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Introduction

Life exhibits varying degrees of organization, all the way from atoms to molecules
to organelles to cells and so on. The structural organization of metazoan cells and
their shape are established through the coordinated interaction of a composite
network consisting of three individual filament systems, collectively termed the
cytoskeleton. Specifically, microtubules and actin filaments, which assemble from
monomeric globular proteins, provide polar structures that serve motor proteins
as tracks. In contrast, intermediate filaments (IFs) assemble from highly charged,
extended coiled-coils in a hierarchical assembly mechanism of lateral and longi-
tudinal interaction steps into non-polar structures. IF proteins are expressed in a
distinctly tissue-specific way and thereby serve to generate the precise flexibility
of the respective cells and tissues. Accordingly, in the cell, numerous parameters
such as pH, salt concentration, ion interaction and osmotic pressure are adjusted
such that the generation of functional networks is ensured.

In this thesis, we transfer the problem of the mesenchymal IF protein vimentin to
an in vitro setting by combining simulation methods and a variety of experimen-
tal techniques such as microfluidics, small angle X-ray scattering (SAXS) and light
scattering (LS) , where the structural information of vimentin is obtained based on

varying ionic constitution.



Chapter 1

INTRODUCTION

The structure of this thesis is such that each experimental method used in this
work has a dedicated chapter which encompasses the individual theory, state-of-
the art, experimental setup together with the results and discussion obtained in
relation to vimentin. A small prelude of each chapter is given below:

In Chapter 2, significance of vimentin in the biological setting is introduced. Pu-
rification and reconstitution of vimentin is discussed which is based on the recom-
binant scheme of protein synthesis. Towards the end of the chapter, insights and
ideas in which our studies are steered are briefly discussed.

In Chapter 3, we demonstrate the microfluidic techniques involved in the do-
main of this thesis. Two main flow techniques are addressed: the continuous flow
and droplet flow. Fabrication processes are discussed and potential advantages
and disadvantages of the different flow techniques are shown in this chapter.

In Chapter 4, intricacies of SAXS are dealt with regard to protein systems. We
study the assembly and aggregation process is two different microfluidic settings:
the continuous flow one-phase microfluidics and droplet-based two phase mi-
crofluidics. Continuous flow data are discussed in the regime of elucidating sur-
face properties of assembling vimentin intermediates, while the droplet data are
a demonstration of state-of-the-art combination of SAXS and a high resolution
measurement technique.

In Chapter 5, light scattering is employed as a bridging technique which ren-
ders length scales inaccessible by other techniques to study the elongation process
of vimentin. Modeling of the data based on kinetic equations show a two-step
process i.e., lateral association and elongation.

In Chapter 6, our findings are summarized and a few open questions are ad-
dressed. As an outlook, possible improvements are suggested for a working
method that focuses on dealing with further problems that can be studied and

encountered with vimentin processes.



Hierarchical Architecture of Intermediate

Filaments

“Cytoskeletal systems are dynamic
and adaptable, organized more like
ant trails than interstate highways.”

Bruce Alberts, Molecular Biology of
the Cell

Every eukaryotic cell has a characteristic shape and this shape can be largely
attributed to the cytoskeleton. Additionally, the cytoskeleton is instrumental in
the mechanics and motility of the cell. Components of the cytoskeleton contribute
to a 3D network which provides rigidity and stability, much like the skeleton in
human bodies. This chapter focuses on the biological relevance of our study by
introducing the family of intermediate filament proteins and specifically vimentin.
Firstly, concepts of the cytoskeleton in eukaryotic cells are presented with focus
on intermediate filaments in general. In Sec. structure, function and clinical
relevance of vimentin are discussed. Biochemical methods to prepare vimentin

for experiments are explained in Sec. Finally, the interaction of ions with the
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in vitro assembly processes of vimentin are discussed, where essential structural

characteristics come into play.

2.1 Organization in the Cell

Eukaryotic cells lack a cell wall but consist of several organelles, small molecules,
ions, proteins, DNA and RNA and to stabilize themselves, the cells rely on a com-
plex system. These cells adapt in space as they grow and undergo division of
structure internally to execute their respective functions of providing stability and
regeneration [1]. The cytoskeleton plays a very crucial role in this re-organization
of the cell which highly depends on the intricate system of three filaments. The
local organization of the cell is affected in situations where the mechanical forces
(both inside and outside) disrupt the activity of the regulatory factors of the fila-
ment system. In this section, we describe the underlying mechanisms involved in
the cell organization and particularly the function of the cytoskeleton.

The cytoskeleton is made up of proteins which act as building blocks, which,

when put together in a key fashion make up supra-molecular assemblies. A wide
range of structures with diverse properties can form, based on how strategically
these primary subunits of the proteins are assembled. These self-assembling or-
ganic “LEGO” pieces make up the cytoskeleton which caters to the changing needs
of the eukaryotic cell. The complexity of the cytoskeleton can be attributed to
its interaction with other cellular components such as motor proteins, nucleation
promoting proteins, capping proteins and cross-linking and stabilizing proteins,
polymerases and depolymerizing factors to name a few [3].
The cytoskeleton is organized into three groups: microfilaments MFs (actin fila-
ments with a diameter of about 7-8 nm), microtubules MTs (tubulin with a diame-
ter of about 25 nm) and intermediate filaments IFs with a diameter of about 10 nm
[4]. A hypothetical epithelial cell with the cytoskeletal components is depicted in
Fig. MFs and MTs are mainly confined to the cytoplasm whereas IFs contain
two main systems: one within the nucleus attached to the inner nuclear membrane
[5], and one that is cytoplasmic, which connects intracellular junctional complexes
situated at the plasma membrane with the outer nuclear membrane [2,6]. The most
important differences between the three main cytoskeletal polymers — the differences that
distinguish the architecture and function of the networks they form — are their mechanical
stiffness, the dynamics of their assembly, their polarity, and the type of molecular motors
with which they associate [3].



Intermediate Filaments
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Figure 2.1.: Cytoskeletal organization in metazoan cells. A hypothetical epithelial cell is
depicted with the three key systems of the cytoskeleton: microfilaments (MFs), microtubules
(MTs) and intermediate filaments (IFs). They are connected to each other by several dimeric
complexes. IFs are connected to the outer nuclear membrane (ONM by plectin and nesprin-3).
On the inner nuclear membrane (INM), lamins (which are also IFs) attach themselves together
with chromatin. This figure is reprinted from [2] with permission.

2.2 Intermediate Filaments

Intermediate filaments (IFs) display a wide variety of diversity in their numbers,
sequences and abundance in comparison to MFs and MTs, which are very similar

within cells of a particular species and between species [7]. IFs are special com-
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pared to the other members of the cytoskeleton due to their cell type specificity.
There are about 70 genes in human encoding different IF proteins whereas MFs
and MTs have one gene each and some isoforms. Amidst this diversity, all proteins
of the IF family share a common secondary structure with a head, tail and a rod
domain and a similar assembly process where a dimer is composed of two paral-
lel a-helical chains and intertwined in a coiled-coil rod as shown in Fig. The
dimers associate in linear arrays in anti-parallel half-staggered manner to form
tetramers of the filament structure [8].

Figure 2.2.: Fluorescence microscopy image of a cell, showing the different components of
the cytoskeleton. This image was obtained from Rosmarie Siitterlin and Ueli Aebi, Biozentrum
University of Basel.

More detailed explanation of the hierarchical filament architecture with rele-
vance to vimentin IF will be explained in Sec. Some members of the IF family
are listed in Tab. Amongst them, IFs either form homo- or hetero-polymers.
Type I and II keratins form inter-type heteropolymers [9], whereas type IV IFs
nestin can only form heteropolymers, with vimentin (type III IF) and a-internexin
(type IV IF) [10]. In contrast, vimentin forms homopolymers generally but can
also co-polymerize with glial fibrillary acidic protein (type III IF) during diseased
conditions (e.g., stroke/brain trauma and neuro-degenerative diseases) such as
the induction of reactive astrocytes which are star shaped glial cells of the central
nervous system [11].



Vimentin | 2.3

Table 2.1.: Classification of the IF proteins into six categories [12] 13 [14] [15} [16].

Type IF name Size (kDa) Distribution
I acidic keratins 40-64 epithelial cells
II neutral-basic keratins  52-68 epithelial cells
11 desmin 53 muscle
vimentin 54 mesenchymal cells

(e.g. fibroblasts and smooth
muscle cells)
glial fibrillary acidic

protein 52 astrocytes
peripherin 54 peripheral neurons

v neurofilaments 61-110 central nervous system neurons
nestin 177 stem cells, neuroepithelia
x-internexin 66 central nervous system neurons
synemin 182 muscle

\% lamins 66 -78 all nuclei

VI filensin 83 fiber cells (lens)
phakinin 47 fiber cells (lens)

2.3 Vimentin

Vimentin is an important IF which is precariously expressed and is one of the
dominant proteins of the cytoskeleton in mesenchymal cells [7]. Vimentin plays
an instrumental role in developmental biology especially during the epithelial-
mesenchymal transition (EMT) and vice versa during embryogenesis [17]. This
transition is important for organ fibrosis [18] and metastasis in cancer progression
[19]. Vimentin is found in abundance in fibroblasts which is derived from primi-
tive mesenchyme and is crucial for wound healing [20]. Recent study suggests that
the presence of vimentin is sufficient to alter the shape and motility of epithelial
cells to mesenchymal cells [21].

In rheology measurements, vimentin networks exhibit some unusual viscoelastic
properties not shared by actin or tubulin which are crucial for cytoplasmic consis-
tency. They are less rigid (have lower shear modulus) at low strain but harden at
high strains and resist breakage, suggesting they maintain cell integrity [22].

with regard to cell rigidy, the extracellular matrix (ECM) comprises of complex
three-dimensional (3D) scaffold made up mostly of collagen [2]. However, when
vimentin is plated within collagen gels, a few vimentin-deficient cells exhibit re-

duced contraction of the gels which in-turn suggest that the contractibility of the



Chapter 2

HIERARCHICAL ARCHITECTURE OF INTERMEDIATE FILAMENTS

cells is reduced [23]. These results are consistent with the assumption that vi-
mentin IFs carry tensile strength which governs the mechanics of the cytoskele-
ton. Furthermore, cell-cell physical interactions are dramatically decreased in
vimentin-deficient cells, when compared to wild-type cells. These results suggest
that vimentin IFs are important for maintaining mechanical interactions between
cells, possibly by carrying some of the contractile forces generated among cells
[24].

Katsumoto et al. reports a visualization of the 3-D relationship between vimentin
IF and the organelles of the cell. Vimentin is observed to be present very close to
the cell organelles such as nucleus, endoplasmic reticulum and mitochondria and
attached to these organelles laterally or terminally, thus supporting the location
of the organelles in the cell cytoplasm [25]. In addition to providing support to
these organelles in the cytosol, vimentin IFs are instrumental in maintaining cell
integrity. Goldman et al. show in an in vivo study, cells without vimentin are

delicate and prone to collapse when disturbed by a micro-puncture [26]].

2.3.1 Structure

Vimentin, like other IF proteins, consists of an N-terminal “head” domain, a
central rod and a C-terminal “tail” domain and assembles hierarchically [7, 27]
as shown in Fig. Dimers are fundamental subunits of vimentin assembly
and are formed through interaction of two rod domains which are expressed co-
translationally to form a coiled-coil dimer [28]. These dimers assemble in an anti-
parallel fashion to form tetramers which then assemble into unit length filaments
(ULFs) composed typically of eight tetramers which are approximately 17 nm
in diameter and 60 nm in length. End-to-end annealing processes of the ULFs
occur, which has been demonstrated by studies of kinetic and mathematical mod-
elling, immunofluorescence, and total internal reflection fluorescence microscopy
(TIREM) [29, 30, 131} 32]. This process is crucial in the assembly and elongation
of the vimentin filaments. Further, radial compaction occurs in the higher order
filaments which reduces the diameter to approximately 10 nm. These mature vi-
mentin filaments act as semi-flexible polymers which have a persistence length of
2 um [33].

At low ionic buffers such as 2 mM phosphate buffer (PB), the population of vi-
mentin consists of tetramers. Upon the addition of monovalent salts such as potas-
sium chloride (KCl) or sodium chloride (NaCl), tetramers undergo an assembly

process to form filaments [34, 35, 36]]. In contrast, addition of divalent salts such as



Vimentin

a)
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NH,
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Figure 2.3.: Sketch of the hierarchical structure of vimentin assembly. a) The vimentin
monomer has a head, tail and a rod domain. The head and the tail regions are skipped in all the
follwing steps of the sketch. b) At low ionic conditions, the monomers form dimers which then
associate in a half-staggered fashion to form tetramers as shown in c). d) Upon the addition of
monovalent ions, usually eight tetramers laterally associate to form a unit-length filament (ULF).
e) ULFs longitudinally anneal to form a filament which undergoes a radial compaction step to a
form mature filament.

magnesium chloride (MgCl,) and calcium chloride (CaCly) plays a distinct role in
the size and surface characteristics of vimentin filaments 39]. It is shown

2.3
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that vimentin assembly is slowed down in the presence of divalent ions like mag-
nesium and calcium whereas in the presence of excess monovalent ions like potas-
sium and sodium, the surface and nanostructure is affected in a controlled way
[38, 140]. Structural properties of vimentin filaments are found to be different in
comparison to the filaments assembled only in the presence of potassium ions
and filaments assembled only in the presence of magnesium ions [37]. How-
ever so, vimentin assembly and aggregation are dynamic processes and there is a
steady state exchange of vimentin subunits between a soluble pool and filaments
[41], whereby subunit exchange occurs along the length of the filament at a much
slower pace [29,42]].

Bundling and network formation of vimentin filaments play a crucial role in the
mechano-stability of the cytoskeleton [43]. In situ, the assembled vimentin fila-
ments are influenced by the divalent ions to build cross-linked networks which
depend on the protein concentration. Micro-rheology experiments reveal that the
magnesium ions act as effective cross-linkers for the pre-assembled vimentin fila-
ments and facilitate the stiffening of the networks [44, 45, 46]. Bundle formation of
vimentin is mediated by multiple positive charges indicating the role of charged
ions in the light scattering experiments [47].

In summary, in vitro techniques combined with high-resolution techniques help
us to understand the details of the kinetic processes of vimentin and the influence

of ions on its structure.

2.4 Purification and Reconstitution of Vimentin

Human vimentin protein is recombinantly expressed in Escherichia coli (E. coli)
bacteria which renders a high protein yield and purity making it a desirable form
of expression system [48]. Purification of vimentin after the initial expression stage
is from inclusion bodies [6]. It is, however, of utmost importance to perform X-
ray scattering experiments with purified protein samples at concentrations in the
range of mg/ml to render structural information at a high signal-to-noise ratio
[49]. For the X-ray experiments, a concentration of ~ 1 - 4 g/L is used and for the
light scattering experiments, a much lower concentration of ~ 0.09 - 0.06 g/L is
used

Expression and purification of vimentin in E.coli bacteria is performed in-house by
Susanne Bauch. The plasmid for the transfection is provided by Harald Herrmann,

DKFZ Heidelberg, Germany. Unless indicated otherwise, all chemicals are from



Purification and Reconstitution of Vimentin

Carl Roth GmbH+Co. KG (Karlsruhe, Germany). This section explains the several
steps of a reproducible protocol for vimentin production which is adapted from
[50]. Details of this protocol are given in Appendix.

* E. coli bacteria are transfected with a plasmid encoding the human wild

type vimentin and cultivated to express the protein

* The protein is purified from the bacterial solution by several centrifuga-
tion, homogenization and washing steps in different buffers and two ion-
exchange chromatography columns which leads to typical protein concen-

trations in the range of 3-4 mg/mL

¢ The purity of the vimentin is controlled by an Sodium dodecyl sulfate (SDS)
page gel

¢ The purified vimentin can be stored in urea solution at -80 °C for several

months until use

2.4.1 Dialysis and Assembly Techniques

The stored vimentin has to be renatured into tetramers prior to the experiments.
This is performed by dialyzing the vimentin against 8 M urea for 30 minutes and
then in a stepwise manner at 4, 2, and 1 M urea for 30 minutes each at room
temperature. Finally, an overnight dialysis into 2 mM PB is performed at 4 °C.
All dialysis steps are performed using membranes of 50 kDa cut-off (Spectra/Por
7, Spectrum Europe B.V., Breda, Netherlands) which is lower than the vimentin
monomer weight of 54 kDa. All solutions for dialysis are prepared using 2 mM
PB, pH 7.5. Before the use in experiments, the protein concentration is determined
by measuring the absorption at 280 nm with UV-Vis spectroscopy and is explained
in detail in Sec. The dialyzed vimentin can be stored upto a week at 4 °C [6]].
In principle, assembly of vimentin can be initiated either by dialysis or in Ep-
pendorf cups with the “kick-start” mode for the vimentin aggregation studies
involving divalent salts. Vimentin filaments have a varying number of tetramers
per cross-section (ranging from 4-13 tetramers with the standard configuration of
8 tetramers [34] 140]) and this polymorphism is larger when the in vitro assembly
is initiated in a “kick-start” mode as compared to the slower method of dialysis.
Since SAXS averages out the scattering signal over several intensities arising from
polymorphic samples, the “kick-start” method is employed in all our experiments

which involves mixing the freshly dialyzed vimentin with 200 mM KCl/ 2mM

2.4

11
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PB in a 1:1 ratio in an Eppendorf cup for 15 hours at pH 7.5 and temperature of
37 °C.

For the studies of vimentin assembly, microfluidic manipulation techniques are
used to initiate the process such as diffusive mixing of 100 mM KCl to the tetrameric
vimentin in continuous flow devices as explained in Sec. and recirculative
flow of the droplets after pinch-off which is explained in Sec. For the assem-
bly experiments of light scattering, vimentin is diluted to the desired concentration
and filled in cuvettes. Different concentrations of KCl are mixed into the cuvette
containing the vimentin with a syringe and manual shaking is performed before
the time-resolved measurements are performed.

Quality of the dialyzed vimentin can be further examined by assembling it into
filaments and checking with several techniques such as confocal fluorescence mi-
croscopy, electron microscopy (EM) and atomic force microscopy (AFM). A high
resolution image can be obtained with these techniques which shed light on the
filament morphology in detail. Homogeneously spread, well-formed filaments are
observed in the region-of-interest which are devoid of any form of aggregates as
shown in Fig. This indicates that the vimentin produced for experiments is of

high and usable quality.

Figure 2.4.: Confocal fluorescence microscopy and AFM images of vimentin filaments.a)
Vimentin wild type mixed with vimentin labeled with AlexaFlour 532 dye shows filaments as-
sembled in Eppendorf cups after 15 hours b) The same batch of wild-type vimentin as used in
a) without any labeled dye. Both images were taken by Viktor Schroeder.



Role of lons in Assembly Process

2.4.2 Estimation of Protein Concentration by UV-Vis Spectroscopy

In order to reliably perform X-ray and light scattering experiments, it is essen-
tial to have a knowledge of the initial vimentin concentration. For this purpose,
we perform UV-Vis spectroscopy measurements on the commercially available
NanoDrop ND-1000 spectrophotometer (NanoDrop™ Technologies, Wilmington,
USA) where protein concentration can be deduced with a sample volume of 2 uL.
The light absorbance A is recorded at a wavelength of 280 nm:

A= log(llo) — el 1)

Here, the extinction coefficient for vimentin is about € = 24.24 x 103 M~ lecm™! [38].
The optical path I, is considered to be 10 mm, the molecular weight of vimentin
monomer is 53,67 kDa [34] and c is the protein concentration. Errors can occur in
the determination of the extinction coefficient € and some of the common factors
are buffer type, ions and denaturants. Not only that, variations in the optical path
length and the incident intensity can be additional factors for an intrinsic error of
the measuring concentration. Therefore, the mean of at least three measurements

can be considered for determining the final protein concentration.

2.5 Role of lons in Assembly Process

Vimentin assembly is a half-staggered complex forming hierarchical mechanism
which is instantaneously initiated by the presence of monovalent ions, whereas,
the other cytoskeletal components actin filaments or microtubules grow end-to-
end by the addition of single subunits using ATP or GTD, respectively [31]. For a
certain concentration of the added monovalent salt, the ionic bond that leads to
assembly between the head group of the vimentin IF and the monovalent ions is
mediated by electrostatic interactions [51].

According to the amino acid sequence of vimentin protein monomers, the emerg-
ing filaments are highly negatively charged polyelectrolytes which interact strongly
with counter ions. Such charge interaction can also play a role in physiological
settings and in order to gain a better principle understanding of the processes
involved, a number of different experimental techniques have been employed.
Macro- and microrheology measurements show that already low concentrations
(= 2 mM), of divalent Mg2+ crosslink filaments in vimentin networks [44], 45, 46]]
and higher ion concentrations even lead to a strong aggregation effect visible di-

2.5

13
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rectly by fluorescence microscopy, where the individual filaments “zip” together
within minutes [52), 53, [54]. In addition, nanoscale methods like atomic force mi-
croscopy (AFM), electron microscopy (EM), small angle x-ray scattering (SAXS),
and transient electric birefringence (TEB) have been used to investigate the in-
fluence of different ion species and concentrations on the individual filaments, or
even subunits thereof. The studies show that the results depend on a variety of pa-
rameters like buffer conditions and origin of the protein (tissue or recombinant).
Thus, vimentin assembled in the presence of MgCl, instead of monovalent salt
looks the same when imaged by EM [39]. TEB, by contrast, reveals largely disor-
dered filaments in the presence of magnesium that are shorter and thicker than
usual [38]. SAXS is sensitive to the internal structure of the assemblies [55] and
shows that both the ion species and the ion concentration influence the resulting
filament [37].



Microfluidics for in situ Investigation of

Bio-Processes

“One man is equivalent to all
creation, one man is a world of

miniature”

Albert Pike

Microfluidics exploits its obvious ‘size” to manipulate, control and mix fluid vol-
umes on the order of nanolitres, in channels with dimensions of tens to hundreds
of micrometers. Microfluidics has offered major applications in the study of fast
reaction kinetics [56], rapid screening of protein crystallization [57] and droplets
as microreactors for single cell studies [58].

This chapter introduces the basic concepts of behavior of fluids at the microscale
and focuses on the two different methods of fluid manipulation i.e., continuous
flow and droplet-based microfluidics. The challenges of combining microfluidics
and small angle X-ray scattering (SAXS) are discussed, coupled with the respec-
tive fabrication processes for the two methods. Results from finite element method

(FEM) simulations complement the experimental technique and give us insights
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into control of species (i.e., protein and salt in our work).

3.1 Theory

In this section, some of the essential concepts governing transport and mixing in
microflow are introduced, such as the dimensionless quantity “Reynolds number”

and the diffusion equations.

3.1.1 ‘Life at Low Reynolds Number” [59)]

In fluid mechanics, we usually view fluids as “continuous” and discuss “average”
fluid properties rather than considering the properties of each molecule, despite
the fact that properties like velocity and density vary differently at the molecu-
lar length scale. This continuum approximation is developed for macroscale fluid
mechanics, but is important in this context because it allows us to analyze mi-
crofluidic flows with the same governing principles.

Consider a fluid flowing in a microfluidic channel with density p and constant
viscosity 7. The Navier-Stokes equation for such an incompressible Newtonian
fluid takes the differential form [60]:

95 B
0 ((.;t’ + (W)a) — —VP+yAG+f (3.1)

where 7 is the velocity field, P is the pressure, # is the dynamic viscosity and
]? is the applied external force per volume e.g., gravity. However, by introducing
some scaling factors, the Navier-Stokes equation can be non-dimensionlized. Non-
dimensionlization eases the analysis of the problem under study and summarizes
them into one parameter. In addition to reducing the number of parameters, the
non-dimensionalized equation helps to gain a greater insight into the relative im-
portance of various terms present in the equation. For the case of flow without
heat transfer, the non-dimensionalized Navier-Stokes equation depends only on
the Reynolds number (Re) and hence all physical parameters such as channel-
width of the related experiment will have the same value of non-dimensionalized
variables for the same Re [61].

X

By adapting the dimensionless variables for space x* (= %, where L is the typical

L[
length scale of the system) and velocity V* (= |”7|, V is the typical velocity), we
obtain time T = £ and pressure P* = ,% (U is the initial velocity) where vis-
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cous forces are dominant. Therefore, the non-dimensionalized form of the Navier-

Stokes equation can be rewritten as:

*

1@@¥+VﬁW%>:—WW+NW (3.2)

T

where Re = % is the Reynolds number, a dimensionless quantity arising from the
ratio of the inertial forces to the viscous forces in flow. Eqn. 3.2/ holds good in the
absence of a free surface where any external forces are neglected for computational
simplicity.

The Reynolds number, though dimensionless, always governs the transition from
the laminar flow region to turbulence. Because Re o L , the small dimensions of
microfluidic channels are responsible for very low Re, resulting in laminar flow.
In fact, for most microfluidic applications Re < 1. For a person swimming in
water Re would be on the order of 10%, for a small fish it can be as low as 102
But at the microscopic scale, for something like a paramecium or a bacteria, the
Re of water will further be lower on the order of 10~%. At that scale, viscous
forces are dominant and inertia does not play a role. According to Purcell [59] “At
Re < 1, time doesn’t matter. The pattern of motion is the same, whether slow or fast,
whether backward or forward in time”. This highly felicitates laminar flow which is
controllable and as a consequence gives a simplified version of Eqn.

VP = yA? (3.3)

This is called the Stokes-Equation and indicates that for a given flow, the in-
ertial forces are small compared to viscous flow and any evident turbulence is
suppressed by friction. This kind of flow is also called creeping flow. This phys-
ical phenomenon evokes two additional interesting properties in incompressible

Newtonian fluids:

¢ Instantaneity: a Stokes flow has no dependence on time other than through

time-dependent boundary conditions;

* Time-reversibility: a time-reversed Stokes flow solves the same equations as
the original Stokes flow. Practically, it implies that it is difficult to mix two
fluids using creeping flow i.e., ignoring the inertial term in Eqn.

This quality makes microfluidics a desirable tool due to the laminar flow, as op-

posed to turbulent flow which is of stochastic nature (which might attain random

3.1
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values).

3.1.2 Diffusion in Microsystems

While laminar flow is advantageous in several microfluidic applications, it can be a
nuisance where mixing of different solutes is required. Since biological and chem-
ical assays need either mixing or dilution at some point, several smart techniques
have been developed such as adaptation in the geometric design or exploitation of
the enhanced diffusivity at small dimensions. To fully understand the mixing and
distribution of a solute in flow, two processes have to be addressed: convection
and diffusion.

Consider a solute molecule with a diffusion coefficient D, traveling a distance L
in a three-dimensional space over time ¢. If the solute molecule travels from one
point to the other with a local velocity V, it gives us the convection rate ~ L?/D
and the diffusion rate ~ L/V as illustrated in Fig. The ratio of these quantities
is a dimensionless number which is extremely important in convection-diffusion
problems and is defined as the Péclet number (Pe):

convective transport rate  L?/D VL

Pe = = = — 4
¢ diffusive transport rate L/V D (3.4)

—

diffusion

convection

L ~ (DY)

Figure 3.1.: Sketch showing a difference between convection and diffusion.

In our work, we need to mix different solutes in our microflow and realize
the localized effect of the mixing and distribution at each point at constant L.
With this in mind, few questions arise when dealing with the convection-diffusion

problems:

e What effect dominates in microfluidic channels? Is it convection or diffusion?
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* How can the mixing time of two or more fluids be increased /reduced?

In order to arrive at a conclusive argument, we first consider the question of
mixing in microsystems where Pe plays a role due to the effect of both, the diffu-
sion and convection time. To illustrate the significance of this, let us consider an
example of fluorescein mixed with water in a channel of width of 100 ym, flow-
ing at a rate of 30 ym/s. For this Pe ~ 10 [60], which suggests that the diffusion
is slower than convection. However, diffusion dominates when the Pe numbers
are small and if the numbers are large, convection dominates. In such a case,
the microfluidic channels have to be scaled in physical dimensions appropriately.
However, in a channel of L ~ 0.1 mm and fluid velocity V' at ~ 0.1 mm/s, Pe
is 10° for a protein of diffusion coefficient 10~ m?/s and 10 for a small ion of
diffusion constant 10~ m?/s. This brings us to the conclusion that mixing in mi-
crosystems is heavily influenced with the effect of both convection transport (in
case of the protein in a channel) as well as the diffusive transport (in case of a ion

distribution) of molecules.

3.2 Microfluidic Fabrication Techniques

3.2.1 Photolithography

The first step in the process of producing usable microfluidic devices for our stud-
ies is the drawing of the channel designs with AutoCAD software (Autodesk,
Miinchen, Germany). The resulting designs are then printed as emulsion film on
polyester (Selba S. A., Versoix, Switzerland). These structures are printed with a
sufficiently high resolution for features with a minimum size of about 5 yum. The
photolithography step is common to both continuous flow and droplet-based de-
vices.

Following this, “master wafers” are fabricated with photo-lithographic techniques
in the clean room of ISO-5 standard which maintains a low-level of external con-
taminants such as dust particles, chemical vapors and bio-pollutants. For this pur-
pose, we use a 2-inch silicon wafer on which the design is transferred. It is first
rinsed with iso-propanol and dried with dry nitrogen and again dried at 200 °C on
a hot plate for 10 min. Then, SU-8 3050 negative photo-resist (MicroChem, New-
ton, USA) is spin coated onto the silicon wafer (spin speed varies according to
the channel height needed which is calculated from the SU-8 3000 datasheet [62]).
After spin coating, the wafer with a layer of resist is placed on a hot plate at a tem-
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photomask A photomask B

Figure 3.2.: Representative sketch of the photomasks

perature of 95 °C in a soft bake step. Using a mask aligner (M]JB4, Stiss MicroTec
AG, Garching, Germany), the printed photomask is brought into vacuum contact
with the coated wafer and is exposed with UV-light at a wavelength of 365 nm in
regions where the mask is transparent as shown in Fig. The exposure time
is chosen with respect to the resist type and height. The exposed resist is baked
in a post exposure step again with respect to the resist type. During this process
the exposed regions in the resist are cross-linked. Finally, the wafer is developed
in SU-8 developer (MicroChem) for a few minutes until the non-crosslinked resist
dissolves completely. The “master-wafer” is rinsed again with isopropanol and
dried with dry nitrogen rendering it free from any further moisture. The chan-
nel height is measured after its production using a profilometer ‘Dektak 6" (Veeco
Instruments Inc., Mannheim, Germany).

For the fabrication of devices with several layers, where a second layer has to be
deposited onto the first layer, steps from spin coating until post exposure baking
have to be followed. The mask to be used must have a similar design to the first

layer and can be aligned onto the second layer with an on-axis microscope as

shown in Fig.

3.2.2 Soft lithography

Once the “master-wafer” is fabricated, it can be used to make several copies of the
channel design using soft-lithographic techniques. For this purpose, we first coat
the freshly fabricated wafer with a few drops fluorosilane ((heptafluoropropyl)

trimethylsilane 97 %, Aldrich) in a desiccator, which renders the surface of the
silicon master hydrophobic. Then the wafer is molded with PDMS mixed with
crosslinker at a ratio of 10:1 (Silgard 184, Dow Corning GmbH, Wiesbaden, Ger-
many). The wafer with raw PDMS is baked at 65 °C in an oven for at least one

hour. This step is common to both continuous flow and droplet-based devices.
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Figure 3.3.: Schematic diagram of device fabrication. Step-by-step schematic of the device
fabrication. Silicon wafers are structured by standard photolithography. These wafers are utilized
for fabricating PDMS stamps. Finally, the stamps are pressed into UV-curable glue (Norland
Optical Adhesive, NOA 81). Two identical copies of structured NOA-81 are produced, aligned
and bonded. Figure taken from [63] with permission.

Specific Steps for Continuous Flow Devices

Now, the first PDMS (stamp «) is a negative copy from the wafer which has posi-
tive structure. However, to be able to produce an X-ray compatible device which
are used in the experiment, a positive PDMS (stamp ) has to be fabricated and
the chronology of the steps in described in Fig. For this, we first mark the
edges of PDMS « stamp with the black ink which will later facilitate us to effec-
tively get the second PDMS B out. PDMS stamp « is plasma cleaned for 30 s in the
PDC-32G-2 plasma cleaner (Harrick Plasma, Ithaca, New York, USA) to make the
surface charged. Immediately, PDMS stamp a is vapor coated with HMDS (hex-
amethyldisilazane, Fluka, Germany) for 10 min in the desiccator under the fume
hood. Now, a mixture of PDMS with crosslinker at a ratio of 10:1 is poured onto

3.2
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the PDMS stamp a by pushing it down. This is then degassed using a vacuum
pump on the desiccator until all the air-bubbles are removed. It is again baked for
65 °C in an oven for at least one hour and the stamp f can later be cut out.

The now fabricated, PDMS stamp f, can be used to make a thin, X-ray compatible
device from the UV-curable NOA-81 glue (Norland Optical Adhesive, Norland,
Cranberry, NJ, USA) . Firstly, “Tesa” adhesive tape (tesa Pack, tesa SE, Hamburg,
Germany) is attached (which is bigger than the stamp in proportion) to flat a alu-
minum block. It helps to have the surface completely even and to peel the cured
NOA-81 easily. 100 ul NOA-81 is poured on PDMS stamp B. All existent air-
bubbles are removed with a pointy pipette tip. 180 ul NOA-81 is then poured
on the adhesive tape and all air bubbles are eliminated again. Now, the stamp p
is carefully pressed onto the NOA-81 on the tape and exposed to UV-light (8 W
source) for 1 min. This cures the NOA-81 glue and the stamp can be removed.
This step is repeated again to get a second structure of NOA-81. Both the NOA-81
structures are now aligned on top of each other under the stereo-microscope and
finally exposed to UV light for at least 10 min.

The resulting ensemble of a device is glued onto a plain PDMS support stamp
with the fast curing ‘Loctite” glue (two component: Loctite 406 and 770, Henkel,
Diisseldorf, Germany). Holes are then punched into the device for tubing con-
nection with a puncher of diameter = 0.75 mm. The open holes on the NOA-81
side are sealed with Kapton tape. Polyethylene tubing (Intramedic™ PE20, BD,
Franklin Lakes, USA; inner diameter of 380 yum) is inserted into the punched holes
and they self-seal as the outer tubing diameter (1.09 mm) exceeds the punch di-
ameter. However, to avoid and minimize the risk of leakage, loctite glue can be
used on tubing connection to seal before the experiment.

The final channel height of the 3D channeled microfluidic device is about 240 ym
and the total sample thickness is about 500 ym. All channels are 300 ym wide.
The main flow direction is the x- direction, z is the height and y is the width of the
channel. In this case, the origin is located at the center of the main channel where
the “step” is positioned at x = y = z = 0 as discussed in Sec. 3.4.1}
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Assembling Process of Droplet-Based Devices

There are two utilities of the droplet-based devices in our experiments: for X-ray
experiments and for optical microscopy experiments. Both types of devices follow
the same methods for photolithography and soft-lithography, except each has an
extended material compatible (i.e., PDMS-glass for microscopy and PDMS-Quartz
capillary for X-ray experiment) and are explained in detail in the following sub-
sections.

For the X-ray experiments, the resulting PDMS « stamp from soft-lithography is
sufficient where holes of 0.75 mm are punched for the insertion of tubing. This de-
vice and another layer of plain PDMS are surface-treated in an air plasma cleaner
(Harrick Plasma, Ithaca, USA) and bonded as they are brought into contact after-
wards. To enable the insertion of the 100 ym capillary into the PDMS, it is severed
off at one end.

Since these devices are only a part of the composite ensemble, care has to be
taken to achieve a channel height of 100 ym on the PDMS stamp already during
photolithography. If not, there is a possibility that the capillary of 100 ym outer
diameter is unable to penetrate inside the channels which often leads to snapping
of the capillary or dislocation of the channels while plasma-bonding. The 100 ym
circular cross-section capillary is carefully inserted into the square cross-section of
the PDMS under the microscope avoiding the point of droplet generation. Freshly
prepared raw PDMS is used to seal the junction area around the capillary and
baked in the oven at 65 °C for about an hour. The fully-functional assembled
device is shown in Fig.

For the optical microscopy experiments, the resulting PDMS stamp from initial
soft-lithography step is punched with holes 0.75 mm diameter for the insertion
of tubing. For the sealing of the channels, a glass cover slip is used. The PDMS
and the glass cover slips are thoroughly washed with iso-propanol and dried with
dry nitrogen. Further evaporation of remaining liquid is done by placing them
on the hot-plate for 3 min at 60 °C. Subsequently, the PDMS as well as the cover
slip are placed in an oxygen plasma (PDC-32G-2, Harrick Plasma, Ithaca, US) and
afterwards pressed together to form a covalent bond. The fully-functional device

for microscopy experiments is presented as a image in Fig.
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Figure 3.4.: Photograph of the assembled droplet device. The composite PDMS-Quartz
device is placed with a 5-cent coin to highlight its size and portability.

Figure 3.5.: Photograph of the assembled droplet device for optical microscopy

Ombrello Coating

An important treatment of the microfluidic devices for droplet generation is the
flushing of the channels with ‘ombrello” (Autoserv, Sinzheim, Germany). Om-
brello is assumed to bind to the channel walls and render them hydrophobic en-
suring that the oil phase of the droplet emulsion wets the channel walls. This step
is performed for every device to be used before the actual measurement. Once the
ombrello is flushed in, within the next seconds, it is removed by blowing air into
the channels since ombrello has a tendency to solidify when exposed to air quickly.



Motivation for Device Geometries

The device can be used for measurement within one week of the ombrello-coating,

however, it is advisable to coat and use immediately.

3.3 Motivation for Device Geometries

Before describing the fabrication techniques involved in the production of mi-
crofluidic devices, it is essential to discuss the motivation of the geometries used
for the experiments presented in this thesis. There are two main devices which
are explained in detail in the forthcoming sections: continuous flow experiments
(see Sec. and droplet experiments (see Sec. [3.3.2).

3.3.1 Continuous Flow Microfluidics

One of the approaches of the microfluidic mixers and devices is the implementa-
tion of the continuous flow experiments. The advantages of the continuous flow
experiments is to be able to track the progress of flow reaction at discrete points
and determining the initial rates of fluid flow of different species such as pro-
teins and salts and convolution values long the flow direction. Protein adhesion
to channel surface could be a potential problem in these continuous flow exper-
iments due to restriction in flow and clogging. Hence we have incorporated a
“step” which is a three-dimensional structure on the channel and avoids protein
adhesion of vimentin.

Small-scale mixing of several components is achieved in microfluidic channels
in bio and chemical analyses. Often, the mixing is triggered with mechanical,
electrical and magnetic forces [64]. For a fluid system with low-diffusivity, the
reaction times might take very long and hence flow focusing with several channels
can accelerate the fluid mixing.

In our experiments, we strive for “diffusive-mixing”, which can be achieved by
reducing the the mixing path and increasing the contact between the two solu-
tions. In the work presented in this thesis, there is a single long channel acting
as the central inlet for the sample flow while the solvent streams join through
adjacent inlets and form the sheath flow as shown in Fig. With this kind of
hydrodynamic focusing, the width of the sample fluid (tetrameric vimentin here)
can be controlled and focused to a narrow stream. The advantage of the step in the
reported design is discussed in [35] and is dealt in-detail in Sec. where the
central stream is engulfed by the incoming sheath streams in all directions thus

avoiding the contact and reaction of protein with the channel walls.
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Figure 3.6.: Simulated hydrodynamic flow focusing in continuous flow device. The black
lines correspond to the streamlines that are generated in the simulations based on the flow fields
and flow rates. Figure taken from [63] with permission.

3.3.2 Droplet-Based Microfluidics

One of the major advantages of droplet microfluidics over continuous flow is the
effective manipulation and control of discrete amounts of “capsules” of sample
volume. Interest in droplet microfluidics has led to successful applications in
solving problems related to protein fouling and aberrant crystallization, which
are otherwise precarious in continuous flow. This leads us to use segmented flow
as a tool to be able to handle the micro-reactions and consequently give us a good

signal-to-noise ratio in the X-ray experiments.

The microfluidic device geometry which is considered for the production of
droplets is based on “T-junction” geometry where two or more components can
be mixed 66]. Production of droplets is explained in detail in the previously
published work of Dammann et al. [52] where drop-manipulation (shape and

frequency) is enabled solely by changing flow rates and geometry.

This setup contains three aqueous inlet channels that join up together in a side-
by-side flow at low Re as shown in Fig. and b. All three channels are main-
tained at the same flow rate to enable equal and homogeneous distribution of
the the 3 components. In an alternate situation, one of the inlet channels can be
increased (example: protein inlet) for a constant but higher volume, thus higher
concentration compared to other components in the succeeding droplets. Once

the 3-aqueous inlets join, the stream in flow focused by perpendicular flow of the
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Figure 3.7.: Geometry of the channel used.a) A schematic diagram of the "“T-junction”
droplet geometry is shown b) zoom in of the droplet pinch-off region c) the transition from the
droplet generation in PDMS to flow into quartz capillary is diagrammatically represented.

oil phase which leads to a “droplet pinch-off”. These aqueous-in-oil droplets then

flow in a straight channel and further into the quartz capillary for SAXS experi-

ments (see Fig. ).

3.4 Device Implementation in Experiments

3.4.1 Continuous-Flow Devices in SAXS Experiments

The major challenge involved in combining microfluidics with SAXS experiments
is the usage of a microfluidic device which has a low X-ray absorption coefficient
and high X-ray flux resistance. A channel which is impermeable to air or aqueous

components (PDMS is avoided since fluids swell it up and flow profiles change
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thereby affecting evolving kinetics) is also preferred. To this end, a device made
out of two layers of NOA-81 with a supporting PDMS layer was used, fabricated
and adapted accordingly based on the idea of microfluidic stickers [67]).

In comparison to PDMS, NOA-81 has greater water resistance to swelling which
makes it desirable for microflow experiments with aqueous components [68], as
well as it ability of bio-compatibility [35]. This renders NOA-81 to be suitable for
studies involving proteins and other bio-materials. Features of the micron-range
are conveniently reproducible and the stickiness between the two-layered device
can be controlled just with the exposure of the UV radiation. The adhesion prop-
erty of this optical glue is excellent and does not require any heat, mechanical or
chemical force for bonding as explained in Sec.

During the fabrication of the device, the PDMS stamp is pressed into the NOA-81
to obtain an extremely thin layer of the design, which can then be cured. A thin
layer is advantageous in SAXS experiments, especially, because the scattering sig-
nal is often weak in biological solution SAXS and reduction of parasitic scattering
from the device itself is favorable. The transmission coefficient of cured NOA-81
is higher than PDMS. It also has an elastic modulus 3 orders of magnitude higher
than PDMS (typically 1 GPa). This avoids sagging effects, even for very low aspect
ratio shallow channels [67].

The geometry of the device is designed in such a way as to enable successive
mixing of the ions into the centrally hydro-focussed jet as shown in Fig. Re-
sults of this method of successive mixing in combination with tracking kinetic
processes by SAXS are later discussed in Sec.

3.4.2 Droplet-Based Devices in SAXS Experiments

One of the major advantages of using droplet based microfluidics over continuous
flow device is to avoid the protein adherence (vimentin, in the present study)
to microfluidic channel walls. Since our study dealt with the tracking of kinetic
processes in microflow with SAXS, two challenges had to be realized with respect

to device/technique usage:

* to fabricate a device compatible with droplet generation and

* to fabricate the device from a X-ray compatible material with low attenua-

tion.
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Figure 3.8.: Sketch of the continuous flow device geometry. The device geometry has
one central inlet (orange, reduced height) and two sets of lateral inlets (for KCl and MgCly,
respectively). The step is incorporated such that the protein is engulfed by the buffer fluids to
avoid protein adherence. Figure taken from [63] with permission.

As a solution to the above challenges, a composite PDMS-quartz capillary device
is fabricated which is both droplet and X-ray compatible as shown in Fig. The
idea of the device is based on the work of Zheng et al., for performing protein
crystallization trials in nanoliter aqueous droplets inside capillaries suitable for X-
ray diffraction and the evaluation of the quality of the crystals directly by on-chip
X-ray diffraction [69]. We use the PDMS segment only to generate droplets that
contain the protein, buffer and the salt ions by a procedure described in [52]. The
segment with the quartz capillary is placed in the measurement window since
the transmission coefficient is greater than PDMS and absorption is lower and the
capillary can conveniently be used for two-phase experiments due to its water-in-

oil emulsion affinity (see Fig.[3.10)

This procedure of the composite PDMS capillary has several advantages com-
pared to the continuous flow device explained in Sec. in addition to its
droplet-X-ray compatibility such as: 1) It is robust in terms of withstanding flow
rates as high as 700 - 1000 ul/h in a channel area cross-section of 1 x 10* ym?. 2)
The flourinert oil (in the presence of a surfactant) used for generating droplets is
non-destructible to both PDMS and the quartz capillary. Therefore, the compos-

ite PDMS-capillary device is a desirable tool for studies combining droplets and
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oil -phase aqueous
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Figure 3.9.: Sketch of the droplet device. Oil and aqueous phases are shown in different
colors to shown the generation of droplets. In the SAXS experiment, droplets are probed by the
X-ray beam in several locations

X-ray techniques due to its portability and endurance.

3.5 FEM Simulations for Tracing Species-Distribution

In order to understand the assembly kinetics for vimentin in flow, exact knowl-
edge of the flow conditions, such as concentration distributions of salt and protein
and velocities in each position of the device is essential. Therefore, we perform
simulations of the laminar flow for the continuous flow device geometry as dis-
cussed in the previous sections. COMSOL multiphysics 4.4 and 5.0 (COMSOL
GmbH, Gottingen, Germany) is used to perform the finite element method (FEM)
simulations of the flow conditions. COMSOL is a finite element solver and simula-
tion software used to solve physics and engineering related problems. Here, FEM
is employed, which is a numerical technique based on the approximation method
to obtain solutions to the involved partial differential equations (PDEs) for a given
geometry and boundary value problem. It is a mathematical approach in which
a continuum problem can be solved by dividing the solution domain into smaller
elements. These elements - finite elements - have the same properties of those who orig-
inated them but they are simpler to define and to reduce the number of unknowns. The
solution of differential equations regarding the physical problem can be solved by approxi-
mated functions that satisfy the conditions described by integral equations in the problem
domain. These approximated functions are usually polynomial functions [70].

Since our aim is to evaluate the flow conditions and the distribution of different



FEM Simulations for Tracing Species-Distribution

e 1F E
2
S
o
c
Q
[
§e)
S 01} .
2 3
9
S
e Quartz capillary ]
0.01 L PR R W S T B | L L PR S W S S A |

100 1000
photon energy (eV)

Figure 3.10.: Comparison of attenuation lengths. The data is generated by an online tool
http://henke.lbl.gov/optical_constants/atten2.html| for given chemical formula and
densities

solute species in a microfluidic channel, we employ the Navier-Stokes equation
(Eqn. for the flow fields and the convection diffusion equation (Eqn. for
the solutes. Both equations need to be solved simultaneously to account for the
interaction between the variables such as viscosity, local concentrations and distri-
bution of the solutes.

Parts of this section (5.3.2|3.5.2|3.5.3) are published in the journal Biomicro fluidics

[63] and is adapted here with permission. Author contributions are as follows:

Oliva Saldanha performed the FEM simulations and analyzed the simulation re-
sults and correlated to the data analyzed from the X-ray experiments as discussed
in the following chapters. Martha Brennich designed the microfluidic channels
and performed the X-ray experiments. Oliva Saldanha has made the figures
for the manuscript and has contributed in iteratively writing it with
Harald Hermann and Sarah Koster.
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3.5.1 Model Geometry and Mesh

In this work, we model a three-dimensional homogeneous geometry with the same
material properties. The geometry consists of channel with a width of 300 ym
including buffer inlets and the outlet with a height of 240 ym. The central protein
inlet has a height of 110 ym, which is centered with respect to the other channel.
The total length of the device is modeled to be 10 mm, taking into account from the
start of the device. To reduce the computational effort and for symmetry reasons,
only a quarter of the entire geometry is modeled (cut in the x - z plane and the y
- z plane) as shown in Fig.[3.1Ta. The lengths of the inlet channels are reduced in
the model but are large enough to ensure the correct inflow and mixing profiles.
The geometrical incorporation of the ‘step” is zoomed in Fig. 3.11p. The step is
reduced in dimension to avoid assembled vimentin to get in contact with the walls,
which might lead to adhesion and eventually clogging of the channels during
experiments [35| [71} 72, [73]. A maximum mesh size of 11.1 ym and minimum
mesh size of 0.724 ym are used to define the tetrahedral mesh in the simulations.
A zoom in of the mesh is depicted in Fig. 3.11k.

outlet

lateral inlets

inlet

a) b) c)

Figure 3.11.: Geometry of the channel used for FEM simulations of continuous flow.a)
Full length device for simulation. b) Zoom in of the step c) 3D mesh.
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3.5.2 Global Constants and Varying Parameters

Simulations are performed in the laminar flow regime and no-slip boundary con-
ditions are used at channel walls. While running the simulation, the inflow veloc-
ity has a fixed constant value with the inlets long enough for the parabolic flow
profile to develop. However, there are certain parameters such as the diffusion
coefficients and the overall temperature, which are constant for the simulations
whereas parameters such a flow speeds and concentrations vary for different con-
ditions. The diffusion coefficients used in the simulations are listed in the Tab.
at temperature 293.15 K:

Table 3.1.: Diffusion coefficients used in the simulation
vimentin [74] Dy, = 2.4 x 1071 m?2s~1

KCl [75] Dg+ =1.84 x 1072 m?s~!
MgClL[76] Dygg2+ =7.5 % 10710 m?s~1

Since only a quarter of the entire device geometry is modeled, the flow velocity
for the inlets are adapted accordingly. The central inlet takes into account only 1/4
of the experimental flow rate, which remains constant when converted into flow
velocity is 3.07 x 10~* m/s which is the unit used in the simulation. Similarly, the
flow velocity values considered for the lateral inlets are 1/2 of the experimental
values. The present simulation as shown in Fig. is modeled with total flow
rates of 40 ul/h in the central inlet and 80 pul/h in the lateral inlets and the results
from other flow rates are mentioned in the Appendix.

3.5.3 Representative Results from Simulations

As explained earlier, these simulations are performed in congruence with under-
standing the behavior and evolution of vimentin in the presence of mono and
di-valent salts during experiments. In this section, we intend to assimilate knowl-
edge about the change in concentration of the respective species and results from
generating streamlines along the central jet to explain time evolution of the reac-

tion kinetics.
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Flow-Focusing

Vimentin is injected into the central inlet and hydrodynamically focused by the
first lateral inlets (KCI inflow). At 5.5 mm downstream, it is focused again by
the second set of lateral inlets (MgCl, inflow) (see the cut in the x — y plane in
Fig.[3.12a,b,c,d). The focused flow achieved in one quarter of the device geometry
is sufficient to mimic the actual three-dimensional flow. Therefore, the values
obtained along the streamlines of this simulation are valid and the results obtained
due to the flow focusing are theoretically reproducible [63].

Change in Concentration of Different Species

Due to the small diffusion coefficient of vimentin, the concentration of vimentin
decreases merely by a factor of 2 from 4 mg/mL at the inlet to 2 mg/mL 10 mm
downstream at the last measurement position and the protein remains mostly in
the center of the laminar flow. By contrast, the much smaller and therefore faster
diffusing ions move into the central stream more readily and the final concentra-
tion of 70 mM KCI becomes distributed evenly across the channel width at about
4 mm downstream from the step at the central inlet. From here onwards, the KCl
concentration remains the same throughout the channel length (Fig. ). The
concentration of MgCl, increases approximately linearly from zero to ~ 4.5 mM
(Fig. 3.12k) starting from the second set of lateral inlets. The line-graph of the
change in the salt concentrations is shown in Fig. [63].

Calculation of Shear Stresses

There is an overall increase in the velocity magnitude over the length of the chan-
nel (Fig. [3.12d) due to the additional inflows from the second set of lateral inlets.
The increase in the velocity magnitude can be utilized to estimate the average
shear rates in the channel. Estimating the shear rates:

vy  0JUy
dx,  Odxy

’yxy = ( (3-5)

we arrive at ~ 3.2 s~1 between the first and second set of lateral inlets and
~ 5.5 s71 from the second set of lateral inlets onwards. In order to derive the shear
stress from these shear rates, the viscosity of the fluids needs to be taken into ac-
count. Since we consider only the first few seconds of assembly, and in agreement

with viscosity measurements form literature [77], we assume water viscosity and
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a) b)

=

=

L 4 mg/ml

Y KCI concentration 100 mM

L
X -:stepatx=y=z=0

d)
0 gCl, concentration 25 mM 3x10° m/s

Figure 3.12.: FEM simulations of the flow conditions and local concentrations in the
microfluidic devices. Simulations shown here are for a vimentin flow speed (central inlet) of
335 um/s (40 uL h—1) and salt buffer flow speeds for each lateral inlet of 310 um/s (80 uL h—1).
The mid-plane (x — y) is shown. (a) Vimentin concentration in the device. Enlarged are parts
of the inflow of KCI (first cross) and MgCl, (second cross). The vimentin concentration remains
high in the central part since the large proteins diffuse slowly; the concentration drops only
from 4 mg/ml to 2 mg/ml during the entire length of 10 mm (b) Change in KC| concentration.
KCl is injected at the first cross, diffuses into the central protein stream and remains at a
constant concentration when MgCl; is injected. (c) Change in MgCl, concentration. (d) Velocity
magnitude. Figure taken from [63] with permission.

thus derive shear stresses on the order of 5 mPa. We did not include the change in
viscosity upon assembly in our simulation since viscometry measurements show
that the viscosity increases only very little during the first seconds of the assembly
process [34, 39].
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Determination of Time Evolution for Reaction Kinetics in Microflow

Despite the obvious advantage of microfluidic mixing techniques employed to
ensure fast reaction kinetics, the discrete time scale calculation is not straight for-
ward. This is due to the absence of a well-defined zero time point and convolution
of mixing and reaction kinetics in flow. For determining the time evolution of the
involved kinetics, we employ the LiveLink for MATLAB provided by COMSOL
to first identify the streamlines which are crucial for a region of interest and then
integrate over a particular streamline to obtain the reaction times in an adapted
MATLAB code described in appendix A, based on the doctoral thesis of Martha
Brennich [50]. The MATLAB LiveLink combines the powerful FEM abilities of
COMSOL with the versatile programming environment of MATLAB. In order to
investigate the time scales on which the assembly reaction takes place, streamlines
in the flow are calculated starting at x = -0.35 mm with a spacing Ay = 1 ym
between the streamlines at the position of the inlet, but for better visibility only
a few streamlines are shown in Fig. However, volume elements of protein
solution are tracked only along the central streamline starting at z = y = 0. The
concentration of vimentin along this streamline is assumed to be constant because
Dy is rather small. The involved time scales are derived by integrating over the
inverse of the flow velocity along a streamline [63]:

s 1
t(s):/O @ds. (3.6)
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Figure 3.14:
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The results for the different sets of flow rates used in the experiments are dis-
played in Fig. For the example of the simulation shown in Fig. (40 uLh!
in the central inlet and 80 L h~! in the lateral inlets) the flow time from the step
to the second set of lateral inlets is 7 s and the total flow time is 9.5 s (red curve).
For reduced flow rates (dark green curve), the total time is 19.8 s and for faster
flow rates [63].
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Small Angle X-ray Scattering for Protein
Assembly Kinetics

“Broadly speaking, the discovery of
X-rays has increased the keenness
of our vision ten thousand times,
and we can now ‘see’ the
individual atoms and molecules... ”

William Henry Bragg, 1925

Small angle X-ray Scattering (SAXS) is a fundamental technique to elucidate the
structural information of matter in general and biological molecules in particular
[55]. When radiation interacts with inhomogeneities in a given macromolecular
sample, there is a deviation from the primary incident intensity resulting in static
elastic scattering at small angles. These recorded scattered intensities contain in-
formation of the structure of the native particles in near-physiological conditions.
This is an advantage because the SAXS tool offers access to the biomolecular struc-
ture close to their natural functioning state without the need to crystallize. SAXS,

not only considers the basic biological configurations but also offers an opportu-
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nity to analyze the changes that might occur due to the effect of external conditions
like change in concentration, pH and the effect of ions. Though this technique has
been traditionally perceived to be a low resolution tool (due to feeble signal ob-
tained from biological samples) in comparison to NMR and X-ray crystallography,
what makes it a powerful tool is the ability to distinguish between possible con-
formations in solution due to the direct and precise derivations from the atomic
scale, which is much closer to physiological conditions.

The information obtained and the analysis methods used, differ from conven-
tional crystallography. In a crystalline material, the diffraction pattern following
the Bragg’s law, has a set of sharp peaks whose positions are given by the atomic
spacing in the material. However, in solution SAXS, we do not obtain any char-
acteristic peak but a smooth varying intensity profile at the relevant scattering
angles. The signal obtained is characteristic of the the size which arises due to the
inhomogeneities that occur in a sample and the larger the size of the particle, the
lower is the scattering angle and vice versa [55]. When the scattering angles are
detected on a plane, it is always considered to be the interference of all scattering
waves due to their respective electron densities over all orientations.

This chapter focuses on SAXS as a powerful tool for the investigation of macro-
molecules where a few essential basic concepts are introduced in Sec. A brief
explanation of the different experimental setups from which the data is discussed
in this thesis is presented in Sec. The data analysis employed and the rel-
evant results from the two different experimental approaches of continuous and
droplet-based microfluidics are presented, respectively, in Sec . and

4.1 General Theory

In a basic scattering experiment, when X-rays irradiate a sample, two (elastic and
inelastic) of the many kinds of interactions (other interactions that occur are photo
disintegration, pair production etc) that occur can be considered:

¢ the electrons within the atoms of the sample are excited which resonate
the same frequency as the incident radiation and scatter coherent secondary
waves in all directions. In the forward direction all of them scatter in phase,
resulting in maximum intensity and the background radiation is almost con-
stant at small angles. The number of photons scattered is determined as a

function of scattering angle 26.
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* as we move to larger 26, there is some degree of destructive interference oc-
curring due to the particles (i.e., clusters of atoms) within the sample which
corresponds to a decreasing intensity. If the radius of the particle is R, then
the small angle scattering occurs for particles whose size is very much larger
than the wavelength A.

Typically, length scales probed with SAXS are in the 1-100 nm range, using X-rays
of wavelength of the order of 0.1 nm. Therefore, small angle X-ray scattering is
produced by inhomogeneities in the electron density of a material at length scales
much larger than the X-ray wavelength.

2D-detector
pixel area plane

Figure 4.1.: Schematic X-ray scattering diagram. The inset shows a vector diagram of the
elastic scattering process; k and k’are the reciprocal vectors of the incoming and scattered beams,
g is the scattering vector.

The basic scattering process is shown in the Fig. I; is the incident intensity,
I; is the transmitted intensity and I; is the scattered intensity. [ and L are the
lengths of the sample and the sample distance from the detector, respectively.
Also, k and k' are wavevectors of incident and scattered waves respectively. The
total momentum transfer in the sample is defined as the “scattering vector” 7,
where § = k' - k. Since the scattering, in the present case, is elastic k| = |K|, the
magnitude of 7 in terms of the scattering angle 26 is given by:

4.1
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q= 4% sinf 4.1)

where the dimension of 4 is one over length (i.e,, [%]), and the scattering
pattern is usually called the “structure in reciprocal space” whereas the particles
within the given sample are said to have “structure in real space” whose dimen-
sions are in [nm]. Hence, the interference patterns obtained on the given detector
plane are characteristic of the internal structure of the material based on the ori-

entation and distances of the atoms relative to each other.

4.1.1 Form Factor and Structure Factor

Let us consider a system of n electrons which have a charge density distribu-
tion of p(7), where 7 is the spatial variable. The electromagnetic field around the
object can be identified as either far-field (i.e., the relationship between electric
field component E and magnetic field component H is characteristic of any freely
propagating wave, where (in units where ¢ = 1) E and H have equal magnitudes
at any point in space) or near-field (i.e., the diffraction pattern in the near field
differs significantly at infinity and varies with distance from the source and the
relationship between E and H becomes very complex). The far-field scattering ap-
proximation can be applied in this context if the sample system size is less than the
sample-to-detector distance. An X-ray plane wave k; with an electric field strength
of modulus E; is incident on the electrons in the system exciting them which in
turn results in the emission of secondary waves. For a single scattering event,
the wave amplitude is E¢(7) and the secondary wave undergoes further scattering
only when the interaction between the electronic system and the electromagnetic
field is stronger. The resulting wave amplitude can be denoted in the kinematic
approximation where the incident wave is hardly modified by the material as it
passes through. Therefore, the scattered wave is seen as a small perturbation due
to an interaction of a very weak magnitude similar to the Born approximation
[78] (which is also a perturbation method applied to a scattered body where the
perturbation is considered accurate if the scattered field is small compared to the
incident field), as:
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The first term on the right hand side in Eqn. 4.2|is the non-interacting primary

plane wave which is normally blocked by the beamstop in an experiment. The
second term in Eqn. [4.2|is the scattering contribution.
Now, in order to arrive at the scattering intensities as a function of g from Eqn.
we consider the following: spherical waves interfere and are detected at a distance
L (typical at the detector plane) and the origin of these spherical waves are from
an infinitesimal element p(7)d%r in the given sample system. The amplitude of
the so-called scattered wave is mathematically proportional to the p(7) [79] and is
defined as:

Aq) = ro-/ p(7) A7 By (4.3)
Vol

where 7 is the Thomson scattering length (which is the classical electron radius
based on the relativistic model of the electron) and the product of ry and p(7)
is known as the “scattering length density” which is a measure of the scattering
power of a material. It is crucial in determining the contrast as explained in detail
in Sec.

Knowledge of A(7) (a complex function) from Eqn. 4.3 is sufficient to determine
the structure of a particle by obtaining the inverse of p(7) of that particle. However,
the scattering intensity of one single particle Iy(§) is given by the product of the
amplitude A(§) and its complex conjugate A(§)* where:

lo(§) = A(9) - A(§)" (4.4)

The scattering amplitude is not accessible by experiment but only the magnitude
of A can be obtained which is equal to the intensity of the scattered wave and for
a symmetric particle

Io(7) = |A@)* = (80)*V;P(7) (4.5)

where Ap is the difference in electron densities and is dealt with detail in Sec.
V), is the volume of the particle and P(7) is the form factor of a single particle
which determines the shape and size of that particle.

However, for a system of dilute monodisperse particles which are non-interacting,
the total scattered intensity I(7) of particles is then the sum of the intensities
scattered by each particle and is given by:

1(§) =) 1o(d,1) =} (8p)*V;,P(7) (4.6)

4.1
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For a system of inter-particle interactions, an interference term which is called the

structure factor S(7) has to be introduced:

1(7) = ). (80)*Vy:P(d)S(7) (47)

1

The structure factor S(§) bears information of the particle-particle interactions
such as inter-particle distance and the degree of order. In the analysis performed
for the data presented in this thesis, S(4) is assumed to have a value of 1 due to

geometrical constraints that determine the g-range.

4.1.2 Concept of Contrast in Particle Solutions

A crucial feature that plays an important role in X-ray scattering is the ‘contrast’
between the solute and the solvent. The ‘contrast’ or the ‘change in electron-
density” has a strong influence on biological molecules which are in their native
form synonymous with inhomogeneous internal density distribution. Therefore,
it is essential to choose a solvent which provides an appropriate contrast.

Since the scattering intensity of a monodisperse system such as Eqn. (for the
sake of simplicity) is dependent on its electron density er), we get a spatially
varying function comparable to inter-atomic separations in the system. If these
particles are dispersed in a pure solvent with electron density of ps, then for scat-
tering at small angles, the scattering density depends on the difference between

the mean particle electron density and the solvent electron density:

Ap = (p(7)) — ps (4.8)

as only the contrast between a particle and solvent can lead to the non-zero scat-
tering intensity in Eqn[4.6l For high values of Ap where Ap > p, contrast is
expected to be strong where the internal shape and structure can be determined
clearly against the solvent background. On the other hand, at low contrast for
Ap =~ 0or pzr) ~ ps, Ap is determined by the particle inhomogeneities such
that the particles in solution appear smeared and scattering intensities are close to
zero [80]. Therefore, contrast is an important sample parameter in SAXS. Chang-
ing the contrast of the solvent density increases the possibility to obtain additional
structural information such as in small angle neutron scattering (SANS) where the

particles are deuterated routinely in solution [81].
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4.2 Methodology of Data Treatment

In case of solution scattering, the 2D-scattering patterns acquired on the detector
plane during the experiment are further subjected to a thorough data reduction
either by radial or azimuthal integration to obtain the 1D-information. Secondly,
these 1D-curves are extended to elaborate model-free data fitting methods such as
Guinier approximation [82] and Porod’s analysis [83] in the respective wavelength
limits. This methodology is extended to elucidate the relevant physical param-
eters like the form factor (i.e., size, shape, surface) and the structure factor (i.e.,
length scales of inter-atomic interactions) of the system in question as discussed
in Sec. In this section, we discuss the relevant resolution limits necessary and
a brief explanation of the model-free analysis techniques employed for the data
presented in this thesis.

421 Resolution Limit

SAXS is a sensitive technique whose results can elucidate structural details of a
system i.e., size, shape and surface. However, the resolution limits are crucial.
Fixed geometrical limitations of the experimental setup such as the sample-to-
detector distance determine the observation window of the sample and hence

establish the resolution scale. Theoretically, measurement at a given gjqe, allows

the observation of density fluctuations in a sample at a distance of Djgeq =

This distance is equivalent to an “observance” window of diameter ‘12—”

ideal

fideal !
in real

space. This concept of the required resolution is illustrated in an example as
shown in Fig. Consider an ensemble of randomly oriented homogeneous
particles,

* the observance window “red” gives us information of the low g-domain in
real space where the window is large and accommodates several particles
within. The structural order of these particles can be elucidated which allows

the interactions in the system.

* the observance window determines the size, shape and internal

structure of one particle and can be termed as the intermediary g-domain.

¢ the window “yellow” is very small and the contrast is only seen at the inter-
face between the two media. This high g-domain called the Porod’s region

gives us information of the surface and interfaces.

4.2
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Figure 4.2.: Simple representative sketch to understand the resolution limits. Each color
determines the window of observance such as red gives us the structure factor, gives us
the form factor and yellow gives us information about the surface and interfaces. Figure is based
on the tutorial [84]

With the above considerations, data measured in the relevant resolution limit can
now be subjected to further morphological analysis which will be discussed in the
following sections.

4.2.2 Guinier Approximation

Guinier approximation can be applied to scattering at low angles which gives us
information about the intermediary g-domain from the explanation in Sec.
and Porod analysis can be applied for extracting the information at higher scatter-
ing angles. These model-free analysis tools are based on information at hand and
not any previously known sample structure [83].

In the long wavelength limit (i.e., the long wavelength limit is the limiting case
when the wavelength is much larger than the system size and is not applicable
to the value of the X-ray wavelength that we include in our experiments) where
gR — 0, a Gaussian curve can be approximated at small angles which gives us
information of the relevant form factor P(4§) and was first derived in 1939 by An-
dré Guinier. The approximation is based on the linearization of the data at small
angles close to the zero scattering angle and the curvature of the Gaussian at these
small scattering angles is due to the overall size of the particles in a system. There-
fore, the overall intensity of a system of particles as described by Debye (1915) for
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spherical particle geometry can be written as,

i) = [ pl ™y 49

where p(r) is the particle distance distribution function (i.e., distribution of dis-
tances between pairs of particles contained within a given volume) and I(g) is the
Fourier transform of the p(r) function. By expanding the sinusoidal function in
the scattering intensity in a series, we get,

sin(qr) _, _g°r* 4t
{ i ST } (4.10)

and now the Debye-function i.e., Eqn. 4.9 can be expressed as:

I(q)g/o4np(r)(1—qz6rz+...):/ r——/ PRdr+ ... (411)

The second moment of the distance distribution function is given by:

/ p(r) rPdr (4.12)
0
and the radius of gyration R, can be introduced in analogy with classical mechan-
ics as: .
7T Zd
R =1 /2% (4.13)
Jo p(r)dr

4 R2
ey . ~ )
Therefore by substitution in Eqn. I(g) = /0 p(r) (1 ¢4 +.. .)dr
(4 14)
The first term in Eqnn ie., fo r)dr becomes Iy and by substituting, Eqn

becomes: -
~ q°Rg
I(q) = I (1 - T) (4.15)

ZRZ
Eqgn. 4.15/is not a linear equation and the term 1 — ng can be expanded in the

Taylor series of e*. This substitution is an approximation and requires the g to be
small. Therefore, from Taylor series expansion of e* is given to be:

2 3 2R2

X _ 8
e =14+x+ o + 3' ..where x = 3 (4.16)
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By substituting Eqn. in Eqn. we get the Guinier approximation for spher-
ical particles to be:
7R
I(g)=Ilpe 3 (4.17)
where R, = \/g R which gives the overall size of the particle and R is the radius of
the spherical particle. However, the guinier regime for spherical particles is only
accessible upto qR; < 1.3. Generally, SAXS studies of protein kinetics interpret
structural changes due to scattering from smaller angles. This interpretation is
based on the Guinier approximation which gives the average radius of gyration
predicted to follow a relationship of the form for long rods:

—2R:2

I(q) g =Toe™ 2 (4.18)

where R.? is the radius of gyration of cross section of a rod and I is the extrap-
olated zero-angle intensity. However, scattering from larger angles also contains

valuable information and is described in detail in Sec. [4.2.3l

423 Porod’'s Law

The scattering at higher angles of a given g-range, essentially characterizes the
interface or surface between two media. This approximation in SAXS analysis is
called the Porod-Debye law and was first proposed by Giinter Porod in 1951 [83]].
According to this law, the scattered intensities at a small wavelength (gR > 1 with
the characteristic particle size R, but with the g value small enough to not being
sensitive to the atomic spacing [85]) follows a asymptotic decay which allows to
calculate the surface S of the particles.

. . _ 3 5
When gR > 1, the form factor P(q) for spheres has periodic roots at gR = =, 3¢

27
77”, ... and takes the form:
3 \2
P(g) ~ (4.19)
<<qR)2)
By substituting these values for P(g) in Eqn. the intensity can be written as:
9

I(q) = (Ap)*V;P(q) = (AP)ZV,ET4R4 (4.20)
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Considering the relation between V), and the surface of a sphere S, to be V,? =
[(5R)?] = (4)RES), we get:

I(q) = =—5s, (4.21)

Therefore, the SAXS intensity in the short wavelength limit is inversely propor-
tional to the fourth power of g and in the so-called “Porod region”, the sample is
not to be considered at an atomistic level; one rather uses a continuum description
in terms of an electron density. Data at high angles are assumed to follow a linear
plot in ¢q*I(q) against gq* coordinates: g*I(q) ~ Bgq* + A, and by subtracting the
constant B from I(gq), scattering of the corresponding homogeneous body (such as
a sphere, disc or a rod) can be approximated [55]. This approximation is generally
true for particles with different geometry (although derived from spheres) since it
gives information of the surface and not at the atomistic level. Although the stan-
dard form of the Porod-Debye law is sensitive in the context of a compact domain
bounded by a smooth surface and sharp interfaces, a variation in the intensity
can also be attributed to the particle dimensionality. This dependence or in other
words, the deviations from the Porod regime can be extended to the generalized
form of fractal geometry [86| 87]. The word fractal was coined by Mandelbrot
(1975) which is derived from the latin word fractus for broken. The non-integer
exponents of the power law can be expressed as deviations in systems with non-
Porod like behavior and is examined in detail for the results of the continuous
flow experiments in Sec.

Scale-Invariance of the Surface in Proteins

Extensive study of the vimentin assembly is prevalent which give quantitative
analysis of the size parameter and shape. But, there is limited study on the dy-
namics of the surface during the assembly and aggregation process of vimentin,
mainly undertaken by Brennich et al. with the “core and corona model” [51] and
Dammann et al. with the competitive binding due to counter-ion condensation
[54]. However, studies on scale-invariance such as the identification of fractal di-
mensions on protein exteriors is still in a nascent stage, especially in the determi-
nation of surface roughness of IFs. During assembly, the smaller subunits evolve
into three-dimensional structures whose surface and interfaces are often rough.

The formation process of these three-dimensional structures is based on physico-

4.2
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q° q? q? q? q*
swollen gaussian clustered rough smooth
chains chains network surface surface

Figure 4.3.: Sketch of the correlation between exponents and fractals. The first three
images account for the exponents obtained to explain the mass fractal dimensions and the 4!"
and the 5 image corresponds to the surface fractal dimensions. Figure is based on [88].

chemical parameters such as electrostatic potential as discussed in Sec. In or-
der to elucidate the surface roughness of the protein exterior, the most important
region of interest is the accessible surface area, for which several techniques can be
used. To quantify the roughness, fractal dimension is an index of characterization
of surface topography of a protein, accurately [89]. One such technique that offers

Figure 4.4.: Demonstration of geometric self-similarity. Figure is adapted from [89].
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the access of surface and interface roughness is SAXS, which by choosing the cor-
rect resolution or g-range and employing the Porod’s theory of asymptotic decay
[83], gives information of the exterior of the protein. A representative sketch of the
obtained surface topology is shown in Fig. The obtained fractal dimensions,
which signify surface roughness, are nothing but a scale of roughness that exists
over several magnitudes as depicted in Fig. This condition is called “self-
similarity”. A quantitative analysis and interpretation of the surface roughness in
vimentin is extensively explored in Sec. with respect to fractal dimensions.

4.3 Experimental Setups at Synchrotrons

SAXS experiments were performed at different beamlines of different synchrotron
facilities: the ID13 beamline at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France), the AustroSAXS beamline at ELETTRA (Trieste, Italy) and the
coherent-SAXS (cSAXS) beamline at Swiss Light Source (SLS) at the Paul Scherrer
Institute (PSI, Villigen, Switzerland).

Specific beamlines were chosen for the experiments since scanning a micro-channel
requires X-ray spot sizes which is of the micron size and are smaller than the chan-
nel width to avoid parasitic scattering. In this section, each beamline setup from
which data presented in this thesis will be described and a comparison will be

drawn with respect to the different experiments.

4.3.1 ID13, ESRF

Measurements were performed at the experimental hutch II of ID13 as sketched in
Fig. which provides the micron-sized focused beam [90]. The undulator beam
is monochromatized by liquid nitrogen cooled Si(111) double monochromator and
the beam mode is of uniform multibunch characteristics with a photon energy of
~ 12.5 keV. The micro-hutch beam is pre-focused with refractive beryllium lenses
and a defining collimator. The focusing of micron-sized beam onto the sample
is further done with Kirkpatrick-Baez (KB) mirrors. The microfluidic devices are
mounted on a custom-made aluminum sample holder which is placed on the
x — y — z motorized sample manipulator. Behind the sample stage, a beamstop is
employed to block out the primary beam intensity. A visible light microscope is
used for sample alignment prior to the X-ray measurements. The objective of the
microscope is moved into the beam path and the focus is calibrated to coincide

with the X-ray focus. This facilitates finding the focal plane of the X-ray beam
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Figure 4.5.: Schematic diagram of the beamline components at ID13 experimental hutch II,
ESRF.

for a region-of-interest for all samples. All experiments were performed at room
temperature.

For the continuous micro-flow experiment, the beam size was 5 x 5 ym? (horizon-
tal x vertical) and the sample-to-detector distance was 0.52 m. Data were collected
with a FReLoN 4M camera (2048 x 2048 pixels; 24 x 24 ymZ pixel size; 16-bit
readout; 70 mm Kodak CCD, developed by the ESRF detector group) and the ex-
posure time for each measurement position was 5 s. Consequently, the g,-range
was 0.24 nm ! - 9.21 nm ™.

For the droplet experiment of vimentin aggregation, the beam size was 5 x 3 ym?
(horizontal x vertical) and the sample-to-detector distance was 0.9928 m and the
gr-range was 0.0035 nm~! - 1.68 nm~!. Data were collected with MAXIPIX de-
tector (516 x 516 pixels; 55 x 55 um? pixel size; fast readout, photon-counting
pixel detector system developed by ESRF detector group). Short exposure times
of 10 ms with 3 ms dead time at every measurement position were employed. The
fast acquisition mode for droplets was possible due to the read-out capability of
the detector.

For the droplet experiment of vimentin assembly, measurements are performed

using a focused beam of 8x10 ym? (horizontal x vertical). The undulator beam
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is monochromatized by a liquid nitrogen cooled Si(111) double monochromator
and the photon energy is 13 keV. The white beam is pre-focused by large aper-
ture beryllium lenses. In the experimental hutch, the beam is focused by a set of
2 Beryllium lenses in a transfocator (i.e., two automatic lens changers) and colli-
mated by 3 apertures. The sample to detector distance is 0.76642 m providing a
qr range of 0.42 nm~! - 2.53 nm~!. Data are collected with an EIGER 4M detector
(2070 x 2167 pixels, 75 ymz pixel size, Dectris Ltd., Baden, Switzerland). Exposure
times of 10 ms with 3 ms dead time at every measurement position are employed
with a total exposure of 60.5 s at each point. Data acquisition is repeated 5 times
at each position.

microscope
’ &
detector
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microfluidic device

inholes
double-monochromators P
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vertical focusing
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. X-rays from the
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Figure 4.6.: Schematic diagram of the beamline components at AustroSAXS, ELETTRA.

4.3.2 AustroSAXS, ELETTRA Sincrotrone Trieste

At the Austrian beamline - “ AustroSAXS”, measurements were taken in the micro-
focus beam mode [91] and a sketch of the essential components is shown in
Fig. The photon source is the 57-pole wiggler from which the SAXS beamline
accepts discrete energy of 8 keV. The beamline optics consists of a flat, asymmetric-
cut Si(111) double crystal monochromator and a double focusing toroidal mirror
for pre-focussing. Since further focusing was unavailable, the beam was trimmed

to a necessary size by employing a pin-hole. The size of the pin-hole was 50 ym di-
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ameter which defined the spot size on the sample and the pin-hole alignment was
motorized. The microfluidic device was mounted on a custom-made aluminum
sample holder suited for the x — y sample stage manipulator. A portable visible
light microscope was used for sample alignment with the beam before measure-
ments. The beamstop was placed after the sample stage to block the primary
beam intensity and the photodiode was placed to collect the transmitted inten-
sities. The scattered intensities were detected on PILATUS 1M, a single-photon
counting pixel detector (172 x 172 ymz pixel size, 981 x 1043 pixels, DECTRIS®,
Baden, Switzerland). The detector was placed at 1.1 m and the corresponding
gr-range accessible was 0.05 nm~! - 1.58 nm~!. Glassy carbon and silver behenate
were used as calibrants for alignment and for determining the sample-to-detector
distance.

For the droplet experiment, the acquisition and measurement technique was based
on the idea of Stehle et al. [92], where scattered intensities of several droplets in

flow were averaged over the total exposure time of 10 min.
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Figure 4.7.: Schematic diagram of the beamline components at cSAXS, SLS.
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4.3.3 cSAXS, SLS

The schematic representation of the cSAXS beamline is depicted in Fig. 4.7| where
the undulator beam was monochromatized by a liquid nitrogen cooled Si(111)
double crystal monochromator to a defined photon energy of 11.2 keV X-ray beam
[93]. The beam is pre-focused with a focusing mirror which rejects higher har-
monics and focuses in the vertical direction and slits are used to further trim the
beam to a necessary size. In the experiment presented in this thesis, the beam was
focused to about a beam size of 30 x 10 um? (horizontal x vertical) and was not
focused to a spot but an extended focal length. The microfluidic device is mounted
on a custom-made aluminum sample holder which is placed onto an x — y motor-
ized sample manipulator. The microfluidic channel is aligned in the X-ray focus
using a visible light microscope. The sample can be aligned in the microscope
and then moved in-front of the X-ray focus since a calibrated distance between the
two exists. Behind the sample, there is a 7 m flight tube filled with helium with a
long-nose leading upto the sample position. The entrance window is a thin sheet
of mica, separating the flight tube vacuum of a few mbar from the surrounding
air and the primary intensities are blocked by a beamstop in the flight tube.

The total sample-to-detector distance was calibrated using glassy carbon and Sil-
ver behenate and in the current experiment was 7.2819 m. The scattered intensities
were recorded on PILATUS 2M, a single photon counting detector (1475 x 1679
pixels of 172 x 172 ym? pixel size, DECTRIS®, Baden, Switzerland). In the droplet
experiment, the acquisition and measurement technique followed was similar to
the one employed in Sec. [4.3.2}

4.3.4 Comparison of the Different Setups

A comparison of the different setups used at the different beamlines are presented
in this section. The main differences constitute the specific scientific question that
is addressed in each of the experiments, role of the beam flux, size and intensity
conditions adapted, measurement techniques and the beamline components used
i.e., such as focusing optics and detectors.

At the ID13 beamline, the experimental hutch II was operational for two microflu-
idics experiments whose results are presented in this thesis. The first one dealt
with the studies involving effect of mono- and divalent salts on vimentin assembly
and aggregation in continuous flow microfluidics. Towards this end, a microfo-

cused sized beam was adopted which could probe a jet focused to a few microns
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to match the length scales with a channel geometry presented in Sec. The
second experiment involved measuring unique aqueous-in-oil droplets in flow
where the aggregation of vimentin due to the presence of a divalent salt was
tracked using a device as explained in Sec. A microfocused beam was also
employed here. At both the AustroSAXS beamline and the cSAXS beamline, the
scientific question to be addressed was the assembly of vimentin due to the influ-
ence of monovalent salt in droplets using state-of-the-art PDMS-capillary device
mentioned in Sec. Comparatively, the beamsize at the AustroSAXS beamline
was focused with a pinhole thus losing a lot of primary beamflux. The other
beamlines had focussing optics that were either motorized slits or KB mirrors
which rendered a clean and a high intense beam. The measurement techniques
were different at every experiment. The technique adopted to scan the the contin-
uous flow experiment at ID13 is based on probing a specific region of interest in
defined step sizes, thus rendering a composite image mimicking the channel. For
the droplet experiment at ID13, short exposure times of 10 ms with 3 ms dead time
were employed. We used a micro-focused X-ray beam with dimensions of 5 ym x 5
pum which was incident at different points on the capillary whilst the droplets (di-
mension of about ~ 120 ym x 80 ym (h x v)) flowed by. Due to the small beam
size and the short exposure time, several acquisitions per flowing droplet were
possible. This strategy allowed us to distinguish clearly between the aqueous and
oil phase giving us better signal-to-noise ratio. At the AustroSAXS and cSAXS
beam-times, several droplets were allowed to flow by and the average signal over
several exposures (minutes at AustroSAXS and seconds at cSAXS) were taken into
consideration at one single point. Maxipix was used for its fast-frame rate at ID13
at both the continuous and droplet flow experiments. Pilatus photon counting
detectors were used at both AustroSAXS and c¢SAXS for averaging over several

flowing droplets.

4.4 Continuous-Flow Experiments

4.4.1 Results from Experiments

Parts of this section is published in the journal Biomicrofludics[63] and is repro-

duced here with permission.

We employ SAXS with a micro-focused beam to study the structural changes in



Continuous-Flow Experiments

vimentin during assembly in the presence of ions and parts of this section are pre-
pared for a publication [63].Since SAXS is an inherently “slow” technique due to
the required exposure times for weakly scattering biological molecules (5 s in this
specific case), we combine the x-ray method with continuous flow microfluidics.
The laminar flow conditions (the maximum Reynolds number is Rep.x = 0.4)
in the small channels ensure that by exposing a specific position, we ensemble-
average identical states of the assembly process. Therefore, the temporal resolu-
tion is given by the distance between the measurement positions along the outlet
channel rather than the exposure time. An additional advantage of the continuous
flow is the reduced radiation damage affecting the protein since it is continuously
passing by the x-ray beam. The microfocused x-ray beam (5 ym x 5 pym) has
dimensions smaller than the channel width (300 ym) leading to high spatial reso-
lution in real space.

The device is scanned through the beam in a rectangular lattice (step size Ax x Ay
is 100 yum x 30 pm) to localize the protein stream in the center of the channel.
This experimental strategy is shown in a composite image of the individual SAXS
patterns (Fig. [4.8). In Fig. the aspect ratio x/y of the SAXS patterns is shown
in a distorted way in order to match the anisotropic step sizes used in the scan-
ning. In Fig. the SAXS patterns are shown with their real aspect ratio. The
total intensity of each pattern along the main flow axis of the device is integrated,
normalized by the respective protein concentration derived from the simulations
and plotted against the position ! in Fig. [£.8b. The representative measurement
positions which we refer to in the analysis further down are circled in Fig. 4.8p.
As color code we use blue for vimentin in the presence of only KCI and purple for
vimentin in the presence of both KCI and MgCl, [63]. The composite representa-
tion of the individual SAXS patterns presented in Fig. shows that the channel
can be precisely mapped by employing the 5-ym-beam. The intensity (inverted
gray scale) is increased in the central stream where the protein is located (see also
detail in Fig. ). Furthermore, when moving along the x-direction downstream
the flow, the intensity increases upon addition of KCI (first set of lateral inlets) and
again upon the addition of MgCl, (second set of lateral inlets). Fig. shows an
initial increase in the total intensity when KCl is added. This increase is followed
by a decrease, which could be due to hydrodynamic shaping of the protein stream.
At the second lateral inlet, where MgCl, is added, we observe a large jump in in-
tensity [63].

We choose SAXS patterns, as indicated by the circles in Fig. 4.8, for further anal-
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Figure 4.8.: X-ray measurement strategy for continuous flow experiments (a) Composite
image of individual SAXS patterns taken at different positions in the channel; inverted gray scale,
i.e. darker regions refer to increased intensity; colored circles refer to the measurement positions
depicted in Fig.[4.9h. (b) The total scattered intensity along the main flow direction normalized
by the protein concentration. (c¢) Zoom-in of a detail from a. Note that whereas in a the aspect
ratio of the individual SAXS patterns have been distorted in order to match the aspect ratio
of the channel (line and column spacing in the scan are different), in b the SAXS patterns are
displayed as recorded.Figure taken from [63] with permission.

ysis. The data are integrated azimuthally and plotted against the scattering vector
gr, as shown in Fig. . The individual I(g) curves are shifted with respect to
each other by a factor of 10 for better visibility. In the past[35], we have analyzed
scattering from vimentin assembled in microflow at small g, values up to about
0.5 nm~! before reaching the noise level and performed a Guinier analysis of the
data. Here, with a complementary setup at a different beamline, we access higher

gr values before reaching the noise level. We therefore analyze the data according
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Figure 4.9.: Experimental results of SAXS for continuous flow (a) Double-logarithmic plot
of scattering curves. The blue data curves refer to vimentin in the presence of only KCl and the
purple curves refer to vimentin in the presence of both KCI and MgCl, as depicted in Fig. [£.8p.
The same color code is used throughout the figure and the text. (c) Representative data curve
with the fit range to determine power law exponents. Figure taken from [63] with permission.

to Porod’s law of asymptotic decay [83]:
I(q) o q" (4.22)

By plotting the intensities in a double-logarithmic representation, the slope is di-
rectly associated with the power law exponent dy. Interpretation of these values
will be discussed further below. The correct range applicable for Porod’s law can
be determined by plotting I(g) x g* versus q* and choosing a smooth linear region
limited by noise in the higher q,. An example is shown in Fig. The data
are fitted in the g,-range between 0.32 nm~! and 1.2 nm™! for all the datasets as
shown for a representative curve in Fig. [£.9p. These fits yield exponents from -2.2
to -3.2 for the influence of KCl and from -3.2 to -3.3 for the influence of MgCl,
for datasets with flow-rates of 80 L h™! in the lateral inlets and 40 uL h~! in the
central inlet. We find (see Fig. , red circles, triangles and stars for three indi-
vidual measurements) a steep decay in dy upon addition of KCl, whereas upon the
addition of MgCl,, the exponents remain constant. In comparison, for decreased
flow-rates (40 uL h~! in the lateral inlets and 20 uL h~! in the central inlet), the
exponents decrease in a more pronounced way when KCL is added (dark green
circles). For increased flow-rates (160 uL h™! in the lateral inlets and 80 uL h~! in
the central inlet), the exponents trace a less steep decay (light green circles)[63]].

The streamline tracking presented in the previous section allows us to translate
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Figure 4.10.: Fit determining the correct g, range for Porod’s analysis for X-ray data.
The I(g) x q* versus g* representation is called the Porod-Debye plot and is used to determine
the fit range for the analysis. The slope of the fit line must be positive. The goal is to find a
linear region by excluding the first few points arising from the beamstop at lower g-range and
noise at higher g-range [80l [94]. Figure taken from [63] with permission.

positions in the channels into flow times as shown in Fig. 3.13b. When plotting
the exponents versus time, as shown in Fig. , we find that the data for the
different sets of flow velocities do move closer together and for the two faster
velocities (160:80 and 80:40, light green and red) they even collapse, but not for
the slowest velocity (40:20, dark green). Note that in Fig. the position | =
0 deviates slightly (by about 150 ym) from the position where the protein first
encounters a threshold concentration of 10 mM KCI. By contrast, when plotting
the exponents against the concentration of KCl in Fig. [4.13p, the data collapse into
two groups, one with larger values at 0 and one with smaller values at about 70
mM. A plot of the concentration of KCL against time (Fig. ) reveals a fast
“jump” from 0 to 70 mM salt after about 3 s and thus explains this observation.
We therefore conclude that while fast, the assembly reaction is not instantaneous
and the temporal evolution is resolved in Fig. d.11b[63].
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Figure 4.11.: Fit exponents from Porod’s analysis for continuous flow experiments (a) By
fitting the X-ray data to Porod’s equation for the intensity decay, we determine the power law
exponents, which decrease during the influence of KCl and remain stable at the employed MgCl,
concentrations with respect to the length of the channel. The legend for the data points is the
ratio of the flow speeds of the lateral inlets to the central inlet in ulL h—1, e.g. 160:80 stands for
160 uL h~! in the lateral inlets and 80 uL h~! in the central inlet (b) Fit exponents d for each
dataset with respect to time scales for different flow speeds corresponding to Fig. . The
explanation for the legend follows as in (a) . Figure taken from [63] with permission.

4.4.2 Data Interpretation and Discussion
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Figure 4.12.: Results derived from the FEM simulations for flowrates 40:20 and 160:80
for the central stream line (y = z = 0) (a) Concentrations of KC| and MgCl, for 40:20. (b)
Concentrations of KCI and MgCl, for 160:80. Figure taken from [63] with permission.

By combining experimental microfluidics and numerical FEM simulations, we
obtain precise knowledge of the flow conditions in the microfluidic device. The
continuous flow approach offers high control of the mixing conditions which are
completely governed by diffusion in the laminar flow. It is well known that ad-

dition of KCl initiates the assembly of tetrameric complexes into bona fide IFs in
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vitro. We and others have also shown that MgCl, influences the nanostructure
of assembled filaments as well [37, 38| 39]. However, in previous SAXS studies,
we mixed the ions either each separately with the vimentin or at once, but not in
sequence [63].

Using microfluidics, we are able to mix in ions successively in a precise and con-
trolled manner as previously shown in a microscopy study[52, 53, 54]. Here, we
take this approach to the nanometer scale by employing SAXS and mixing in
monovalent KCl first and thereafter divalent MgCl,. The length scales probed
by our SAXS setup (approximately 3 to 60 nm) and the time scales defined by
the microfluidics parameters (up to 20 s) are adapted to the lateral assembly of
vimentin tetramers to ULFs. We observe an intensity increase along the center
stream upon addition of KCl, which is indicative of vimentin assembly and thus
stronger overall scattering. Mixing in MgCl, leads to an even stronger intensity
increase which can be attributed to thickening of the ULFs or to the formation
of larger aggregates. Moreover, we have observed in the past for vimentin, that
MgCl, accumulates in the unstructured tail regions of the filaments, which are
presented at the surface of the filament core and thus leads to higher relative scat-
tering [37]; the present data are in agreement with these results [63]].

In order to understand the structural-molecular changes, we analyze the Porod
exponents derived from the scattering curves. The standard Porod-Debye law
[83, 95] for the interpretation of the exponents requires a compact domain with a
smooth surface and sharp interface and leads to information of the shape of the
scatterers: d =4 for spheres, -2 for discs and -1 for rods. However, biomolecules
do not have such a smooth surface and the theory has been generalized to non-
integer values for fractal geometry as mass fractal dimensions [86, [87]. The pre-
dictions of this generalized theory are valid for (i) a monodisperse particles and
(ii) if the self-similarity conditions prevail over at least one full order of magnitude
[86,96]. Values between -1 and -3 for the exponents d correspond to the transition
of loosely packed, Gaussian-chain mass fractals to densely packed mass fractals.
Values between -3 and -4, by contrast, correspond to ever-smoother surfaces. We
are aware that for biological and technical reasons our data do not completely
fulfill the two conditions (i) and (ii) above, but still use the theory as a first ap-
proximation of the observed molecular processes [63].

Plotting the exponents dy against the channel position (Fig. [£.1Tp), we show re-
sults for three different sets of flow rates and three individual data sets were an-
alyzed in the case of the intermediate flow rates (red circles, triangles and stars).
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Their strong agreement underlines the reproducibility of the microfluidics mea-
surements. From the results of the simulations (see Fig. and and com-
pare to Fig. 1, 2 from Appendix. [C] and Fig. [£.12), we know that as the flow rates
decrease, the channel length needed for the ions to diffuse into the central stream
is shorter and the maximum ion concentration is reached at smaller values for
the channel position I. Thus, we observe an assembly and smoothening in the
presence of KCl for smaller values of | at the slowest flow rate (dark green data
points in Fig. , represented by a rapid drop in the dy values. The dy values for
higher flow rates show a drop as well, albeit not as rapid and not as pronounced.
Upon the diffusive addition of MgCl, up to a concentration of 2.5 mM, 4 mM or 7
mM for the different sets of flow rates, respectively, the exponents remain constant
indicating no further compaction of the assemblies. We also observe here that the
differing maximum ion concentrations reached for the different flow rates do not
significantly influence the results [63].

From these data we conclude that a critical concentration of KCl is necessary
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Figure 4.13.: Experimental results of SAXS (a) Fit exponents dy plotted versus the KCl
concentration, which rapidly jumps from 0 to about 70 mM as shown in (b). Figure taken from
[63] with permission.

to unblock the formerly unproductive head domains and thus initiate assembly.
Assuming a critical concentration of 10 mM][37], it is reached at / ~ 0.17 mm for
the slowest flow rate and only at [ ~ 0.5 mm for the highest flow rate. This cor-
responds very well with the positions where we measure a value for the Porod
exponent of dy ~ 2.7 for both data sets, which we thus assign to the onset of
lateral association of tetramers. Note that a critical protein concentration has not
been found so far[34] and ULF formation was observed even for protein concen-

trations as low as 5 ug mL~L.
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By contrast, when plotting the same data against the time axis (Fig. [£.1Tp) we see
the development of the nanostructure during a certain time period since first con-
tact with the ions. Interestingly, when plotting the data against time, the curves
for the faster flow rates (light green and red data points) collapse, but not the
data for the slowest flow rates (dark green data points). At this point we can only
speculate, what the reason for this observed behavior may be. Partly this differ-
ent behavior could be due to the more rapid addition of KCI and thus initiation
of assembly. Another possible explanation could be found in an influence of the
flow velocities and associated shear stresses. We do not observe anisotropy in
the scattering patterns and thus no orientation effect of the flow on the vimentin
assemblies. However, it is possible that the involved shear stresses change the be-
havior of the protein during assembly and in particular the tails of the monomers,
which stick out of the filament body forming a “bottle brush” structure [37], could
be influenced. A “slight” alignment of the tetramers by the flow could also influ-
ence the assembly speed since it would bring the tetramers already into the right
rotational orientations and thus decreases the number of degrees of freedom.

One of the major advantages of the microfluidic geometry used in the present
work is the possibility to mix the ions subsequently. In corresponding bulk SAXS
experiments, by contrast, all the ions have to be mixed with the tetrameric pro-
teins at once and the end state of the assembly process is measured in glass
capillaries[37]. Nevertheless, our present observation of a strong overall intensity
increase upon the addition of MgCl,, which is less pronounced for the addition
of KCl supports the idea of a direct, strong interaction of the divalent, but not
monovalent ions with the unstructured tail regions of the vimentin filaments [63]].
In a different microfluidic setting, employing picoliter drops imaged by fluores-
cence microscopy, we have previously exposed pre-assembled vimentin filaments
to different concentrations of MgCl,[52, 53| 54] and observed dynamics of the net-
work formation. In that study we found that a concentration of 10 mM MgCl,
represents a sharp threshold, above which vimentin filaments bundle into very
dense aggregates on a microscopic scale. Changes on the nanometer scale were
not observable by fluorescence microscopy. Here, we focus on lower MgCl, con-
centrations, which are closer to physiological conditions, and observe that the
surface character of the filaments is not influenced [63]]. Transmission electron mi-
croscopy (TEM), which is a complementary, nanometer resolution technique, leads
to consistent results, where no change in filament morphology could be observed
for MgCl, concentrations up to 4 mM [45]. Macro- and microrheology studies
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show a cross linking of vimentin filament networks in the presence of a few mM
MgCl, [44} 45], consistent with the increase of overall scattering intensity observed
in our present SAXS experiments [63].

To summarize and conclude, we present a microfluidic technique that enables
us to functionally activate an assembly-competent protein complex of the IF pro-
tein vimentin by addition of ions to non-filamentous vimentin, namely tetramers,
and observe the effect in a time resolved manner. The combination of SAXS and
microfluidics provides exactly the sub-second time scales and nanometer length
scales needed to study the association process of these proteins. Accessing the
Porod regime of g-resolution enables us to probe the surface structure of the
emerging assemblies. We demonstrate the effect of monovalent and divalent ions
in two subsequent steps: The addition of KCI at a critical minimal concentration
initiates the lateral association of average eight vimentin tetramers and in parallel
smoothens the surface of the protein assemblies. Addition of MgCl, up to 7 mM
does not significantly influence the surface but leads to a further lateral addition
of tetramers to the ULFs and to an accumulation of the ions in the side chains
which are present on the surface of the filaments. The observed smoothening of
the vimentin filaments in statu nascendi, which takes place on the times scale of
a few seconds, indicates that this is the time needed by the tetramers from first
encounter to the formation of an ordered structure, i.e. a full-width filament unit,
which is then ready for further longitudinal association with other ULFs, i.e. for
filament elongation. Thus, our combined microfluidics-SAXS experiments reveals
the time scale for assembly, which is not a one-step reaction but a process that ap-
parently takes several seconds. Our data for vimentin may have impact on other,

alerted IF proteins such as desmin or neurofilaments as well [63]].

45 Droplet Experiments

An enterprising method to study the biological processes in solution is to encapsu-
late them in pico-litre sized droplets. Here, we investigate the effect of monovalent
ions on vimentin assembly and the effect of divalent ions on the aggregation of
pre-formed vimentin filaments on the nanometer scale with SAXS. The advantage
of this technique is to prevent protein adherence to the channel walls (which oth-
erwise leads to clogs and disrupts the measurement) and to study the kinetics
as a function of time. An added advantage of flowing droplets to study protein

systems is the reduction of radiation damage. Two challenging steps for vimentin
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studies with X-rays are (i) development of a X-ray and droplet compatible device
(ii) an effective measurement technique to image the flowing droplets at a high
signal-to-noise ratio. By fabricating a composite PDMS - quartz capillary device
which is both X-ray and droplet compatible, we circumvent the first issue and is
introduced in detail in Chap. 3 Sec. Results of the combination of droplets
studied with SAXS with different measurement routines are presented in the fol-

lowing sections.

4.5.1 Results from Measurements at ID13, ESRF

The challenge of acquiring high-spatial resolution data with respect to the g-range
from flowing droplets is addressed here by combining a microfocussed X-ray beam
with dimensions of 5 ym x 5 ym and a fast acquisition mode. For this purpose, we
employ vimentin as a model system and track the early stages of vimentin assem-
bly and aggregation in the presence of K* and Mg?* confined within droplets.
For the vimentin assembly experiment, three aqueous inlets mix the tetrameric
vimentin with the K ions separated by a stream of 2 mM PB. For the aggregation
experiment, three aqueous inlets mix the pre-formed vimentin filaments with the
Mg?" ions separated by a stream of 100mM KCl. the droplets are then pinched-off
by the oil phase from adjacent direction as shown in Fig. [4.14a).

Since solution SAXS of native biological processes is a weakly scattering phe-
nomena, data taken at several positions along the quartz capillary enables us to
convert the spatial resolution into time resolution. To enhance the spatial reso-
lution, a microfocussed X-ray beam is incident at short exposure times of 10 ms
with a 3 ms dead time when the droplets (dimension of about ~ 120 ym x 80
pum h x v) flow by. Several acquisitions of ~ 12-15 exposures are possible per
flowing droplet due to the small beam size and the short exposure time as shown
in Fig. [4.15(a) (b) and (d). This strategy maps every flowing droplet and there is
distinguishable difference between the oil and droplet scattering patterns. When
the X-ray beam is incident at the interfaces between the aqueous droplet and the
oil, a highly anisotropic scattering pattern is recorded where a noticeable streak
develops.

Composite scattering patterns acquired at position ‘x’ over time are arranged
in rows for better visualization as shown in Fig. 4.15(b). The scattering patterns
with low intensity is attributed to arising from oil since they absorb X-rays more
strongly than the aqueous droplets. However, a higher intensity is recorded for

the edges of the droplets. Observation of the scattering from the different regimes
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Figure 4.14.: (a) An optical microscopy image of the geometry used for droplet generation
where the three aqueous components merge together and are pinched off by the adjoining oil
inlets at right angles [52] (b) Schematic of a droplet microfluidic- SAXS experiment, depicting
the composite PDMS-capillary device mounted on a xy stage and the X-rays being incident on
different positions on the flowing droplets. The on-axis microscope helps in alignment of the
device with the focus of the incident beam and the beamstop blocks the intense primary beam.
The scattered intensities are recorded on a detector plane rending a 2D scattering pattern. An
optical microscopy image of the geometry generating droplets from the PDMS segment as shown

in (a)

is increased when the the scattering intensity is summed and presented as an X-
ray dark field image shown in Fig. [£.15)c).

In order to eliminate the parasitic scattering from oil and the interface of oil and
droplet, thresholding of the scattering patterns is done based on the total intensity
from the dark field image. By setting the intensity values of the parasitic scat-
tering patterns to zero, the pattern from oil and the edges are discarded and the
signal from the aqueous droplets are averaged. All frames between two consecu-
tive streak patterns image the entire droplet end-to-end in the horizontal direction
during the course of the flow.

For the vimentin assembly experiment, integrating the now-averaged scattered
patterns from several hundreds of droplets, we obtain 1D-scattering profiles along
different positions on the capillary which amount to a time-resolution on the or-
der of milliseconds to seconds. The scattered intensities are shown on a double-
logarithmic representation in Fig. Since a correction for transmission through
the sample is not possible due to geometric and beamline constraints, a scaling of

the baselines for the curves is done to compare them. Position 1 corresponds to the
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Figure 4.15.: (a) Optical micrograph of a quartz capillary segment from the composite PDMS-
Quartz capillary device where the monodispersed droplets are flowing by. The “blue" dots cor-
respond to the representative scattering positions in the droplets. A corresponding image of the
scattering patterns from the actual droplets are plotted below. (b) Composite scattering images
are plotted with respect to time and scattering patterns from approximately 250 droplets are
arranged in rows for better visualization. A part of the marked single row is zoomed in (a).
(c) X-ray dark-field image of the droplets where the scattering intensity is summed. (d) 2D
scattering profiles from the different parts of the measurement are shown where the interface
between the oil and droplets produces a strongly anisotropic streak. The signal from the drop is
low and the signal from the oil is highly absorbed. (e) Scheme of the radial integration of the
2D patterns and binning.

closest point after the pinch-off, whereas position 10 corresponds to the last acces-
sible point on the quartz-capillary. The time resolution at position 10 is ~ 9 s. We
can infer that the vimentin assemblies seem to be growing as the overall intensity

at lower g, is seen to be increasing.

For the vimentin aggregation experiment, the scattered intensities are shown on

a double-logarithmic representation in Fig. The intensity curves are observed
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Figure 4.16: Integrated
1D-scattering  intensity
profiles measured at
different positions on the
quartz-capillary. Position
1 refers to the first
droplet position after the
pinch-off. The following
positions are measured
in chronological order for
vimentin assembly.

to have an upturn in shape at low g, indicating absorption by a thin layer of oil

on the capillary walls as demonstrated by [92]]. The intensity curves for the initial

measurements at positions (1) and (2), show very low or no sign of feature for-

mation between g,-range 0.3 -0-8 nm~!. However, the subsequent measurement

position hint at a developing form factor. If the time from the first point of mea-

surement until the end of the channel is 3 s, then effect of the 10 mM Mg?* on the

pre-formed filaments starts after 0.8 s.
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Figure 4.17: Integrated
1D-scattering  intensity
profiles measured at
different positions on the
quartz-capillary. Position
1 refers to the first
droplet position after the
pinch-off. The following
positions are measured in
chronological order. The
black arrow indicates
the increasing change
in the feature formed in
vimentin in the presence
of MgCl, with time.
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4.5.2 Results from Measurements at AustroSAXS, ELETTRA

Kinetics of assembled vimentin is investigated in the PDMS-Capillary devices
where freshly dialyzed tetrameric vimentin with 300 mM KCl is one of the in-
lets (before mixing and pinch-off, final concentration in droplets is 100 mM KCl)
separated by a stream of phosphate buffer (PB) at pH 7.5. The microfocussed
beam is defined by a pinhole of 50 ym to incident on the flowing droplet within
the quartz capillary with an inner diameter of 80 ym in order to avoid streaks
arising from the capillary interfaces in the vertical direction.

The acquisition and analysis technique in this experiment differs from the previ-
ously explained “high-resolution droplet mapping” in Sec. Due to the use
of PILATUS 1M single-photon counting pixel detector in the present experiment,
minimum sum of the acquisition, read-out and dead time between exposures is
larger than the frequency of the droplet-flow. Hence, short exposures and fast
acquisition is not possible. Therefore, the exposure times employed are 10 min-
utes where the scattering signal from several droplets flowing by are averaged.
Background measurements are applied to empty droplets containing KCl and PB
minus the vimentin prior to the actual experiment. Radially integrated intensity
profiles are plotted in a double-logarithmic scale which enables us to observe very
minute details in the given g, range extending from 0.05 - 1.6 nm~!. All curves
are background subtracted and are corrected for transmitted intensities as shown
in Fig.[4.18(a). Measurements are taken at 5 different positions along the capillary
which correspond for 5 different time points and the values are given in Table.
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Figure 4.18.: (a) Radially integrated SAXS curves of vimentin at different stages of the assembly
process. The black arrow shows the g, range at which there is structure formation. (b) Scaled-
intensity profiles of the curves from (a) for better visualization.
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Table 4.1.: Approximate time points corresponding to various stages of vimentin assembly based
on droplet flowrate.

measurement position on the capillary time
t 5 mm 09s
tr 13 mm 26s
t3 25 mm 5s
ty 30 mm 6s
ts 35 mm 7s

The intensity is lowest at t; (the first position on the capillary (at 5 mm after the
pinch-off which is considered the ‘zero” position) at time 0.9 s) which gradually
increases upto time 7 s as the measurement progresses. The black arrow points
towards a developing structure at around g, range of 0.28 nm~!. At this time point,
vimentin tetramers have laterally assembled into so-called unit length filaments
(ULFs). Thereafter, it is speculated that the elongation phase starts and a shoulder
merges, hinting at more pronounced structure formation.

4 5.3 Results from Measurements at cSAXS, SLS

The effect of monovalent ions on the vimentin intermediate filament (IF) assembly
are investigated at the cSAXS beamline. The effect of different concentrations of
KCI on vimentin are studied in this experiment. Similar to the experiment de-
scribed in Sec. the composite PDMS-quartz capillary devices are utilized for
the measurements where tetrameric vimentin is mixed with the K™ ions separated
by a stream of buffer. Three different experiments are performed to observe the
effect on vimentin assembly with end concentration of KCI (50 mM, 100 mM, 200
mM) within the droplet after pinch-off. The flow in different channels is controlled
using precise syringe pumps and flow rates are on the order of tens of microliters
per hour. Similar to the measurement process described in the previous sections,
different positions on the quartz capillary downstream of the pinch-off region are
probed converting spatial into temporal resolution. The X-ray beam (11.2 keV) is
focused to a spot size of about 30 x 10 um? and the SAXS signal is detected in the
transmission geometry at g, range of 0.04 - 1.8 nm ™.

As a control experiment, we first measure static SAXS signal in 100 micron-diameter
capillaries with unassembled tetrameric vimentin and vimentin assembled in 100
mM KCl (for 20 minutes). This is done prior to the actual measurements to check
for signal characteristics as shown in Fig. The radially integrated signal of

unassembled vimentin in low salt shows a a change in the total intensity over
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g which is characteristic of mono-disperse tetrameric units whereas the assem-
bled vimentin shows a steepening at low g, angles which indicates the effect of
KCI and the presence of larger particles in the scattering cross-section as shown
in Fig. a). These control experiments are complemented with quantitative
measure of the particle distance distribution function where the values for the
unassembled vimentin are r at 2.5 nm and D,;;, at 12.5 nm which indicates
tetrameric vimentin, whereas the assembled vimentin shows a larger r at 7 nm
with Djy at nearly 24 nm as shown in Fig. £.19(b). This helps in understand-
ing the signal characteristics in the static case which sets the basis for the time-

evolution experiments.
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Figure 4.19.: Control experiments for vimentin signal characterization(a) Radially inte-
grated SAXS curves of vimentin at low salt and at 100 mM KCI incubated for 20 minutes. (b)
Corresponding p.(r) of the two curves.

For the actual droplet experiment, acquisition method involves X-ray incidence
at a single position on the capillary for a exposure time of 20 minutes. The SAXS
signal is averaged over several droplets flowing by during this exposure. The aver-
aged scattered intensities are radially integrated and subtracted by a measurement
of buffer-filled droplets and corrected for transmission of the beam intensity. The
curves in Fig. a), (b), (c) are plotted on a double-logarithmic scale of radial
intensity I versus the scattering vector g,. Radially integrated and background
subtracted curves from 6 different positions on the quartz capillary are considered
for each concentration of KCI. The color code is same for the positions in ascend-
ing order of the measurement (e.g., positionl, black curve is the closest to pinch
off). The insets in the figures are scaled intensities for better visualization of the de-
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veloping feature. In Fig. as the measurement progresses, vimentin tetramers
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Figure 4.20.: (a) (b) (c) Radially integrated SAXS curves of vimentin at different stages of the
assembly process with respect to different concentrations. Steepening is seen at lower g, and
overlap accompanied with lower intensity is seen at higher g,. Inset shows arbitrarily scaled-
intensity profiles of the curves for better visualization.

laterally assemble into so-called unit length filaments (ULFs) after which elonga-

tion starts and a shoulder at g, ~ 0.24 nm~!

emerges, hinting at more pronounced
structure formation. The “shoulder” is more pronounced in the experiment with
100 mM KCl than the 50 mM KCl1 which can be attributed to the difference in the
salt concentration. The curves from 200 mM KCl do not show any form factor
formation and this could be because of higher salt which leads to faster assembly

and data is smeared out.
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4.5.4 Data Interpretation and Discussion

Combining X-rays and microfluidics provides for a highly controllable environ-
ment and a few aspects have already been discussed in the previous section.
However, several devices have been employed over the last years to make the mea-
surement technique as efficient as possible such as the evolution of 3D-NOA-81
stickers to study protein systems with flow focusing [35, 67], NOA-Kapton device
to study fixed keratin cells on Si3Ny windows [97], protein crystallography studies
in droplets [69] and X-ray studies on gold nano particles in flowing droplets [92].
In our studies, advantages of the composite PDMS-capillary device is the ability
to build it with ease, X-ray and droplet compatibility and portability. In addition,
the composite device is built with two materials: PDMS which is a standard poly-
meric material which enables easy method for droplet generation and the quartz
capillary which is a good material for droplet flow and measurement. No addi-
tional design of the geometry is necessary such as a step to avoid protein fouling.
Droplets containing several components can be produced depending on a unique
geometry which can be designed in the PDMS part. The short exposure acqui-
sition technique renders high signal-to noise ratio by thresholding the parasitic
scattering signal. Hence, our methods are reliable for obtaining high resolution
information and aqueous-in-oil environment make for a hassle free measurement.
Not only droplets, independent particles such as flowing cells can also be flow-
focused in the PDMS part and measured in the capillary region at a good signal
to noise ratio.

For the experiments done at ID13, vimentin is used as a model system to test the
efficiency of the device and fast acquisition accumulation technique. However, a
few aspects with respect to the influence of Mg?" ions on pre-formed vimentin
filaments can be examined. It is understood from previous optical microscopy
studies [52, 53], that accumulation of Mg?* ions on the surface of vimentin fila-
ments leading to compaction is seen only after 10 s. Therefore, it can be safely
speculated that the structure formation in our studies is an initial or intermediary
stage of vimentin aggregation. Further quantitative analysis is not possible due to
a non-linear Guinier region development which is common in weakly scattering
biological systems. A solution to improve th quality of the measurement is to in-
crease the contrast with a higher concentration of vimentin.

After testing the efficiency of the composite PDMS-capillary device, measurements

which shed light on the vimentin assembly process are performed at ELETTRA
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and cSAXS. Measurements at ELETTRA deal with the effect of K™ ions at 100 mM
concentration on vimentin assembly which have been previously studied in con-
tinuous flow experiments at several g, ranges in the work of Brennich et al
and in Sec. Since the accumulation technique employed is different from the
previously described short exposure acquisition, data obtained has lower signal
to noise ratio which observe elongation of vimentin filaments. The evolution in
the shape of the curves occur with 7 s which is a relevant time scale to observe
assembly initiation. These measurements are further repeated with a higher beam
flux at cSAXS proving a better SAXS signal.

In Fig. curves from [35] and the cSAXS droplet datasets each have 4 curves

Figure 4.21: Compari-
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for comparison. The curves from flow focused experiment are datapoints mea-
sured along the flow and the legend shows curves in ascending order of the po-
sitions (vimentin assembly in 200 mM KCl). The same colors are used for the
droplets to show data measured in the ascending order from the pinch off (e.g.,
position 1, blue curve is closest to pinch off and vimentin in droplets assembled
in 100mM KClI). Both datasets have a comparable g, range, which makes it eas-
ier to see the similarities and differences. Droplet curves are steeper at lower g,
compared to the flow focused curves (the Guinier region which gives us the size
parameter). This could be because the signal to noise ratio is poor in droplets ow-
ing to the influence of oil in the droplet experiment and since the scattering signal

is averaged over several droplets. A “shoulder” develops in the droplet curves
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as measurement progresses. Since every droplet contains the same concentration
of KCl and vimentin, mixing could be faster and hence the form factor develops
sooner than in the flow focused experiment. The concept of a pico-liter sized
droplet being an unique in-flow microreactor is similar to the reactions occurring
in stationary capillaries. This allows us to quantitatively compare the shape of the

radially integrated curves for vimentin filament assembly.
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Figure 4.22.: (a) Radially integrated SAXS curves of unassembled vimentin from ¢SAXS 2015
and from [37]. (b) corresponding p.(7) of the two datasets

To characterize the quality of the scattering signal, control-experiments of unassem-
bled vimentin at low salt (in 100 micron-diameter) is compared to the work of
Brennich et at. [37]. The general shape of the two curves are similar especially
at lower g, range and the D, values are comparable as shown in Fig.
A r value difference is observed between the two measurements owing to the
difference in the tetrameteric population found in the respective sample. When
comparing vimentin assembled in 100 mM KCl in Fig. we observe that the
angle of steepening at lower g, range is similar in the two datasets but the devel-
opment of the kinks is more pronounced in the work of Brennich et al. This is also
justified in the D,y values in Fig. b), since vimentin is assembled in epicups
for 15 hours and incubated in the capillaries before measurement, whereas the
control experiment at cSAXS has a limited assembly time of 20 minutes. From
this comparison and from the data presented in Fig. we can opine that the
length scales accessible with droplets have a particle diameter of ~ 20-25 nm in
real space with an assortment of various sized-populations seen from the shape
of the PDDFs. The time accessible is upto 7 s from the time of droplet pinch-off

which is sufficient to probe the initial kinetics of vimentin assembly.
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Figure 4.23.: (a) Radially integrated SAXS curves of assembled vimentin from cSAXS 2015 and
from [37]. (b) corresponding p.(r) of the two datasets

In conclusion from the studies of droplets, we demonstrate the development
of a state-of-the-art combination of X-ray/droplet compatible microfluidic device
and high-resolution measurement technique to study biological processes in flow
and in particular the effect of mono and divalent ions on the nanostructure of
vimentin. The advantage in droplet experiments lies in the fact that even a highly

adherent protein like vimentin can be studied by an emulsion confinement.

New Challenges in Protein Kinetics with Emulsion Science

A combination of X-ray scattering and continuously flowing protein samples is
a powerful technique to understand the kinetics induced due to factors such as
addition of ions, changes in pH, concentrations, temperature etc. Additionally,
studies extending from one-phase flow to a multi-phase phase flow are emerging.
A variety of bio-molecular process such as collagen assembly [98], DNA conden-
sation [99], RNA folding [72] and vimentin assembly [35] have been studied with
the continuous flow-focusing technique in the past. The use of continuously flow-
ing sample through the area of the exposed X-rays prevents radiation induced
artifacts since the sample flowing is continuously renewed. Also, measurements
at different positions converts spatial informations into temporal information by
probing positions downstream in the channel following the mixing and reaction
times. However, tracking kinetics in proteins can be very tricky due to protein
adhesion to the surface in a one-phase flow setup. A suitable technique to circum-
vent the limitations posed by one-phase microfluidics is droplet based multi-phase

microfluidics. Droplets serve as nano-liter vessels that compartmentalize the flow-
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ing samples by using small sample detection volumes. But new challenges emerge
when combining X-ray scattering and emulsions which are documented in 3 re-
ports so far: the Ismagilov group makes use of a composite microfluidic system of
polydimethylsiloxane (PDMS) and glass microcapillary to perform protein crystal-
lization in aqueous droplets. The reactants are combined in the PDMS microchan-
nel and then emulsified to form droplets which then are collected in the capillary
and probed by in situ X-ray diffraction [69]. But this approach does not exploit the
advantages of SAXS analyses in continuous microfluidic flow. The Pfohl group
study the liquid crystal 8CB to form drops in water probed by SAXS in the mi-
crochannel [100]. The Seiffert group focuses on obtaining quantitative data from
flowing droplets with SAXS which compartmentalize gold nanoparticles as test
material [92]. Apart from these 3 papers, no work to the best of my knowledge
has yet been published which takes advantage of this promising approach of flow-
ing droplets and X-ray scattering with low sample consumption.

In the domain of this thesis, we present a combination of droplet-based microflu-
idics technique with SAXS detection to establish a methodology which can be
extended to various biological process to obtain quantitative results with a high
signal-to-noise ratio. The main advantage of such a system is the utilization of
small drop volume and low sample consumption, since the sample is made to
continuously flow within droplets through the beam. However, it helps to un-
derstand the nuances of the scattering signal from the small sample volume since
the scattering power of an object highly correlates to its irradiated volume of the
sample. Typically, the higher the electron density (i.e., higher sample volume), the
more waves scatter. If the sample is just one particle of volume V; with an electron
density of p;, then Vjp; wave amplitudes are scattered. The intensity (i.e., detec-
tor read-out) is the square of all wave amplitudes that come from this volume.
Therefore, the total scattered intensity of this particle I;(g) is [94) [101]:

Ii(g) =Ih-p1* - V*- X (4.23)

where X stands for the inter- and intra-particle interference factors. However, in
our approach the scattering from the small sample volume can be compensated
by the detection method. Here the short exposure times “map” each flowing
droplet giving us a high resolution in a localized real space. Thus the crux of
this technique lies in the fact that emulsion science offers several possibilities for

studying protein kinetics where small volumes can be effectively controlled and
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tracked at high-resolution. One may find the applications of this approach to ex-
tend to studying encapsulated proteins or even other biological substances such as
red blood cells by using 3rd-generation synchrotron sources or X-ray free-electron
lasers [102} [103].

4.6 Summary and Closing Remarks

In this chapter, we have confirmed that SAXS is a suitable technique to probe
structures on the order of nanometers. Since it is inherently a “slow” technique,
we combine it with microflow to gain a high temporal resolution with respect to
vimentin assembly kinetics. For this purpose, we adapt two different microfluidic
approaches:

¢ In the continuous-flow experiments, the serial-inlet device geometry lets us
add the ions in a subsequent manner. We can access the surface sensitive
Porod region of the scattered intensities of the assembling vimentin. Hence,
observations of the simultaneous smoothing and compaction of these inter-

mediate vimentin assemblies are made on the order of seconds.

¢ In the droplet experiments, prevalent challenges such a clogging seen in one-
phase flow are eliminated. Measurement of the droplets containing vimentin
and monovalent salt is done in two ways: a fast acquisition method with
shorter exposures and a longer acquisition method with constant exposure.
Of the two, we prefer the fast acquisition method due to a higher signal-
to-noise ratio in the measurements. We have, thus, shown a high-spatial
resolution state-of the-art measurement technique to obtain information of

flowing droplets, for which vimentin acts as a model system.

Insights into Concentration Variability for Assembly Process

The interactions underlying the self-assembly process of vimentin can be under-
stood broadly based on two different approaches:

* a static scenario where the volume and the initial concentration of both the
protein and ions remain constant and snap-shots of the interacting parti-
cles can be obtained to give us information of the assembly and elongation

process.

4.6
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* a dynamic scenario where the concentration of protein and ions changes
with time, which takes into consideration the attractive and repulsive forces

governing the interactions.

Solution SAXS in capillaries and light scattering experiments can confirm the
salt concentration independence (within the sample volume) on the self-assembly
process of the first case. However, the continuous flow experiments with SAXS
renders a concentration dependent scattering which will likely lead to either inter-
particle interference or aggregation effects if a critical concentration is not implied
[104]. Therefore, by employing time-resolved SAXS, we reach a minimal critical
concentration of the monovalent ions which is necessary to unblock the formerly
unproductive head domains in the vimentin tetramers and thus initiate assembly
as discussed in detail in Sec.
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Figure 4.24.: Demonstration of scattered intensity variation as a function of protein
concentration. a-crystallin solutions as a function of protein concentration are shown, at 20 °C,
in 150 mM phosphate buffer at pH 6.8. An increase of protein concentration induces a decrease
of the scattered intensity and of the structure factor at low angles, which is characteristic of
repulsive interactions. Graph is adapted from [105].

In a scattering experiment, concentration effects become visible at small angles
where a descent in the intensity at small angles is typical for repulsive interaction
potentials and a intensity increase indicates attractive interactions signifying self-
aggregation processes. An excerpt of the variation in concentration for a-crystallin,
an eye lens protein is shown for demonstration of the interactions in Fig.

With these conditions into considerations, we explore the concentration variability



Summary and Closing Remarks

of vimentin in the assembly process with static light scattering (SLS) in Chap.
where the initial concentrations are very dilute in comparison to the initial concen-
tration used in SAXS experiments. To account for the interactions seen between
vimentin and the ions at low protein concentrations with SLS, Zimm analysis is
performed as explained in Sec. There the intensity is extrapolated to zero
scattering vector angle (‘zero’- q) and zero concentration yielding parameters such
as the molecular weight and the radius of gyration (size parameter of the assem-

bling particles).
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Time-resolved Light Scattering for Vimentin

Kinetics

Oh leave the Wise our measures to
collate.

One thing at least is certain, light
has weight.

One thing is certain and the rest
debate.

Light rays, when near the Sun, do
not go straight.

Sir Arthur Eddington, 1919

Impact of ion valency on the assembly of vimentin is previously studied by a
combination of microfluidics and SAXS [35] and solution SAXS for structural de-
tails of assembling intermediates [37| [106] to elucidate sizes upto ~ 16 - 25 nm
diameter of the filaments. Quantitative imaging of the vimentin filaments in the
advanced phase of the assembly process with structures that are several ym long
are studied with optical microscopy techniques [33} 42]. Influence of divalent ions

on the network formation of vimentin filaments in droplets which are of the order
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of several hundred ym have been studied with florescence imaging [52} 53, [54].
However, information of the intermediate length scales that follow vimentin fil-
ament elongation (inaccessible by both X-rays and optical microscopy) has been
missing. Therefore, light scattering experiments on vimentin are performed as a
bridging technique to access the longitudinal assembly of vimentin IFs by analyz-
ing the time-dependent length distribution.

In this chapter, time resolved multi-angle combined dynamic light scattering (DLS)
and static light scattering (SLS) experiment is performed to evaluate the assembly
and elongation process of vimentin due to the influence of KCl. Averaged values
for the radius of gyration Ry and the hydrodynamically effective radius together
with the mass values of the developing vimentin filaments are elucidated. A brief
theory of SLS and DLS is explained in Sec. 5.1| followed by the experimental pro-
cedure for the measurements in Sec. where focus is on the instrument that
performs time resolved simultaneous SLS and DLS. The instrument is utilized for
a simultaneous recording of the time resolved evolution of the kinetics of vimentin
assembly. This enables to follow growth processes with a time resolution of ‘sec-
onds to minutes’. The simultaneous time resolved technique was first applied to
the investigation of aggregation process of azo dyestuff mixture in the presence
of Mg?" in a custom-developed multi-angle scattering instrument [107]. Subse-
quently, the results of the time resolved tracking process and a kinetic model for
filament growth are proposed in Sec.

Parts of this chapter (Sec.[5.2land Sec. are a preliminary version for a manuscript
which was initially prepared. It was iteratively written and improved over several
versions and later published in Proceedings of the National Academy of Sciences
(PNAS, USA) [108]. Author contributions are as follows: Carlos G.Lopez and
Oliva Saldanha are co-first authors and contributed equally to the work. Klaus Hu-
ber and Sarah Koster designed the research; Carlos G.Lopez and Oliva Saldanha.
performed research; Carlos G.Lopez analyzed data and performed theoretical cal-
culations; Carlos G.Lopez, Oliva Saldanha, Klaus Huber, and Sarah Koster wrote
the paper; Oliva Saldanha prepared protein samples; Klaus Huber interpreted
data and performed theoretical calculations; and Sarah Koster interpreted results.



Theory

5.1 Theory

5.1.1 Static Light Scattering

The basic principles governing static light scattering are analogous to X-ray scat-
tering which is discussed in Sec. Both processes are based on elastic scattering
of electromagnetic radiation (Rayleigh scattering), where the energy (and there-
fore the wavelength) of the incident photon is conserved and only the direction of
the scattered photon changes. In this case, the scattering intensity is proportional
to the fourth power of the reciprocal wavelength of the incident photon. As shown
in Fig. from Sec. the scattering vector § = k' - k varies with both the scat-
tering angle and the wavelength. Therefore, in a typical scattering experiment, be
it SLS or X-ray, the angle 26 or A or both can be varied to observe the scattered
intensity in the relevant g-range. Since the process occurring is elastic, the wave

vectors of incident and scattered waves are equal |k| = |k’|. From the cosine rule,

P =K + K — 2Kk cos
= 2k*(1 — cos8)
.o /0
= 2k [2s1r12 (E)}

e )

1 un ()

From Bragg’s law, we get nA = 2d sin (g) , where d is the distance between two

atoms. For n =1, the length scales accessible in “q” - space is given by g ~ %.

(5.1)

An example of the real space distances accessible by light and X-rays are shown

in TabB.1l.

Table 5.1.: Accessible real-space length scales

q - range (nm~!)  distance d

visible light 10~* - 0.05 0.1 ym - 60 um
X-rays 0.002 - 10 1 nm - 30000 nm

In a typical light scattering experiment, the measured scattered intensity for a

5.1
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system of small interacting particles is given by:
1(7) = c(8p)*VZP()S(7) (5.2)

where c is the concentration of the particles in solution, Ap is the difference in
electron densities, V, is the particle volume, P(7) is the form factor of a single
particle which determines the shape and size of that particle, S(7) is the struc-
ture factor which gives arrangement of particles in solution and in the case dilute
dispersion with non-interacting particles, we assume S(7) = 1. Here, we bring to
attention that the Eqn.5.2is the same as Eqn. which was previously explained
to understand the scattering by X-rays.
The Rayleigh-Gans-Debye (RGD) theory is the most common theory used to de-
scribe light scattering. This theory assumes that light is not attenuated with the
particle (adsorption) nor is it reflected at the medium-particle boundary. This

occurs if the following conditions are true:

1—-m| <1

27, (5.3)

A

all—-m| <1

where A is the wavelength of light, m = ':T’: is the relative refractive index (R.I) i.e.,
the ratio of the R.I. of the interacting particles to the suspension medium and a is
the characteristic size of the small objects.

Two conditions occur within this assumption
¢ Each particle scatters as if isolated or unperturbed from the other particles

¢ Each particle is subjected to the same electromagnetic radiation of the inci-
dent light (no effect of absorption is taken into account)

In such a situation, the RGD assumption enables us to write the scattered inten-

sity collected at the angle, 0 at a distance R from the sample as:
0
I(g,c) = Iﬂ;(z)chApZVpZP(q) (5.4)
0

which is a variant of Eqn. Here I; is the incident intensity, f(6) is the
geometrical factor accounting for the polarization of incident and collected light,
V, and V; are the particle and scattering volumes. Only P(q) remains since we

assume S(q) = 1.
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A typical application of the scattering intensities from a protein or a polymer
is the determination of the weight averaged molecular weight of the solute M.
Simultaneously, by measuring the scattering intensity at different angles the root
mean square radius called the radius of gyration Ry can be determined and by
measuring the scattered intensity for one macromolecule at various concentrations
gives the second virial coefficient Aj.

The most common method to approximate the scattered intensities from a dilute

solution of weakly interacting particles is given by the Zimm equation:

K 1 1
= ———— +245c ~ —(1—1—

Ke ‘72<Rg2>z
RG P(Q)Mw Mw

: ) + 2450 (5.5)

where Ry is the excess Rayleigh ratio, c is the concentration in g/L, K is a

2
413;1}1\542 ( chrCt ) , N4 is Avagadro’s number, 15 is the R.I of the

constant given by K =

solvent, (%) is the R.I increment of the solute in the solvent, g is the scattering

vector, A is the wavelength of the laser, 0 is the scattering angle, M, is the weight
averaged molecular weight of the solute, (Rgz) is the z-averaged square radius of
gyration, A, the second virial coefficient and P(q) is the form factor of the solute
particle.

The approximation P(q) ~ 1 + @ holds when gR, < 1, where Rq = 1/ (Rg?).
[109] 110].

The form factor for thin rods of length L is given by [111) 112]:

sin(qL/2) )2

P(g,L) = ;L /0°° sin(qL)/ (qL)dL — ( 72 (5.6)

For polydisperse systems, the form factor P,(g) is the z-average over a distribu-

tion of particle sizes:
“w(L)LP(g,L)dL
P.(q,L) = Jo iy (5.7)
fo w(L)LdL

w(L) is the weight distribution function of particle length L, which can be mod-
eled by a Schultz-Zimm (SZ) function, based on the weight average of the length
Ly [109]:

_z+1lzn L7 (z+1)L
o) = (7)) tean® ( T) (:8)
where T is the Gamma function. The z-average of the squared radius of gyration

(Rg2> » for polydisperse thin rods following a SZ distribution is given by [113]:

5.1
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Cuvette with

sample

lens D RS lens
g S detector

S~

Figure 5.1.: Schematic Static Light Scattering Image. A laser is illuminated on a cuvette
containing the sample to be analyzed. One or many detectors are used to measure the scattering
intensity in dependence of the scattering angle 6.

(z+3)(z42) Ly?
(Re'): = (z+1)2 12

(5.9)

The first to third moments of the molar mass for a SZ distribution are related
by:
M, z—i—l‘% z+2
M, z "M, z+1
The second virial coefficient for cylinders of diameter d is approximated by
114]:

polydispersity(p.d.) = (5.10)

As

_ Namd’L (1 n %( d ml)) (5.11)

V2 1+i)(1+£

5.1.2 Dynamic Light Scattering

Dynamic light scattering (DLS) (also known as Photon Correlation Spectroscopy
or Quasi-Elastic Light Scattering) is an important light scattering technique that
is useful in determining particle sizes of molecules upto 1 nm diameter. Typi-
cal applications are micelles, emulsions, polymers, nanoparticles, colloids, poly-
mers [115] and more recently in organic studies such as proteins in food science
117]. The basic principle involves the sample being illuminated by a laser
beam and the fluctuations of the scattered light detected at a known scattering an-

gle 0 by a fast photon detector. DLS measures these time-dependent fluctuations
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(occurring due to Brownian motion of the molecules in solution) in the scattering
intensity to determine the translational diffusion coefficient D (also adapted at D,
in the present scenario which is the z-averaged diffusion coefficient) and subse-
quently the hydrodynamic radius Ry where the rate of the intensity fluctuations
is dependent on the size of the particles. Therefore, it is critical to have a solution
devoid of dust or artifacts from the solution which can be removed by filtration or
centrifugation.

The measured data in a DLS experiment is the autocorrelation curve as given in
Eqn. Embodied within this correlation curve is all of the information regard-
ing the diffusion of particles within the sample being measured. The second order
autocorrelation curve is generated from the intensity trace by:

_ (I(to) I(to +1))
20 =i

(5.12)

where ¢»(t,4q) is the autocorrelation function at a particular wave vector, g, and
delay time, t, and I is the intensity. The diffusion coefficient D or D, is our case,
is calculated by fitting the correlation curve to an exponential function, with D,
being proportional to the lifetime of the exponential decay. Ry is then calculated
from the diffusion coefficient using the Stokes-Einstein equation, where kg is the
Boltzmann constant, T is the temperature, # is the medium viscosity, and f =
67t Ry is the frictional coefficient for a hard sphere in a viscous medium and is
shown by:

kT kT
- f _67'[17RH

The second-order intensity autocorrelation function can be related to the first order

D, (5.13)

field autocorrelation function by Siegert’s equation as follows:

&(tq) =1+ Blgi(t, )] (5.14)

where B is a constant dependent on the geometry and focus of the laser source.
For a monodisperse population of the solute, the first-order autocorrelation is
treated as a single exponential decay by:

g1(t,q) = e 1t (5.15)

where T is the decay time. Generally, a distribution (G(I')) of decay times is

5.1
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expected for a polydisperse system:

a(t,q) = / G(I)e'dr (5.16)

A simple approach [118, 119, [120] to extract the moments of the distribution is
by a modified cumulant method, where g1 (¢, q) is expanded as:
pot®  pat? )

gi(t,q) =1+ - 4

5 3 (5.17)

with T, y2 and p3 the first, second and third cumulants respectively. Due to limita-
tions in data quality, it is common to fit g1 (¢,q) with only the first two cumulants.
In dilute solution, I' depends on the scattering vector in the low g limit as:

r

5 = Dz(1+¢%(R3):C + kpc) (5.18)

[

C is a constant and D, is the z-averaged diffusion coefficient and kp accounts
for the concentration dependence of T'.
The first cumulant I' is used to calculate the z-average diffusion coefficient D, via
Eqgn. The second cumulant y, in Eqn. is the variance ((I’?), — I'2) of T.
It can be used to calculate the polydispersity p.d. = My /M, =1 + 1/z of rod like
molecules [121]]:
Mw Ha

=14+ 5.19
M, + I?2 ©-19)

The z-averaged diffusion coefficient for a polydisperse cylinders, where the

length distribution follows the Schulz-Zimm formula given by [122]:

D, = 322 (1 + \/E(‘{’(l tz)—1- ln((z 'I:)d» (5.20)

where d is the cylinder’s diameter and Y is the digamma function.




Experimental Section

5.2 Experimental Section

5.2.1 Determination of Protein Concentration

Concentration of dialyzed tertrameric vimentin in solution is determined by Nan-
oDrop ND-1000 spectrophotometer (NanoDrop™ Technologies, Wilmington, USA)
which is based on UV-spectra recorded at a wavelength of 280 nm as explained
in Sec. 2 uL protein volume per reading is sufficient for the measurements.
Nominally, the mean of atleast three readings are performed to determine the
final protein concentration. The concentration of several protein samples (= 20
samples) is obtained before and after the filtering. The filtering procedure is ex-
plained in Sec. Both the initial and final concentration values do not show
any effect with regard to filtering. Hence, it is concluded that absorption of protein

while filtering is non-existent.

5.2.2 Preparation for Light Scattering Experiments

Cylindrical quartz cuvettes from Helma with a diameter of 20 mm are used as
scattering cells. Prior to any measurement, cuvettes are cleaned from dust by con-
tinuously injecting freshly distilled acetone from below for 5 min. All aqueous
solutions (phosphate buffer, KCl and tetrameric vimentin in solution) are filtered
with 0.22 ym cellulose ester filters before each measurement. These filters are first
washed with the appropriate solvents before use. In order to track the kinetics of
assembly and elongation of vimentin, 3 mL of vimentin solution is filtered into a
cuvette followed by 3 mL of the KCl which is dissolved in 2 mM phosphate buffer.
The cuvette is shaken to promote mixing and placed into the slot for measure-
ments in the light scattering instrument. A dead time of 15-30 s is recorded for

several samples before the actual reading is taken.

5.2.3 Combined Setup for Time-Resolved SLS and DLS

An ALV /CGS-3/MD-8 Multidetection Laser Light Scattering Goniometer System
simultaneously analyzes static and dynamic light scattering at 8 different obser-
vation angles (see Fig. 5.2). The angle between two neighboring detectors is 8°.
A laser at a wavelength of 632.8 nm and a power of 35 mW (HeNe laser, Soliton
Laser- und Messtechnik GmbH, Giching, Germany) is used as a light source. The
full accessible regime of momentum transfer is 0.0046 nm~! < g < 0.024 nm!,

depending on the solvent. The array of detectors as a whole can be freely rotated
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around the goniometer between a minimum scattering angle of 20° for the left
most detector and a maximum scattering angle of 136° for the right most detector.
Each of the eight detectors contains an avalanche photodiode along with a photon
correlator. In this way, the static scattering intensity and the intensity correlation
can be recorded simultaneously over an angular range of 56°, which allows for
the extrapolation of both the SLS and DLS results to zero scattering angle [107].
A second combined SLS/DLS instrument (see Fig. with two detectors at a
single angle is employed for samples which are not time-dependent (prior to the
addition of salt) or for measurements with slow kinetics such that no significant

change occurred in the typical acquisition time for a scattering curve (= 5 min).

Figure 5.2.: Photograph of the 8-angled light scattering instrument. The ALV/CGS-3/MD-
8 Multidetection Laser Light Scattering Goniometer System simultaneously analyzes static and
dynamic light scattering at 8 different observation angles.

Figure 5.3.: Photograph of the single-angled detection light scattering instrument.The
ALV 5000E Compact Goniometer System (ALV 5000E CGS) simultaneously analyzes static and
dynamic light scattering at variable observation angles, single angle at a time. A laser at a
wavelength of 632.8 nm and a power of 35 mW (Soliton HeNe) is used as a light source.
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5.2.4 Treatment of Scattering Data

Absolute calibration of the measurements is done against toluene. The recorded
scattering intensity of the buffers (KCl in 2 mM phosphate buffer) is subtracted
from that of the sample. For kinetic readings, where only 8 angles are available,
Rq, My, D, and C were obtained from linear regression of equations from Sec.
setting A, and kp = 0. M, /M, was obtained from least squares fitting of Eqn.
The protein refractive index increment Z—’Z is assumed to be 0.184 for all
samples [123]. For full angular readings, where a wide g range is available, data
was either fitted using the above procedure, or using Eqn. with z fixed at the
value obtained from Eqn.

5.3 Results from Combined SLS and DLS Experiments

Parts of this section are prepared for a manuscript and have resulted from collabo-
rative efforts with Prof. Klaus Huber and Dr. Carlos Lopez, Paderborn University,

Germany.

5.3.1 Influence of KCL on Kinetics of Vimentin

Time resolved simultaneous SLS and DLS measurements are performed on the
vimentin samples in the concentration range of 0.09 g/L to 0.06 g/L to track the
kinetics of vimentin. Results of the study of 0.07 g/L vimentin (initial concentra-
tion) upon the influence of 0.05 M KCl concentration are presented in this section.
The initial conditions of the vimentin sample obtained from the measurements
at the single-angled SLS setup has the molecular weight M,, ~ 3 x 10° g/mol,
radius of gyration Ry ~ 25 nm with the mass per unit length M; ~ 4700 g/ mol/
nm. The quantities My, R¢, hydrodynamic radius Ry and the shape sensitive
ratio p = Ilj—; as a function of time are obtained after mixing the KCL into the
vimentin sample which are measured at the combined SLS and DLS instrument
and presented in Fig.

The values before the addition of salt (t = 0) are indicated as large symbols
at t = 0.01 min. The first readings correspond to t =~ 0.3-0.5 min after mixing.
Significant changes in the state of vimentin are apparent at the earliest time points.
The molecular weight is seen to increase to a value of 10° g/mol, while R, remains
constant within experimental error and Ry increases by 20 %. Further, for t < 10

min, My and Ry continue to increase while R, remains constant. This indicates

5.3
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Figure 5.4.: Representative results of the influence of KCI on vimentin. M, (red dia-
monds), Rg (blue circles), Ry (black squares) and p (green diamonds) vs. time for a 0.07 g/L
vimentin solution in 0.05M KCI. The symbols at t = 0.01 min correspond to the values of
vimentin prior to addition of KCl, i.e. t = 0. p is multiplied by a factor of 10.

that for an assumed rod model, vimentin tetramers undergo lateral assembly for
t ~ 10 min and not longitudinal growth. For ¢ > 10 min, the increase of Rg and
p signal elongation and an increase in the aspect ratio of the assembled molecules
respectively. Att =~ 2 hrs, M, is seen to decrease. Given the length of aggregates
at this time is of the order of several hundred nanometers, this is likely to be due
to sedimentation. The polydispersity (p.d.) expressed as the ratio of the weight
average mass M and the number average mass M, is found to be constant at a

value of 1.3 throughout the experiment.
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Correlation between My, and R,

For t <10 min, the R, data points are spread out and fairly large as shown in Fig.
However, the values scatter around 29 nm, which is only 15 % higher than the
precisely determined value of 25 nm at t = 0, suggesting that growth is dominated
by lateral assmebly due to stacking of tetramers for ¢ < 10 min (plotted as crossed
circles). Data for 10 < t < 60 min is plotted as filled circles. Data for t > 60
min, obtained from 30 angle readings with acquisition times of 15 s per angle
and therefore displaying significantly smaller errors are plotted as hollow circles.
These longer acquisition times were made possible because the growth process
became sufficiently slow at t = 60 min.

100 -

Rg (nm)

10, ) -
9 2 3 4

Mw (g/mol)

Figure 5.5.: Ry vs. M, for the kinetic run from Fig. Circles with a cross correspond
to t <10 min and full circles to 10< t <60 min. Hollow circles correspond to data for t >
60min, which was obtained from full angle readings. The black line corresponds to polydisperse
rods with p.d. = 1.3 (m = 3) and M} = 21000 g/mol. The blue line corresponds to a best fit
power law. The red bar on the Rg-axis corresponds to the Rg value before the assembly process
starts..

A best fit to the rod model with p.d. = 1.3 and constant mass per unit length
yields My = 21000 g/ mol/ nm (~ 4.5 x that of the value before addition of
KCI). The best fit to a power law yields an exponent of 1.3. Rigid rods may yield
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an exponent greater that 1 if either p.d. increases or M| decreases as assembly
takes place. If the growth via a monomer addition mechanism is to take place,
then the resultant exponent is o~ 0.5 for rods [124] and hence is not the case in our
experiment. This mechanistic feature is also confirmed by the correlation between
Ry vs. Ly, data shown in Fig. Ry vs. Ly, data is well fitted by a cylinder model
with d = 30 nm.

Ry (nm)

2x10'} {2x10'

i 100
L, (nm)

Figure 5.6.: Ry vs. L, with model fit. Ry vs. Ly, for the 0.07 g/L vimentin kinetic run. The
polydispersity is assumed = 1.3 for all times. Full symbols correspond to measurements with
the 8 angle instrument (5 s acquisitions) and the hollow symbols to those taken with the single
angle instrument over ~ 30 angles (15 s per angle). The black line corresponds to assumption
with d = 30 nm.

In conclusion, there is a predominant initial lateral growth of short subunits of
vimentin which is followed by a significant elongation of the vimentin filaments
due to the influence of KCI. This leads us to a two-step kinetic model for vimentin
which is further explored in Sec.|5.3.2

5.3.2 Two Step Kinetic Model

As mentioned earlier, a two step kinetic model is deduced to explain the different
stages of vimentin assembly and elongation due to the influence of KCl. Parts of
this section are based on the work done in collaboration with Prof. Klaus Huber
and Dr. Carlos Lopez, Paderborn University, Germany.

The first stage consists of formation of unit length filaments (ULFs) of vimentin by

the lateral assembly process of smaller subunits p at a rate constant k,,. Here, the
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radius of gyration of the assembling particles does not significantly increase which
further confirms lateral assembly. In the second step, these ULFs undergo end-to-
end elongation with a rate constant of k;; where the indices 7,j depend on the
individual ULFs. As well as the filament length, k;; is a function of dy diameter
of the filament and Jdw, the product of the maximum distance and maximum
angle between the ends of two filaments which are required in the elongation step
[27,1125] 126|127, [128]. A schematic diagram of this process is sketched in Fig.
Following the equation for the diffusion of a cylinder [129] [130]:
kgT d d?

D = In(L/d) + 0312 + 05652 — 0.1
3L, (/) + * L L2

(5.21)

where d is the cylinder’s diameter, we can estimate L;, and Ry and thus obtain
the diameter of the smaller sub-units proior to the lateral stacking as ds¢ = 10.6
nm. From these values, the diameter of the ULFs can be estimated as dyir =

tet/P-

Mw (g/mol)

10
LR

aal M e g aaaal M e a3 aaaal
1 10 100
t (min)

Figure 5.7.: M, vs. time and model fit. M, vs. time for a 0.07 g/L vimentin solution in
0.05M KCl. The blue line shows the model fit for the reaction scheme outlined in Fig.[5.8] The
equations used to calculate My, from this model are explained in the Appendix. @]

In the works of Murphy et al [125] 126], kinetic equations for a mathematical
model of aggregation kinetics of Amyloid-  has been derived which also explains

several stages of fibrillogenesis from smaller subunits to mature fibrils. Following

5.3
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this, the solution as shown in Appendix. [D]is obtained to fit our kinetic data. In
Fig. M,, is plotted as a function of time (red data points) with a model fit
(blue line) which is the solution for the equations considering both the stages of
the kinetic process. k;, 6w and p are the three free parameters obtained from the
model which is used to describe the experimental data and the values of these are
shown in Tab. The data display a power law dependency of M,, « %38 for

« 033

long times which is close to the theoretical values of M, expected for long,

thin rods associating end-to-end.

STEP | : lateral stacking

S~
S~

Saame n
; p —— R

STEP Il : end-to-end elongation

k11
A - — > N
k21
A ¢ TR — > AN
k22
TN - SETEEs > ST

Figure 5.8.: Scheme for the assembly of vimentin.In Step |, p subunits of vimentin laterally
stack to form a ULF. In step Il, ULFs assembly via an end-to-end association. A ULF may add
on to any other species except for the initial subunits. For example, two ULFs can add to form
a ULF dimer, a ULF dimer may add another ULF to form a ULF trimer, two ULF-dimers can
assemble to form a ULF tetrameter etc. Adapted with permission from [108]

5.3.3 Results for Variabiltiy in Vimentin Concentration

Other concentrations of vimentin (¢, = 0.09 and 0.06 g/L) are studied at ¢; = 0.05M
KCl. My vs. time for the three different concentrations are plotted at shown in
Fig.[5.9h. A significant variation in the kinetics between the 0.07 and the 0.09 g/L
samples can be observed, which is probably caused not only by the difference
in concentration and starting parameters. Rg vs.Mjy, for the three kinetic runs is
shown in Fig. , along with best fit lines to Ry = kM, which is the functional

form expected for rigid rods of constant polydispersity. The mass per unit length



Results from Combined SLS and DLS Experiments

may be estimated from the value of k given a value for the polydispersity, which
we assume to be the same as the initial value for the smaller subunits (i.e. before
addition of salt) . The M} values for are within 20% of the value obtained from
fitting the kinetic model for the 0.06 and 0.07 g/L samples. The kinetic model fit
to the 0.09 g/L sample yields an M| value 50% higher than the calculated one
in Fig. . The kinetic process remains qualitatively the same for all samples
as seen in Fig. [5.9%-d: first, a lateral assembly step occurs, as signaled by a large
increase in My, and Ry without any significant increase of Ry. Eventually, the
increase in Ry coupled with an increase in the p parameter signals elongation,
with a M, o t933 relation that is characteristic for end-to-end association of rods.
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Figure 5.9.: My, vs. time for 3 different kinetic runs.a) Red symbols ¢, = 0.09 g/L, blue
symbols ¢, = 0.07 g/L, green symbols c, = 0.06 g/L. b) R¢ vs. My, symbols have the same
meaning as in a). c) My (red diamonds), R¢ (blue circles), Ry (black squares) and p (green
stars) for the kinetic run with vimentin concentration of 0.09 g/L. Large symbols at t = 0.03 min
represent values before addition of KCI. d) Same as c) but for 0.06 g/L vimentin concentration.

The values of p, k, and dw increase with increasing vimentin concentration
as shown in Tab. The resulting mass per unit length of the ULFs, which
varies from 22 to 50 kg/mol/nm corresponds to ~6-16 tetramers per ULF. The
fit to the kinetic model suggests 10 % of the tetramers are unreacted after 2 hrs
for the 0.06 g/L. The initial assembly step is too fast for the 0.09 g/L sample to

5.3
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accurately model the initiation step and we therefore cannot estimate the level
of unconsumed subunits. A sample with cp = 0.015 g/L and cs = 0.056M did
not assembly. This suggests that a minimum protein concentration is required
for assembly to take place, which is not taken into account in our simple kinetic
model. This finding is consistent with our fit to the 0.07 g/L and to the 0.06
g/L samples as these fits account that about 10% of the subunits do not undergo
assembly in ~ 2 hrs.

Table 5.2.: My, R, Ry and M for samples used for kinetic runsMy, Ry, Ry and My

for samples used for kinetic runs and parameters from fits to the kinetic model cg = 0.05M and
varying c.

Samples in sodium phosphate buffer Kinetic parameters
c(g/L) My (g/mol) R (nm) Ry (nm) p dw (mrad nm) k, (MP~1/s) M (x10° g/(mol nm)).
0.09 £+ 0.01 35 x 10° 27 13 9+1 400000 100000 ~ 10° 45
0.07 + 0.02 3 x 10° 25 14 6£1 80000 £ 20000 5 x 10% 29
0.06 £ 0.01 42 x 10° 32 15 5+1 50000 + 10000 2 x 102 25

5.4 Summary and Closing Remarks

The kinetic process of tetrameric vimentin upon the influence of a monovalent
salt is characterized using a combined time resolved SLS and DLS technique. As a
representative result, the kinetics of a 0.07 g/L vimentin sample upon mixing with
salt concentration 0.05M KCl aqueous solution are found to proceed in two stages:
lateral assembly dominates growth for the first 10 minutes and end-to-end asso-
ciation dominates for larger times. Data for My, Ry and Ry can be adequately
described by a two step model following the work of Murphy et al [126]. The
model gives a satisfactory fit to the data, however, several important approxima-
tions must be noted: 1) we have assumed all reactions to be irreversible, 2) lateral
assembly (step I) is assumed to occur for only a single value of p, while in fact it
is well known that vimentin filaments exhibit heterogeneous M| values [34, 131]].
3) the mean value of L is used to calculate the reaction constant for step II, this
avoids having to solve a large number of differential equations. 4) we employ an
approximate expression for the diffusion coefficients of rods, which may suffer at
low aspect ratios 5) we do not take into account the fact that a ‘threshold concen-
tration” for assembly may exist. However, small variations in concentration lead
to large variations in the fit parameters, although the assembly process remains

qualitatively the same.



Summary and Conclusion

Understanding the assembly kinetics of vimentin intermediate filaments on vari-
ous length scales from nanometers to micrometers is the central aim of this thesis.
In order to obtain detailed information, we employ analytical and non-destructive
imaging techniques such as small angle X-ray scattering (SAXS) and light scatter-
ing (LS) to get results over a accessible resolution range in the reciprocal space
[55, 180, [115]. The results from the two imaging techniques is dealt in detail in the
previous chapters where assembly and aggregation of vimentin in the presence of
mono- and divalent salts is methodically combined with (i) non-segmented con-
tinuous flow microfluidics, (ii) segmented droplet microfluidics, (iii) finite element
methods (FEM) simulations to complement flow conditions, (iv) combined appli-
cation of time-resolved several-angled LS detection and finally (v) mathematical
formulation of a kinetic model. In this thesis, we strive to answer the necessity
of studying the assembly process of vimentin from a biophysical context, where
vimentin plays a crucial role in the mechanics of the eukaryotic cells of mesenchy-
mal origin. What is intriguing is its hierarchical structural architecture. Since the
emerging assemblies that make up the full-length filament are on the order of
nanometers in diameter, an in situ approach is applied by a combination of mi-

crofluidics, X-ray and light scattering techniques to answer our scientific question.
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In the first part of the thesis, we develop different microfluidic devices which

are beneficial in the SAXS studies, where:

¢ for continuous flow experiments, a serial-inlet device geometry is designed
in order to mix in the KCl and MgCl, salts subsequently to functionally
trigger the assembly of the non-filamentous vimentin and observe the effect

in a time resolved manner.

¢ for droplet experiments, KCl solution and tetrameric vimentin together with
the assembly buffer are pinched off into aqueous-in-oil emulsions in an X-
ray/droplet compatible device to study the kinetics of vimentin assembly at
stable concentrations.

In the second part of the thesis, the focus is on the combination of SAXS and the
state-of-the-art microfluidic devices for tracking kinetics.

* The combination of SAXS and continuous flow microfluidics enables us to
investigate the assembling structures of vimentin on the nanometer scale.
Simultaneously, the FEM simulations performed, shed light on the flow con-
ditions and track the change in concentration of the in-flow species of the de-
vice. By analyzing the streamlines of the flow in the laminar regime from the
simulations, we arrive at the relevant mixing and reaction kinetics occurring
at the temporal resolution on the order of seconds. With the use of SAXS,
we have probed the surface of the nanometer vimentin assemblies with a
micrometer sized beam in the continuous flow experiment. Appearance of
isotropic scattering signal around the primary beam along the flow in the
channel hints at a very non-orientational development of the laterally associ-
ated vimentin filaments. However, with the given resolution as explained in
Sec. information of the compactness of the surface of these developing
filaments due to the influence of K and Mg?" ions can be understood.

¢ The droplet-mapping with SAXS, however, is a demonstrative technique for
a fully controlled time-series detection method of vimentin assembly at con-
stant concentration. The combination of droplets and SAXS with the various
measurement techniques is demonstrated as a proof-of-principle to study
weakly scattering proteins, of which the fast acquisition with shorter expo-
sure times is the most preferred method. The fast acquisition technique gives
a signal-to-noise ratio which is possible with the exclusion of signal from the

anisotropic interfaces and fluorocarbon oil during data reduction.
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The third part of the thesis focuses on obtaining the ‘missing” information of vi-
mentin kinetics with light scattering. We obtain information of a “specific” stage
of the vimentin elongation during assembly with a combined SLS and DLS de-
tection method. By characterizing the assembly of vimentin in the presence of a
monovalent salt, we observe a two step kinetic process including the lateral assem-
bly that occurs between the times of 10 to 60 min and subsequently the end-to-end
assembly that occurs at larger time scales until no further reaction is seen in the

mature filaments.

Advantages and Challenges of Our Selected Methodology

Several advantages can be observed in the techniques we adopt to study protein

kinetics, which can be generalized to other systems as well. They are:

* The combination of X-ray and light scattering can probe different length
scales of the ongoing kinetics, thus encompassing a good spatial resolution
of the protein system on the order of nanometers upto 600 nm.

* Single and multi-phase microfluidics is a good lab-on-chip environment for
the X-ray detection otherwise which the biological system under study might
undergo radiation damage. Additionally, another advantage is that by prob-
ing at different positions on the length of the channel during flow, local

temporal resolution can be obtained.

¢ The custom fabricated droplet-microfluidic device can find its application
in free electron laser (FEL) experiments where a liquid-jet containing the
protein system can be injected and imaged before destruction. Since the
device can withstand very high flow rates, it is suitable for free-jets which are
injected to match the frequency of the detector read-out in FEL experiments.
Additionally, other biological particles such as independently flowing red
blood cells or even crystallized proteins can be imaged over several days
without any damage [69].

¢ Tracking the ion-induced assembly kinetics of vimentin with a combination
of these techniques serves as a model to study similar/other biopolymer

systems.

However, in the scope of this thesis, several challenges have been encountered.

Some of the main issues with plausible solutions are discussed here:

6.0
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* The NOA-81 devices fabricated for the continuous-flow SAXS experiments

are prone to radiation damage and leakage, eventually leading to clog and
disruption of the experiment. As a solution to this, devices compatible with
the droplets (made of composite PDMS-quartz capillary) were fabricated to

circumvent these problems.

However, initial kinetics cannot be tracked with the droplet device, since a
dead time of a few milliseconds 500-900 ms, values calculated based on
the channel dimensions exists between the pinch-off and the first point of
droplet-detection. As a possible solution to this, a new device with cyclic
olefin copolymers (COC) commercially available as TOPAS can be fabricated
to access the mixing of protein and the salt and track the initial-reaction
assembly steps.

X-ray data obtained in the transmission mode of SAXS reveal information of
the size, shape and surface of the biomolecules. Inappropriate determination
of the resolution or g-range during experiments leads to discrepancies in
data analysis. Therefore, as a possible solution, stationary experiments in
capillaries are suggested to get a preliminary idea of the size-parameters of
the particles.

The calculated volume of the protein solutions in microfluidic channels are
on the order of nanolitres. Additionally, the beam sizes are on the order of
~ 5 ym x 5 ym. This setup often does not give information of higher struc-
tural organization at the extended g-ranges. As a possible solution to circum-
vent these issues, a channel for higher volume containment, a larger beam-
size or even the application of macrofluidic setups are suggested. These
improvements are also beneficial in the droplet experiments where the en-
tire droplet is imaged which is more-or-less the same beamsize to get a better

ensemble average.

Light scattering measurements give a size-parameter by several approxima-
tion theories i.e., Guinier approximation, Zimm approximation etc. How-
ever, large sample volumes are required for filtering and measurement. Also,
the samples used have a low protein concentration which are ideal for the
detectors but not for tracking the kinetics of the protein. As a solution,
optimization of the threshold of detectors have to be made so that higher

concentrations of protein can be used. This may yield better results and



Open Questions and Outlook 6.1

statistics with respect to protein kinetics.

6.1 Open Questions and Outlook

With respect to the experimental procedures, a few open questions can be ad-

dressed:

¢ Can longer time scales be accessed with SAXS and microfluidics? A com-
bined information for the compaction and elongation of vimentin is missing
in th real and reciprocal space. What happens at the surface during the elon-
gation process? What are the molecular changes in the compaction stage?
Does it just follow the hypothesized binding to the head groups and free-
tails or is the polyelectrolyte nature the only effect seen? At physiological
conditions, while the surface changes, does it follow a self-similarity con-
dition in accordance with the fractal dimensions? Then, another unknown
parameter would exist. In order to satisfy the self-similarity condition, the
same exponents can be found for a magnitude higher. It is therefore neces-
sary to get more information on higher orders of the g-range. This can be
done with a combined WAXS/SAXS setup for which several beamlines are
equipped. Effect of divalent ions plays a major role in the onset of aggrega-
tion kinetics into network like structures, which can further be studied with
SAXS at different resolutions.

e Critical concentration of protein versus critical concentration of salt is really
a crucial observation. Does low protein concentration mediate assembly or

not at a critical concentration of the salt?

* A similar assortment of techniques can be applied to study the kinetics of
other modified vimentin types, like the Y117L vimentin mutant. Perhaps,
this helps us to understand better the polyelectrolyte nature of the assembly

process as to what really happens in the head and the tail regions.

* The kinetic model proposed from the light scattering data accounts for het-
erogeneity, which can be seen with either TEM or other high resolutions
imaging techniques such as SAXS but not for flexibility. Perhaps, we can
think about adapting a flexibility parameter by introducing a polydisperse
worm-like chain model according to the theoretical considerations in [132],
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unlike the rigid cylinder in the present model. Additionally, another ques-
tion can be contemplated: Can disassembly be tracked with X-rays? Or with
light scattering? Because the kinetic model proposed from the light scatter-
ing data lets us assume that the assembly process is irreversible. If however,
disassembly could be tracked, the data could be modeled with derivation of
additional rate constants as mentioned in [127] or as fractal aggregates [133]].

6.2 Structural Quantification of Vimentin
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Figure 6.1.: Overview scheme of the length and time scales accessible with our methods.
a) Hierarchical assembly and cross-linking mechanism of vimentin IFs upon the addition of mono-
and divalent salts. b) Information obtained from continuous flow experiments. c) Information
from droplet experiments. d) Information obtained from light scattering experiments.



Structural Quantification of Vimentin

Our findings of the accessible length and time scales of vimentin kinetics are
summarized in the Fig. Hierarchically, vimentin tetramers form filaments
through an intermediate stage of ULFs in the presence of a monovalent salt and
further cross-link to form networks in the presence of a divalent salt as shown in
Fig.[6.Ta. The maximum time accessible with our continuous-flow experiments
(see Fig. [6.1Ib) is upto 20 s, based on different flow rates. We obtain information
not of the size but of surface of the emerging vimentin assemblies. The surface
of the particles change from an rough exterior and transitions into a smoothening
phase. A critical concentration of KCl is necessary to unblock the formerly un-
productive head domains and, thus, initiate assembly [63]. MgCl, plays minimal
role in the surface properties but further engages in the thickening and lateral
assembly of vimentin. Our analysis of the surface sensitive Porod regime in the X-
ray data reveals that the formation of first assembly intermediates, so-called unit
length filaments, is not a one-step reaction but consists of distinct consecutive lat-
eral association steps followed by radial compaction as well as smoothening of the
surface of the full-width filament [63]. Perhaps, with a longer channel length, the
state of the ULFs without the influence of a divalent salt can be better investigated.
With the droplet-based experiments of tracking vimentin assembly, we can access
the time points upto ~9 s as shown in Fig.[6.Ik. The size of the emerging vimentin
assemblies is of a few nanometers in diameter which is similar to the previously
reported experiments [35]. The focus of the experiment is to establish a state-of-
the-art high resolution technique and vimentin assembly is tracked as a model
system.

With the LS experiments, bulk samples are investigated where tetramers stack to
form ULFs until 10 min (see Fig.[6.1d). The elongation step, then occurs for longer
time-scales. This contrasts with other reports [34, 35], which suggest that lat-
eral assembly is complete after a few seconds. The results of Hermann et al.[34],
Krimse et al. [31] and Portet et al. [27] were taken at 37 °C and at higher salt
concentrations (0.1 - 0.16M) and protein concentrations and are, thus, not directly
comparable to our data. Additionally, our data are collected using a non-invasive
technique, unlike the previous references which further complicates comparison.

In comparison, when we assembled vimentin with the “kick-start” mode by mix-
ing the protein and salt in an eppendorf tube, we incubate it for 15 hours, just so
the end result is fully formed mature filaments although the elongation has long
stopped. Once the process saturates, the elongation no longer occurs which we
see from the sedimentation of the filaments in the solution from light scattering.

6.2
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Therefore, the goal of tracking assembly kinetics of vimentin is achieved by a
combination of microfluidics, X-rays and light scattering in a novel way to track
different length and time scales. The advantage of combining SAXS and LS is that
the initial assembling steps until the formation of ULFs can be seen with the X-
rays and the elongation step can be seen in light scattering, since X-ray “cannot”
visualize particles above its resolution limit. Protein molecules are dynamic in vivo
and this encourages us to study the vimentin assembly in a “dynamic” condition,
which is achieved in flow with the microfluidic device in the present study. The
combination of these techniques can be further extended to study similar systems
such as other IF proteins, amyloid proteins (since the diameter of the fibrils are on
the same range as IFs) etc.



A

Purification of Vimentin

This section gives a detailed protocol for the expression and purification of vi-
mentin in Escherichia coli bacteria.

Cultivation of E. coli

® One vial 100 puL E.coli (T1 cells, #3017, Zymo research, Irvine, California,
USA; stored at -80 °C) is thawed on ice for 3 min and directly transfected by
the addition of 1 uL plasmid with gentle mixing.

* 100 uL of the bacteria is then incubated for 5 min on ice and 50 uL of the
bacteria solution is spread out on a warm lysogeny broth (LB) agar plate
(SIGMA L5667). The agar plate is warmed in an incubator (Ecotron, Infors
HT, Bottmingen, Germany) at 37 °C over night.

¢ Three bacteria colonies of 1 L each are chosen in separate autoclaved terrific
broth solution (47,6 g TB (SIGMA, #T0918) and 8 mL 99,5 % glycerol). 50 ml
of one of those colonies is chosen and mixed with the start culture with 5 yL
ampicillin solution (100 mg/mL ampicilin sodium salt, final concentration
1:1000, SIGMA) and grown for 6 h at 37 °C/150 rpm in the incubator. After-
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wards, each bacteria solution is transferred to 1 1 terrific broth solution (with

0.5 mL ampicillin solution) and let it to grow at 37 °C/ 150 rpm over night.

¢ The bacteria are then separated from the growth medium by 15 min centrifu-

gation at 4500 g/4 °C (Eppendorf centrifuge 5810 R, Eppendorf, Hamburg,
Germany). The bacteria pellet is stored at -20 °C until purification.

Purification Step

* The bacteria pellets are dissolved in a total of 48 mL lysis buffer and sepa-

rated into two ‘dounce homogenizers’ (20.05 mm =+ 0.025 mm pestle, VWR,
Darmstadt, Germany). 6 ml lysozyme solution is added to each homoge-
nizer and the pellet is homogenized and incubated for 30 min on ice.

Afterwards, 300 L 1M MgCl,, 33 uL RNaseA solution (1 mg/mL), 30 uL
DNasel solution (50 mg/mL), 300 uL. PMSF (Phenylmethylsulfonylfluorid
solution in ethanol) saturated solution and 600 pL 10 v-% NP40 solution are
added to each homogenizer, the solution is homogenized again and incu-
bated on ice for additional 10 min. Then 60 ml detergent buffer, 600 uL 1
M DTT, 900 uL PMSF solution and 300 L 50 mM Pefabloc are added to
each homogenizer, and following another homogenization step the solution
is centrifuged in 4 centrifuge tubes for 25 min at 10000 g and 4 °C (Beck-
mann centrifuge J26XP, Rotor Ja 30.50 Ti, Beckmann Coulter GmbH, Krefeld,
Germany).

This is followed by washing and centrifugation step 1, where the supernatant
is decanted, the pellets are dissolved in a total of 120 mL GII buffer, 120 uL
1 M DTT, 600 uL PMSF solution and 300 L 50 mM and 1.5 M KCl Pefabloc
homogenized and incubated on ice for 30 min.

The solution then is separated into four centrifuge tubes and centrifuged
for 20 min at 10000 g and 4 °C (Beckmann centrifuge J26XP). In washing
and centrifugation step 2, again, the supernatant is decanted, the pellets are
soluted in a total of 120 mL GII/KCl buffer, 120 uL 1 M DTT, 600 uL PMSF
solution and 300 L 50 mM Pefabloc homogenized and incubated on ice for
10 min.

¢ The solution then is separated into four centrifuge tubes and centrifuged for



another 20 min at 10000 g and 4 °C. The subsequent washing and centrifu-

gation step 3 is identical to washing and centrifugation step 1.

* In washing and centrifugation step 4, the pellets are dissolved in 80 mL TE
buffer, 80 L 1 M DTT, 400 uL PMSF solution and 200 L 50 mM Pefabloc,
homogenized, incubated on ice for 15 min and centrifuged in two centrifuge
tubes for 10 min at 10000 g and 4 °C.

¢ The pellet is dissolved in 28.5 mL 9.5 M Urea, 300 L 1 M TRIS-HC1 (pH 7.5),
300 xL 0.5 M EDTA, 300 uL PMSF solution and 300 L 1 M DTT and homog-
enized. The solution then is centrifuged for 1 h at 31170 rpm (= 100000 g) at
20 °C (Beckmann-UZ L90K, Ti70 rotor, Beckmann Coulter GmbH, Krefeld,

Germany).

¢ The supernatant is kept, 10 yL 1 M MAC solution are added per millilitre
supernatant and it is stored over night at -20 °C and then gently thawed

before the ion exchange chromatography.

lon Exchange Chromatography

Part 1 - anion exchanger

The ion gradient mixer (2 x 50 ml, Schiitt 24, Goéttingen, Germany) is filled with
40 mL column buffer in the front chamber and 40 mL column buffer with 0.448
g KCl added. The DEAE sepharose is filled into the chromatography column
(Econo chromatography column, 25 mm diameter, 200 mm long, Biorad, Munich,
Germany), allowed to settle and carefully washed with 40 mL column buffer. Then
the protein solution is added and the column is adjusted such that there is a slow
ow with a constant filling level of the column. The out ow from the column is
collected. The column is once again washed with 40 mL column buffer (slowly
and at a constant level). When the collected total out ow volume of the column
reaches the dead volume of the column the actual sample collection begins. After
the washing, the gradient mixing is started and the gradient solution flows into
the column at about 3 to 4 drops per second. The flow into and out of the column
are then adjusted such that the volume in the column remains constant and the
outflow is in the range of 7 to 9 drops per second. The out ow is collected in

partitions of about 1.5 mL and each partition is monitored for its protein content
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(see sec. 2.3). The partitions containing protein are kept and combined for the

cation exchanger column.

Part 2 - cation exchanger

The cation exchange column chromatography is analogous to the anion exchange
column chromatography except that the column material is CM sepharose instead
of DEAE sepharose and that the salt concentration in the gradient mixer is twice as
high. After the cation exchanger 10 uL 1 M MAC solution are added per millilitre
sample and the sample is stored at -80 °C.

Quality Control

The purity of the extracted vimentin is controlled by an SDS (sodium dodecyl
sulfat) page gel.

Buffers

¢ electrophoresis buffer: 0.4 M Tricine, 0.6 M TRIS, 1 % SDS, 25 mM Natri-
umhydrogensulfit at pH 8.2-8.3

¢ sample buffer: 150 uL 4 x sample buffer for gels (VWR/CBS, ordering no.
FB31010), 270 uL H20O, 60 uL DTT 10 x (VWR/CBS, ordering no. 32001)

Gel run

A CBS gel (TEO) with 8 % acrylamide (VWR/CBS, ordering no. FK00812-10) is
mounted in DCX 700 gel chamber (VWR). 10 uL each of sample and controls of
interest are mixed with 40 uL sample buffer and denatured for 10 min at 70 °C. Af-
terwards the solutions are quickly centrifuged (Eppendorf MiniSpin, Eppendorf,
Hamburg, Germany) and 10 yL from the top are placed in one lane of the gel.
On at least one of the lanes, a gel marker (“Protein Marker”, pre-stained 6.5-200,
AppliChem, Darmstadt, Germany) is run. The electrophoresis is performed at a
maximum voltage of 200 V and a constant current of about 100 mA until the bands
are well seperated (roughly 1.5 h). The finished gel is dyed with InstantBlueTM
(Expedeon, San Diego, California, USA) for 15 to 60 minutes and subsequently
rinsed with water to remove excess dye. A single, isolated band at 53 kDa indi-

cates purified vimentin.



B

Matlab Code for Evaluating Time Evolution from
COMSOL 5.0

In Chapter. 3 we track the kinetics of vimentin by converting the spatial co-
ordinates of a microfluidic channel into time co-ordinates. This is performed by
a LiveLink for MATLAB provided by COMSOL, where the FEM simulations are
imported and the data is post-processed using a code. The algorithm for the code
exists in 5 different steps where at the end the time-evolution along a streamline
is calculated and the output is in a readable data format. The output data time vs.
length presented in this thesis is plotted in OriginPro. 8.5G. Parts of the MATLAB
code are provided in this section for easy understanding of the algorithm.
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Partl: Marking Streamline Co-ordinates

The first step is to identify the required streamline, in our case the streamline at the
center or at close proximity to the central focused jet. This can be either calculated
in COMSOL or in MATLAB after importing. The cut-lines in the geometry of
COMSOL help in easy identification of the streamline co-ordinates.

% adapted by Oliva Saldanha, version 12th August 2015
% executed on 'quality', With COMSOL 5.0 and Matlab 7.9.0(R2009b)

$start manually COMSOL 5.0 server from COMSOL launchers

addpath ('C:\Program Files\COMSOL\COMSOL50\Multiphysics_copyl\mli'")

addpath ('K:\Messzeiten\intern\Oliva_Saldanha\2015\Simulations\testmatlab\")
mphstart

import com.comsol.model. %

import com.comsol.model.util.*

model = mphload('K:\Messzeiten\intern\Oliva_Saldanha\2015\Simulations\...
...testmatlab\test_out.mph")

model.result.create('pgll', 3)

streams = model.result ('pgll').feature.create('streams', 'Streamline')

%$Start co-ordinates in x und y
startx = 100;
starty = [350:1:500];
streams.set ('startmethod', 'coord")
streams.set ('xcoord',startx)
streams.set ('ycoord',starty)

streams.set ('resolution', "fine');

for startz = 100:120
%$z—co-ordinate

streams.set ('zcoord', startz)

%export
exportname = ['K:\Messzeiten\intern\Oliva_Saldanha\2015\Simulations\..
..testmatlab\sundaytest_z' num2str (startz, '$03d') '.dat'];



model.result ('pgll') .feature('streams') .run;
model.result.export.create('plot8', 'pgll', 'streams', 'Plot');
model.result.export ('plot8').set ('filename', exportname) ;
model.result.export ('plot8') .run;

model.result.export.remove ('plot8");

Part2: Evaluation Along the Streamline

Once information of the streamline co-ordinates are obtained, the flow field and
the local concentrations at each position can be obtained in this second step. This
step has to be compiled before any further calculations are performed. Without
the information from the concentration at each position, the integration alone the
streamline might only give time, but only for the ideal case. For the real case,
concentration changes also have to be taken into account.

%% Part2: Evaluating for flow field and concentrations

o

% I adapated this one by one for each selected z e.g., z = 95, Restart the

o

% comsol server and run lines 9-14 of this script again

for z = 100:120

lines = load(['K:\Messzeiten\intern\Oliva_Saldanha\2015\Simulations\..
..testmatlab\sundaytest_z' num2str(z, '$03d') '.dat']);

steps = fix(size(lines,1)/10000);

for step = l:steps
if mod(step, 10)==
ModelUtil.remove ('model")
clear model

java.lang.Runtime.getRuntime.gc

model = mphload('K:\Messzeiten\intern\Oliva_Saldanha\2015\...
...Simulations\testmatlab\test_out.mph")
end
dat = zeros (10000, 3);
evalcoord = [lines(((step—-1)%10000)+1:step*x10000,1) lines(((step-1)
+#10000)+1:stepx10000,2) lines(((step-1)+*10000)+1:stepx10000,3)1";
dat (:,1) = mphinterp (model, {'spf.U'}, 'coord',evalcoord)';
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dat (:,2) = mphinterp (model, {'csalt'}, 'coord',evalcoord)';

dat (:,3) = mphinterp(model, {'cvim'}, 'coord',evalcoord)';

dat (:,4) = mphinterp(model, {'u'}, 'coord',evalcoord)"';

dat (:,5) = mphinterp(model, {'v'}, 'coord',evalcoord)"';

dat (:,6) = mphinterp(model, {'w'}, 'coord',evalcoord)"';

linesvel = [lines(((step-1)%*10000)+1:stepx10000,1:3) dat];

save ([ 'K:\Messzeiten\intern\Oliva_Saldanha\2015\Simulations\
..testmatlab\sundaytest_z' num2str(z, '$03d') '_step'
num2str (step, '$03d") '.dat'], "linesvel")

clear linesvel

clear dat

clear evalcoord
java.lang.Runtime.getRuntime.gc

end

%the last values:

dat = zeros(size(lines,1l)-stepsx10000,3);

evalcoord = [lines((stepsx10000)+1l:size(lines,1l),1l) lines((stepsx10000)..
..tl:size(lines,1),2) lines((stepsx10000)+1l:size(lines,1),3)1"';

dat (:,1) = mphinterp(model, {'spf.U'}, 'coord',evalcoord)"';

dat (:,2)

dat (:,3) = mphinterp(model, {'cvim'}, 'coord',evalcoord)';

mphinterp (model, {'csalt'}, 'coord',evalcoord)';

$Common Array

linesvel = [lines(((steps)*10000)+1l:size(lines,1),1:3) dat];

$export

save ([ 'K:\Messzeiten\intern\Oliva_Saldanha\2015\Simulations\testmatlab\..
..sundaytest_z' num2str(z, '$03d"') '_step' num2str(steps+l, '%03d")
..'.dat'], "linesvel')

clear linesvel

clear dat

clear evalcoord

clear lines

end



Part3: Integration Along the Streamline

After obtaining the values for the flow fiels and the oncentraion, assembly times
of vimentin along the streamlines can be calculated in this third step. This is
achieved by intgrating over the inverse velocity along the streamline for a changing
concentration. Once the values are obtained from the second step, the integration
can be done in MATLAB exclusively.

%% Part3: Integration step

z = 100;
s = 1;
d = loadstreamé (z);

firstlength = 0;

secondlength = 0;

counter = 1;

while (d(counter,1l)>d(counter+1,1))
firstlength = firstlength+1l;
counter = counter+l;

end

firstlength $for debugging

counter %$for debugging

while (d(counter,1l)<d(counter+1,1))
secondlength = secondlength+l;
counter = counter+l;

end

secondlength $for debugging

counter $for debugging

zpos = 100:120;

length = secondlength + firstlength; % one line

$number of streamlines: total array/ (firstlength +

%$secondlength), rounded up

numberoflines = idivide (int32(size(d,1)),int32((length)), 'ceil’) ..

..*size (zpos,2)

filename_out = ['K:\Messzeiten\intern\Oliva_Saldanha\2015\Simulations\..
..testmatlab\data_sorted_sundaytest.dat'];

streamlines = -1xones (secondlength+1000, 9, numberoflines+5);

%$Sorting step
lineno = 0;

for z = zpos
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data = loadstreami (z);
counter = 0;
line_lower = lineno; $%Number of lines prior to this z-value
for 1 = 1: size(data,l)
if round(data(i,1l)=1000) == 100000 %New streamline begins
counter = 1;
lineno = lineno +1;
end

if data(i,1)>=100 %all values of x
streamlines (counter, :,lineno) = [data(i,1) data(i,2)
..data (i, 3) data(i,4) data(i,5) data(i,6) data(i,7)..
..data(i,8) data(i,9)];
counter = counter+l;
end
end

line_upper = lineno; %$Number of lines for this z-value

$Data- plotting
for i = line_lower+l:1line_upper;
plot (streamlines(:,1,1i),streamlines(:,2,1),'d");
hold on
end;
%0riginal data for comparison
plot (data(:,1),data(:,2),'dr")

end
streamlines_export = —-lxones (secondlength+1000, 9% (numberoflines+5));
for 1 = 1: (numberoflines+5)

streamlines_export (:, =streamlines

.

r-r ’

’

s 1

streamlines_export (:, streamlines

’

;1

streamlines ;

streamlines_export (:, ’

s 1

streamlines_export (:, =streamlines ;

’

(:,1,1)
(:,2,1)
(:,3,1)
(:,4,1)
streamlines(:,5,1);
(:,6,1)
(:,7,1)
(:,8,1)
(:,9,1)

;1

=streamlines ;

streamlines_export (:, ’

, 1

’

streamlines_export (:, streamlines

’

s 1

streamlines_export (:, streamlines ;

14

(i-1) )
(i-1) )
(i-1) )
(i-1) )
streamlines_export (:, (i-1) «6+5)
(i-1) )
(i-1) )
(i-1) )
(i-1) )

=streamlines ;

streamlines_export (:,

.

r2r

end

save ([filename_out], "streamlines')
%% Second part of integrating

data = load('K:\Messzeiten\intern\Oliva_Saldanha\2015\Simulations\..
..testmatlab\data_sorted_sim2.dat', '-mat');
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lines = data.streamlines;
extracteddata = -l+xones(size(lines,1l),size(lines,2)+1,size(lines,3));

%2.Dim: x,y,z,v,cs,cvim, t

extracteddata(:,1l:size(lines,2),:) = lines;
for lineno = 1: size(lines, 3)
tracktime = 0;

if not((lines(1l,1,lineno)==-1))

extracteddata(l,10,1lineno) = 0;
for i = 2:size(lines, 1)
if not((lines (i, 1, lineno)==-1))
if (extracteddata(i,5,lineno)) >= 1
tracktime = 1;
end

if (tracktime)
extracteddata (i, 10, lineno) =
..extracteddata(i-1,10,1lineno) + distanced..
.. (extracteddata (i, :, lineno), ..
. .extracteddata (i-1, :,1lineno)) /2*..
.. (l/extracteddata(i-1,4,lineno)+1/..

..extracteddata (i, 4, lineno));

end
end
end
end
end
save ('K:\Messzeiten\intern\Oliva_Saldanha\2015\Simulations\..

..testmatlab\data_integrated_sim2.dat', '-mat');

Part4

In the fourth step, we determine the ensembles that are calculated from the input
data of COMSOL. From these calculated values, we can get arrays of each position

along the streamline for the assembly times of vimentin.

%$%$Part 4: Determination of the ensembles
data = load('K:\Messzeiten\intern\Oliva_Saldanha\2015\Simulations\..

..testmatlab\data_integrated_sim2.dat', '-mat');

values = data.extracteddata;
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X 100:100:10000;
y = 450:50:500;
deltax = 10;
deltay 2.5;

pointdata = -lxones(size(x,2),size(y,2),deltaxxdeltay*2x3xsize..

. (values,3),4); %

counter = ones(size(x,2),size(y,2));
for lineno = 1: size(values, 3)
for 1 = l:size(values, 1)
for kx = 1l:size(x,2)
if (x(kx) - deltax < values(i,1,lineno))
if (x(kx) + deltax > wvalues(i,1l,lineno)) %$in x-field

for ky = l:size(y,2)
if (y(ky) - deltay < values(i,2,lineno))
if (y(ky) + deltay > wvalues(i,2,lineno))
pointdata (kx, ky, counter (kx, ky), 1)
[values (i, 4, 1lineno) values (i, 5, lineno)
..values (i, 6,1lineno) ..

..values (1,10, 1lineno)];

counter (kx, ky) = counter (kx,ky) +1;
end
end
end
end
end
end
end
end
for kx = l:size(x,2)
for ky = l:size(y,2)
pointdata_export = zeros(size (pointdata, 3),size(pointdata,4));
pointdata_export = squeeze (pointdata (kx,ky,:,:));
exportname = ['K:\Messzeiten\intern\Oliva_Saldanha\2015\Simulations\..

..testmatlab\pointdataexport_20150817_x' num2str (x(kx), '$03d")..
L'y num2str(y(ky), '%03d') '.dat'];
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save (exportname, 'pointdata_export', '-ascii', '-tabs');

end

Parth

In the final step, we average the values obtained from the calculation to get a
time evolution along the streamline under consideration and plot it as a function
of length. The output data obtained can be exported to plotting softwares in
readable formats like “.dat’.

%% Partb: average values

means = zeros(size(x,2)+*size(y,2),18); %x,y,values
counter = 0;
for kx = l:size(x,2)

for ky = l:size(y,2)
counter = counter +1;
vm = 0;

csaltm = 0;

tm = 0;
cvimm = 0;
vd = 0;
csaltd = 0;
td = 0;

cvimd = 0;

elements = 0;

cvimmin = pointdata (kx,ky,1,3);
vmin = pointdata (kx,ky,1,1);
tmin = pointdata (kx,ky,1,4);
csaltmin = pointdata (kx,ky,1,2);

for 1 = l:size(pointdata, 3)
if not (pointdata (kx,ky,i, 1) ==-1)
cvimm = cvimm + pointdata (kx,ky,1i,3);

tm = tm + pointdata (kx,ky,1i,4);

csaltm = csaltm + pointdata(kx,ky,i,2);
vm = vm + pointdata (kx,ky,1i,1);
elements = elements + 1;

if pointdata (kx,ky,1i,3) < cvimmin

cvimmin = pointdata (kx,ky,1i,3);
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end
if pointdata (kx,ky,1i,1) < vmin
vmin = pointdata (kx,ky,i,1);
end
if pointdata(kx,ky,i,2) < csaltmin
csaltmin = pointdata (kx,ky,1,2);
end
if pointdata(kx,ky,i,4) < tmin
tmin = pointdata (kx,ky,1i,4);
end
end
end
for i = l:size(pointdata, 3)
if not (pointdata(kx,ky,i,1) ==-1)
cvimd = cvimd + (cvimm/elements - pointdata (kx,ky,1i,3))"2;
td = td + (tm/elements - pointdata (kx,ky,i,4))"2;
csaltd = csaltd + (csaltm/elements -
..pointdata (kx,ky,1,2))"2;
vd = vd + (vm/elements - pointdata(kx,ky,i,1))"2;

end
end
if not (elements == 0)
means (counter, :) =[x (kx) y(ky) vm/elements
.sqgrt (vd) /elements max (pointdata (kx,ky, :,1))
.vmin csaltm/elements sqrt (csaltd)/elements..
.max (pointdata (kx,ky, :,2)) csaltmin
.cvimm/elements sqgrt (cvimd) /elements
.max (pointdata (kx,ky, :,3)) cvimmin
.tm/elements sqgrt (td) /elements
.max (pointdata (kx,ky, :,4)) tmin]
else means (counter,:) = 0;
end
end
end
exportname = ['K:\Messzeiten\intern\Oliva_Saldanha\2015\Simulations\..

. .testmatlab\pointdataexport_20150817_means.dat'];

save (exportname, 'means', '-ascii', '-tabs');



C

Results from FEM Simulations

In Chapter. [3| we show the two-dimensional sections of the FEM simulations for
flow rates 80:40. For the sake of completeness, we present the results from simu-
lations for other flow rates 40:20 and 160:80 in this section. In order to achieve a
better understanding of the flow conditions, a similar layout of the “x-y” plane is
presented.
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0 vimentin concentration NCNRE [ KCI concenfration 100 mM
T—>
X -:stepatx=y=z=0

c) d)

0 MgCl, concentration 25 mM 0 1x10° m/s

Figure C.1.: FEM simulations of the flow conditions and local concentrations in the
microfluidic devices for flow rates 40:20. Simulations shown here are for a vimentin flow
speed (central inlet) 20 uL h~! and salt buffer flow speeds for each lateral inlet 40 uL h=!. The
mid-plane (x —y) is shown. (a) Vimentin concentration in the device. Enlarged are parts of
the inflow of KCI (first cross) and MgCl, (second cross). The vimentin concentration remains
high in the central part since the large proteins diffuse slowly. (b) Change in KCI concentration.
KCl is injected at the first cross, diffuses into the central protein stream and remains at a
constant concentration when MgCl; is injected. (c) Change in MgCl;, concentration. (d) Velocity
magnitude.
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0 4 mg/m! [EEEVAREN O KCI concentration 100 mM
T—>
X -:stepatx=y=z=0

c) d)

0 gCl, concentration 25 mM

Figure C.2.: FEM simulations of the flow conditions and local concentrations in the
microfluidic devices for flow rates 160:80. Simulations shown here are for a vimentin flow
speed (central inlet) of 80 uL h~! and salt buffer flow speeds for each lateral inlet of 160 uL
h=!. The mid-plane (x —y) is shown. (a) Vimentin concentration in the device. Enlarged are
parts of the inflow of KCI (first cross) and MgCl, (second cross). The vimentin concentration
remains high in the central part since the large proteins diffuse slowly. (b) Change in KCI
concentration. KCl is injected at the first cross, diffuses into the central protein stream and
remains at a constant concentration when MgCl; is injected. (c) Change in MgCl, concentration.
(d) Velocity magnitude.

4x10° m/s

o
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Kinetic Equations for Fitting Light Scattering
Data

The modeling of the light scattering data is done in collaboration with Prof. Dr.
Klaus Huber and Dr. Carlos G. Lopez, University of Paderborn, Germany.

In the works of Murphy et al. [125] [126], kinetic equations for a mathematical
model of aggregation kinetics of Amyloid-  has been derived which also explains
several stages of fibrillogenesis from smaller subunits to mature fibrils. They con-
sider a more complicated scheme, which reduces to our model when only the last
two steps are considered. This is equivalent to setting to zero all reaction con-
stants except k1, and k; ; in reference [126]. Further, we consider the reaction order
in step I to be equal to p, which corresponds to setting p = g in Murphy and Pal-
litto’s model. The equations describing the time dependence of the concentration
of non-laterally aggregated species f; and laterally aggregated species F;, where
the subscript refers to the longitudinal degree of polymerisation (i.e. the number

of length increments of 60 nm corresponding to the length of a tetramer) are given

by:
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ilj;i = —pky [fl] (

J

- 171)" ©.1)

dF; A - 158
= thalfi ( Z;[fﬂ) - Z; kij[EIE]+ 5 y_,; kii-jlF]lF-]  (D.2)
= = =

If a polydisperse distribution of the species 'f’ is assumed, as will be done in sce-
nario b) introduced below, the first term in Eqn. must be interpreted carefully.
Since ‘t’ type oligomers of any length can laterally aggregate with others of dif-
ferent size, the laterally aggregated bundles of p oligomers (which account for the
first term in Eqn. will have a heterogeneous mass per until length along a
single bundle. Thus, [F;] refers to the concentration of filaments which contain at
least one oligomer fi, set by the prefactor [f;] in the first term. In order to cal-
culate the length of the newly generated laterally aggregated species, we assume
that the number average length is equal to that of the "t" species. The nature of
the 'f” species is adjusted to the measured values of M, and R, (see Figure 1 of
the manuscript) for the sample selected. The smallest soluble vimentin unit is the
tetramer, with L = 60nm and M, = 214000 g/mol. Given these are values com-
mensurate with the observed R, and M, values, the discrete nature of vimentin
should be considered for the evaluation of the initial state of the respective kinetic
run. Since we do not have access to the complete distribution of species, which
is likely to consist of multifolds of tetramers both in the lateral and longitudinal
directions, we consider here two different scenarios to fix the initial state of our
kinetic model:

a) a bimodal population consisting of 1) tetramers and 2) an oligomeric ULF (p
= 6) with a longitudinal degree of polymerisation of 7.

b) a population of longitudinal multifold s of the tetramer following a SZ distri-

bution and a population of monomeric ULFs (p = 6).

Scenarios a) and b) are capable of reproducing the Ry vs. M, results as shown
in Chapter. 5| For scenario a), the number fraction of oligomeric ULFs is approx-
imately constant at 1% and the variation in M;, and R, is caused by the degree
of longitudinal aggregation of ULFs. For scenario b), the variation in Ry and My,
is the result of an increase in L, of the longitudinal tetrameric multifolds. The
effective cross sectional diameter of tetramers and longitudinal multifolds thereof

is taken to be di; = 5 nm. The diameter of ULF is coarsely approximated at

dr = /Pdet-



The static and kinetic data can be explained using scenario a) or b), with no
significant difference in the agreement between model and experiment. The fit
parameters k, and dw obtained for a) and b) do however vary significantly (=~
x2). The data presented in the work is modelled assuming scenario a). They are

compared with results from model fits based on scenario b).

The end-to-end aggregation constant k; ; is given by:

kl,]

d a
~ kgTNa(dw)* 1 (ln(Li/d) +0.312+0565{ — 015
- 37 Li+L L
In(L;i/d) +0312 + 0565 — 0.1%?2

L

(D.3)
_|_

which for simplicity was reduced in the model of Pallitto and Murphy[126] to:

— kpTNA(Gw)? 1 (ln(L/d) +0.312 4 0.5654 — 0.1212)

» — D.4
A 37 L L O

where L is the number average length of the F species. Eqn. can be further
approximated as:
- kBTNA(cSw)Z A 1

D (D)

kl,]

where A and p are parameters set so that EZA%V closely matches the expression in
big brackets in Eqn. For our experiments, where L/d does not vary by more
that an order of magnitude, using this approximation never leads to an error in
ki greater than ~ 3%

The nth moment of the concentration of the two species are defined as:

Apa =Y i"[fi] and App =) i"[F]
i=0 i=0
The equations describing the zeroth to second moments of the concentration of
the initial species (subscript f) and the laterally aggregated species (subscript F)
are given as:
dAry
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d;‘tfl = —phudpAly’ (D.7)
P2 k! (D8)
d;l\fo = knAfyy — %@Aéa (D.9)
TE _ plar ity (D.10)
‘12;2 — Pk oAl 4 o ARy (D.11)
The initial conditions are given by:
Aol0) = M7l
Ar1(0) = [My]
Ap(0) = [ray) e

where [M(] is the total concentration of vimentin in 'f” species expressed as (num-
ber of non laterally aggregated tetramers)/L, M, is the molar mass of a tetramer,
M¢,(0) and My ,(0) are the number and weight averaged molecular weights of
the 't species at time zero respectively. If a monodisperse population of tetramers
is assumed as the initial condition for the species 'f’, see scenario a), then My ,(0)
= M¢,(0) = Myt and Agp(0) = As1(0) = App(0)= [My]. The starting conditions for
Aro(0), Ap1(0) and Apy(0) are calculated in an analogous manner:

Apo(0) = [2/71;]
Ar1(0) = [ME]

Ar2(0) = [ME]pn,
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where [MF] is the total concentration of vimentin in 'F’ species expressed as (num-
ber of laterally aggregated tetramers)/L and #; is the longitudinal degree of poly-
merisation of the filaments F. For scenario b), n; is equal to 1.

M, for the entire ensemble is calculated from:

which allows us to fit Mw data obtained from light scattering experiments with
the above model.

In order to be able to also fit <R§> 2, we assume that the filaments of species F
are distributed according to the Schultz-Zimm formula (Eqn. [5.16). The polydis-
persities for the two populations are calculated using:

/\a2 )\ocO
A

pd.. =

where « can be equal to f or F. Once the polydispersity is known, the z averaged
molecular mass M, for each population can be calculated according to Eqn.
The z-averaged squared radii of gyration for the f and F species Ré, 5 and R;F

respectively can be calculated from:
M
R2 . — ( zf )2
&f 7 M2My/p

M
2 z,F \2
Rgf_(uML)

where M| is the mass per unit length of the F species. We note that R§ 7 is inde-
pendent of time. The z-averaged square radius of gyration for the entire ensemble,

which is measured by static light scattering is given by:

AFZR;F + Asz; f

RY). =
(Ry): Arr+ Ap2

The z-averaged diffusion coefficient for the f species Dy, and for the F species
Dr , can be calculated by Eqn. using the weight averaged rod lengths for each
species Ly, and Lg, respectively. The z—averaged diffusion coefficient for the full
ensemble can calculated as:

_ ApDyf.+ ApDr:

D
z /\f/z + Ap,2
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The above equations cannot be solved analytically for the general case k, # 0
and k; ; # 0. For the special case where end-to-end elongation does not take place

(kij = 0), the above equations can be solved to give:

1

Ao = (Ap0(0) P lkup(p = 1)tA70(0)" + Aso(0)]) (D.12)

A1 = (An(0) P Rap(p ~ DA A @+ 20)) T (D13
A= (/\fz(())_p[knp(p —1)A50(0)P A p(0)t + Afz(o)]) v (D.14)
Ao = (A70(0) = Af)/p + Apo(0) (D.15)

Ap1 = Ag(0) — Ag+ Ap(0) (D.16)

Ap2 = (Af(0) — Af)p + Apa(0) (D.17)

We can also obtain an analytical solution when k, = 0. The initial conditions
have to be changed to reflect the initial population of laterally aggregated fibres.
The analytical expressions for Ary , Ar; and Ap; are then given by:

o ML 2+V G 7(.”+3) _1/(V+3)
Ao = () 5 (430t Aro(0) ] (D18)
Ar1 = Ar1(0) (D.19)
A2 = Ap(0) + H((J+ 1) — "1y /(I(m +1)) (D.20)
where 2t
_tTH
3+

H = GApp (0) *M2
I = (Mp/(MurrLr1(0))*™G(u/2 +1.5)

J = Lpo(0) "3
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C_ kpTNa

31
In order to fit data, we solve Eqn. [D.6}{D.11] and [D.5 numerically using a Runge
Kutta 4 method implemented in Igor pro v6.36. The time step was varied depend-

A(dw)?

ing on sample and fit parameters between 0.3 ms and 0.01 ms. We use the values
of p and k, obtained from first fitting Eqn. as our starting guesses. The
initial conditions are obtained from the values of M,, and (Rg,) » measured for the
sample prior to salt addition. We did not implement a least squares minimisation
routine, rather, the parameters were adjusted by eye until they gave a good fit to
the data. This typically took of the order of 20 iterations.
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