tangential orientations of two poly-
mer segments which are far apart from each other (large ) seem to be very well
correlated (in contrast to the free tangent correlation, where they are not at all
correlated). However we have to keep in mind that this is not a direct coupling of
the segments as in the case of stiffer polymers with larger persistence lengths. All
segments are coupled to the external channel potential and thus merely indirectly
coupled to each other. The external confining potential thus serves as a micrometer-
scale track for the polymer. As a matter of principle there is a noteworthy difference:
The tangent correlation function of stiffer polymers that are freely fluctuating with-
out any confining microchannels (for example, microtubules with Lp ~ mm) still
shows an exponential decay, but Lp is larger and thus the decay is weaker. On the
contrary, here we observe a characteristic oscillation along the tangent correlation

function whose wavelength is set by the external potential.

t(s) t(s+A)

Figure 5.7: Schematic representation of an idealized polymer chain which is periodically
reflected at the channel walls. The tangential orientation, indicated by the arrows, returns
to its original direction after one wave length A.

In a simplified manner, we can imagine a periodic course of the contour of the fil-
ament. In this idealized case the tangential orientation of the polymer’s contour
would return to its initial value after one wave length A (see figure/5.7). Therefore,
the correlation between these parallel vectors would be 1 and the numerical value of
the correlation function would oscillate between a minimal value and 1. Naturally,
in reality the filament does not follow such an ideal course, rather the deflections on

each channel wall are superimposed by the intrinsic thermal fluctuations caused by
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Brownian motion of the biopolymer. Consequently, the correlation does not thor-
oughly return to 1. Since the value of A is determined by the channel width d, we

will discuss the influence of confinement in more detail in the following section.

5.2.3 Influence of Contour Length and Channel Width

In figure 5.8 tangent correlation functions of individual actin filaments with vary-
ing contour lengths (L = 18 - 51 um) fluctuating in channels of different widths
(d =1.5 pm, 4.2 pm, 5.8 um) are shown. Each data set represents one individual
filament and is averaged over all conformations of this filament. The principle course
is the same for all data sets. For small values of [ < 5 um we observe a decay which
leads to a pronounced minimum, followed by oscillations. The length of this oscilla-
tion regime depends on the length of the filament. The oscillations are followed by
a strong decay, that is to say, a dramatic decrease of the correlation. This quasi-free
behavior on a length scale on the order of the channel width is due to the finite
length of the filaments. The free ends of the filaments are not distinctly influenced
by the channel walls and thus show free behavior. Even though in the examples
shown here the number of conformations is rather small for the smaller channels
(d = 1.5 um) it can clearly be seen in figure 5.8/ that the statistics are better. The
data sets show less individual variations than for larger d and the course of the
tangent correlation is more defined. This can be attributed to the fact that in this
case the conformational space of the system is smaller and is occupied in shorter
time spans 7.

A further improvement of the statistics is achieved by averaging data sets derived
from several filaments and thus eliminating features that stem from specific indi-
vidual differences. In figure /5.9 semi-logarithmic plots of the tangent correlation
functions for fluctuating filaments in microchannels of different widths (d = 1.5 pm,
4.2 pm, 5.8 um) are shown. L = 28 - 51 um is chosen for this analysis to ensure
that the contour length of the filaments is large compared to the channel width
d. Compared to the data shown in figure 5.8, the oscillations about the saturation
level are averaged out. This fact enables us to describe the curve in more detail and
compare it to the analytical expressions discussed in section 4.3. The dashed line
marks the ideal tangent correlation of a freely fluctuating filament (Lp = 12 pm)
in two dimensions, while the open symbols show experimental results for filaments
in channels. Clearly, filaments confined in 9.8 pm channels (L ~ 3d) are not very
strongly influenced by the channel geometry; they show a behavior similar to free

filaments. However, for the smaller channels (d < 5.8 um) a strong influence of the
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restraining channel walls is observed. We observe an overall increasing correlation
with decreasing channel width. For large [ the correlation reaches a large asymptotic
value of 1 — \/(4Lp), instead of dropping to zero as for unconfined filaments. This
saturation plateau increases with decreasing channel width, whereas the position of
the local minimum [,,,;,, = mA/2 is shifted to smaller values with decreasing channel
width.

The averaged data sets shown in figure 5.9/ as well as the individual data sets in-
cluded in the averaging are fitted separately in order to determine the two free fit
parameters A and Lp. We use equation 4.21/ in consideration of the correction fac-
tor introduced in equation 5.4, as explained in section 5.1. The fit curves of the
averaged data sets are shown by solid lines in figure 5.9. Since data for very large
arc length distances [ are generally less statistically reliable, we have excluded those
values from the fits. Clearly, the fit for the smallest channels (d = 1.5 pum) is best.
In the WLC model, infinitely long filaments are assumed. This approximation is
best realized for a high ratio of filament length to channel width (> 18 in the case
of the 1.5 pum channels).

In figure 5.10/ the results for Lp are plotted against d. The closed red circles are the
values deduced from the averaged data curves, whereas the open red circles mark
the values for the individual data curves. The error bars have been determined as
follows: Ad = 0.2 um, corresponding to the optical resolution of the microscope
used to measure the channel width and ALp is the standard deviation of the data
for individual filaments. We are able to show that all values for Lp lie in the range
in-between ~ 10 and 20 pm, which is in agreement with values measured for un-
confined filaments. The scatter of the values is smaller for smaller channel widths,
which again can be attributed to the smaller conformational space for smaller chan-
nels. The dashed line corresponds to Lp = (13.1 £ 0.6) pm, which is the mean of
all values for Lp determined here.

The results for the second fit parameter A\, which is characterized by the channel
wall potential, are plotted logarithmically against d in figure [5.11. Once again, the
open red circles correspond to data from individual filaments and the closed red
circles to the averaged data. The error bars have been determined as follows: Al,in
is the error of reading the data and A\ is the standard deviation as calculated by
the scattering of the values for the individual data sets.

We are aware of the fact that the tangent correlation reacts sensitively to parame-
ters used for data analysis such as the digitalization of the contour of the filaments,
smoothing due to application of image processing filters, and the choice of the tan-

gent vector length I; (see discussion in section 5.1). Thus, we perform a consistency
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Figure 5.8: Tangent correlation functions of individual actin filaments of different contour
lengths L confined in channels of different widths d.
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Figure 5.9: Averaged tangent correlation functions of actin filaments confined in channels
of different widths (1.5 - 9.8 pm). The contour length of the filaments included in the
averaging is 28 - 51 pm. Open symbols: experimental data; solid lines: fit curves; dashed

line: ideal tangent correlation function of free filaments.
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Figure 5.10: The persistence length Lp plotted against the channel width d. Dashed

line: mean value Lp = 13.1 pum.
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Figure 5.11: The deflection length A\ plotted against the channel width d. The Odijk
scaling A oc d?/3 (dashed line) is experimentally confirmed. Filaments in 9.8 ym channels
are not distinctly confined.
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Figure 5.12: Rescaled tangent correlation functions for three different channel widths
(open symbols). The solid black line marks the master curve on which all data collapse
upon rescaling, a = 0.55.
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check of both our experimental results and the model used for data analysis. In sec-
tion 4.3 we have seen that the position of l,,;, is determined exclusively by the value
of A, while, on the other hand, the horizontal position of the tangent correlation
function is not affected by changes of the parameters used for analysis. Therefore,
the local minima of the averaged data curves (figure 5.9) as well as the data curves
corresponding to individual filaments are determined. Using equation 14.26, values
for A are obtained. These data points are shown by the blue squares in figure [5.11]
where the open symbols correspond to data from individual filaments and the closed
symbols represent the averaged data. The data for the 9.8 ym channels do not dis-
play a local minimum because the confining potential is relatively weak. The values
of A\ for channel widths d = 1.5 ym, 4.0 um, and 5.8 pym are in good agreement for
both methods of analysis, which shows that we have chosen stable parameters for
our data analysis.

In addition, in figure /5.11] the Odijk scaling law A oc d*/® is shown (equation 4.16),
dashed line). For d < 5.8 um the experimental results agree very well with the
scaling law whereas the value for d = 9.8 pym is not in agreement with the scaling
law. This result supports the above mentioned assumption that filaments in wide
channels are merely weakly confined. The scaling law is confirmed, however, the
coefficient differs from what has been calculated for circular tubes and a hard wall
potential.[43] This discrepancy may be attributed to approximating the confining
geometry by a parabolic potential. In turn, the shape and structure of the confining
potential plays an important role in setting A as a characteristic length scale. The
parabolic potential we used for the model is a simple but effective estimate.

The scaling law relating d, Lp, and A suggests that the data curves derived from
measurements in different channels can be rescaled and should collapse on a single

master curve. To prove this assumption equation 4.21 is rescaled by d=%/ 3L§>/3
(1= (cost(1))): = (1 — (cosB(1)),) L3>, (5.5)
The function is plotted over the arc length distance rescaled by d—2/ 3L;1/ % such that
=1L (5.6)
The resulting master curve

(1= (cosB(I)))} = % (Cos (5) - cos G + %) exp (‘j)) (5.7)

is independent of Lp and A and only contains the coefficient a in the Odijk scaling in

equation 4.16. The rescaled data curves are shown in figure 5.12. When fitting the
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three data curves for d = 1.5 pm, 4.0 pm, and 5.8 pm independently with equation
5.7, we obtain a = 0.52, 0.55, and 0.57, respectively. In figure [5.12 the solid black
line denotes the master curve for the mean value, a = 0.55.
In addition to the analytical description, our data shall be compared to results ob-
tained by simulating the system. J. Kierfeld has performed Monte Carlo simulations
for semiflexible polymers in rectangular channels with A < d such that the quasi
two-dimensional case was realized. All parameters were chosen comparable to the
experiments discussed here for this procedure, which is described in more detail
elsewhere.[103] Simulations for different Lp and d have been performed. Since the
master curve described by equation 5.7 unifies the characteristic length scales of the
system in one single parameter a it provides a very well suited method to compare
experiment and simulation. For the simulations a = 0.59 is obtained, which is in
good agreement with our experimental results.
The experimental system is characterized by the bending energy of the filaments,
given by Lp, and the confining channel potential, given by A. Both parameters
can consistently be derived from the experimental data, and the results agree with
the simulations as well as the analytical description taking into account the channel
potential as parabolic. Somewhat surprising, the ad hoc assumption to approximate
the rectangular hard wall potential by a simple parabolic potential works exceed-
ingly well.
In order to allow for direct comparison of the mechanical properties of F-actin with
those of other materials, we calculate the Young’s modulus E using

LpkgT

7

where [ is the geometrical moment of inertia. The numerical value for actin is
I = 2.8-1073%m* [25] which leads to E = 1.9 GPa. This is comparable with annealed
tantalum with a Young’s modulus of E = 1.83 GPa, or nickel, £ = 2.02 GPa. To

put these values in perspective, steel wire has £ = 196 GPa.[111] The value of F

B =

(5.8)

for actin is quite large, considering that it is a biomaterial. On the other hand, it
may partly explain the remarkable strength of muscles.

To better ascertain which energy W is acting on the filaments evoked by the wall
potential, we plot the parabolic term K/2 - z(x)? (red solid line in figure 5.13) as
well as the corresponding hard wall potential (black solid line) for d = 4.0 pm. W
per pum is plotted in units of k7. We estimate the potential energy directly at
the channel wall, that is to say at z = d/2 = 2 yum. We use Lp = 13.1 ym and
A =425 pm:

K V2Lp

kgT M\

V2L
= W(2 pm) = 2)\413 :

(2 pm)*kpT = 0.114kpTpum ™.  (5.9)
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Figure 5.13: The parabolic potential energy per pum in units of kg1 plotted against the
z-coordinate perpendicular to the channel direction (red solid line). For comparison the
hard wall potential for the corresponding d = 4.0 pum is plotted (black solid line).

Thus, the potential energy per um of filament length is about one order of magnitude
smaller than the thermal energy kgT'. If we consider a filament with a length of
L = 20 pum the total potential energy at the channel wall is 2.28 kgT'. A segment of
the filament has to raise its thermal energy remarkably, on the order of magnitude of
10~ *kpT per pum, so as to approach to the channel wall. In contrast, for a real hard
wall potential the potential energy is absolutely zero inside the channel and increases
to infinity only at the channel wall. In consideration of this fact, is is all the more
impressive that we can describe our experiments so accurately by approximating the

confining energy by a parabolic potential.

5.3 Radial Distribution Function

Apart from the tangent correlation, the radial distribution function is an important
statistical measure in polymer science. Experimentally, it might be easier to obtain
only specific points along the filaments’ contour rather than the whole contour line.
However, small imperfections or defects that yield kinks in the shape of the polymer
have a strong influence on the global radial distribution function, while they tend
to average out for the local tangent correlation function. In addition, data sets as
shown in figure 5.14 give rise to 200 - 300 individual data points, while for the tan-

gent correlation functions (as presented earlier in this chapter) the spatial averaging
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Figure 5.14: Radial distribution function of a free, a modestly confined (d = 5.8 pum),
and a strongly confined (d = 1.5 pm) individual actin filament. The results can be fitted
using equations 4.8 and[4.27 (dashed lines).
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within one image of a filament yields additional statistical weight.

In figure [5.14/ the normalized radial distribution functions for a free, a modestly con-
fined (d = 5.8 pm), and a strongly confined (d = 1.5 pm) actin filament are shown.
Each data set stems from one single actin filament and we cover 200 to 300 con-
formations. We plot the frequency of a certain end-to-end distance R against the
normalized value of R/L. In our case, R is the distance between the end points of
the filament and L is the arc length between them. The histograms are normalized
such that the sum of all frequencies is 1. The step size for the histograms is chosen
such that a range corresponding to the approximate optical resolution is covered
(210 nm). The statistics of our results may be moderate in comparison to the data
shown in figure 5.9, but nevertheless the results are in good agreement with the the-
oretical description. This is emphasized by the fit curves (dashed lines) that show
the course described by equations 4.8 and 4.27. When the filament is confined, the
distribution function narrows and the maximum is shifted to larger values of R/L.
In order to improve the statistics of the data analysis we have combined data of
several filaments. It is important to ensure that the data sets stem from filaments
having approximately the same length in a channel of equal width, because both pa-
rameters determine the course of the curve. In figure5.15, filaments with L ~ 20 pym
are compared for different channel widths (d = 9.8 pm, 5.8 pm, 4.2 pym, 1.5 pm).
The data clearly show that a stronger confinement (smaller d) leads to a narrower
distribution function.

For all histograms shown here, fits with the corresponding equations yield values
for A and Lp that are in good agreement with the values deduced from the tangent
correlation function as presented earlier in this chapter. In figure 5.16 Lp and A are
plotted against d. To facilitate a comparison with those values derived from analysis
of the tangent correlation function, we plot the mean value for Lp = 13.1 ym and
the Odijk scaling law d o< d*/ as in figures 5.10 and [5.11} respectively (dashed lines).
The open red circles correspond to data sets from individual filaments whereas the
closed red circles are derived from averaged data sets. Both methods of analysis - the
tangent correlation functions and the radial distribution functions - lead to results
which are consistent. However, the scatter in the results of analysis of the radial
distribution function is larger owing to higher statistical uncertainty. Therefore,
we consider the analysis of the tangent correlation function more reliable. Thus,
we utilize Lp = 13.1 um, the value which is derived from analysis of the tangent

correlation function, whenever a numerical value is required in the discussions.
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5.4 Segment Distribution in the Microchannels

Having successfully analyzed the data in terms of tangent correlation functions and
radial distribution functions, we shall now discuss a third measure to describe poly-
mer properties. Analyzing the segment distribution of filaments near a wall sheds
light on two exponents characterizing a semiflexible polymer: y, for the return prob-
ability to the wall along the polymer, that is to say, parallel to the wall, and 6, for

the segment distribution perpendicular to the wall.
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Figure 5.17: The probability P(z) to find a segment of a filament in a range [z, z + 2]
plotted against z on a double logarithmic scale. Symbols: data for filaments fluctuating
in channels of different widths. The scaling law for the segment distribution close to the
walls is confirmed (dashed line).

The segment distribution for different channel widths (d = 9.8 pum, 5.8 um, 4.2 pm,
1.5 pm) is analyzed. A double logarithmic plot of the results against z is shown
in figure 5.17. The data are averaged over all recorded conformations of a filament
and subsequently mirrored and averaged at the center line of the channel in order to
improve the statistics. In this case, all curves are plotted such that the z-coordinate
of 0 corresponds to one of the channel walls. The dashed line corresponds to the
scaling law P(z) oc 2%? (equation [4.31). Here, the improved statistics of the data
for smaller d are clear. Although all four data sets show the scaling, a smoother
course is observed for the smaller channels.

The second exponent to be considered here, y,, describes the scaling of P(z) for

a given z* in dependence of the channel width d. Analysis of the values for P(z*)
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Figure 5.18: The averaged intensity P(z*) (first 9 data points of figure [5.17) plotted
against d. The corresponding scaling law is confirmed (dashed line).

requires careful renormalization of the data by the mean projected length L, of the
regarded filament. Subsequently, we average the frequencies of the first nine data
points (z* < z ~ 0.6 um) and plot the results against d (see figure'5.18). We choose
z =~ 0.6 um because the analysis plotted in figure!5.17 shows clearly that this is the
distance from the channel wall up to which the scaling with 6, holds. The dashed
line in figure 5.18 denotes the appropriate scaling law for x,. Since P(z) o< A™Xr

(see equation 4.31) and A o< d?/? (see equation [4.16) we obtain with y, = 5/2
P(z) oc d™%/3, (5.10)

Both scaling parameters, 6, and x,., describe the experimental results on a length
scale of < 0.6 um in the proximity of the channel walls. By extracting the con-
tour line from the micrographs and analyzing the statistical probability to find a
filament segment at a specific distance from the wall, we can make educated assump-
tions about the behavior of the filaments on a length scale smaller than the optical
resolution. The increase of the segment distribution at the walls with d*? describes
the depletion of segments near the wall owing to reflection of the filament by the
potential. The influence of the confining wall potential on the filaments is extended
quite far into the channel. Furthermore, we can comprehend that 6, and Y, are

indeed not independent, if we consider that the probability to find the filament at
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any position z within the channel is 1 and therefore the integrated probability is

d
/ P(z)dz = 1. (5.11)

0, determines that P(z) increases with d*® at the channel walls. Together with the
given channel width d and the normalization condition [5.11 the absolute intensity
P(z) directly at the wall is a defined value. Naturally, for smaller channels P(z) is

a narrower distribution, whereas it is broadened for larger d.

5.5 Additional Bending of Confined Filaments

b)

c

Figure 5.19: a) Overlay of a fluorescence micrograph of actin filaments in curved chan-
nels and the corresponding bright field image. b) Schematic representation of a filament
fluctuating in a curved channel.

In the previous sections of this chapter we have discussed the influence of channel
width and filament length on the mechanical behavior of confined semiflexible poly-
mers. We will now present experiments where we confine actin filaments in channels
with varying radius of curvature R. and thus investigate the influence of additional
bending on the confined filaments. R, is defined as the radius of the center line of the
channel. In figure 5.19a, an overlay of a fluorescence micrograph of actin filaments
fluctuating in curved channels and the corresponding bright field image is shown.
At first glance, it can be observed in the micrographs that the probability of finding
a polymer is higher near the outer channel wall than at the inner channel wall. The
filaments seem to avoid the additional bending by the channels by occupying the
space near the outer channel wall. A schematic representation of the situation is
shown in figure 5.19b.

In order to analyze the probability of finding a polymer at a specific position within
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Figure 5.20: The probability P(z) to find a segment of a filament at a position z for a
straight (green circles) and a curved (red squares, blue triangles) channel. a) P(z) plotted
linearly against z. The center line of the channel is at z = 0. A depletion layer is found
at the inner radius of curvature R; for the curved channels. b) Logarithmic plot of P(z).
Red squares: R, at z = 0; blue triangles: R; at z = 0; dashed line: scaling law for the
segment distribution.

the channel more precisely, we determine the segment distribution in the microchan-
nel. In this case we conduct an azimuthal integration (as indicated in figurel5.19a)
along the circular channel, average the results over all recorded conformations of a
filament, and plot the resulting probability P(z) against the radial distance between
both walls, that is to say, between the inner radius R; and the outer radius R,. The
resulting distribution for a filament in a channel with d = 2.5 ym and R, = 33.5 um
is shown in figure'5 20 (red squares). We compare this result to the segment distribu-
tion of a filament in a straight channel (d = 1.5 um, green circles). In the linear plot
in figure 5.20a, z = 0 is in the center of the channels. For better comparability, the
channel width is normalized to 1 while keeping the area under the curve constant.
Clearly, the probability distribution of the filament in the curved channel is shifted
into the direction of the outer wall leaving a depletion layer in the proximity of the
inner wall (indicated by the blue circle in figure'5.20a). Such a behavior cannot be
observed for straight channels, where the distribution is symmetric.

In figure 5.20b we plot the same data on a logarithmic scale. In this case, z = 0 is
positioned at one of the channel walls. The dashed line marks the scaling law which
is discussed in section'5.4. For the curved channels, we analyze the behavior at both
walls separately. The red squares show the segment distribution if the outer wall
(R,) is plotted at z = 0. The scaling of P(z) comes close to the value for non-curved

walls. This result is to be expected since the scaling laws derived for the segment
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Figure 5.21: Tangent correlation functions for actin filaments fluctuating in curved
channels for various radii of curvature R.. Open symbols: experimental data; solid lines:
fit curves. a) Channel width d = 2.5 pm; b) channel width d = 5.2 ym. The larger the
curvature of the channels is the more the correlation is diminished as compared to a
straight channel (black symbols).

distribution do not implicate a specific wall geometry. In contrast, if the inner wall
(R;) is plotted at z = 0 (blue triangles), the segment distribution scales differently.
This is due to the depletion layer directly at the wall.

A further characterization of the filaments’ mechanics is done by analyzing their
contour in the curved channels. The tangent correlation functions for two different
values of d, namely 2.5 ym and 5.2 ym, and various values of R, are shown in figure
5.21. Each curve represents data from an individual filament and the data are av-
eraged over all recorded conformations. All filaments have a similar contour length
L =~ 20 pm. The radii of curvature lie in-between 5 pym and 143.5 um. These values
are on the same order of magnitude as filament length L, persistence length Lp,
channel width d, and deflection length A. Therefore we expect an influence of the
radius of curvature on the filaments’ behavior. For comparison, we have included the
tangent correlation function of a filament of similar contour length fluctuating in a
straight channel of similar width (1.5 gm and 5.8 pum, respectively, black squares).
The dashed lines indicate the ideal tangent correlation function of an unconfined
filament (Lp = 13.1 um). Compared to the straight channels, the fluctuations in
the curved channels are less correlated. This effect is more pronounced in channels
with smaller R.. Most filaments are yet more correlated than unconfined filaments.
In order to quantify these results we assume, for a first approximation, that the situ-
ation can be described by the same formalism as filaments in straight channels. The
behavior of the filaments is governed by Lp and by deflections at the channel walls

which give rise to a characteristic length scale A,.. The index r indicates that we dis-
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Figure 5.22: )\, plotted against the curvature 1/R.. With increasing curvature A\,
increases. Inset shows the corresponding values for Lp. Red circles: channel width

= 2.5 pm, blue squares: channel width d = 5.2 pum. The open symbols correspond to
straight channels.

cuss the deflection length observed for filaments in curved channels. We fit the data
curves (open symbols in figure 5.21)) using equation 4.21/ in consideration of the cor-
rection factor introduced in equation 5.4 as explained in section|5.1. The fit curves
are shown as solid lines in figure [5.21. Only the data for the smallest R. = 5 pum
cannot be fitted by the equations known from analysis of straight channels. This
is, however, not surprising considering the fact that the curve (blue diamonds in
figure 5.21b) lies even beneath the ideal tangent correlation function for unconfined
filaments.

Both fit parameters, \, (figure 5.22) and Lp (inset), are plotted against 1/R.. All
values for Lp lie in the expected order of magnitude. The dashed line marks the
mean value from above, Lp = 13.1 ym. A, is increased with decreasing R.. This
result implies that the potential acting on the filaments is weaker and we therefore
deal with an increased effective channel width d,. We can depict the situation in the
channels which leads to an increased deflection length A, with decreasing radius of
curvature R, as follows: In the case of curved channels it is possible that successive
wall contacts both lie at the outer channel wall (see red arrows in figure'5.19a) as
opposed to straight channels where ideally the wall contacts alternate between both

walls (see for example schematic representation in figure !4 3). We introduce a new
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deflection length A* which is the distance between two successive contacts at one
and the same wall. The smaller the radius of curvature R, of the channel is the more
likely the situation sketched in figure 5.19b is to occur. The filament is deflected
successively at the outer wall. In turn, the distance A, between two wall contacts
is, on average, larger than for weakly curved or straight channels.

Certainly, the data derived from filaments fluctuating in curved channels cannot
thoroughly be described by the model developed for filaments in straight channels.
The additional bending by the curved channels will have to be taken into account.
However, we are able to qualitatively describe the behavior in a first estimate and

obtain reasonable results.

5.6 Future Directions

b)

-

——\

vem\

Figure 5.23: a) Micrograph of array of wedge shaped channels. b) Schematic represen-
tation of an actin filament in a wedge shaped microchannel. Owing to entropy gain it is
drawn into the direction of the wider channels with a center of mass velocity vep,.

In this chapter we have characterized individual actin filaments in an external wall
potential and related the polymer fluctuations to several mechanical properties of
the system. By varying filament length, channel width, and geometry, we were able
to obtain information about the influence of confinement on semiflexible polymers.
We showed that the behavior of confined filaments is governed by the competition
of confining energy and bending energy. Furthermore, the results were successfully
compared to analytical descriptions and numerical simulations of semiflexible poly-
mers in confinement.

Future projects shall include the study of actin filaments confined in more compli-
cated geometries, such as wedge shaped channels. In figure 5.23a, a micrograph
of an array of such channels is shown. A filament could be placed with one end
at the narrower part of the wedge and with the second end towards the broader
end of the wedge as shown schematically in figure 5.23b. We expect the filament

to move towards the broadest point of the wedge with center of mass velocity vy,
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since this is where the effective external potential is smallest. The wedges alter-
nate with straight channel segments that have been introduced in order to detect
any intrinsic flow field in the channels. Flow would, of course, interfere with the
observations of the filaments’ movements. However, this project likely requires the
development of new flow chambers made of materials other than PDMS, such as
cyclic olefin copolymers (COC), which allow for more precise control of the flow in
the microchannels. Moreover, one could think of performing the polymerization of
actin directly in microchannels. The assembly of actin monomers into filaments in
confining environment is expected to be diffusion limited, an effect which could be
further investigated by applying defined channel geometries and hydrodynamic flow
fields.



Chapter 6

In Situ Collagen Self-Assembly

Our aim in studying collagen is to gain deeper insight into the structural properties
of the ECM. In section 2.2.1/ the hierarchical organization of collagen in wvivo has
been described. In order to biomimic the system in wvitro, we utilize of the well-
known fact that in bulk experiments of collagen, self-assembly is initiated by an
increase in the solution pH from acetic to neutral or basic conditions.[61,75] It is
desirable to observe fibril formation on a microscopic length scale to allow for direct
visualization of the processes. The birefringent properties of collagen distinguish
polarized light microscopy as an excellent method with which to carry out such
studies. Additionally, we discuss X-ray microdiffraction experiments at the end
of this chapter, which enable us to describe the system on the molecular length
scale. Microfluidics is an optimal experimental method that provides the possibility
to establish a stable pH gradient and at the same time is suitable for dynamic

microscopy and X-ray measurements.

6.1 Hydrodynamic Focusing and Diffusive Mixing

Figure 6.1: Fluorescence micrographs of the center region of crossed microchannels.

The principle of hydrodynamic focusing and diffusive mixing in laminar flow on a
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microchip has been introduced by Knight et al.[85] In a crossed channel geometry,
a fluid stream that is injected into the main channel can be hydrodynamically fo-
cused by two side streams. In figure 6.1, the focused stream in the center region
of such a microfluidic mixing device (see also section 3.2.2) is shown. Fluorescein
solution (green) is injected into the main channel (in the figure from the left hand
side), and is hydrodynamically focused by rhodamine solutions (red) injected into
the side channels. The overlap regions where rhodamine and fluorescein solution
are mixed by diffusion are shown in yellow. In the example shown in figure 6.1 the
inlet flow velocities for the aqueous solutions in main and side channels are equal
and consequently the center stream occupies a third of the full width of the outlet
channel. Generally, the width of the stream can be controlled by adjusting the flow

rate ratio. A faster velocity in the side channels v,;4. compared to the velocity in the

vside

}

OH’
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OH 4 L 4

OH
OH
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Figure 6.2: Schematic representation of the crossed channels device. The fluid in the
main channel is hydrodynamically focused by the flow into the side channels. Owing to
the laminar flow conditions different time points in the interaction can be observed at
different positions in the outlet channel.

main channel v,,4;, leads to a narrower center stream. The mixing and interaction
width of the components in main and side channels is decreased for higher overall
velocities. This effect is obvious in figure'6.1, where the flow rates span two orders
of magnitude. The higher the overall velocity is the farther extended into the outlet
channel the mixing of rhodamine and fluorescein solutions is.

In figure 6.2, a schematic representation of the flow conditions in the microchan-
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nels is shown. Apart from the flow rates, diffusion constants and viscosity of the
reagents in the microfluidic device determine the observable hydrodynamic and dif-
fusive phenomena. Particularly, if the solutions in the main and side inlet channels
have different pH values, a stable pH-gradient is established by diffusive mixing of
the solutions. This gradient enables us to perform non-equilibrium measurements
in continuous flow. The sudden increase in overall flow rate at the confluence of
all three inlet streams in the center of the cross additionally induces an elonga-
tional flow, which aligns and stretches the biomolecules. This allows for controlled
manipulation of individual macromolecules and investigation of the influence of ex-
ternal stress on molecular dynamics and relaxation phenomena. Furthermore, the
extension and alignment of fibrous molecules improves the formation of liquid crys-
talline phases. This facilitates investigation by polarized light microscopy and X-ray
diffraction.

Flow can be characterized by a variety of characteristic numbers. Here, we are
in particular interested in knowing whether we deal with turbulent flow which in
turn would lead to time dependent flow fields. For this purpose, the dimensionless

Reynolds number can be considered:

d
Re = %, (6.1)

where d is a typical length scale of the system (in our case the channel width), p is the
density and n the viscosity of the fluid, and v is the flow velocity. Re characterizes
the ratio of inertial and friction forces in the system; the more pronounced the former
are compared to the latter, that is to say, the larger Re is, the more likely it is that
turbulent flow occurs. At a critical value Re..;;, which depends on the geometry
of the system and is usually on the order of magnitude of 1000, the transition
from laminar to turbulent flow happens. Owing to small length scales and highly
viscous fluids, the highest value that is reached for any of the systems discussed
here is Re = 1.6. Thus we know that the fluids in microfluidic devices are governed
by laminar flow and all fluid dynamical phenomena are stationary. Therefore, we
can observe different stages of the interaction of the reagents in the center and side
streams at different positions within the outlet channel (indicated by the blue shaded
boxes in figure 6.2) because the spatial distribution of the components is temporally
constant.

Altogether, the hydrodynamic focusing and diffusive mixing device represents a
very well-suited method to align collagen in a controlled way while it self-assembles
in a stable pH-gradient and to observe this process in situ by means of different

characterization methods.
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6.2 Physics of the Microflow

In order to describe the hydrodynamics of the microchannel system more precisely,
the time and space dependence of flow velocities and pressure have to be under-
stood in detail. The laminar flow can be described by the stationary Navier-Stokes
equation

p(v-V)v=-=Vp+nAv, (6.2)

where p is the density of the fluid, v is the local flow velocity, Vp is the pressure
force per volume, and 7 is the viscosity of the fluid. There is neither time depen-
dence such as turbulence in the system nor external forces such as gravity. The left
hand side of equation 6.2/ is the substantive derivative of the velocity for the time
independent case, whereas the right hand side contains forces caused by pressure
and friction. Therefore, the Navier-Stokes equation expresses the conservation of
momentum for fluid systems. Furthermore, our system is free of divergence, which
ensures conservation of mass,

Vv =0. (6.3)

Moreover, diffusive phenomena have to be included. More precisely, the diffusion of

collagen molecules, AcH, and NaOH has to be considered. Fick’s first law,
j=-—-DVe, (6.4)

indicates that the diffusion flux is proportional to the concentration gradient Ve with
a coefficient that is the diffusion constant D. In combination with the continuity
equation,

dc

— = —Vj, 6.5

5 ] (6.5)
which states that the concentration can only change upon a net flux at the considered

position, we obtain Fick’s second law, also known as the diffusion equation:

dc
o7 = DAe (6.6)

The description is complicated by the fact that equations 6.2, 6.3, and 6.6 depend on
one another and have to be coupled in order to solve the problem thoroughly. Exam-
ples for diffusion constants are D pagen = 6.9 - 10712m?/s, Doy- = 5.3 - 1079m?/s,
and Da.g = 1.24-107?m?/s in water.[112]

In our case, the diffusion of NaOH into the collagen stream in the center of the
flow does not occur in aqueous solution but rather in polymer solution. Obviously,

the presence of long chain molecules influences the diffusion of small-sized molecules
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Figure 6.3: Schematic representation of the diffusion of small molecules (OH™ in our
case) in a semidilute polymer solution. The diffusion path length is increased.

and solvents in these polymer solutions or gels as schematically shown in figure
6.3. The diffusive behavior is strongly governed by the concentration of the poly-
mer solution. For flexible polymers such as collagen, three different regimes can
be distinguished.[96] (i) In dilute solutions the polymers are separated from each
other, do not interact, and each molecule occupies a spherical region corresponding
to the radius of gyration R,. (ii) In semidilute solutions the molecules start to over-
lap. (iii) In concentrated solutions the polymers are strongly entangled and contour
fluctuations become small. Here, we shall discuss the transition from the dilute to
the semidilute regime for collagen solutions at a concentration ¢ = 10 mg/mL. The
contour length of a collagen molecule is L = 295 nm and the persistence length is
Lp = 14.5 nm.[113] If we approximate the collagen molecules as ideal chains, we
obtain Ry = L-Lp/3 ~ 38 nm. The critical concentration ¢* at the boundary of
the semidilute regime is defined by
CM]\VZ,A %mg ~ 1, (6.7)

where My is the molecular weight and N, is Avogadro’s number.[96] The relation

6.7 can be understood by considering that at ¢* the number of molecules in a unit
volume is ¢* N4 /My,. For collagen molecules we obtain ¢* ~ 2 mg/mL. Therefore a
solution with ¢ = 10 mg/mL is to be classified as semidilute.

Solvent diffusion in semidilute polymer solutions can be described by the concept of
obstruction effects. The fundamental principle in the corresponding models is that
the polymer chains are regarded as motionless relative to the diffusing molecules
(solvents or solutes). [114] This approximation can be justified because the self-
diffusion coefficient of polymers is orders of magnitudes smaller than that of the
diffusing solvent molecules. The existence of polymers in the solution increases the

path length of the diffusant molecules because they have to navigate through the
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polymer landscape. In the Maxwell-Fricke model the effective diffusion constant
D,y is given by

Do = ﬁp, (6.8)
where ¢ is the volume fraction of the polymer plus non-diffusing solvent bound to
it and y is a form factor, for example y = 1.5 for rods.[115] A collagen solution of
¢ = 10 mg/mL corresponds to ¢ = 0.01; we obtain D.ss = 0.98D. A stronger decay

of D.sy with the polymer concentration is considered in the model of Mackie and

Meares [116], where
1-¢\?
Dgr=|——=1] D 6.9
11 (1+¢) (6.9)

still yields D.sy = 0.96D. These estimates show that it is well justified to set
D.sy ~ D in the case of a volume fraction of ¢ = 0.01. Realistically, experiments
with collagen solutions cannot be conducted with much higher concentrations owing
to the limited solubility of the protein. Larger aggregates of collagen molecules,
which result from self-assembly, can also be described by this model insofar as they
are treated as thicker “polymers”. However, it is important to note that although
semidilute polymer solutions in general are highly viscous, the Stokes-Einstein equa-
tion, which inversely relates viscosity n and diffusion constant D,[112] is not valid.
The Stokes-Einstein relation applies to fluids that are continuously viscous also on a
molecular length scale. In the case of polymer solutions the macroscopic appearance

is that of a viscous fluid, but on a microscopic scale it is highly discontinuous.

6.3 The Finite Element Method

Like many other partial differential equations, the stationary Navier-Stokes equation
and the diffusion equation can indeed be analytically solved for simple geometries
and problems but not for more complex, discontinuous systems, where additionally
several equations have to be coupled, like the one we address here. In this case,
numerical approximations are more suitable. The finite element method (FEM) is
one of the most widely used and powerful techniques to numerically solve partial
differential equations having given boundary conditions. Basically, the considered
area is divided into a finite number of subareas (the finite elements) having a simple
shape (for example triangles or tetrahedrons) and the physical problem is formulated
on each of the subareas. The global problem is thus transformed into solvable, local
problems. The solution is carried out by defining so-called ansatz functions whose

linear combinations provide possible solutions for the numerical approximation. The
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physical problem is solved separately on each of the subareas while considering the
adjacent subareas. This leads to a large linear system of equations which can in
many cases only be solved using a computer.

We use the commercial software Femlab to solve the problem of diffusive mixing
of sodium hydroxide (NaOH) and acetic acid (AcH) in the presence of highly vis-
cous collagen solution in two dimensions using about 10,000 finite elements. For
this purpose we couple the stationary incompressible Navier-Stokes equation and
the respective diffusion equations for each component, namely collagen, NaOH and
AcH. Owing to the complex situation and coupling of several physical phenomena
the simulation of the real three-dimensional case is not possible with the available
computing power. However, it can be shown that even though the ratio of chan-
nel width d and depth A indeed influences the flow profiles, the principle physical

phenomena are not affected.[117]

6.4 Hydrodynamics in Microchannels

6.4.1 Polarized Light Microscopy

Collagen is highly birefringent, a trait shared among many fibrous proteins. The
signal is increased by (i) the alignment and assembly of many individual collagen
molecules into liquid crystalline structures and (ii) anisotropic elongation and ex-

tension. [118] Polarized light microscopy has been widely used to study collagen

Figure 6.4: Birefringence micrographs of collagen streams hydrodynamically focused by
a) AcH (~ pH 3), b) NaOH (~ pH 13).

from the early 19th century on.[119-121] In figurel6.4 birefringence micrographs
of hydrodynamically focused collagen streams are shown. The flow rate ratio is
Umain © Usidte = 1 : 30, and the absolute flow rates are v, = 1.35 mm/s and
Usigze = 40.5 mm/s. If the collagen (at a concentration of 10 mg/mL) is diffusively
mixed with its solvent (0.075 M AcH, ~ pH 3) flowing into the side inlet channels,
the pH in the system is constant in all channels. Thus, the collagen remains in its

soluble form and no self-assembly occurs. Consequently, the observable birefringence



76 CHAPTER 6. IN SITU COLLAGEN SELF-ASSEMBLY

signal is weak (figure 6.4a). On the contrary, if the AcH is replaced by a strongly
basic solution of NaOH (0.075 M, ~ pH 13) a stable pH gradient is established in
the outlet channel. The collagen begins to self-assemble, and we observe a stronger
birefringence signal at the edges of the collagen stream (figure [6.4b). Therefore the
regions within the stream where the collagen is assembled can be identified by an

increase of the birefringence signal.

6.4.2 Influence of Solution Viscosity

viscosity [Pas] viscosity [Pas]

0 N s

o

concentration

Figure 6.5: Simulation of the viscosity in the collagen stream when hydrodynamically
focused by a) AcH (~ pH 3) and b) NaOH (~ pH 13). Model and experiment agree
well. Note that both scales for viscosity differ by two orders of magnitude. ¢) For com-
parison: simulated concentration distribution of a hydrodynamically focused stream in a
water /water system.

In addition to the increase of the birefringence signal upon self-assembly of the col-
lagen molecules, a clear change in shape of the collagen stream can be observed.
From reference experiments and FEM simulations we know that such a change in
shape is caused by an increase in the solution viscosity. Indeed, bulk experiments
have shown that the viscosity of a collagen solution is dramatically increased once
the pH is increased and the collagen gelation process advances.[122] As the pH
increases and consequently the collagen self-assembly proceeds, the form of the fo-
cused collagen stream in the crossed channel device changes. Namely, it becomes
more extended into the outlet channel. In order to illustrate this point, figure 6.5¢
shows the simulated concentration distribution of aqueous solution without collagen

(n = 0.891 mPa-s) injected into the main channel. Thus, we have aqueous solutions
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in all three inlet channels and regard the simulated shape of the center stream.
Apart from the viscosity, all parameters such as channel geometry and flow rates
are the same. The center stream is extremely narrow: as expected, it occupies a
fraction of ~ 1/60 of the outlet channel, corresponding to the relative flow rates
(Umain © Uside = 1 : 30).

We perform FEM simulations in order to quantify the influence of viscosity effects
and understand the hydrodynamics of the system. First, we consider the system
with spatially constant pH as is shown in figure [6.4a. In this case the viscosity in
the center stream corresponds to the value for soluble collagen at a concentration of
10 mg/mL. In order to obtain a comparative value we use an Ubbelohde-viscometer
to conduct bulk measurements and the result is 7coiagen = 2 Pa-s. This value is
more than 2000 times higher than the viscosity of water (nyater = 0.891 mPa-s),
which is the main component of the solvent (acetic acid, 0.075 M). The result
is particularly impressive when it is regarded that the volume fraction of colla-
gen is merely about ¢ = 0.01. The FEM simulations include the Navier-Stokes
equation and the diffusion equations for three inflowing streams where the center
stream has a much higher viscosity than the side streams. The viscosity is fitted to
Neottagen = 20000yater = 1782 mPa-s which is in agreement with the result from bulk
measurements. 7eoliqgen 15 assumed to be proportional to the cube of ceoggen thus
slightly smoothing the transition in viscosity between the center and side streams.
This approximation is used to accomplish better numerical handling of the system.
The simulated viscosity in direct comparison to the experimental results is shown
in figure 6.5a. Generally, in the experiment the center stream is slightly bulged into
the side channels; this feature is not reflected in the simulations. We assume that
this feature is caused by interfacial tension and wetting effects at the interface of
both miscible solutions. Apart from this detail, experiment and simulation agree
well and the shape of the collagen stream can be fitted. The results demonstrate the
consistency of bulk viscometry, microfluidics experiments, and FEM simulations. In
turn, this technique provides a method which enables us to evaluate the viscosity of
minute quantities of very viscous fluids.

To characterize the collagen assembly, we consider the system where the pH gradu-
ally changes within the microchannel (figure 6.4b). We aim to numerically describe
the following situation: NaOH diffuses into the center stream, which changes the pH
of the collagen solution and induces self-assembly of the collagen molecules which, in
turn, leads to an increase of the viscosity. Therefore, we have to couple the viscosity
to the local pH of the system which is a function of the solvent concentrations cyq.on

and ca.gy. The functional dependence of the viscosity on the pH and thus on the
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Figure 6.6: Simulation of the velocity field in the microfluidic device. The absolute
flow rates are vpmgin = 1.35 mm/s and vgg4e = 40.5 mm/s. a) For a water/water system
(Nmain = Nside = 0.891 mPa-s). b) For self-assembling, highly viscous collagen in the main
channel (Mmain => Mside). €) Line scans of the velocity field in z-direction (compare red
line in b). The origin of the coordinate system is in the center of the cross. d) Line scans
of the velocity field in y-direction (compare green line in b). The region occupied by the
center stream is indicated by the blue (water/water system) and yellow (collagen system)

boxes.
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acid and base concentrations has to be described by a single function. The situation

can be well approximated by

N = Nwater + ncollagen + Nassembled (61())

with
Nassembled = Tlcgollagen (tanh (TQ (COH* - CACH)) + 1) ) (611)

with two fit parameters r; and r,. The numerical value of 2r; determines the maxi-
mum viscosity of the assembled collagen and r, determines the shape of the function.
Neollagen = 1782 mPa-s is known from the control experiment without collagen assem-
bly. The relation 6.11/ is chosen such that the point of inflection is at the stoichio-
metric point, that is to say, where the concentrations of AcH and NaOH are equal.
We obtain good results for r; = 245 Pa-s and ry = 100 as shown in figure 6.5b. Note
that the scale for the viscosity differs from the one in figure 6.5a by two orders of
magnitude. The viscosity of the assembled collagen 7,ssempica 18 extremely high, five
orders of magnitude higher than 7,..-. These results agree remarkably well with
bulk experiments. For gelated collagen solutions with ceoagen = 3 - 5 mg/mL a vis-
cosity of Neotiagen = 140 Pa-s has been determined.[122] Our results are on the same
order of magnitude and slightly higher due to the higher collagen concentration. The
microfluidics experiments in combination with FEM simulations provide a method
to analyze the complete process of collagen assembly in terms of solution viscos-
ity. This is especially noteworthy because the numerical values of the viscosities
in the system span five orders of magnitude and are coupled via the neutralization
reaction. The results using microfluidics are in agreement with bulk measurements
while - owing to laminar flow - providing the additional possibility to investigate the
process in a time resolved manner.

In the following section the influence of the viscosity on the flow fields in the mi-
crochannels shall be discussed. Figures 6.6a and b show the simulated flow fields
for a water/water system (9main = Msigze = 0.891 mPa-s) and, in direct comparison,
the collagen system which we study here (9main >> 7sige, compare also figure 6.4b
and [6.5b). Both simulations are scaled equally to facilitate the comparison. Obvi-
ously, an increased viscosity in the center stream leads to a dramatically increased
flow rate of the side stream fluid at the confluence of all inflows, whereas the flow
rate of the center stream itself remains almost constant. This is in striking contrast
to the water/water system. In figure 6.6c, line scans along the center of the main
channel parallel to the flow direction are shown (see red line in figure [6.6b). For the
water /water system the flow is strongly accelerated in the center of the cross, where

immediately three times the fluid volume as before flows through the channel. Since
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all inflowing streams have the same viscosity, they behave like one single flow. This
can also be observed in a line scan perpendicular to the main channel direction as
shown in figure [6.6d for x = 150 pym. Along the y-direction, the typical parabolic
flow profile is developed. Since v,,4in <K Usige, Only a very small fraction of the main
channel is occupied by the center stream as indicated by the blue box in figure [6.6d.
In contrast to this anticipated behavior, the collagen system behaves strikingly dif-
ferently. Owing to its high viscosity, the flow velocity of the center stream is not
as influenced by the inflowing side streams. Instead, the side streams are strongly
accelerated. Consequently, the velocity profile parallel to the flow direction in the
center of the main channel only very slowly increases and the acceleration region,
where added biomolecules can be elongated, is extended into the main channel (fig-
ure [6.6c). Perpendicular to the flow direction, we observe parabolic flow profiles
developing in both side streams whereas the flow velocity throughout the center
stream remains constant in the lateral direction. The interfaces between collagen
solution and side streams act like additional “walls” and the side streams flow as if in
channels of smaller width. Eventually, the expected parabolic flow profile through-
out the whole channel evolves. However, this occurs far downstream and is therefore
not accounted for in our discussions. Fortunately, we can actually take advantage of
the hydrodynamic conditions in the crossed channels. The slower but longer-lasting

acceleration phase is used to align the collagen molecules in a more defined way.

6.5 Collagen in pH Gradient

6.5.1 Diffusive Phenomena

The FEM simulations also give detailed information about the concentration distri-
bution of each reagent in the channels as shown in figure 6.7 for a flow rate ratio of
Umain © Usidze = 1 @ 30 and cyeom = 0.075 M. The simulated collagen distribution (a)
yields a constant concentration (10 mg/mL) throughout the entire collagen stream
and does not noticeably diffuse out of the center stream. This is due to the fact that
the diffusion of collagen molecules in aqueous solution (Degagen = 6.9 - 10712 [112])
is much slower than the diffusion of the relatively smaller OH™ ions and AcH
molecules. For numerical reasons, we consider a diffusion constant which is higher
(Dsimutation = 8-10711), but it is still low enough to reflect the real conditions quite
well. The AcH (b) is more localized than the NaOH (c), which diffuses very fast
into the center stream. We can understand these differences on the following two
grounds. First of all, the diffusion constant of OH™ (Dpg- = 5.3-1079m?/s) is three
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Figure 6.7: Simulated concentration distribution of a) collagen, b) AcH, and ¢) NaOH
within the microchannels. Collagen is strongly localized whereas AcH and NaOH diffuse
faster.

times larger than of AcH (Da.z = 1.24-1072m?/s). Secondly, AcH diffuses out of
the center stream and is flushed away by the suddenly increasing flow in the side
streams (see discussion in section!6.4.2) before it has the opportunity to diffuse out
further. Note that here we treat collagen and AcH solutions separately, since their
diffusive behavior differs even though they are injected into the main channel as a
mixture. Corresponding concentration distributions can be determined for different
flow rate ratios and give information about the local acid/base mixture at every

position of the microfluidic device.

6.5.2 Calculation of the pH

The concentration profiles from the FEM simulation are used to calculate the local
pH distribution. In our system, collagen is dissolved in 0.075 M AcH and diffusively
mixed with 0.075 M - 1 M NaOH. For this reason we will discuss the problem here
using these numbers. However, the equations can be adjusted for any titration of a
weak acid with a strong base. The following definitions and abbreviations are used
in the calculation and discussion (all concentrations are functions of the position in
the device):

K, acidity constant (1.78 - 107 for AcH)

Ky dissociation constant of water (1-10714)
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[HT] hydronium ion concentration
[OH™] total hydroxide concentration, which consists of input hydroxide
(corresponds to [Nat]) and additionally forming hydroxide from

dissociation of water and the formation of AcH

[Na™] available concentration of sodium ions, corresponds to local “input”
NaOH
[Ac] acetate concentration

[AcH]fee  free (not dissociated) AcH

[AcH]ippue  local “input” AcH concentration

As discussed in section 6.5.1, we obtain the local concentrations of NaOH and AcH
from FEM simulations. In the following section we will develop a method to cal-
culate the pH as a function of the channel position in dependence of these con-
centration distributions.[123] For this purpose we define two more parameters, e =
[AcH];nput, which is the AcH concentration as determined by FEM simulations, and
n = [Na't]/e. The sodium ion concentration corresponds to the added hydroxide
concentration. Since there is additional hydroxide present in the system we use the
sodium ion concentration as a measure of the input hydroxide concentration as de-

termined by FEM simulations.

region 2
pH A . N
: pure base
stoichiometric
' point
pure acid & >
—— X addition of NaOH
region 1

Figure 6.8: Titration curve of a weak acid with a strong base.

In principle, a pH titration of a weak acid (AcH) with a strong base (NaOH) is con-
ducted in the microfluidic device. However, the situation is more complicated since
both the concentration of AcH and NaOH change constantly. A titration curve such
as the one shown in figure 6.8 is only valid for one specific AcH concentration. It
follows that the pH for the addition of different volumes of NaOH can be determined
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accordingly. In our case, because the AcH concentration also changes spatially, we
have, in a way, to determine such a titration curve for every single AcH concentra-
tion.

An analytical expression exists for a few very specified points on a titration curve,

such as for pure weak acid (AcH in our case), that is, n = 0
PH = 5 (0K, ~ Togiof[AcH ). (6.12)
pure strong base (NaOH in our case), that is, e = 0
pH = pK,, + logio ([Na']), (6.13)
and the stoichiometric point, where the molarity of the weak acid equals the molarity
of the strong base, that is, n =1

1 1
pH = 3 (pKS + pK,, + logig <§[ACH]mput)> ) (6.14)

For the remaining points on the titration curve before the stoichiometric point is
reached the pH is usually approximated by the Henderson-Hasselbalch equation
and, even more inconveniently, there is no such approximation available after the
stoichiometric point is reached. In order to find an analytical expression for the
whole titration curve we determine the equations which define the problem and

solve this system of equations using Mathematica.

The System of Equations

It is necessary to perform a case differentiation and to set up a system of equations
for the conditions before and after the stoichiometric point is reached, respectively.
Before the stoichiometric point is reached we begin with pure acid solution, so we

have to consider the definition of the acidity constant

[H][Ac]
K,=—1"—, 6.15
[ACH]fTee ( )
and the definition of dissociation constant of water
K, = [HT][OH]. (6.16)

When the AcH dissociates, the total number of acetate ions needs to remain con-
stant. The input AcH dissociates partially to acetate and partially remains in the

system as free AcH:

[AcH]input = [AcH] pree + [AcT]. (6.17)
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Upon addition of NaOH these equilibrium conditions are affected. We need to ensure

that the number of charges is conserved:
[H*] + [Na®] = [Ac™] + [OH]. (6.18)

Equations 16.15/ - [6.18 have to be coupled and solved in order to determine the pH
before the stoichiometric point is reached as a function of the acid and base concen-
trations.

After the stoichiometric point is reached, we must take into account that a suffi-
cient amount of NaOH has now been added to the system in order to dissociate all
input AcH (this is, in fact, the definition of the stoichiometric point). However, the
resulting acetate ions react with water molecules, which in turn leads to additional

formation of OH™ according to
HyO + Ac™ — OH™ + AcH. (6.19)

Therefore, the effective OH™ concentration in the system stems from the input OH~
(corresponds to [Na™]), diminished by the OH™ which dissociates the input AcH and
additionally the newly formed OH™ (equation [6.19, corresponds to [AcH]fe.). This

leads to the following relation:
[OH™] = [AcH]free + [Na™] — [AcH]jnput- (6.20)

Equations 6.15 - 6.18 and 6.20 need to be coupled and solved.

Solution of the System of Equations

The equations can be solved analytically using Mathematica. For 0 < n < 1, that
is, before the stoichiometric point is reached (region 1 in figure [6.8)), we obtain the

following solution:

LK, — 21/3 /
pH = —logyy | T E2E L (v vas @) 2
3(¢+ A8+ )

where
¢ =—-K?—-3K,e+ K,en — 3K,, — e*n® (6.22)

and

( =2K? - 18K,K, +9K2e — (3K2 — 9K,,)en + 9K e’n — 3K,e’n” + 2e°n®. (6.23)
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For n > 1, that is, after the stoichiometric point is reached (region 2 in figure 6.8),

the solution is

— +VdenK K, + 02
2en

pH = —logo (6.24)

where
0 =eK,+ K, — enkK,. (6.25)

At first glance, the results 6.21/ and 6.24 seem to be very complicated; however, both
equations only depend on two parameters: e, which denotes the AcH concentration
and n, which corresponds to the NaOH concentration, both of which are determined
by the FEM simulations. The equations are implemented in a Matlab program in
order to calculate the pH at every specific position in the considered microfluidic

device.

6.5.3 Comparison of Experiment and Simulation

Calculating the pH distribution in the crossed channels yields the possibility to
directly compare experiment and simulation and thus determine how collagen self-
assembly is related to the local pH. In figure 6.9, birefringence micrographs of the
collagen assembly process at three different flow rate ratios are shown. The respec-
tive concentration distributions of AcH and NaOH together with equations 6.21/ and
6.24, which describe the local pH in dependence of these concentrations, are used to
calculate the complete pH conditions for every position in the microchannels. Since
the reaction kinetics are faster than the diffusion, we assume that self-assembly takes
place immediately after the solutions are mixed and the pH has reached a certain
threshold value. The shape of the birefringence signal and the shape of the simulated
pH distribution correspond well for all three flow rate ratios. A strong increase in
birefringence intensity, which is presumably due to self-assembly and consequently
lateral arrangement of collagen molecules, can be observed in the regions where
~ pH 6 - 7 (green). Interestingly, this pH value has been associated with the onset
of the assembly of collagen I for bulk experiments.[124] This result shows that our
experimental findings as well as the numerical description are consistent.

The birefringence micrographs as well as the simulated data are further compared
by analyzing line scans at specific positions in the channel (figure 6.10). For each
line scan of the birefringence intensity, the signal is averaged over 15 images and 20
lines in each image and the resulting intensity is normalized. The points of maxi-
mum intensity correspond to the borders of the flow where the collagen is already
assembled. In figure 6.10a three different positions (z = 50, 100, 200 pm) in the
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Figure 6.9: Birefringence micrographs of the collagen solutions at different flow rate
ratios and corresponding FEM simulations of the pH distribution within the crossed chan-
nels.

crossed channels are marked by colored lines. The corresponding line scans for a
fixed flow rate ratio vy,qin : Vside = 3 : 30 are shown in figure 6.10b. The solid lines
show the birefringence data and the dashed lines the corresponding course of the pH
distribution. Each pair of curves intersects at approximately pH 7 which supports
our observation that the self-assembly occurs at a neutral pH. The fact that we find
agreement for all analyzed positions emphasizes the validity of the assumptions we
made for the simulations.

In figure 6.10c line scans of the pH distribution along the main channel direction in
the center of the channel are given. The pH does not increase to neutral in the con-
sidered region and, as expected in the light of this fact, we do not observe a strong
increase of the birefringence intensity along the main channel. In figure 6.10d we
compare line scans at the same position x = 100 pym in the channel for different

flow rate ratios. Again, the solid lines show the birefringence intensity whereas the
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Figure 6.10: a) Positions for the line scans of pH and birefringence intensity shown in b.
The origin (z,y) = (0,0) is defined as the center of the cross. b) Line scans perpendicular
to the main channel direction at different positions in the channel for a flow rate ratio
Umain © Uside = 3 : 30. Solid lines: birefringence signal; dashed lines: pH distribution. c)
Line scans of the simulated pH distribution parallel to the main channel direction in the
center of the channel for different flow rate ratios. d) Line scans perpendicular to the main
channel direction at = 100 pm for different flow rate ratios. Solid lines: birefringence
signal; dashed lines: pH distribution.

dashed lines show the corresponding pH distribution. In this case we observe a bet-
ter agreement of experiment and simulation for slower side stream velocities.

Altogether, however, we find that the experimental system can be well described
by the FEM simulations and the determination of the pH distribution in the chan-
nels is well suited to understand the processes of fibril formation. The diffusive
mixing of NaOH and acidic collagen solution leads to a stable pH gradient, which
in turn induces self-assembly of the collagen molecules starting at a pH of ~ 5 -7.
The self-assembly can directly be visualized by an increase in birefringence sig-
nal and coincides with a dramatic increase in solution viscosity from ~ 2 Pa-s up
to ~ 500 Pa-s. At the same time, we are able to model the conditions in the mi-
crochannels. This allows for semi-quantitative determination of the interdependence

of viscosity, pH distribution, and flow profiles. Our results, which agree well with
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corresponding bulk measurements, show that the technique is indeed suitable to

investigate reacting non-equilibrium systems on the microscale.

6.6 X-Ray Microdiffraction
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Figure 6.11: Results of the X-ray microdiffraction measurements at different positions
along the center stream. a) Simulation, top: viscosity; bottom: pH distribution. The
circles indicate the measuring positions. b) Series of X-ray scans measured at the positions
marked in a. c) Diffraction patterns for two different measuring positions.

In section 6.5/ we have presented results of polarized light microscopy experiments
and FEM simulations that established the study of collagen self-assembly and char-
acterization of the system on a micrometer scale. However, it is also highly desirable
to study the system on a molecular length scale. At the same time, it is our aim
to investigate the dynamics of fibril formation. Therefore, X-ray microdiffraction

in combination with microfluidics is an excellent tool for our purposes. A unique
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Figure 6.12: Results of the X-ray microdiffraction measurements at different positions
perpendicular to the center stream. a) Simulation, top: viscosity; bottom: pH distribution.
The circles indicate the measuring positions. b) Series of X-ray scans measured at the
positions marked in a. ¢) Diffraction patterns for two different measuring positions.

feature of our setup is that the steady, continuous flow enables in situ investiga-
tion of the pH-induced collagen assembly without material damage. In combination
with a microfocused X-ray beam we are particularly well-qualified to investigate the
molecular packing and ordering of collagen molecules at different positions in the
channels with high resolution. We collect the X-ray diffraction patterns for differ-
ent flow rates, flow rate ratios, and NaOH concentrations while keeping the input
collagen concentration constant at 10 mg/mL in 0.075 M AcH. For the X-ray ex-
periments the channel width is d = 150 pym and the depth A = 300 pm.

During X-ray measurements we cannot directly visualize the conditions in the mi-
crochannels. Thus, we conduct appropriate FEM simulations for the parameters in

order to relate the measured X-ray signal to the hydrodynamic, diffusive, and pH
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related phenomena in the channel. In figure 6.11a the simulated viscosity (upper
half of the image) and pH distribution (lower half) is shown. The flow rate ratio
iS Upmain © Usite = 1 @ 1.5 and the absolute flow rates are vy, = 840 um/s and
Vside = 1260 pm/s. The NaOH concentration is cy,ony = 1 M. Compared to the
parameters used for the birefringence experiments (see for example figure 6.5b) a
much lager fraction of the center stream contains assembled collagen and is there-
fore highly viscous. We collect X-ray diffraction images in different positions in the
center of the main channel, as noted in figure 6.11a by circles. The corresponding
intensities are plotted against the g-vector in figure 6.11b. Intensity plots are ob-
tained by an azimuthal integration of the two-dimensional diffraction images, two
examples of which are shown in figure [6.11c. Directly in the center of the crossed
channels a peak at ¢ = 0.146 A~' is observed, which corresponds to a spacing of
d = 27n/q = 4.3 nm. Thus, a supramolecular structure can be found in the system
yielding a characteristic length scale of d = 4.3 nm. Further down in the main chan-
nel the peak vanishes.

We also measured the X-ray signal at different positions perpendicular to the main
channel (figure 6.12). In this case the flow rate ratio is vygin : Vsige = 1 : 2.4 and the
absolute flow rates are vy, = 1050 pm/s and vg4e = 2520 pm/s. The NaOH con-
centration is cy.om = 0.5 M. Again, a distinct correlation peak is observed in the
center of the cross and is even more pronounced at y = 30 pm. In the side channel,

at y = 120 pm, there is no collagen present and consequently no observable peak.

Figure 6.13: Schematic representation of the model for the different liquid crystalline
phases of collagen forming during fibrillogenesis. a) The peak at d = 4.3 nm may indicate
the formation of critical subunits which in turn are packed in a hexagonal lattice. b)
Birefringence micrograph indicating the regions of different molecular packing. c) In the
regions of strongest birefringence signal, collagen molecules are possibly laterally packed
in a quasi-hexagonal lattice with a spacing of about d = 1.5 nm.

For comparison and additional visualization of the conditions which are used in the
X-ray experiments, a birefringence micrograph for a flow rate ratio v,,qin @ Vsige=1: 1
and a cyq,om = 1 M is shown in figure'6.13b. The large agglomerates of collagen in

the corners of the crossed channels (white arrow) are due to the extremely increased
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self-assembly rate in these regions and the channel walls that serve as nucleation
sites. The aggregates, however, do not influence the flow profile, as can also be seen
in figure 6.13b.

Interestingly, we do not observe the most intense X-ray peak in the regions where we
detect the brightest birefringence signal in corresponding polarized light microscopy
experiments, that is to say, in those positions where the viscosity of the collagen solu-
tion is strongly increased due to self-assembly at ~ pH 6. In contrast, the strongest
X-ray peak is detected at the center region (red arrow in figure 6.13b), where we
observe a correlation peak at d = 4.3 nm. X-ray measurements on in vivo systems
such as rat tail tendon [58] or cornea [60] have revealed a diameter for the subunits
that form from the collagen molecules of around 4 nm, which is in agreement with
our result. Moreover, the characteristic spacing is consistent with the model for the
packing of type I collagen molecules in the native fibril, which has been suggested
by Piez and Trus in 1981.[57] They proposed that in a first step of collagen self-
assembly, five-stranded microfibrils form and eventually grow linearly in a staggered
manner (see also section 2.2.1). It is well possible that in the center region of the
cross we have pH conditions (~ 4 - 5) that lead to the formation of pentameric sub-

units, which in turn are arranged in a hexagonal lattice.

10 4

—_
|

g=062 A"

intensity [a.u.]

0.01 : : : : : :
0.2 0.4 0.6 0.8

q[A"]

Figure 6.14: X-ray scan of bulk collagen sample. The peak at d = 1.0 nm may indicate
that the collagen molecules are close packed in a hexagonal lattice.
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We detect either no or merely a weak X-ray signal when measuring at the posi-
tions within the crossed channels where we would expect the strongest birefringence
based on the microscopy experiments (blue arrows in figure [6.13b). From com-
parison of polarized light microscopy experiments and simulations we know that a
strong birefringence signal is correlated with highly viscous collagen solution which,
in turn, indicates that the molecules are assembled in larger aggregates. Bulk exper-
iments [125,126] and theoretical studies [54,57] have shown that upon further lateral
compression previously formed pentameric subunits disappear and a near-hexagonal
lattice of the molecules forms. This arangement is sketched in figure [6.13c. A possi-
ble explanation of the experimental results is that in the highly birefringent regions
this quasi-hexagonal phase has already formed. The g-range of our setup at the
synchrotron is 0.02 - 0.35 A~!, corresponding to d = 1.8 - 31.4 nm. Since the spac-
ing of the close packed hexagonal phase is similar to the diameter of the collagen
molecules (~ 1.5 nm), we do not observe a corresponding signal in the experiments.
The in-house Bruker AXS Nanostar proves to be more flexible concerning the g¢-
range. We prepare bulk samples containing collagen (Ceoiagen = 5 mg/mL), AcH
(cacer = 0.0375 M), and NaOH (¢yq.om = 0.05 M) with ~ pH 10. The solution is
filled into quartz capillaries and placed in the evacuated measuring chamber. The
vacuum leads to evaporation of the water in the system and thus to an increase in
collagen, AcH, and NaOH concentration. In figure 6.14/ an X-ray scan for an expo-
sure time of 10,000 s of bulk collagen is shown. We observe a peak at d = 1.0 nm
(see figure [6.14). We are not able to exactly determine the collagen concentration
at the measuring time point but estimate it to 100 - 500 mg/mL. These results
provide evidence that indeed at pH 2 6, which leads to a highly viscous, strongly
birefringent collagen gel, we deal with a close packed hexagonal phase with a spacing
on the order of the single collagen molecule diameter.

Although such bulk experiments can be used to investigate the system, we are able to
realize only one pH condition at a time. Thus, systematic analysis of the complete
process proves to be very complex and time consuming. In contrast, the experi-
ments that we conduct in microchannels allow for the establishment of pH gradients
which in turn enable us to perform non-equilibrium measurements. By measuring
the system at different positions in the channels we obtain information about dif-
ferent stages of fibril formation. The well defined controllability of the conditions
via adjustment of concentrations and flow rates provides an excellent tool for the

systematic study of reacting biological systems.
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6.7 Future Directions

100 um

Figure 6.15: Fluorescence micrograph of VSMC grown on a substrate with aligned
collagen. The actin cytoskeleton shows a preferred orientation in the direction of the
alignment (horizontal in the image)

The importance of investigations of collagen fibril formation and the influence of
alignment is not only relevant from a fundamental point of view. The internal
structure of collagen aggregates is also known to influence cell arrangement in phys-
iological systems. In blood vessels, for example, the smooth muscle cells (VSMC)
are circumferentially oriented as are the collagen fibrils constituting the ECM that
surrounds them. It is not clear, though, whether the cells orient the collagen or vice
versa. One possibility is that cells grow on an aligned collagen matrix just as on
“tracks” which would lead to oriented aligned cells. Another possibility is that the
originally unoriented collagen is reoriented by the cells and the aligned cells subse-
quently produce aligned collagen. Most likely there is interaction and interplay of
both scenarios.[4] In order to better understand the involved mechanisms we have
started to use microfluidic methods to prepare aligned collagen substrates and grow
cells on them. In figure '6.15 a fluorescence micrograph of such an experiment is
shown. The actin cytoskeleton of the VSMC is stained with a red fluorescent dye
and the cell nucleus is stained with a blue dye. In the image, the direction of collagen

alignment is horizontal. Obviously, the actin cytoskeleton is preferably oriented in



94 CHAPTER 6. IN SITU COLLAGEN SELF-ASSEMBLY

parallel to this direction. This is an indication that the cells indeed use the collagen
fibrils as tracks to adjust the preferred orientation of their actin stress fibers. In or-
der to mimic systems found in nature the principle mechanisms and concepts have
to be investigated in a controlled environment. Eventually, such experiments may
provide deeper insight into cell-lECM interactions and advance the field of tissue

engineering.



Chapter 7
Conclusions

Two different biopolymers are studied both of which belong to the most abundant
building blocks in mammals: the cytoskeletal protein actin and the extracellular
matrix protein collagen. A deeper fundamental insight into the structural and func-
tional properties of these fibrous proteins is essential for a further understanding of
cellular and tissue mechanics. As a principle tool for the manipulation and analysis
of the biomacromolecules we use microfluidic techniques to take advantage of the
small-scale controllability and the possibility to mimic physical as well as chemi-
cal conditions of physiological systems in a discriminating manner. This technique
proves to be well suited for the investigation of single molecules as well as in situ
study of self-assembly in semidilute polymer solutions.

In the first part of this thesis, single molecule experiments on actin filaments under
the influence of confining microchannels are presented. We study the biopolymers
by means of fluorescence microscopy and systematically vary different parameters,
yet ensuring that the system can be analytically described. We measure the persis-
tence length Lp of unconfined as well as confined actin filaments fluctuating in two
dimensions by considering the bending energy of the biopolymers. The influence of
geometric confinement on the mechanics of F-actin is analyzed in terms of tangent
correlation functions, radial distribution functions, and segment distributions. We
find that the behavior of single biopolymers depends strongly on their contour length
as well as on the degree of confinement which is determined by the dimensions and
geometry of the microfluidic environment. The influence of the restraining channel
walls on the actin filaments can be well described by the competition of bending
energy and confining energy which we approximate as a parabolic potential. We per-
form data analysis in terms of different scaling laws known from polymer physics.

Thus, the behavior of the filaments near the channel walls can characterized by the
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deflection length A\. The segment distribution of the macromolecules in the chan-
nels is also successfully compared to the corresponding scaling laws. Altogether, the
experimental results, the analytical description, and a comparison to Monte Carlo
simulations yield a consistent characterization of the biosystem. Thus, we are able
to mimic the natural environment of F-actin which, in the cell, is embedded in a
tight network of fibrous cytoskeletal proteins. Apart from its considerable impor-
tance in life science, actin is one of the few experimentally accessible model systems
for semiflexible polymers. The results presented here can therefore be applied to
polymer physics in general and yield interesting results especially for the interme-
diate region of stiffness. Moreover, the experiments emphasize that microfluidics
provides an excellent method to study single molecule systems while testing a large
pool of individuals in order to obtain accurate statistics.

In the second part, we present in situ studies on the self-assembly of collagen in
a stable and well-defined pH gradient. We use a microfluidic mixing and hydro-
dynamically focusing device to establish controllable pH conditions that allow for
non-equilibrium measurements in the microchannels. Owing to small length scales
and high viscosity, the system is governed by laminar flow. This unique property
allows for the observation of different stages of the reaction at different positions in
the channel. Semidilute collagen solution that is brought into the gradient starts to
self-assemble once a neutral pH is reached. Polarized light microscopy is used to vi-
sualize this evolution of liquid crystalline phases in the continuous flow. Assembled
collagen has a very high viscosity which in turn influences the hydrodynamic phe-
nomena in the microfluidic device. In order to quantify the results we conduct finite
element method simulations of the system. For this purpose, we solve the station-
ary incompressible Navier-Stokes equation and the appropriate diffusion equations.
By coupling the viscosity to the local pH we are able to locate regions where the
collagen is self-assembled. In turn, this method allows for measurement of the vis-
cosity of minute quantities of biological material. In order to study the system on a
molecular and nanometer scale, X-ray microdiffraction experiments are conducted.
The continuous flow in our setup enables us to perform such experiments without
material damage. We are able to dynamically observe the evolution of the forma-
tion of critical subunits for collagen fibrillogenesis and relate their incidence to the
pH conditions in the channels. Thus we obtain interesting information about the
key-factors for hierarchical self-assembly of collagen. From a more applied point of
view, the development of engineered tissues is among the most important missions
of biomedicine. Fundamental research on structural and functional properties of

collagenic tissue are crucial for deeper insights and a better understanding of the
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biological systems which are to be mimicked.

The systems studied here are inherently important for biology and biomedicine.
However, the results derived from the investigation of single filamentous proteins,
on the one hand, and self-assembly processes, on the other hand, are remarkable also
from a more fundamental, biophysical point of view. The underlying concepts may
be generalized to a large pool of systems. Furthermore, the microfluidic methods

that are established are applicable to a variety of questions concerning life science.
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Appendix A

List of Abbreviations

8CB 4’-n-octyl-4-cyanobiphenyl

a scaling parameter

ABP actin binding protein

Ac™ acetate

AcH acetic acid

ADP adenosine diphosphate

ATP adenosine triphosphate

c concentration

c* critical polymer concentration for the onset of the semidilute regime
Ce critical concentration for actin polymerization
CcOC cyclic olefin copolymer

CRL beryllium compound refractive lenses

D diffusion constant

Dy effective diffusion constant

Dy effective width of an actin filament

d channel width

d spacing in X-ray experiments

DNA desoxyribonucleic acid

DTT dithiothreitol

E Young’s modulus

e AcH concentration (FEM simulations)
ECM extra cellular matrix

ESRF European Synchrotron Radiation Facility
F-actin filamentous actin

FEM finite element method
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FWHM full width at half maximum
G-actin globular, monomeric actin
h channel depth
I geometrical moment of inertia
K potential strength
K, acidity constant
K, dissociation constant of water
kg Boltzmann constant
kon rate constant for the addition of actin monomers to a filament
kogy rate constant for the subtraction of actin monomers from a filament
L contour length
Lp persistence length
L, projected contour length
l arc length
ly length of tangent vectors
My molecular weight
N number of individual measurements
n NaOH concentration (FEM simulations), divided by e
Ny Avogadro’s number
N.A. numerical aperture
NaOH sodium hydroxyide
OH~ hydroxide
D pressure
PDMS poly(dimethysiloxane)
R end-to-end distance
R end-to-end vector
R, radius of curvature
R, radius of gyration
R; inner radius of curvature
R, outer radius of curvature
ri, T fit parameters
r position vector
Re Reynolds number
SDS-page sodium-dodecyl-sulfate-polyacrylamide gel electrophoresis
T temperature
t tangent vector
Tris-HCl  tris(hydroxymethyl)aminomethane-hydrochloride
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TRITC

Vem
Umain

Uside

VSMC

WLC

=S o

> > = =

Xr

tetramethylrhodamine-isothiocyanate
center of mass velocity

flow velocity in the main inlet channel
flow velocity in the side inlet channel
velocity

vascular smooth muscle cells

energy

worm-like chain

period of the stagger in collagen fibrils
thermal roughness exponent

viscosity

segment distribution exponent
bending rigidity

wavelength

deflection length

wavelength

deflection length

lambda bacteriophage DNA

total analysis systems

density

total observation time

volume fraction of polymer in solution
form factor

segment distribution exponent
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