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Abstract

Small angle X-ray scattering (SAXS) is a powerful technique to analyse
characteristics of colloids, polymers and proteins. The large range of scattering
vectors allows for investigations of dimensions in the range from a few
angstroms up to some hundred nanometres. Microfluidics incorporates the
advantages of small sample volumes and the precise control of experimental
parameters. It is thus an ideal tool to investigate a manifold of biological material
and reactions. Besides an extensive variability in device fabrication, microfluidics
offers easy and fast device production and high reproducibility. We combine
X-ray scattering techniques with microfluidics in order to quantitatively describe
the dynamics of protein folding. Moreover we analysed the flow behaviour in
specific microfluidic devices.

For this purpose, we developed a microfluidic device for fast mixing and X-ray
measurements. Soft lithography allowed us to produce microfluidic devices that
were readily adaptable for SAXS experiments using synchrotron radiation or
in-house setups. By the use of parallel lamination and hydrodynamic focussing,
we were able to reduce the diffusion path and thus drastically decrease the
mixing time. A very low dead time of 1 ms or less, depending on the flow velocity,
and high temporal resolutions are crucial for the study of fast reaction dynamics.
The use of hydrodynamic focussing in y-direction and specific flow-defining
geometries to focus in z-direction results in minimal time dispersion (i.e.
minimal velocity dispersion inside the sample), which is ideal for in-house SAXS
measurements. Accordingly, we were able to measure the dynamics of lysozyme
folding with an in-house setup and calculate the corresponding radii of gyration.
As microfluidic devices are used for various types of experiments, such as
rheology, it is becoming more and more important to understand the flow

dynamics in the channel. We took advantage of the newest generation of
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coherent synchrotron radiation to analyse the flow behaviour of complex fluids.
Coherent X-ray radiation grants the possibility of correlation spectroscopy,
which allows measuring the flow dynamics of colloids. Common X-ray photon
correlation spectroscopy (XPCS) uses point detectors to collect the intensity and
calculate the autocorrelation function. Here, we used a fast read-out 2D X-ray
detector to collect full-frame scattering intensity images. Unlike previous
one-dimensional analyses, we calculate the autocorrelation functions for the full,
two-dimensional g-range (i.e. pixel-by-pixel for the full image). This leads to
sequences of correlation images (one for each 1), or in other words, a correlation
movie. The patterns revealed by these images depend strongly on the flow
situation in the channel. Consequently, the correlation movies allowed us to
determine diffusion constant, flow orientation and flow velocity under different
flow scenarios. We could therefore derive information about the device
anisotropy directly from the correlation images.

In essence, we developed a new microfluidic device to measure fast reaction
dynamics and evolved a method to quickly analyse flow behaviour inside

microfluidic channels.
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1 Introduction

Incoming light that interacts with a particle sized in the range of the lights
wavelength is scattered, i.e., deflected or reflected. The scattering depends
mainly on the size but also on the structure and the shape of the particle.
Well-known examples for scattering phenomena are the red sky at sunset, the
white colour of clouds and milk or the blue sky. If the particle size is small in
comparison to the wavelength, the light is scattered in random direction; this
phenomenon is known as Rayleigh scattering! where light of different
wavelengths gets scattered in different angles.

With increasing particle size, i.e. a size range similar to the wavelength, the
visible light gets scattered more uniformly (differences in wavelengths are less
pronounced compared to the particle size). This effect is called the Mie

scattering?.

Visible light is just a small part of the large spectrum of electromagnetic waves,
which also includes radio waves, microwaves or X-rays. The scattering effects
described above are valid not only for visible light but for all kinds of
electromagnetic radiation. The discovery of X-rays at the end of the 19t century3
opened up new avenues to investigate smaller structures than was possible with
visible light. Subsequently Max von Laue first commented on diffraction of X-rays
by crystals* His findings were followed by numerous discoveries around the
nature and the diffraction of X-rays>’. The fact that X-rays show diffraction
patterns eventually proved that X-rays are electromagnetic waves, similar to
those of visible light. One year after the publication of these observations,
William Henry Bragg and his son William Lawrence Bragg first defined a relation
between wavelength, distance between scattering planes and the scattering

angle; the Bragg’s Laws.
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ni =2dsin(6) (1.1)

Where 6 is the scattering angle, d is the separation, A is the wavelength and n is
an integer. The characterization of X-rays and their incorporation into analysing
tools led to countless scientific findings during the next one hundred years®210,
Not only could many mineral structures be solved due to Bragg’s Law, also the
structures of haemoglobin and myoglobin were understood by means of X-ray
crystallography. Moreover, one of the most important discoveries in the 20t
century, the crystalline structure of DNA by Rosalind Franklin and its
interpretation by Watson and Crick!! were based on X-ray diffraction studies.
Even today, researchers are awarded Nobel prizes for achievements based on
X-ray crystallography, for example the unravelling of the structure and function
of ribosomes, a catalyst in protein synthesis10.12-14,

For a long time X-ray diffraction was limited to wide angles and crystallized
samples. Towards the middle of the 20t century, an increasing amount of
research on X-ray diffraction also included the scattering to smaller angles?>. As a
result, it became possible to study not only lattice constants but also sizes and
shapes of particles, making crystallized samples no longer a prerequisite. The
initial findings and developments on small angle X-ray scattering (SAXS) and
small angle neutron scattering (SANS) were mainly propagated by André
Guinier, Otto Kratky, Peter Debye and Giinther Porod-2° (in chronological
order). The main focus was on the orientation and periodicity of protein fibres
such as cellulose?1-23, on colloidal systems!” and on polymers24. In the late 1950s,
catalase was characterized using small angle scattering?> and after the start of
ab-initio modelling by Svergun in the 1990s2¢ the number of publications

regarding small angle scattering increased rapidly.
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1.1 Small angle X-ray scattering (SAXS)

Compared to wide angle X-ray scattering (WAXS) and diffraction, with scattering
angles up to 180° in SAXS the angles measured are usually below one degree. As
mentioned above, light interacts with matter that has a size in the range of its
wavelength. The spectrum of X-rays ranges from 1 picometre (pm), which is
102 m, up to 10 nanometres (nm), which is 10-8m. The wavelength used for
SAXS depends on the X-ray generator used. Sources used in conventional
laboratories accelerate electrons onto a metal anode, where a spectrum of X-rays
is emitted. This spectrum is very specific for the anode material. Generally,
copper is used as anode, resulting in a wavelength of 1.54 A, with one A being
0.1 nm. In synchrotron facilities the X-ray radiation is produced by the
acceleration of electrons (i.e., the change of flight direction induced by magnets).
The so-called “bremsstrahlung” is emitted tangentially to the electrons orbit and
has a spectrum ranging from 10-1m (0.1 A) to 10 m (long infrared and short
microwaves). Furthermore, by applying monochromators and filters, the
wavelength can be changed and adapted to the corresponding experiment.

Figure 1.1 shows the evolution of the brilliance of X-ray sources.
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Figure 1.1: Temporal development of the
intensity of X-ray sources. The unit of brilliance
is [photon/s mm2 mrad2 0.1% bandwidth].

Taken from 27,
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In X-ray diffraction, the sample needs to be in a crystalline conformation and
parameters such as lattice constant or orientation are measured. However, while
typical diffraction angles are above 2°, in SAXS the measured angles are usually
below 2° or 1° and thus larger dimensional parameters of the sample, such as its
size, shape and orientation are of interest. When measuring in solution, which is
often the case for SAXS, the sample is isotropic. In other words, the particles can
freely rotate and present themselves in different spatial orientations. The
isotropy of the particles leads to a 2D scattering signal with a rotational
symmetry (i.e. rings or circles), as scattering in different directions occurs with
the same probability. The rotational symmetry of the recorded scattering image
allows for an azimuthal averaging (for each scattering angle 26, the intensity is
averaged over all scattering directions y). As follows, we obtain a 1D plot with

scattering intensity on the y-axis and scattering angle on the x-axis.

0 0.1 0.2 0.3 9.4 0.5 0.6
g (A7)

Figure 1.2: Scheme of a typical SAXS setup. With X-ray source (1), mirrors or filters for beam
alignment and monochromation (2), beam defining aperture (3), pinhole for parasitic scattering (4),
sample (5), beamstop to block direct beam (6), detector (7), computer (8) to collect and analyse the

data and an example of a scattering plot (9) after azimuthal averaging.

Figure 1.2 shows a typical setup of a small angle scattering experiment. The
X-ray source generates radiation, which is filtered and aligned to a parallel beam.

An aperture, this can be lenses, slits or pinholes, defines the size of the beam. To



Introduction

avoid undesired parasitic scattering from the aperture, another pinhole or filter
is usually installed shortly upstream of the sample. To minimize the loss of
radiation by scattering with air, the beam path between source and sample is
kept under vacuum. Whether the sample is kept under vacuum or not depends
on the type of sample and on the SAXS setup. At synchrotron facilities, samples
are not kept under vacuum because on one hand, small sample chambers are
lacking and on the other hand the intensity loss due to air scattering is negligible
compared to the high beam intensity. In contrast, in-house - setups have a much
lower intensity  (Io,synchrotron ® 1024, Io in-house= 1018,  the  unit s
photons/s/mm?/mrad?/0,1%BW in both cases) and therefore, samples are often
measured under vacuum to avoid loss of intensity through air scattering. As a
consequence, the sample has to be protected from evaporation, which for
instance can be achieved by using a flame-sealed glass capillary. To avoid
saturation of the detector and hence signal loss, a beamstop (usually a piece of
lead) is placed behind the sample, i.e. directly in front of the detector. Finally,

data is collected on a computer.

For a diluted solution of spherical particles, the size of the particles directly
correlates with the angle of the scattered X-ray beam. As indicated by Braggs
Law (1.1), the correlation is inversely proportional.

In the small angle regime, it is plausible to assume that no long-range order
exists when measuring in solution. This means, that there is no correlation
between two particles as they are far enough apart. Hence, only one single
particle needs to be considered?s.

The actual property that is measured in SAXS is the difference between the
electron densities of the sample (ps) (i.e. particles in a solution), and its
surrounding matrix (po) (i.e. the solvent). Accordingly, if ps=po, the particles
cannot be distinguished from the solvent by X-rays (i.e. the X-ray beam doesn'’t
“see” them), and no signal will be measured. The established parameter used to

plot the scattering intensity is the momentum transfer g, or the scattering vector.



Introduction

It is defined by the scattering angle 260 (see figure 1.3) and the X-ray wavelength
Aas

47sin(6) | (1.2)

=

The typical unit for q is A or nm-1, again showing that the scattering intensity is
depicted in reciprocal space, which means that bigger g-values correspond to

smaller scattering objects.

detector

x-ray beam 20

sample

/ 2/

Figure 1.3: Sketch of the small angle scattering of a sample. The
scattering angle (26), scattering vector (q) and orientation angle

(x) are outlined.

A SAXS intensity curve of spherical particles can be analysed in different ways.
First information about typical length scales (d) in the sample can be calculated
using equation 1.3, where q is the location of the scattering intensity feature (i.e.

a peak or a minimum).

d="— (1.3)

André Guinier found the first approximation that apparently fits all kind of
particles. It is thus known as the Guinier-approximation and used to calculate the

size of the particles??:
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In(1(g)) = In(1(0))- - R2g”. (14)

When plotting the logarithm of the scattering intensity versus g2, the intensity
will show a linear decay at very small g-values that only depends on the radius of
gyration, Ry. It is defined as the mean square distance from the centre of gravity,
where mass is given by the electrons?8.

The behaviour of the scattering intensity at higher g-values can be approximated

using equation 1.5, where S is the surface of the particle.

This fourth power law, known as “Porod’s Law”, was independently described by
Giinter Porod3? and Peter Debye3! and is applied to the final slope of the
scattering intensity?8. Nowadays analysis methods, such as those described by

Guinier and Porod, are included in various computer software, like Primus32.

1.1.1 X-ray photon correlation spectroscopy (XPCS)

In classical X-ray scattering experiments, the large diffracted beam includes
many small coherence volumes (i.e. small volumes with coherent radiation, D;).
Over all, only an incoherent sum of the intensities (4i(q)) of many of these

domains is measured?’.

1(g)= YA (q) (1.6)

iEN

The high brilliance of third generation synchrotron sources opened the
possibility to obtain coherent X-ray beams of reasonable intensity and of nearly
macroscopic dimensions. The coherent X-ray beam is obtained by selecting a

part of the incoherent beam in the two transverse directions?’. This is mostly
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achieved by using slits. This part of the originally incoherent beam needs to fulfil

the following conditions for diffraction:

o0’ Ei (1.7)

where ¢’ is the root mean square divergence of the beam and o is the root mean
square beam size. This condition applies to fully coherent Gaussian beams,
however, in practice the beam cannot be considered Gaussian due to limitations
of the optics. Consequently, conditions for obtaining an X-ray beam with good

coherence are:
dbe<A, (1.8)

where @ is the size of the beam defined by a slit aperture or pinhole and ¢ is the
full width at half maximum (FWHM) divergence of the beam?7.

Initial coherent scattering methods were developed and used for studies of
fluctuations in dynamic processes. The scattering of a coherent beam leads to
interference signals, which are no longer averaged out as in equation 1.6. These
interference signals are called speckle patterns and show fluctuations if the
scattering object is moving. The fluctuations of the intensity is analysed by
means of an intensity-intensity correlation function (equation 1.9) in analogy to

dynamic light scattering (DLS)27:33,

<I(q,r)-1(q,t+r)> (1.9)
(1(a.0))

8 (q.1)=

For intensity autocorrelation, the intensity at a given time point t (I(g,t)) is
correlated with the intensity at a time point shifted by 7 (I(g,t+71)) at a constant

g-value. The transposition of this method to X-ray scattering is called X-ray
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photon correlation spectroscopy (XPCS) and has two main advantages compared
to DLS. First, the ability of X-rays to observe order fluctuations in the vicinity of
Bragg peaks, i.e. at very small sizes (larger g-values) and second their high
penetration depth that renders studying opaque materials or strongly multiplies
scattering samples?7.

In order to measure fast dynamics with XPCS, small 7 and large beam intensities
are needed. The latter is given by the latest synchrotron radiation, whereas for
small 7 (i.e., fast detection), slits and point detectors, in particular an avalanche
photo diode (APD), proved most efficient for studying fast phenomena. The
apertures of these detectors (~ 10 um), the commonly used sample to detector
distances (2-5m) and the typical wavelength (1.6 A) determine the beam
diameter used for XPCS, which is often 5 - 10 um (equation 1.8)27.

The use of point detectors limits XPCS experiments to a very small g-range
(basically one g-value) and one scattering direction per measurement. Recent
advances in the development of fast 2D detectors such as the MAXIPIX34 or the
Eiger3®, with frame rates up to MHz at full frames enable the collection of whole
scattering images during XPCS measurements. This will open new possibilities
such as the analysis of the autocorrelation function of whole images, as well as
simultaneous cross correlation between two different points (i.e. two different

g-values or two different scattering directions)?7,3336,

1.2 Microfluidics

The term microfluidics describes the science and the technology of small fluid
systems (i.e. small dimensions of fluid channels or particles in flow). The
dimensions range from atto- to nanolitres (10-18 to 102 1) of fluid volume and
from one to several hundred micrometres in channel width or particle size3’.
This already points out one of the many advantages of microfluidics: very small
sample volumes. Other advantages include precisely controllable environments,

high resolution and sensitivity as well as very low fabrication costs37:38, Most
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characteristics of microfluidics are based upon the laminar flow behaviour.
Laminar flow occurs when mass transport is dominated by viscous dissipation
and inertial forces are negligible. As inertia provides the nonlinearity responsible
for turbulence flow, the laminar flow regime is free of turbulences3°.

The absence of turbulences can be explained by the fact that in the case of very
small dimensions, the fluid velocity is smaller than the velocity of pressure
waves in the liquid. The fluid can hence be considered incompressible*°. The
velocity field of an incompressible fluid is described by the Navier-Stokes

equation3941;

p(g—:+v~Vv)=—Vp+nV2v+pg+pelE, (1.10)
where p is the density, n the viscosity and v the velocity of the fluid. E is an
electric field, pes is the charge density, p the pressure and g the acceleration due
to gravity. The left side of the equation resembles the inertial forces, while the
right side represents both the intrinsic and applied forces. To perceive whether a
system is in the laminar flow regime or not, one has to compare the two parts of
the Navier-Stokes equation. This is done by calculating the Reynolds number, Re

which resembles the ratio of the inertial and the viscous forces3942:

_pt (1.11)
n

Re =

===

)

with fi ~ pv2/l and f, ~ nv/I2, where [ is the characteristic length of the system
(i.e. the channel width, or particle size). For microfluidic devices where viscous
forces dominate, Re << 1, whereas for large systems where inertial forces
dominate, Re >> 1. Owing to the small size and low velocity of a microfluidic
environment with Re << 1, we can neglect the inertial term of the Navier-Stokes

equation (1.10). Similarly, gravitation can be neglected due to the small volumes

10
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handled in microfluidics, and no electric fields are applied, such that the

Navier-Stokes equation can be simplified to the linear Stokes equation.

=-Vp+nViv. (1.12)

Similar to the Reynolds number, there are many other dimensionless numbers to
characterize a fluidic system. Besides Re, one of the most commonly used
number in microfluidics is the Péclet number Pe. The dominance of viscous
forces in a microfluidic environment leads to the situation, that lateral transfer of
molecules in the channel happens mainly through diffusion. The Péclet number

calculates the ratio of diffusion time versus flow time3°.

Pes2 YW _ (1.13)
t, D

= |IN

where tp ~w?/D and tr ~ w/v and Z is the distance along the channel. D is the
diffusion constant and w the channel width. Knowing the diffusion constant,
channel width and flow velocity, we can therefore use Pe to calculate the channel
length needed for a given molecule to distribute evenly.

Furthermore, The diffusion-controlled transport enables the control of
concentrations inside such a device. The special conditions associated with
microfluidics entail a huge diversity of applications. Figure 1.4 shows some of the

possibilities in microfluidics, where liquid interfaces are used*3.

Floating interfaces (figure 1.4 A) are used to produce well-defined microfluidic
droplets using two immiscible fluids. Surface wettability and flow rates give a
perfect control over droplet size, which makes such devices ideal for commercial
uses with parallel, high throughput droplet formation*3. Consequently, double
emulsions can be used to form vesicles or single emulsions as nanoreactors for
chemical or biological processes, providing smallest sample volumes and high

reproducibility. The versatility of microfluidics allows numerous manipulations

11
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of the droplets, including coalescence, sorting, mixing of the content, splitting or
storing#344,

Pinned interfaces (figure 1.4 B) provide a two-phase flow supported by different
surface treatments for each of the streams. These streams can be two immiscible
fluids or air and liquid*>#6. The large surface to volume ratio of these interfaces
allows efficient transport between the two streams. This makes the pinned
interface setup attractive for various applications such as the study of drug
partitioning, enzymatic reactions, multiphase, phase-transfer or interfacial

reactions#3:4547-49,

B interface
aequeous phase K \ - -
R S

—
=\
\\}\ .( interface phase 1
N
oil phase

chemical reactions

R/

A

biological cells

fluid 1

D interface

fluid 2
fluid 1
fluid 2 zero flow

Figure 1.4: Four different applications of microfluidic devices providing liquid interfaces. A: floating
interface used to create droplets with two immiscible fluids. B: pinned interface of two immiscible
fluids, suitable for investigating interface reactions. C: moving interface between two miscible fluids
often used as filtering or mixing device. D: secondary interface of convection-free environments.

Taken and modified from 43

Using a similar design as for pinned interfaces but with two miscible fluids
produces a moving interface (figure 1.4 C). Due to the laminar flow, mixing
between streams occurs only through diffusion. The extent of mixing is
controlled by specific channel dimensions and flow rates (cf. Péclet number). A

high Pe results in a kinetically stable and sharply defined interface whereas at

12
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low Pe a complete mixing occurs. This setup was first established for protein
fractioning®%-52 and subsequently developed into the ‘H-filter’, which illustrates
the potential of diffusion and laminar flow®354 An attractive feature of the
‘H-filter’ and particularly the ‘T-sensor’>5 is the fact that the time available for
diffusion and reaction correlates with the travel distance of the fluid. This allows
the observation of reaction kinetics, binding affinities, analyte concentrations
and the calculation of diffusion constants#3.56,

The dominating viscous forces in microfluidic systems allow not only the
fabrication of flow-controlled devices but also of purely diffusive,
convection-free environments (Pe = 0). These secondary interfaces (figure 1.4 D)
are diffusive layers, which depend on the rate of solute release at the source and
on the solutes diffusivity. Additional constraints such as impermeable
microchannel walls make the system even more predictable. The usage of
secondary interfaces in microchannels is versatile and includes studies of protein
crystallization, cell division and migration and intercellular communication*3-7,
The introduction of microchambers as flow-free microfluidic environment
creates an even more controllable and predictable type of secondary interface to

study biological systems>8.

1.2.1 Mixing in microfluidics

Miniaturization, integration and automation led to the rapid evolution of
microfluidics and a simultaneous development of heterogenuous “micro“-
devices for microfluidic applications. Examples include micropumps,
microreactors and micromixerss?. Mixing in particular has become an important
part of microfluidics as it is currently widely applied in chemistry and biology (cf.
figure 1.4). The need for more efficient and faster mixing devices produced many
different types of micromixers. They can be classified into two main categories:
active and passive micromixers®?,

While active mixing devices work with many different modes of external impact,

such as acoustic, thermal, magnetic or electrodynamic disturbances, in passive
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micromixers transport happens mainly by diffusion®®. The most common passive
mixing devices are based on a moving interface (figure 1.4 C), allowing the
substances to diffuse between the different fluid streams. Following the basic
T-mixer and Y-mixer¢1-63, the systems were improved over time to shorten
mixing times. There are two main types of passive mixers: In lamination
micromixers, the two inlets are split into several parallel substreams which are
fused to form one stream with alternating parallel substreams. In injection
micromixers, only the solute flow is split into many streams that are injected into
one solvent flow. Other types of passive micromixers include droplet mixers

(figure 1.4 A) and micromixers based on chaotic advection®?.

Figure 1.5: Different passive micromixers. A: the basic T-mixer. B: mixer using parallel lamination. B:

an example for serial lamination. D: introduction of chaotic advection. Taken and modified from 69,

The main point of lamination mixers is the shortening of the diffusion path for
the mixing fluids®*. The easiest way to achieve this is by hydrodynamic focussing.
Controlled by flow velocities, the width of the focussed jet can be varied and it is
possible to follow chemical or biological reactions®. For very narrow jet

dimensions, however, the sampled volume (i.e. protein) becomes less. Hence,
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multiple parallel streams are favoured if mixing should be fast without losing
sampled volume. Decreasing the diffusion length by these means significantly
reduces the channel length and, in parallel, the time needed for complete

mixing®0.66-69 Figure 1.5 shows an overview over different passive micromixers.

1.2.1.1 Hydrodynamic focussing

As mentioned earlier, a smaller diffusion path (i.e., narrower sample streams) is
one of the main parameters in fast mixing. Hydrodynamic focussing devices have
two lateral buffer streams that focus a sample stream in the middle. Like this, the
diffusion length for particles in the buffer streams into the middle stream is
much shorter compared to a simple T-mixer®>70, The width of the sample stream
can be controlled by the relative flow rates of the different inlets. Due to no-slip
boundary conditions, the flow velocity at the walls is zero, and a maximal flow
velocity occurs in the middle of the channel*2. Thus, the sample stream here has
a uniform flow velocity, and measurements along the jet can reliably be assigned

to specific reaction times.

| buffer/reagent inflow | buffer/reagent inflow

sample inflow sample inflow

I

N ™

N
f t
Figure 1.6: Two types of hydrodynamic focussing. Narrow sample stream enabling fast mixing and

measurements at different reaction times. Wide sample stream creating a gradient along the flow

axis enabling measurements of concentration dependent reactions. Taken and modified from 70,

There are two main operation types of a hydrodynamic focusing device
(figure 1.6)71. First, applying relatively high flow rates for the focussing buffer
results in a narrow middle jet. Like this, the reactants will be completely mixed
after a short time, and the flow axis corresponds to the reaction axis enabling

measurements at different time points during a reaction. This setup enables the
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adaption of exposure times to the experimental needs without loosing the
temporal resolution?0.

The second application of a hydrodynamic focussing device creates a wider
sample/middle stream resulting in slower mixing. In this case, the reactants mix
over time along the flow axis, thus creating a concentration gradient in the
middle stream. This allows measurements of concentration dependent
reactions’0.

All these features of hydrodynamic focussing provide a perfect environment to
study biological reactions such as the fibre formation of silk’273, assembly of
cytoskeletal proteins’# or the interaction of DNA with H1 histones’> and cationic
dendrimers’¢-78, Thanks to these circumstances, it was possible to measure
intermediate steps of reactions that are usually not accessible in bulk

measurements?0.79.80,

1.3 SAXS meets microfluidics — a powerful combination

The combination of microfluidics and small angle X-ray scattering offers a wide
spectrum of applications. Advantages of both techniques are united, for example
the small sample volumes needed, the precisely controllable experimental
environment and the cheap fabrication of microfluidics as well as the wide range
of momentum transfer of X-rays. Especially in biological systems including cells
and cellular components, length scales between nano- and micrometres apply?°.
However, the small dimensions of microfluidic channels ask for a narrowing of
the X-ray beam without compromising its intensity. Newest generation of
synchrotron sources provide peak brilliances that can be focused down to
micrometres or even several nanometres®-84. Small beam sizes are also
prerequisite for microfluidic devices using hydrodynamic focussing®81-83. In this
case, the sample stream has a small width of a few micrometres and hence a
small X-ray beam of similar dimensions helps to prevent dilution of the signal’®.

The combination of very small X-ray beams with hydrodynamic focussing allows

16



Introduction

measurement of reaction kinetics at high temporal resolution. The continuous
flow in the channel provides the possibility of long measuring times at the same
spot in the channel, without radiation damage on the sample’?. In this way,
reaction kinetics of fast-folding proteins (cytochrome c, f-lactoglobulin)81.82 and
folding of RNA and DNA7683 could be measured.

The high beam intensities of newest generation synchrotrons demanded new
kinds of microfluidic devices. The strong scattering signal and the absorption of
X-rays of standard PDMS/glass devices makes them unsuitable for many X-ray
studies. The goal is to have at the same time a minimal scattering signal from the
device and a high resistance to intense radiation. Although a well-defined low
background signal could be subtracted from the data, polymer-based materials,
such as PDMS, frequently suffer from radiation damage and hence change signal

in the process of a measurement??.

A sample stream

sample inflow l

S

buffer inflow

X-ray beam

B C

X-ray beam

Kapton® £ilm buffer inflow

Channel-definin
material —_—

a8

sample inflow
Figure 1.7: Different approaches for SAXS compatible microfluidic devices. A: glass capillary device.
B: Kapton® film device with channel defining material, such as steel plate, PDMS or NOA 81. C: 3D
device for mixing conditions similar to the glass capillary device with no wall contact. Taken and

modified from 79,
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Glass capillary devices?? (figure 1.7 A) with thin walls down to 50 um thickness
are a good alternative. In addition, tube-in-tube geometries8> offer a way to avoid
wall contact of biological molecules, which otherwise tend to stick on surfaces
and thus lead to clogging of the channel’?. However, since devices made of glass
capillaries are not as versatile as standard microfluidic ones, other materials
have also been investigated. Beside the requirements for X-ray usage mentioned
above, the expectations regarding these materials are the same as for standard
microfluidic channels: stability, flexibility in channel geometry and dimensions
as well as easy manageability’%. One alternative material proved to be Kapton
(polyimide), which is relatively resistant not only to high intensity radiation but
also to solvents and has a very weak X-ray scattering signal®¢. Several
channel-defining materials between the two Kapton foils or tapes have been
used so far; stainless steel plates despite their limitations in geometrical
diversity®’, PDMS7188 or Norland Optical Adhesive 81 (NOA 81)74 (figure 1.7 B).

All these materials fulfil the requirements for versatile, X-ray compatible
microfluidic devices. Nevertheless, the problem of adsorption of biomaterials to
the walls remains. In addition, the parabolic flow profile leads to a high velocity
dispersion across the channel which makes it difficult to assign reaction times to
positions along the channel. One way to overcome this problem are droplets;
here the whole sample volume moves at the same velocity, but the interface
between droplet and carrier fluid might affect the X-ray scattering measurement.
In studies on protein solutions in flow focussing geometries’374 both issues,
velocity dispersion and sample adsorption, were overcome by using 3D devices
that have been fabricated by multi-layer soft lithography (figure 1.6 C). The
principle is similar to the glass capillary device, however, the NOA 81 devices
show severe beam damage for higher X-ray intensities’0. To meet all challenges it
is thus most useful to combine different materials and designs. For example,
PDMS-capillary devices for protein crystallization combine the functionalities of
controlled mixing in PDMS channels with the advantage of good SAXS properties

of the glass capillaries8999,
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1.4 In-house SAXS and its advantages

In the 1950s, Otto Kratky invented the first SAXS setup for laboratories, the
Kratky camera®l. Ever since, in parallel to synchrotron radiation, lab sources
evolved rapidly. The intensity of in-house X-ray sources is significantly lower
compared to synchrotron radiation (nowadays 10° times lower peak brilliance).
Hence, first publications about experiments performed on laboratory SAXS
systems mainly covered strong scattering materials such as gold or silica
structures?®293,

The advantages of an in-house SAXS setup are obvious. While measurements at
synchrotrons require long term planning and visits to synchrotron facilities,
in-house experiments can be performed at any time and on short notice. The
ability to react to results or to adapt setup or experimental’ conditions is another
big plus. Improvements in laboratory X-ray sources and setups led to an increase
of research on in-house setups in recent years?4-°7. The smaller beam intensity of
lab-sources compared to a synchrotron facility can be compensated by longer
exposure times. This is rarely a problem as less or no radiation damage occurs at
in-house setups.

Despite the requirement for new experimental approaches (i.e., new microfluidic
geometries), SAXS in combination with techniques like microfluidics, stopped
flow devices or Raman spectroscopy?+°7 offers exceptional control and flexibility

of the conditions that influence measurements®’.

1.5 Goals of the thesis

In this work, we combine X-ray scattering techniques and microfluidics in order
to measure the dynamics of biological reactions and Brownian as well as
convective motion.

For this purpose we create a microfluidic mixing device with very short (1 ms or

lower) mixing times on one hand, but also a narrow velocity dispersion in both

19



Introduction

transversal directions and thus a high temporal resolution for SAXS
measurements on a laboratory setup on the other hand. High temporal
resolution and fast mixing time will allow for measuring the folding dynamics of
fast folding proteins such as lysozyme.

Moreover, fast 2D X-ray detectors are used for full g-range XPCS scanning
microscopy. In this manner, we want to study the dynamics of Brownian and
convective motion inside a microfluidic channel. Sequences of correlation images

will give information about the anisotropy of the system in one sight.
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2 Materials and methods

2.1 Materials

2.1.1 Lysozyme

Lysozyme from chicken egg white was purchased from Sigma-Aldrich (St. Louis,
USA) as lyophilized powder. It was solved at room temperature in buffers at
concentrations of 10 mg/ml for capillary X-ray measurements and 30 mg/ml for

microfluidics measurements.

2.1.2 Chemicals and solutions

Guanidinium chloride (GdmCl), sodium acetate and glycine for the unfolding and
refolding of lysozyme were purchased from Sigma-Aldrich (St. Louis, USA), and
dissolved as explained in the experiment. SiOz-particles for XPCS measurements
were synthesized by Fabian Westermeier362899 and PPG-4000 purchased from
Sigma-Aldrich (St. Louis, USA).

The self-emulsifying systems CrMTrans and TTMI for the measurements of
nanoemulsions were prepared by Zdravka Misic100.101 at the Institute of Pharma

Technology of the University of Applied Sciences in Muttenz, Switzerland.

2.2 Soft lithography

Soft lithography is a technique to produce and replicate structures in elastomeric
molds, usually polydimethylsiloxane (PDMS). Soft lithography evolved in the last

20 years into a powerful technique used in a variety of fields such as
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microfluidics, photonics, electronics or biotechnology92. The elastic properties
and the transparency to visible light of PDMS offer many advantages. The easy
and straight-forward production, huge applicable size range from hundreds of
micrometre down to 50 nm or the low pricing are only a few of them. In our case
soft lithography was used for microfluidic devices, down to sizes of 10 pm.
Standard state-of-the-art microfluidic devices consist of PDMS and glass103.104,
Both of them have a strong impact on X-ray measurements through absorption
and scattering. Thus, different materials were used for the fabrication of
microfluidic devices throughout this thesis. Each of it adapted to the needs of the
appropriate experiment.

A typical process of device fabrication includes designing of a mask, preparation

of a master and replica fabrication.

2.2.1 Maskdesign

The masks for the microfluidic devices were all designed using QCAD
Professional version 2.2.2.0 by RibbonSoft GmbH and produced on polyester
films by ]J.D. Photo-Tools, Oldham, UK. Masks of polyester films are cheaper than
glass/chrome masks and can be produced in large sizes. However, they are

limited to structures down to 10 um though.

2.2.2 Master preparation

A master (see figure 2.1) is a usually hard, negative structure, which is used to
produce replicas of softer materials. The masters were made of silicon wafers
that were coated with photoresist. After exposure through a designed mask, the
unexposed photoresist was washed away and a hard, durable negative structure

of our design was left. The replica was usually produced using PDMS.
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Figure 2.1: Image of a master: silicon wafer with
photoresist-structure on top. An American
quarter dollar is put next to for size comparison.
The structure is a fast mixing device as used in

section 4.

The procedure for the fabrication of a master is schematically shown in figure
2.2. First, a silicon wafer (Si-Mat, Kaufering, Germany) was heated to 200 °C for
10 minutes (hard baking). After cooling to room temperature, the appropriate
SU-8 photoresist (Microchem, Newton, MA, USA) was spin-coated onto the wafer.
The type of photoresist and the velocity of spinning determined the thickness of
the coated layer, the choice was made according to the guideline of the producer.
Another baking step followed, this time at 95 °C (soft baking). The wafer with
photoresist was exposed through the polyester film mask for a few seconds to
UV light (365 nm, 30 mW/cm?) using a MJB4 mask aligner (SUSS MicroTec AG,

Garching, Germany).

1. 2. l l ' 3. 1.-3.
Silicon wafer Photoresist UV exposure Single-height Double-height
coating through mask master master

Figure 2.2: Fabrication of a soft lithography master. For double- or multi-height devices, steps 1.-3.

were repeated before developing the structure.

Before exposure, contact wedge error compensation (WEC) was performed to
make sure that the wafer was parallel to the mask and to adjust the pressure that

was applied during exposure to press the mask on the silicon wafer. The
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exposure was done in hard contact mode. Directly after exposure, the device was
baked at 95 °C again for a few minutes (post exposure baking) followed by
developing, i.e. the non-exposed resist was washed away with SU-8 developing
solution (Microchem, Newton, MA, USA). All steps from soft baking to developing
vary in time with the thickness of the photoresist layer. At the end, the final
structure was hard baked at 200 °C for 10 minutes to ensure long durability of
the device. For the different use of the microfluidic devices, different types of

masters were developed and produced.

2.2.3 Standard PDMS/glass microfluidic devices

PDMS/glass devices (figure 2.3) are used for standard microscopy experiments.
The thin glass slide enables the use of high magnification objectives with a short
focus length. PDMS is transparent to the full spectrum of visible light and

therefore ideal for bright field or fluorescence microscopy.

Figure 2.3: Image of a standard PDMS/glass
device. An American quarter dollar is put next to
for size comparison. The structure of the
channel is a cross for standard hydrodynamic

focus use.

The workflow to produce PDMS/glass devices is shown in figure 2.4. First, PDMS
was thoroughly mixed 9:1 with crosslinker (Sylgard 184, Dow Corning GmbH,
Wiesbaden, Germany) and mixed thoroughly. The PDMS was then given into a petri

dish containing the produced master and degassed under vacuum until no bubbles
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were visible anymore. It was then cured in an oven at 80 °C usually over night yet for

at least 4 hours.

1. ;9 2. 3.
Double-height PDMS curing Close channels Connect
master with glass slide tubings

Figure 2.4: Fabrication of standard microfluidic devices using PDMS and a

glass coverslide.

Using a disposable scalpel (B. Braun, PA, USA) the cured device was cut out around
the structure, leaving a 1 - 2 mm margin between the cut and the outer structures on
the master. The PDMS device was taken out of the petri dish very carefully in order to
prevent any defects in the structure. In cases of a very delicate structure (such as high
aspect ratios) few drops of isopropanol were added between PDMS and master to
avoid sticking of the PDMS to the master. After removing the device from the master,
holes were punched into the in- and outlets with a hole-puncher (Harris Unicore,
diameter 0.5 mm). PDMS-device and a round glass-coverslide (VWR, PA, USA,
50 mm diameter, thickness no. 1) were cleaned with isopropanol and dried with
nitrogen before being plasma cleaned in an oxygen plasma (Harrick Plasma, NY,
USA) for 30 s at 2 mbar. The two parts were brought in contact and at the end
PTFE-tubings (Adtech polymer engineering Ltd., Stroud, UK, 0.78 mm outer

diameter) were connected to the in- and outlets.

2.2.4 Polystyrene/optical adhesive - devices

For the use of microfluidics combined with SAXS measurements, a special type of
device had to be designed, in order to minimize the background scattering of the
device and its material. This was achieved using Norland optical adhesive® 81
(NOA 81, Norland Products, Inc., Cranbury, USA) as main material to form the

channel structures and 50 um polystyrene foil (Goodfellow Cambridge Limited,
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Huntingdon, UK) as covers on both sides to close the channels. Figure 2.5 shows

an example of a polystyrene/NOA 81 device as used for XPCS measurements.

Figure 2.5: Image of a polystyrene/optical
adhesive device. An American quarter dollar is
put next to for size comparison. The structure is

a fast mixing device as used in section 4.

2.2.4.1 Master fabrication

The master was made using SU-8 2100 photoresist, spun first at 500 rpm for 20 s
and after ramping up the speed, at a rate of 3000 rpm for 60 s. After soft baking
for 10 min the spinning procedure was repeated to double the total height of
photoresist and the master was then soft baked for 20 min. It was exposed for 9 s
at 36 mW/cm? which was followed by post exposure bake of 15 min. While being
continually stirred, the structure was developed for about 5 min to wash off the

unexposed resist.

2.2.4.2 PDMS replica production

PDMS and crosslinker (Sylgard 184, Dow Corning GmbH, Wiesbaden, Germany)
were mixed in a 9:1 ratio and poured into a petri dish containing the prepared master.
The PDMS was then degassed under vacuum and cured at 80 °C for a minimum of
4 hours. After curing, the PDMS was taken out of the petri dish, including the master
which was then cut out using a disposable scalpel. First, all the PDMS on the back of

the wafer was removed, resulting in having only the wafer side with the design on it
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covered with PDMS. In a second step, all PDMS around the wafer was cut off in a
slight angle, to the effect of leaving the edge of the wafer accessible to grab. The
PDMS was then gently removed from the wafer. A round piece of plastic (e.g. cut
from a 0.5 L PET bottle) was glued onto the PDMS replica, which now served as a
master for another PDMS replica. To make sure that the two PDMS parts were still
separable after curing, the PDMS master was plasma cleaned and left under a
low-pressure atmosphere of (heptafluoropropyl)-trimethylsilane (Sigma-Aldrich, St.
Louis, USA) for 40 min. This atmosphere was achieved by adding a drop of
(heptafluoropropyl)-trimethylsilane close to the PDMS master in the desiccator.
Afterwards, liquid PDMS was poured over it and it was again cured for at least
4 hours at 80 °C. The two pieces were separated and the second replica could now be

used as a master for producing NOA 81 devices.

1»- 2» 1313 3» 1411 4» 1411
Coat Cure PDMS Add UV-glue, UV curing Press 2™ foil,
PDMS-master on PDMS press PS-foil UV cure again

Figure 2.6: Fabrication of NOA/polystyrene-foil microfluidic devices used for XPCS. Alternatively, a

negative silicon-master could be fabricated.

2.2.4.3 NOA 81/polystyrene devices

To produce NOA devices, a drop of NOA 81 is given on the PDMS master. Then a
piece of polystyrene foil is put on top of the NOA 81 and by using a flat piece of
glass the foil is pressed down on the PDMS. This was done manually until there
were no bubbles visible anymore and no NOA 81 was left between the foil and
the PDMS.

The half device was cured under a UV lamp (366 nm, 2x8 W from Camag,
Muttenz, Switzerland) for about 30 s. To finalize the device, holes were made
using a hole puncher (Harris Unicore, diameter 0.75 mm), a second polystyrene foil
was put on the other side, gently pressed onto the whole device and everything was

cured for 10 minutes.
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2.2.5 Kapton®/PDMS - devices for fast mixing

The PDMS/NOA 81 devices described in the previous chapter showed beam
damage when used at high intensities in synchrotron measurements (i.e.
focussed beam). Additionally, when producing structure dimensions smaller
than 20 pum, the channels made with NOA 81 tended to collapse after the first
curing step. Therefore, another type of microfluidic devices for SAXS
experiments was needed. Kapton® tape (5 cm, Swiss RepRap Tardo GmbH,
Subingen, Switzerland) was used instead of polystyrene foil and NOA 81 was
replaced by PDMS. Figure 2.7 shows a Kapton®/PDMS device, fabricated for fast

mixing experiments.

Figure 2.7: Image of a Kapton®/PDMS device. An
American quarter dollar is put next to for size
comparison. The structure is a fast mixing device

as used in section 4.

2.2.5.1 Master fabrication

The devices for fast mixing include a double height structure. With other words
the channel has different heights on different positions. To enable double height
fabrication two different masks were needed; one for all structures on each of
the two height steps. In comparison to a single height structure/master the
coating, soft baking, exposure and post exposure baking steps were performed
twice. In our case, SU-8 2100 photoresist was spun on the wafer for 10 s at
500 rpm and then for 30 s at 3500 rpm. Soft baking for 20 min, exposure for 5 s

and post exposure baking for 10 min were performed. After the post exposure
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baking, a second layer of SU-8 3025 photoresist was spun on the wafer, 10 s at
500 rpm and then 30 s at 4000 rpm, resulting in a height of 100 um for the first
plus 20 um for the second step according to the supplier’s protocol. Soft baking
was done for 10 min and exposure for 3 s and post exposure baking for 3 min.
After the WEC step before exposure, the contact lever was closed to bring wafer
and mask in contact and then the gap lever was opened, to allow alignment of the
mask to the structure already on the wafer. Developing for 5 - 10 min and hard
baking for 10 min finalized the process.

In order to get a device with double height structures on top and bottom, two
masters showing mirrored structures were produced. This enables the

fabrication of two half devices that were aligned to get one single 3D device.

2.2.5.2 Fabrication of Kapton®/PDMS devices

The procedure to fabricate a Kapton®/PDMS device is shown in figure 2.8. The
two masters were fixed on a tile to improve the handling of them during the
fabrication. PDMS was mixed in a 9:1 ratio with crosslinker and degassed
directly after mixing. Approximately 1 ml of degassed PDMS was then poured on
each master and then covered by 5 cm wide Kapton® tape. To distribute the
PDMS over the whole master, gentle pressure was manually applied on the tape.
The ends of the tape were fixed onto the tile on both sides of the master and the
remaining PDMS was pressed outwards using a rectangular piece of plexiglass
until the structure of the master could be felt and the whole device was planar.

The two device halves where then cured at 80 °C for at least 30 min.

1. 2. 3. e
»ll‘» Z >

I
Double-height Add PDMS, Cure PDMS Align 2 devices,
master press Kapton-tape cure again

Figure 2.8: Fabrication of a Kapton®/PDMS device directly from silicon master.
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After curing, the tapes were cautiously removed from the master and cut out
around the actual channel. Holes were punched into one side using a 0.75 mm
hole puncher. The two half devices were plasma cleaned for 30 s in an low
pressure (2 mbar) oxygen plasma, aligned and brought into contact using a
homebuilt setup with an x-y-z-stage from Thorlabs Inc., Newton, USA and a
stereomicroscope (Olympus SZ61). The final device was cured in the oven at

80 °C for 4 hours or over night.

2.2.6 Adapted fast mixing devices for synchrotron

The use of synchrotron radiation focussed down to few hundred nanometre
beams led to an interaction of the Kapton®/PDMS device with the X-rays.
Consequently a new device was fabricated to avoid beam damage. The mixing
and focussing part of the device was still produced as described in section 2.2.5,
but the channel downstream was replaced by a 200 pum glass capillary (see figure

2.9).

Figure 2.9: Image of an adapted Kapton®/PDMS
device with connected capillary (red arrow). The
size of the Kapton® part is the same as in figure

2.7.

First, a normal Kapton®/PDMS device as described in the previous section
(2.2.5) was produced. After the final curing of the device in the oven, it was cut
under the microscope about 300 - 500 pum downstream of the end of the mixing

part. The cut was done with a sharp scalpel to avoid bruises or frazzles at the
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newly created edge. A glass capillary with 200 um outer diameter and a wall
thickness of 10 pm (Hilgenberg, Malsberg, Germany) was put into the small part
of the measuring channel. PDMS was prepared in a 9:1 ratio with crosslinker and
left at room temperature for about half a day to partially cross-link. This was
done to increase the viscosity of the PDMS in order to avoid the clogging of the
whole channel when sealing the device-capillary connection. This connection
was then sealed with PDMS by adding a small drop using a needle. Directly after
adding the PDMS and ensuring that the channel was not blocked completely, the
device was put into the oven at 80 °C and left for at least 1 hour to cure the
connection. Figure 2.10 shows the steps of adding a capillary to a Kapton® /PDMS

device.

N . 2
» = ® =

Kapton/PDMS Cut device, Add PDMS drop,
device add capillary cure again

Figure 2.10: Fabrication of Kapton®/PDMS/capillary

microfluidic devices for synchrotron use.

2.2.7 Fast mixing devices for in-house experiments

To adapt the microfluidic device for in-house experiments, the channels were
fabricated with double the width of the Kapton®/PDMS device used at the
synchrotron. The fabrication of the master was performed in the same way as
described in section 2.2.5.1. Because with NOA 81 it is easier to align two half
devices (compared to PDMS), the fast mixing devices were fabricated with
polystyrene foil and NOA 81 (figure 2.11). Two half devices were done using a
PDMS master as described in sections 2.2.4.2 and 2.2.4.3, with the difference of

having a double height structure this time.
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1»- 2» 131 3» 133 4» 131
Coat Cure PDMS Add UV-glue, UV curing Press 2™ foil,
PDMS-master on PDMS press PS-foil UV cure again

Figure 2.11: Fabrication of NOA/polystyrene-foil microfluidic devices. By adding two half-devices

together, real 3D-structures can be formed.

The two half devices (one with wholes in the inlets) were aligned and put
together using a homebuilt x-y-z-stage from Thorlabs Inc., Newton, USA and a
stereomicroscope (Olympus SZ61). The completed device was UV cured again for

10 min.

2.2.8 Fabrication of PDMS/PDMS devices for liquid jet

Figure 2.12: Image of a PDMS/PDMS device for
liquid jet. An American quarter dollar is put next

to for size comparison.

To show the potential of our fast mixing device, a liquid jet device was fabricated
(figure 2.12). For easier handling, both half devices were formed from PDMS as
described in section 2.2.3, however, without binding them to a glass slide.
Instead, the two PDMS half devices were aligned and put together using the
homebuilt setup already mentioned in sections 2.2.5.2 and 2.2.7. The final device
was again cured in the oven at 80 °C for at least 4 hours. After curing, the
PDMS/PDMS device was cut shortly behind the mixing part. A 200 um wide glass

capillary was sealed in a flame and cut at a point, where the inner diameter was
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approximately 10 um. The short piece of capillary was inserted into the PDMS
device and a small drop of PDMS was added to seal the connection. Finally, the
whole device was cured in the oven again for a few hours. Fabrication steps are

shown in figure 2.13.

1. ;? 2. 3.
a e ® .9 =5
Double-height PDMS curing Align two Cut device,
master PDMS devices add capillary

Figure 2.13: Fabrication of PDMS/PDMS device with glass capillary for liquid

jet application.

2.3 Holder for SAXS microfluidic devices

A holder for the fabricated polystyrene/NOA and Kapton®/PDMS devices was

fabricated by our mechanical workshop in the department.

metal plates

holes for tubing

2D detector

x-ray beam

polystyrene foils
holes for screws PEEK plate

Figure 2.14: Setup for microfluidic SAXS-measurements using the home-built holder for microfluidic

devices.

Figure 2.14 shows a schematic representation of the home built holder for
microfluidic devices used in SAXS. Three plates, two made of stainless steel and

one of PEEK, were screwed together with the device between the PEEK and one
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of the steel plates. Holes in the PEEK and one of the steel plates (on the right site
of the device on figure 2.15) allow the connection with PTFE-tubing. The
diameter of the holes is 0.8 mm which is slightly bigger than the PDTFE-tubing
(0.76 mm). Viton o-rings (Kubo Tech AG, Effretikon, Switzerland) are used to
close the system and prevent it from leaking. A sketch of an inlet and the o-rings
closing the system by the pressure applied to the screws can be seen in figure

2.15.

PTFE-tubing

steel-plate

~ _ee

o-rings i PEEK-plate
o

/

device steel-plate

Figure 2.15: Inlet of home-built device holder.
The viton o-rings close the system in order to

prevent leaking.

2.4 In-house SAXS and WAXS setup

All in-house SAXS and WAXS measurements were performed at either of the two
Bruker AXS NanoStar setups in our lab. The first setup includes an Incoatec
Microfocus Source (IpS) using a Cu-K-a radiation with a wavelength of 1.54 A
and an intensity of up to 1010 photons/s/mm?2. The beam was aligned using
Montel optics from Incoatec and collimated by a 3-pinhole system from Bruker
AXS. The pinhole sizes used were 750 um - 400 pm - 1000 pm for measurements
in glass capillaries and 500 um-150 um-500 um for measurements in

microfluidic devices. The divergences of the beams for the two setups were
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1.3 mrad and 0.72 mrad for the big and small pinholes, respectively. The sample
chamber could be evacuated independently from the flight tubes. This was
usually done during measurements of capillaries. Microfluidic experiments were
done under atmospheric pressure. The use of removable flight tubes between
sample and detector allowed us to change sample-to-detector distance and
therefore also the measured scattering angles in a short time. As a detector a
Bruker AXS Vantec-2000 with a 14 cm x 14 cm active area and a pixel size of
68 um was used. This resulted in an angular resolution of the system of
0.95 mrad. The Vantec-2000 detector has a dynamic range of 10° (90 dB). The
experiments were conducted at a Voltage of 45 kV and 650 pA (29.25 W) current
on the filament. Most of the experiments were performed with this setup.

Only few measurements of gold-nanoparticles were performed on the second
setup having a Turbo X-ray Source (TXS) rotating anode with Cu-K-a radiation
with a wavelength of 1.54 A and an intensity of roughly 10! photons/s/mm? for
our setup. Alignment by Gobel-mirrors and collimation by a 3-pinhole system
similar to the first setup is used with pinhole diameters of 750 um, 400 pm and
1000 um. For this setup a Bruker AXS Hi-Star detector with a circular active area
of 11.5 cm diameter and a 1024 x 1024 pixel sized frame was installed, the
dynamic range of the Hi-Star detector is 10% (60 dB). All measurements were
carried out at 50kV and 108 mA and in complete vacuum. The angular
resolution of this setup was 1.5 mrad.

The data was collected using the up to date Bruker AXS GADDS (Hi-Star detector)
or SAXS (Vantec-2000 detector) software.

2.5 SAXS measurements in capillaries
For SAXS solution measurements 10 - 50 pl of sample volume were filled into a

glass capillary (Hilgenberg, Malsberg, Germany). The capillary was sealed using a

standard Bunsen-burner to ensure that the samples do not evaporate under
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vacuum during the measurement. A capillary for each different solvent used was
added to enable background subtraction later on.

The capillaries were first scanned using a piece of glassy carbon between sample
holder and flight tube that scatters the beam homogenously up to relatively large
angles. Consequently, an absorption image of the samples was taken and the

exact position of the capillaries could be determined.
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Figure 2.16: Sample of an absorption scan using the nanography tool from the SAXS software.

Brighter spots correspond to higher intensity and hence to less absorption.

Figure 2.16 shows an example of an absorption scan. Due to the cylindrical shape
of the glass capillaries, it is preferable to measure in their middle to avoid any
scattering effects of the curvature. X- and y-coordinates correspond to the
positions of the goniometer, while d is the step size between two pixels. The
exact positions, the integrations times and the numbering of the samples were
written down in a text file. The SAXS software from Bruker (version 4.1.4.2),
which was used to take the scattering images, is able to read the text file with all
the targets and measure one after the other, saving the results on the hard-drive.
A 60 second absorption measurement was performed using the glassy carbon,
before the scattering measurement of each sample capillary.

The obtained scattering images (see figure 2.17 for an example) were
azimuthally averaged using the SAXS software’s tool to integrate over all
orientation angles (x). The solvent was measured separately to allow its signal to
be subtracted from the combined signal (sample +solvent) later on. The
subtraction of the background was done in two different ways. Either by directly

subtracting the scattering image of the background from the image of the sample
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and then azimuthally averaging the final image or by averaging both images
individually and subsequently subtracting the scattering curve of the
background from the sample signal. In case of differences in absorption, the
subtracted background had to be multiplied by the factor S which was calculated

according to the ratio of the measured absorptions. I is the scattering intensity.

I(sample + solvent ) - S - I (solvent) = I (sample) (2.1)

Figure 2.17: Scattering image of gold nanoparticles. The dark spot in

the centre corresponds to the beamstop position. Intensity is

decreasing towards the outside, relating to the particle’s size.

2.5.1 Data analysis with NanoFit

Bruker directly supplies the software to analyse and fit integrated data. NanoFit
(version 1.2) offers the possibility to fit scattering data with models of different
standard shapes, such as spheres, cylinders, ellipsoids etc., additionally, different

fitting routines can be used. For spherical samples, NanoFit was used to fit the
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data and get information about the scattering objects. Radius and polydispersity
were fitted using a Levenberg-Marquardt refinement 105106,
The differential scattering cross-section do/df2 for a monodisperse, spherically

symmetric particle can be written as

do(q)
dQ

=nAp’V(R) F(q.R)S(q) (22)

)

where df2 is the differential solid angle, n the number density of particles, Ap the
difference in scattering length density between the particles and the solvent,
V(R) the volume of the particles, F(q) the particle form factor, S(gq) the structure
factor and R the radius of the particles. For very dilute systems S(q) = 0, because
correlation between particles can be neglected. For polydisperse samples the

scattering cross-section becomes

—Ap* [ D(RV(RY’ F(,R)dR (23)

Here, D(R) is the number size distribution, in our case we used a normalized
Gaussian distribution!%” with R, being the average radius of the measured

particles and o the standard deviation.

(R (2.4)

We often measured spherical particles or objects that can best be described
using a spherical form factor. The form factor of a homogeneous sphere was

initially calculated by Lord Rayleigh and is given by equation 2.5.
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(2.5)

I(q) [a.u.]

g &7

Figure 2.18: Example for scattering data of gold nanoparticles with a

best-fit using equation 2.5, resulting in a radius of R=8.7 A + 1.9 A,

Figure 2.18 shows an example of scattering data that was fitted with the models
described above (eq. 2.3, 2.4 and 2.5). The measured gold particles had a radius
of R=87A+19A

2.5.2 Fitand PDDF using Primus and GNOM

As a second analysis method for spherical particles the Primus software3?,
developed by Dmitri Svergun et al. at EMBL Hamburg, was used. The software
was originally developed for biological samples such as proteins and enzymes
but can also be used to analyse other samples with a homogenous shape
distribution. This means that Primus is able to analyse different kinds of shapes,
yet is not applying any polydispersity function during the analysis.

The data was imported in Primus software and plotted. The GNOM-function of

the Primus software was then used to analyse the scattering intensities. First, the
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data was fitted using a form factor for a sphere and thus giving results for the
radius of the particle. The g-range for fitting could be varied in order to avoid
bad intensity data to be considered (for instance the influence of the direct beam
at very low g-values) The scattering intensity was fitted using equation 2.6 &

2.7108,

I(s)= 4;]” y(r) Si“s(:r) dr (2.6)
}’(r)=<pr(u)Ap(u+r)dr> (2.7)

Here, y(r) is the spherically averaged autocorrelation function of the excess
scattering density. For distances bigger than the maximal particle diameter, y(r)
becomes zero. The variable s is another way of writing the momentum transfer q
with s =2m/d. Fitting of the data is important for further calculations, because
due to incomplete background correction and possible concentration effects at
high and low g-values respectively, the dataset can be incomplete (not starting at
q = 0). Hence an inverse Fourier transform could not be applied directly on the
scattering data. The inverse Fourier transform is needed to calculate the pair
distance distribution function (PDDF) from the scattering intensity I(s) using

equation 2.8.

T, sin(sr) 28
p(r)—zn2 {s I(S)—sr dr (2.8)

The PDDF p(r) is another way to present the data obtained by a SAXS
measurement. It contains the same information as the scattering curve but
displays it in real space (nm), whereas the scattering intensity plot shows the
data in reciprocal space (nm1) and therefore making it more intuitive to analyse

the PDDF compared to the original scattering intensity. The PDDF gives the
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probability p(r) to find a pair of two elements with a distance r inside the

scattering object. In this way, it provides information about the conformation of

the sample.
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Figure 2.19: SAXS intensity plots (I(s)) and pair distance distribution functions (p(r)) of typical

shapes. Taken and modified from 108,

Figure 2.19 shows intensity plots and PDDFs of different stereotypic shape

styles. While the curve of the scattering intensity in reciprocal space is difficult to

analyse directly, the PDDF gives a clear and intuitive idea about the most

common distances in the measured particle?8. Thus, it is possible to obtain

information about the size and the shape of the measured sample.

For spherical particles for instance, the maximum of the bell-shaped PDDF

corresponds to the radius of the particle (red dataset in figure 2.19). A hollow
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sphere on the other hand has more scattering pairs with larger distances (blue
dataset), therefore the maximum of the PDDF is shifted to higher r. The

explicitness of the peak shift depends on the thickness of the wall.

2.6 Computational fluid dynamics simulations

The computational fluid dynamics simulations for the fast mixing device in
section 4 were all done using COMSOL Multiphysics software version 4.3.1.161.
The sequence type was a physics-controlled mesh with a coarse element size. All
simulations were done for room temperature, laminar flow and no-slip boundary
condition. Water was taken as fluid with different concentrations of diluted
species (salt ions and protein). In a first step, the laminar flow inside the channel
was simulated and in a second step the transport of the diluted species was

calculated.
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3 Characterization of self emulsifying systems

Not only hard hard-shelled particles such as spheres, rods or cylinders but also
more complex systems like polymers or mixtures of immiscible fluids can be
characterised with SAXS. Polymers have become a major part of chemical
research, mainly connected with the term drug delivery in both, microscopic
(nanocontainers) and macroscopic (capsules) applications. Commonly used
gelatine capsules for drug delivery in the body show some major drawbacks such
as their animal source, potentials cross-linking and drug migration%. Hence,
there has been a great interest in finding substitutes for gelatine over recent
years. Artificial polymer mixtures that spontaneously disperse into
microemulsions with a large surface area when added to water proved to be
promising alternatives for gelatine100.110-112: ysing such self emulsifying systems
as artificial capsule material would solve the problems of gelatine usage.
However, these systems have to be understood in detail before in vivo tests can
be performed. Different mechanisms for the spontaneous emulsification are
proposed and investigated101.11L112, Only in recent years, SAXS has been used to
study the hydration phases of such self-emulsifying systems in order to get
insights into the microstructural changes during emulsification101.113-117,

This chapter deals with our study of two different self-emulsifying systems using
SAXS to get an idea about their microstructures. CrMTrans and TTMI diluted in
water were measured in glass capillaries at different concentrations. Information
about domain size and periodicity were obtained by applying a Landau-theory

based model developed by Teubner and Strey118,
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3.1 Microemulsions

Microemulsions are defined as thermodynamically stable mixtures of water, oil
and amphiphiles1°-121, Macroscopically, they appear as homogeneous phase, but
microscopically, water and oil rich domains are separated by a layer of
amphiphiles!’®, To understand the arrangement and the microstructures of
microemulsions, different experimental investigations were performed. Thereof
NMR self diffusion and scattering techniques (DLS, SAXS) were the most
promising ones!!8, First SAXS measurements showed a single broad peak and a
characteristic g* dependence at large g-values'?2. The g* dependence can be
assigned to monolayers of amphiphile molecules at a well-defined internal
interface28122-124, The broad peak found in a variety of microemulsion systems
was first explained by the simple approach, that microemulsions were conceived
as a collection of droplets18, Like this, the peak could be explained as the first
maximum of the structure factor, resulting in a typical scattering ring for simple
fluids125126, This explanation was later corrected, as the single scattering peak
was also found in water/oil mixtures which were known to have a bicontinuous
structurel18122-124. The features of microemulsion phase behaviour could be
explained by the thermodynamic description of the global phase behaviour of
multicomponent mixtures27.128, The phenomenological Landau theory explains
the three phase monohedron (i.e. a tricritical point in ternary and quaternary
fluid mixtures, where three phases simultaneously become identicall??) and
phase sequences observed in optimum microemulsion formulations (i.e.
microemulsions containing equal volumes of oil and water)129-133, When gradient
terms were introduced into the Landau model, fluctuation theory predicted the

occurrence of a single broad peak together with a g* dependencel18.
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3.2 The Landau model and its application to

microemulsions

The general Landau model is a treatment of phase transitions and critical points.
It is based on the idea, that coexistence curves at critical points can be described
as mathematical functions with two minima at low temperatures, merging into a
single minimum at higher temperatures34. This function can be specified by
expressing the Landau free energy F as a polynomial function of an order
parameter 135 of the free energy density f118. An order parameter describes the
degree of order across the border in a phase transition system!36. For a
liquid/gas transition for instance, the order parameter is the difference in

densities.
F= [ f(y.Vy,Ap)d’r (3.1)

f=a,+ayp+a )’ +ayp’ +..+¢,(Vy) +c,(Ap) +... (3.2)

The coefficients a; and c¢; depend on the physical problem at hand. For the
simplest problems, the free energy function is expected to be symmetrical
around ¥ =0, hence, all terms involving odd powers are eliminated!34. Here,
three examples of coefficients for specific physical problems are listed.

ai = 0 for i > 4; ¢; = 0. This case represents the application of the classical theory
of Landau to binary systems of two partially miscible liquids. It describes the
vicinity of ordinary critical points qualitatively correct!18.

ai = 0 for i > 6; ¢c; = 0 represents the phenomenological theory of tricritical points
for multicomponent systems!27. Microemulsions are often near-critical (i.e. close
to a critical point, where two phases become similar)131-133,

ai =0 except az>0; ¢;=0 except ¢1 <0, c2>0. These are the coefficients that
Teubner and Strey claim to be sufficient to explain the typical features of

scattering curves of microemulsions, as explained in the following paragraph18.
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The X-ray scattering of an isotropic liquid is strongly linked to the fluctuations of
the order parameter iy, which in our case depends on the oil-to-water ratio. As
for small fluctuations in a homogeneous isotropic phase higher orders than
second can be neglected, only a; > 0 is kept in equation (3.2). According to the

classical van der Waals-Cahn-Hilliard theory'37, surface tension ¢ is proportional
to \/Z . The tendency in microemulsions is to create interfaces (i.e. domain

walls) spontaneously, which corresponds to a negative “microscopic surface
tension”. Hence, c; < 0 seems to be an essential ingredient of microemulsions?18,
One higher order gradient term is required to stabilize the system (cz > 0), this

results in the simples possible F for microemulsions!18:
F= f[aﬂ/ﬁ +6 (VI/’)z +6 (Al/’)z ]d3r (3:3)

The stability condition is given by 4a,c, — ¢/ > 0118,

For scattering intensity distribution I(g) we get the relation:

1

(3.4)
a,+c,q +c,q" -

I(q)~

The negative c; results in one single broad peak and the positive c; leads to the
q* decay towards high g-values, as it was found in experiments. There are two
featuring length scales known about microemulsions, one being the alternating
arrangement of oil and water domains and the other the loss of long-range order.
Thus, for microemulsion two length scales are needed to describe the system118,
This stands in contrast to an ordinary Ornstein-Zernike behaviour (where cz = 0)
with only one single length scale3>138, Thus, the domain size d (periodicity) and

the correlation length ¢ were defined to describe a microemulsion system18,
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-1/2

172
d-2xt %) _La (35)
2\ ¢, 4c,
12 -1z
e_|l®) Lla (3.6)
2\ ¢, 4 c,

In this chapter, the SAXS data measured from CrMTrans and TTMI
self-emulsifying systems were fitted using equation (3.4). The length scales d and
& were calculated to estimate the microscopic structure of the two different

systems.

3.3 CrMTrans and TTMI

The two investigated systems where CrMTrans and TTMI; the exact composition
can be seen in tables 3.1 and 3.2. They were prepared by Zdravka Misic from the
Institute of Pharma Technology of the University of Applied Sciences in Muttenz,
Switzerland. In order to study the dependence of the periodicity d and the
correlation length & on the water-to-oil ratio, hydration concentrations from

10 - 90 % were prepared1,

Macrogolglycerol hydroxystearate Non-ionic
Cremophor
polyoxyl 40 hydrogenated castor solubilizer, 60
RH40

oil surfactant

Miglyol 812 Caprylic/Cypric Triglyceride oil 15
Highly purified diethylene glycol
Transcutol HP solvent 25
monoethyl ether EP/NF

Table 3.1: Composition of CrMTrans.

47



Characterization of self emulsifying systems

Polysorbate 80, PEG (80) sorbitan

Tween 80 surfactant 45
monooleate
Miglyol 812 Caprylic/Cypric Triglyceride oil 15
Highly purified diethylene glycol
Transcutol HP siyP Y &y solvent 20
monoethyl ether EP/NF
Imwitor 742 Caprylic/Capric Glyceride co-surfactant | 20

Table 3.2: Composition of TTMI.

Figure 3.1 shows the viscosities depending on the hydration concentrations. A

single maximum can be observed for both formulations.
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Figure 3.1: Viscosity of CrMTrans and TTMI. Taken from 101,

3.4 SAXS measurements and data treatment

3.4.1 Measurement and fitting

The experimental procedure for both, CrMTrans and TTMI was the same,

hydration concentrations from 10% up to 90% were measured in glass
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capillaries under vacuum at room temperature. The corrected SAXS intensities
were fitted using the Teuber-Strey model (equation 3.4) for microemulsions.

Using equations (3.5) and (3.6) the domain size d and the correlation length &
were calculated. Figuratively, these two length scales resemble the distance
between the domains (i.e. between two water domains or oil domains) and the
distance over which these structures are aligned (i.e. they have the same
orientation and dimensions). The ratio d/¢ is a measure of the polydispersity of

the domain size, the smaller the ratio, the smaller the polydispersity!39149,

3.4.2 Results and discussion

Figures 3.2 and 3.3 show the scattering curves of five selected measured
hydration concentrations of CrMTrans and TTMI. The curves are shifted by a
factor of 10 each in order to get a better overview. The fits of the curves using
equation 3.4 are shown as continuous lines. The domain size d is directly linked
to the position of the peak, while the width of the peak can give a first idea about

the correlation length £ in the system.

0.05 0.1 0.15 0.2

g 1A
Figure 3.2: Scattering curves of CrMTrans in five selected hydration
concentrations. Continuous lines show the fits using the Teubner-

Strey model.
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Figure 3.3: Scattering intensities of TTMI in five selected hydration

concentrations. Continuous lines show the fits using the Teubner-

Strey model.

In both figures we see a prominent peak for all shown hydration concentrations.
A general tendency towards smaller g-values of the peak position can be
observed with increasing hydration concentration. The fits in both figures show
a very good congruency with the scattering data for low hydration
concentrations. At higher water content however, the difference between fit and
data becomes bigger, possibly due to the additional scattering signal at very
small angles, which starts at higher hydration concentrations. Additionally, the
peaks at hydration levels above 60% for CrMTrans and above 70% for TTMI
become less prominent and their position shifts back to higher g-values.

These two changes suggest that at these concentrations a bigger structure starts
forming, which could be a vesicle or a micelle and interferes with the
microemulsion. We therefore conclude, that a two phase system forms at higher
hydration concentrations: i.e. a coexistence of the microemulsion with a second

species, larger than the typical domain size of the emulsion.
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For both systems, the domain sizes d were calculated and plotted in figure 3.4.

They show an evolution towards larger d with increasing hydration levels and

two maxima, one around the concentration with the highest measured viscosity

(shaded areas) and a second, higher one at higher hydration concentration.
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Figure 3.4: Domain sizes of CrMTrans and TTMI at increasing
hydration concentrations. The shaded areas indicate the
concentration range with the highest measured viscosity (cf. figure
3.1). Two local maxima can be observed in both cases, of which one

lays in the range of the shaded area.
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The increasing domain sizes suggest a swelling of the domains with addition of
water up to a certain concentration. The domain sizes start decreasing exactly at
the moment where a second scattering signal appears (i.e. a second phase is
formed) in the SAXS measurements. This indicates that the newly formed species
is able to absorb more water. Only after further expanding the hydration
concentration, the domain sizes increase a second time.

In both systems, the domain sizes decrease after a certain critical hydration
concentration (60 % for CrMTrans and 65 % for TTMI). This leads to the
assumption, that after a certain hydration level, the microemulsion character of
the solution starts to disappear, and the second phase that started forming at

lower concentration becomes dominant.
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Figure 3.5: Correlation lengths of CrMTrans and TTMI at increasing
hydration concentrations. The shaded areas indicate the maximal

viscosity measured (cf. figure 3.1).

Figure 3.5 shows a plot of the correlation length & of both self-emulsifying
systems. The shaded area indicates the water concentrations where a maximal
viscosity was measured (cf. figure 3.1). £ is constantly increasing with higher
hydration up to a single maximum and then decreasing with further increase in

hydration concentration. Interestingly, the maximal correlation length &, the
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maximal viscosity and the arising of the additional species are in the same range
of hydration concentration. This indicates that the second phase disrupts the
order in the system and consequently the viscosity decreases. Unlike the domain
sizes, the correlation lengths (and also the viscosities) do not increase again with
further increasing hydration concentrations but rather reach a plateau around
75%. This can be explained by the fact that domains and the second phase are
further swelling with increasing water concentrations, but remain coexisting.
Thus the order in the system is not increasing again.

We also calculated the ratio d/¢, which is dimensionless and proportional to the

polydispersity in the sample. In figure 3.6, d/¢ is plotted for CrMTrans and TTMI.
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Figure 3.6: d/§¢ plotted for both systems over all hydration

concentrations. Shaded areas indicate the maximal viscosity

measured (cf. figure 3.1). d/§ is a measure for the polydispersity in

the system, the lower the ratio, the smaller the polydispersity139.

For both systems, d/& shows a minimum around the hydration where £ and the
viscosity are maximal and a maximum at 75%. Thus we observe a decreasing
polydispersity with increasing correlation length and vice versa. A coexistence of
two phases (microemulsion and the second structure at very small scattering

angles, i.e. micelles or vesicles) can explain the sudden decrease in correlation
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length as well as the increase in polydispersity. At very high hydrations, the ratio
remains at least constant (or even decreases), which can be explained by the fact
that the microemulsion phase is disappearing and thus only the second phase

(larger structures) remains.

3.5 Conclusion

In this experiment, we successfully measured the dependence of the structure of
two self-emulsifying systems on the hydration concentration. The Teubner-Strey
model derived from the phenomenological Landau theory allowed the
calculation of the domain sizes and correlation lengths in the systems.

Upon increase of hydration, the mixtures seem to undergo a transition from a
one-phase  (microemulsion) to a two-phase (microemulsion and
micelles/vesicles) system, which highly affects the two measured length scales as
well as the polydispersity. When comparing the behaviour of these parameters
with the viscosity of the systems, we can conclude, that the microscopic changes
directly affect macroscopic characteristics of these two materials.

Overall, the two measured systems CrMTrans and TTMI show a very similar
behaviour. The main difference consists in the hydration concentrations at which
the structural changes occur. This might be interesting for further experiments
in drug delivery, as these self-emulsifying systems seem to be tuneable according
to the needs of their application (i.e. different drugs, specific locations in the

body etc.).
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4 Fast-mixing microfluidic device for

measuring reaction dynamics

4.1 Introduction

Microfluidics has become a widely used tool to investigate chemical and
biological reactions (cf. section 1.2). As a reaction typically involves mixing of
two or more reactants, fast and complete mixing is a critical parameter. Different
mechanisms of decreasing mixing time and increasing efficiency in microfluidics
have been introduced in section 1. Parallel and serial lamination and chaotic
advection are principles to decrease the mixing time in a microfluidic device. The
drawbacks of existing parallel lamination mixers include the large velocity
dispersion due to no-slip boundary conditions across the channel that limits
temporal resolution. One way to overcome the velocity dispersion in y-direction
(x being the axis along the channel) is hydrodynamic focussing (c.f. section
1.2.1.1). Focussing the sample stream in y-direction concomitantly decreases the
diffusion time and the velocity dispersion. However, velocity dispersion only
decreases in y-direction and not in z-direction. Moreover, the narrow focussing
yields a small sample volume that is measured by SAXS.

In this chapter, we present a device that affords fast mixing, low velocity
dispersion in y- and z-direction and feasibility for in-house SAXS experiments.
The latter requires wider channels (300 um), which provide more material in the

measured volume (i.e., the X-ray beam).
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4.2 The device

The main goal was to create a fast mixing device for in-house and synchrotron
SAXS measurements. The beam size of the Bruker Nanostar on site can be
narrowed down to 150 - 200 pm, meaning that the width of the channel in the
microdevice should be in a similar range. Moreover, the section of the channel
where reactants are mixed and the section where the measurement occurs have
significantly different dimensions. While the width of the latter was limited by
the beam size of the in-house setup, the mixing section was designed as narrow
as standard device fabrication methods would allow for (sections 2.2.4 and

2.2.5).

300 um

mixing measuring

/

Figure 4.1: Fast mixing device with 5 inlets (coloured)

for solutions. Inlet (grey) is for hydrodynamic
focussing. Narrow channel section facilitates rapid
mixing, while the dimensions of the wider section
(purple) fit the in-house beam size (i.e., the full beam

is inside the channel without hitting edges).

Figure 4.1 shows an artificially coloured microscopy image of the fast-mixing
device where different solutions are represented by different colours. The two
main parts of the device are a wide channel for measuring and a combination of

narrow channel and additional structures for improved mixing by microfluidics.
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The channel section for measuring has a width of 300 pm. This width concurs
with using an X-ray beam of 200 um and at the same time is adequate for
avoiding background signals from edges or device material (i.e., NOA 81 or
PDMS). The height of the channel is 220 uym. The cross sectional area of the
channel for measuring (4) and the diameter of the X-ray beam (dpeam) define the

temporal resolution of the setup (equation 4.1). Q is the flow rate.

t = dbeam "A (41)
0

Structures related to mixing have to meet several demands. The reactants have
to be fast and efficiently mixed. At the same time, the dead time (i.e., the time
elapsed up to the first measuring point) has to be minimized (equation 4.2).
Dead time thus depends on the length (Im) and the cross sectional area (Am) of

the mixing section of the channel, which both should be as small as possible
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tdead = mQ = (42)
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Figure 4.2: Calculated dead times and temporal resolutions of in-

house setup and typical synchrotron setup.
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In figure 4.2, calculations of dead times and temporal resolutions are shown in
dependence of the flow rate for the channel dimensions for in-house and
synchrotron measurements. Beam sizes used for calculations are 200 um for
in-house and 10 ym for synchrotron sources, while channel widths are
300 pm/80 pm (measuring channel/mixing channel) for in-house and
150 pm/40 pm for synchrotron devices. The much lower width of the mixing
channel compared to the measuring channel does not only reduce the dead time
of the device but also decreases the diffusion paths for the reactants in order to
mix. Moreover, the respective width of the measuring channel is wide enough to
ensure that only sample and no device material is measured in the sampled
volume. A wider measuring channel allows us to have more sample material in
the X-ray beam. This is crucial especially when investigating weakly scattering
biomaterials with in-house SAXS setups that have a 10° times lower X-ray
intensity compared to synchrotrons. Two other features further decrease the
diffusion path. First, we created a parallel lamination by having five inlet
channels, two (red in figure 4.1) for one reactant (e.g., a protein solution with
folded or unfolded protein) and three (cyan in figure 4.1) for the second reactant
(e.g., protein unfolding or refolding buffer) thus reducing the diffusion path (x)
by a factor of 2.5 compared to two parallel streams of a conventional T-mixer. A
reduction of x by a factor of 2.5 leads to a decrease of the diffusion time (tp) by a

factor of 6.25 as tp depends on the square of the diffusion path (equation 4.3).

() (4.3)

where D is the diffusion constant.
However, the time needed to flow through the mixing section (t), depends
linearly on the width of the channel (equation 4.4) and is thus not reduced in the

same manner as tp in equation 4.3.
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t= (4.4)

where h is the channel height, [ the mixing channel length and Q the flow rate. In
other words, a narrow mixing channel leads to a better mixing over a given
channel length than a wide one.

The diffusion path and therefore the mixing time, is further decreased by a
hydrodynamic focus (grey channel in figure 4.1). The extent to which the sample
should be hydrodynamically focussed has to be chosen carefully, since a too
narrow sample stream leads to an excessive loss of sample volume in the X-ray
beam. Another effect of the focussing is the decrease of velocity distribution
across the sample stream as it is pushed towards the channel centre which
improves temporal resolution of the measurements.

Taken together, by optimizing the dimensions of the measuring channel the

diffusion path could be significantly decreased compared to a simple T-mixer.

v = 0 at wall

v=2~0

Figure 4.3: The stream of sample fluid and buffer (red)
is hydrodynamically focussed in y-direction. v is the
flow velocity. A similar situation results in z-direction
through focussing by specific flow-defining

geometries, as discussed later.

Figure 4.3 shows a sketch of the flow situation in the channel section for
measurements (top view). Pushing the sample stream (red) away from the
channel walls towards the centre leads to a decrease in velocity dispersion

indicating that the measured sample has a more uniform velocity. We can nicely
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depict this by calculating the average velocity inside the sample stream for

different channel widths in comparison to the full channel (figure 4.4).

(normalized)

v

avyg

0 0.25 0.5 0.75 1
Focus stream width/channel width

Figure 4.4: Average velocity and its standard deviation

inside the focussed sample stream.

As illustrated in figure 4.4, the standard deviation (light blue area) of the mean
velocity is much larger for less focussed streams compared to a sample stream
that only takes half or even one fourth of the full channel width.

So far, we have developed a fast mixing device with very low velocity dispersion
in y-direction. However, no-slip boundary conditions also lead to a wide velocity
difference along the z-axis which eventually decreases the temporal resolution of
the device. Several approaches are possible for focussing the sample stream also
in z-direction, for example, a top and/or bottom inlet (hydrodynamic focus in z)
or specific flow-defining channel geometries (chevron-like structures on top and
bottom of the channel)é>.

Here, we added six flow-defining chevron-like structures at the top and bottom
of the mixing channel. The chevrons are 20 um wide, and they are 10 pm higher
than the rest of the channel. The angled structure pointing in flow direction leads
to the addition of fluid from the side stream at the top and bottom of the sample

stream. Figure 4.5 shows a sketch of the concept of the flow-defining chevrons.
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z
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))\‘ Y Plane 1 / / —,

X -

Figure 4.5 The concept of chevrons. The diagonal
direction of the lower (or higher) structure leads to
the addition of side-fluid (red) on the bottom (or top)

of the sample fluid (blue). Taken from 65.

By integrating chevron structures, we obtain a sample stream that is focused in
both, y- and z-direction (cf. figure 4.3). As a result, the velocity dispersion in the
sample is very narrow, allowing for the high temporal resolution required for

fast dynamics experiments.

4.2.1 Simulations of protein mixing

We performed computational fluid dynamics (CFD) simulations of a protein
mixing experiment using COMSOL Multiphysics software. Accordingly, diffusion
constants were chosen at 102 m?/s in the buffer channels (blue inlets in figure
4.1) and the focussing channel (resembling salt ions or other small molecules)
and 5 - 10-11 m?/s (typical for a protein) for the sample inlet (red in figure 4.1).
The dimensions of the device were assumed to be 60 pumx50 pum
(width x height) for the mixing section with chevrons of 20 pm width and an
overall height of 70 pm (i.e., additional 10 um on the top and bottom compared
to the mixing channel), and 240 pm x 70 pum for the measuring channel. The flow

rates were set at 60 mm/s for the five mixing inlets, and 300 mm/s for the
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focussing inlet. The resulting total flow speed is 1.35 pl/s. This leads to a dead

time of t4ead = 1 ms. Protein concentration at the inlet was 10 uM.

A B

= g
0.01 0.02

c [mM] v [m/s]
T M _ Taam
-0.0002 0  0.0002 0.0004 0.0006 0.0008 0,001 0 0.03 004 005 006 007 0.08

Figure 4.6: CFD simulations of protein concentration (A) and flow velocity (B) in the mixing device.
Unit for concentration is mM and for velocity is m/s. General conditions were 293 K, 0.06 m/s flow
speed for the five sample inlets, 0.3 m/s flow speed for the focussing inlet and diffusion constants of

10-2m2/s for all blue coloured inlets in (A) and 5-10-11 m2/s for the protein solution (red).

Figure 4.6 shows the simulations of the protein concentration (A) and flow
velocity (B) in the fast-mixing device with the parameters indicated above. The
simulation of the protein concentration (fig. 4.6 A) reveals that the sample
stream (cyan) has a homogenous concentration along the measuring channel; it
is approximately 4 uM and thus two fifth of the original protein concentration at
the inlet. From the simulation we conclude that 1 ms of mixing time is sufficient
to completely mix the buffer solutions with the protein solution. Additionally, the
small diffusion coefficient of the protein ensures that the protein itself does not
significantly diffuse towards the channel walls. Because protein concentration
and the velocity dispersion in the sample stream stay constant along the channel
(i.e., along the reaction time axis), we can measure and compare data from
different points along the device.

Different sectional views of the protein concentration and the flow velocity in the
channel are depicted in figure 4.7. Panel A represents a longitudinal section with
a step-wise focussing in z-direction (i.e., in the flow direction) by the chevrons.
The simulation reveals the temporal evolution of the concentration in the sample
stream (i.e.,, along the y-axis) that yields an almost homogeneous protein

concentration along the z-axis in the measuring channel.
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Figure 4.7: Different sections through the channel in figure 4.6. The sectional view of the protein
concentration along the flow direction showing the focussing in z-direction by the chevrons in the
mixing section (A). A transverse cross-section of the protein concentration in the measuring
channel, depicting the focussing of the sample stream in y- and z-direction (B). A cross-section of the

velocity distribution at the same place as in B (C).

Panels B and C show cross-sections of the protein concentration and the velocity
in the measuring channel. The simulations clearly demonstrate the focussing of
the sample stream in y- and z-direction without protein diffusing out of the
stream. The concentration in the sample stream is constant and at a relatively
high level of 4 uM, which corresponds to the concentration we would obtain if
protein solution was mixed with buffer in bulk at a ratio of 2: 3. At the same
time, the velocity dispersion inside the area of the sample stream (panel B, cyan)
is very low when compared with the velocity profile in panel C, which is a
prerequisite in order to achieve the high temporal resolution needed for
measuring dynamics.

Figure 4.8 A displays combined bright-field/fluorescence microscopy image of
the device viewed from the top. A z-stack of confocal fluorescence images at the
position of the red line is shown in panel B, where the flow of the sample stream
(green) is observed from the side. The flow ratio between sample stream
(fluorescent) and focus stream (water) is 1:4. The z-stack along the red line
shows the focussing in z-direction by the chevrons. Similar to the simulations in
figure 4.7 A, we can see a step wise decrease of the jet height along the mixing

part of the channel. The stream widens again when entering the measuring
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channel. This is due to the increased height of this part compared to the mixing

channel.

Figure 4.8: Brightfield image of the mixing section

overlaid with a fluorescence image (A), the green
stream indicates the sample stream. Z-stack of the
sample stream along the red line in panel A (B). The

scale is the same for both images.

4.3 SAXS experiments

The fast mixing device was tested in SAXS experiments at the Swiss Light Source
(SLS) in Villigen as well as in-house. We chose lysozyme as a model protein for

unfolding and refolding measurements.

4.3.1 Lysozyme

Lysozyme is a small globular protein present in egg white and many secretions
such as tears, saliva or mucus. It is a glycoside hydrolase and as such cleaves the
sugar chains of peptidoglycans in Gram-positive bacterial4l. Lysozyme is thus a

part of the innate immune system and its lack or decreased levels of lysozyme
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could be linked to various chronic diseases, such as bronchiopulmonary
dysplasia or conjunctivitis142-144,

The folding mechanism of lysozyme has been studied intensively, and
consecutively lysozyme is one of the best-known models for protein folding. The
refolding of lysozyme occurs stepwise, with a fast first step driven by
hydrophobic interactions in the time scale of about 1 ms, the folding from this
intermediate step into the native state takes approximately 400 ms14>146, The
shape of lysozyme changes slightly from an ellipsoidal body during the
intermediate state to a more spherical shape in native state (see figure 4.9). This

is reflected by a decrease of the radius of gyration during the folding process4¢.

folded

unfolded

lysozyme

Figure 4.9: Lysozyme has an almost spherical shape in folded state,

while in unfolded state it resembles an ellipsoid.

In our experiments, lysozyme was unfolded using high concentrations (3 M) of
guanidine hydrochloride (GdmCIl) and was refolded by dilution down to 0.6 M
GdmCl. These conditions led to fast unfolding and a slow refolding of lysozyme in

continuous and stopped flow measurements, performed by Segel et al.146.

4.3.2 Buffers used to fold and unfold lysozyme

In order to measure lysozyme in different conformations and during folding or
unfolding reactions, several buffers were needed. For all buffers, the substances
were dissolved in Milli-Q water and the pH was not adjusted. Table 4.1 shows the

buffers used during the experiments with lysozyme.

65



Fast-mixing microfluidic device for measuring reaction dynamics

Folding and unfolding of lysozyme was mainly controlled through the
concentration of guanidine hydrochloride (GdmCl). Consequently, whenever
lysozyme was in folded condition, GdmCl concentration was 0.6 M and while in
unfolded condition it was 3 M. Buffers 1 and 2 are the starting buffers for
unfolding or folding experiments. For unfolding experiments, lysozyme was
dissolved in buffer 1 and diluted with buffer 3, whereas for folding experiments,
it was dissolved in buffer 2 and diluted with buffer 4. For all measurements in
the microfluidic device the ratio of the buffers was 1 : 4 of starting buffer (with

dissolved lysozyme) to dilution buffer.

Table 4.1: Buffer concentrations for different lysozyme states and experiments. 1 &2 are the
starting buffers for mixing experiments, with lysozyme in either folded, or unfolded state. 3 & 4 are
the expected end concentrations of unfolding or folding experiments in the microfluidic channel and

buffers 5 & 6 are the dilution buffers used to get from buffer 1 to 3 and from 2 to 4, respectively.

To ensure that we are actually able to measure differences in lysozyme states in
the microfluidic device, we performed measurements without mixing and thus
without any folding or unfolding dynamics. Hence, lysozyme was dissolved in
buffers 1 and 2 (referring to the starting conditions for mixing) and in buffers 5
and 6 (corresponding to the end conditions after mixing). These solutions were
measured in the device at low flow velocities of 0.05 pl/s for each inlet. We will

refer to these experiments in the following as “measurements without mixing”.
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4.3.3 Measurements without mixing

The goal to measure fast dynamics of protein folding with an in-house SAXS
setup seems very ambitious, considering that the intensity of in-house X-ray
sources is about 106 times lower than the radiation at synchrotrons, in
combination with the very small sample volumes (less than 10 nl) and the weak
scattering of biomaterials. Consequently, we started with simple measurements
without any reaction dynamics (i.e. without mixing) in order to confirm the
possibility to measure lysozyme in a microfluidic device with a lab-source
SAXS-setup. We started with high lysozyme concentrations of 30 mg/ml,
progressed with lower protein concentrations similar to the ones in the dynamic
measurements (6 mg/ml) and finally measured the dynamics of unfolding and
folding at SLS and in-house. All measurements were performed using a
NOA 81/polystyrene microfluidic device as described in section 2.2.7. For all
measurements without mixing, the solutions were pumped through all inlets at
low flow rates (0.2 pl/s in total) to avoid beam damage on the protein or sticking

of the protein to the channel wall.
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Figure 4.10: Scattering data of lysozyme in folded and unfolded state in the microfluidic device
in-house, using buffers 1 and 2. Left image shows the Guinier plot with the fitted line. The right plot
displays the scattering intensities, fits for spherical particles with (normal color) and without fixed

radii (dark color).

Figure 4.10 shows the scattering intensities of lysozyme (30 mg/ml) dissolved in

buffer 1 and 2 for folded and unfolded state respectively. The data was analysed

67



Fast-mixing microfluidic device for measuring reaction dynamics

using the Guinier method to calculate the radius of gyration (left plot in figure
4.10). The calculated radii of gyration in figure 4.10 were Rg folded = 15.6 A + 0.4 A
and Rg unfolded = 19.0 A £ 0.3 A. These values are in very good agreement to the
data of Segel et al measured in a stopped flow device at synchrotron
(Rs=16.0 A+ 0.2 A for folded and Rg=19.6 A + 0.2 A for unfolded lysozyme)'4s.
Subsequently, the calculated radii were used to fit a scattering curve on the
collected data (right plot, normal colours). In addition, the data was fitted
normally, as described in section 2.5.1 and the radii of gyration were calculated
from the resulting radii (Rg=(3/5)%5+R). For these calculations we got
Rg folded = 14.9 A and Ry, unfolded = 18.7 A. The radii of gyration calculated by Guinier
analysis and the ones obtained by fitting have comparable values, indicating a
small error of our measurements.

The second step was to measure lysozyme in all four possible buffers (1, 2, 5 and
6). Accordingly, we measured the protein in the two possible starting and in the

two corresponding end conditions. The lysozyme concentration was 30 mg/ml.

e folded

e folded
107 ¢ refolded i ¢ refolded
unfolded = unfolded
P ) 4 unfolded II ° 4 unfolded II
o Lol 2
5 57 %t s ;10 M
u . 20500500 ¢
B T SN | o &
~ QOV()VVVVQ QQAQOO — AN TN
v L0 ~10"
N4 o
1 ~
]
2
A A A A A 100
% 001 02.605 ) 0.009 0.05 01.1 0.2
g — o —
g [A7] g [A 7]

Figure 4.11: Lysozyme dissolved in all four buffers. Starting buffers for folded and unfolded
conditions and end conditions with buffer 5 (unfolded II) and buffer 6 (refolded). Left side shows the
Guinier plot with linear fits and the right plot contains the data fitted with (normal colours) and

without (dark colours) fixed radii.

Figure 4.11 shows the Guinier plots to calculate the R; and the collected intensity
curves including the fits for the calculated Rgs. The values of the radii of gyration

were still in reasonable agreement to the data from the literature:
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Rg folded = 15.7 A £ 0.3 A, Ry refolded = 15.8 A £ 0.2 A, Ry unfoldea = 18.2 A+ 0.2 A and
Rg unfoldednn =18.1 A £ 0.3 A. The radii obtained by fitting are Ry folded = 17.0 A,
Rg refolded = 17.5 A, Rg unfolded = 18.8 A and Rg unfoldeann =19.4 A. These values are
slightly shifted towards higher radii, nevertheless, a clear difference between
folded and unfolded samples can be observed. All values, however, are still in
reasonable proximity to the ones measured before (figure 4.10).

The last experiment without mixing included the decrease of lysozyme
concentration to 6 mg/ml, which should be the final lysozyme concentration
during dynamic (i.e. mixing) measurements. Figure 4.12 shows the Guinier plots
and the scattering curves of lysozyme dissolved in buffers 5 and 6, thus having
the same buffer conditions as after mixing. We calculated radii of gyration of
Rg refolded = 16.4 A £ 0.4 A and Rgunfoldea = 18.8 A2 0.2 A for the refolded and
unfolded lysozyme, respectively. The scattering curves have a larger spreading
(i.e. more scattering noise) compared to the measurements with 30 mg/ml, yet
the Guinier plots show a clearly linear behaviour and the calculated Rgs are
similar to the ones calculated earlier. The radii acquired by fitting are
Rg refolded = 17.4 A and Rg unfolded = 19.1 A, showing that even with low protein
concentration and higher signal noise we are still able to reliably calculate the

radius of gyration.
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Figure 4.12: Lysozyme in folded and unfolded state (buffers 5 and 6). Linear Guinier plots on the left

and fitted scattering curves on the right (normal colour with and dark colour without fixed radii) .
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For all measurements without mixing, we were able to calculate meaningful radii
of gyration and reasonably fit the scattering data. Hence, the successful
measurement of different states of lysozyme even at low concentrations in the
microfluidic device could be confirmed. The measured Rgs are all within
reasonable range of the values found in literature (measured in stopped flow

devices at synchrotron)14,

4.3.4 Synchrotron experiments of unfolding lysozyme

In a collaborative work together with Ivan Rajkovic and Andreas Menzel from
the PSI in Villigen, the fast mixing devices could be tested at synchrotron
radiation at the Swiss Light Source (SLS). For unfolding experiments of lysozyme,
a Kapton®/PDMS device with a 150 um wide measuring channel was used.
30 mg/ml Lysozyme was dissolved in 0.6 M GdmCI buffer (buffer 1). The solution
was pumped at 0.06 pl/s per inlet (cf. red inlet figure 4.1) and mixed with
unfolding buffer (5.6 M GdmCl, 33 mM glycine, 35 mM HCI) in a 2:3 ratio
resulting in a 12 mg/ml lysozyme solution in 3.6 M GdmCl. Measurements were
taken in the channel in periodical distances resembling 10 ms in reaction time. In
this manner, the unfolding reaction was monitored in a time window from 10 ms
to 400 ms. Exposure time was 200 ms at each position and every position was
measured 70 times. Additionally, the beam intensity was attenuated to avoid
heavy beam damage on the device, which had been observed in earlier

measurements (figure 4.13).

Figure 4.13: Photograph of the microfluidic mixing device after measurements at the synchrotron.
Beam damage is clearly visible and resulted in changing background signals during preliminary
measurements. As a consequence, the integration times have been drastically reduced in later

experiments.
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Figure 4.14 shows the scattering intensity of buffer with the final salt
concentrations as a background measured in the channel. As can be seen, the
device had a strong background signal in a wide g-range, also interfering with

the signal of lysozyme between 0.05 A1 and 0.2 A-1.
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Figure 4.14: Scattering intensity of buffer in the
microfluidic device. The red ellipsoid displays

the area, where we expect the lysozyme signal.

Still it was possible to measure the scattering intensities of lysozyme during the
reaction, showing partial unfolding between 30 ms and 270 ms of elapsed time
(figure 4.15). Due to the large noise of scattering signal at very low g-values
(around 0.05 A1), fitting the linear Guinier plot was not possible. As a
consequence, we fitted the data manually for radii of gyration of Rg 30ms = 16.0 A,
Rg 120ms = 16.2 A and Ry 270ms = 16.4 A (figure 4.15, left plot). The selected Rgs
seemed to be a reasonable choice for the first steps of an unfolding reaction and
also fitted our data quite well. A fit for a spherical shape was applied to the
scattering data, using the selected radii of gyration as a fixed parameter (figure
4.15, right plot, normal colours). The fits show a good congruency with the
collected data and hence prove the plausibility of the selected Rgs. However,
when fitting the data without fixed values for the radii, the results differed
heavily: Rg 30 ms = 12.5 A, Rg 120 ms = 13.0 A and Rg 270 ms = 13.1 A (figure 4.15, right

plot, dark colours).
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Figure 4.15: Guinier plots and scattering curves of an unfolding reaction of lysozyme at three
different time points. The data is very noisy especially at low g-values. Hence, the Guinier plot was

manually fitted.

The large differences between the radii calculated by Guinier analysis and the
ones obtained by fitting indicate the troubles we encountered when measuring
at SLS. This seems to be unintuitive, as higher intensity and smaller beam should
lead to a better signal and higher temporal resolution. However, the problem is
exactly the high intensity of the synchrotron radiation. As already shown in
figures 4.13 and 4.14, the device has a strong background signal and even suffers
from radiation damage. Taking into consideration the much stronger background
signal compared to the lysozyme signal, it is actually remarkable, that we are at
all able to get some intensity curves for lysozyme. This fact is encouraging for
future experiments, as we also changed the device to decrease the background

signal (cf. section 4.5).

4.3.5 In-house experiments of folding lysozyme

To increase the scattering signal for in-house measurements, the concentration
of lysozyme in the starting solutions was set to 50 mg/ml, leading to a final
concentration of 10 mg/ml. All measurements were taken at the same spot of the
channel with varying flow speeds, resulting in different reaction times from
10 ms to 100 ms. Starting solutions were lysozyme in buffer 2 and dilution

buffer 4 (c.f. table 4.1) to refold lysozyme into its native state. The exposure time
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for the SAXS measurements was twice 4 hours, limited by the syringe sizes

available.
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Figure 4.16: Scattering intensities during refolding in the fast mixing device. Guinier plots on the left
side to calculate the Rgs and the data fitted with a spherical form factor and a fixed (normal colours)

and without fixed (dark colours) radius on the right side.

We compare measurements at a reaction time of 10 ms, 20 ms and 100 ms
(figure 4.16) during refolding of lysozyme. Again, the radii of gyration were
calculated first, using the Guinier method. The resulting Rgs are:
Rg1oms=18.7A %034, Rg20ms=183A+0.4 A and Ry 100ms =17.2 A+ 0.4 A. The
fits using these radii of gyration (normal colours in figure 4.16 right plot)
showed good agreement with the fits without fixed radii (dark colours) and both
also accord well with the measured scattering data. Radii of gyration obtained by
fitting are Rgioms=19.4A, Rg20ms=19.1A and Rg100ms=17.4A. The small
change in the radii of gyration from 10 ms to 100 ms reaction time suggests, that
the folding of lysozyme is still in progress and we did not reach a fully folded
state during these experiments.

In figure 4.17 we plotted the three calculated radii of gyration for the folding
reaction (light blue) and the radii obtained from the measurement of completely
unfolded and completely folded lysozyme at 0 ms and infinite time, respectively
(dark blue, data from figure 4.10). There is a clear decrease in R; along the
reaction time axis, however, at 100 ms lysozyme is still present in an

intermediate state. Thus we can conclude, that the folding process is not
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completed and are likely to be finished at reaction times much higher than

100 ms.
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Figure 4.17: Radii of gyration of lysozyme during refolding reaction.
Light blue are the values obtained in dynamic measurements (figure
4.16) and dark blue the values of measurements without mixing of
folded and unfolded lysozyme (figure 4.10). Black line is a fit using a

first order reaction.

The temporal evolution of the radius of gyration was fitted using the equation for
a first order reaction (eq. 4.5). In our case, A is the radius of gyration of the
folded lysozyme while B is the difference in radius between the fully folded and
completely unfolded state. The rate constant k was calculated to be

k=77s1+22s1,

R (t)=A+B-e™ (4.5)
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4.4 Discussion and conclusions

We created a fast mixing device combining different aspects of mixing. Parallel
lamination in combination with hydrodynamic focussing provides a very fast and
highly controllable mixing. The combination of flow-defining structures
(chevrons) on top and bottom of the channel together with the hydrodynamic
focus enable the sample jet to be focussed in the centre of the channel and in this
manner reducing the velocity distribution in y- and z-direction, which was
approved by confocal microscopy. The flexibility of soft lithography allows the
fabrication of various devices with only little additional effort, thus enabling the
production of devices suitable for any kind of measurement, be it at
synchrotrons or in-house.

We approached the difficulties of measuring protein folding dynamics in
microfluidics step by step. First showing, that we are able to distinguish between
folded and unfolded lysozyme at high concentrations and subsequently also at
lower concentrations on an in-house SAXS setup in microfluidics. Unfolding and
folding experiments at synchrotron and in-house proved, that mixing in the
device is working and we therefore can measure along the time axis of a reaction.
Although the background scattering from the device was very strong when
measuring at the SLS, which made it difficult to analyse the scattering data, we
were able to calculate the radii of gyration during unfolding of lysozyme in three
different states (i.e. at three different positions along the channel).

The folding experiments on our in-house SAXS successfully proved that it is
possible to follow the dynamics of protein folding even on much lower intensity
of X-ray radiation. We were able to calculate the radii of gyration for lysozyme in
different states; folded, unfolded and intermediate state Rys were in agreement

with the values found in literature.
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4.5 Outlook

The versatility of soft lithography and microfluidics in general leads to a
diversity of possible device fabrication methods (cf. sections 2.2.3 - 2.2.8).
Throughout this work, two versions of our fast mixing device were produced,
matching the needs of the corresponding setup (synchrotron and in-house SAXS
measurements). As radiation damage at synchrotrons is a big issue with polymer
films (Kapton®, polystyrene) and device forming material (PDMS, NOA 81),
variations of these devices might overcome this problem in future experiments.
A device with a narrow (200 pum) glass capillary instead of the measuring
channel could already be fabricated (figure 4.18 A). In this way, the reactants are
mixed inside the Kapton®/PDMS device, and the reaction is measured in the
capillary.

Combining the easy to handle PDMS device together with a narrow capillary
(<10 um nozzle) could be an application for fourth generation synchrotron

facilities such as the X-FEL47 or the SwissFEL148 (cf. figures 2.9 and 2.13).

The ability to measure fast dynamics in an in-house setup will undoubtedly be of
high importance, as lab SAXS setups are more available than beam time at
synchrotron facilities. Together with the continuously increasing quality of
table-top X-ray sources the possibility to measure reaction times down to a few
milliseconds opens a variety of applications.

Besides in situ observations of rapid protein folding, the packing and unpacking
of DNA is another interesting topic in research on biological systems!4?. The
interaction between DNA and histones is one important part of DNA packing and
can be mimicked using charged spherical molecules (i.e. dendrimers)7’.
Investigating the process of DNA packing and unpacking with SAXS and fast
mixing microfluidic devices could help to learn details about the densest way of
packing information in both, biology and technology”6.14°.

Another application of mixing in microfluidic devices has been the creation of

fibres such as silk’3. The goal of these experiments is to fabricate silk fibres with
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similar properties than native silk. Dimensions of the middle jet as well as flow
velocity and resulting shear forces at the interface determine the size of resulting
fibres and also their secondary structure. The highly controllable environment in
our device (five sample inlet, sheath flow for focussing, chevrons for z-focus)

might improve the creation of artificial silk and other fibres.
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5 Flow dynamics in microfluidics measured

by XPCS

5.1 Introduction

Third generation synchrotron sources provide partially coherent X-rays with
intensities several orders of magnitude higher than previously available. This
allows the use of coherent scattering techniques such as X-ray photon
correlation spectroscopy (XPCS)150. XPCS is based on temporal intensity
fluctuations of speckle patterns!50.151, This phenomenon occurs due to changes in
the spatial arrangement of the scattering objects. Time correlations of such
speckle patterns are directly related to microscopic motions, such as Brownian
diffusion or active transport.

Similar to dynamic light scattering or particle image velocimetry, XPCS can thus
be used to study the dynamic processes of colloidal materials!>2. However, due to
its high penetration depth and large range of momentum transfer g, XPCS is also
applicable to probe opaque samples and access dynamics at much smaller length
scales down to few A153, Thus, not only colloidal samples but also polymeric
materials can be studied>%.

These advantages of XPCS over other techniques together with the possibility to
focus X-ray beams down to several hundred nanometres prove to be ideal to
observe the dynamics in microfluidic devices. We used XPCS to measure the
impact that different geometrical features of a microfluidic channel can have on
the flow. Using a 2D X-ray detector, we were able to calculate the autocorrelation
functions for each pixel of the scattering image, resulting in a sequence of

correlation images, or in other words a correlation movie.
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5.2 Theory of XPCS

The temporal intensity fluctuations I(g,t) of speckle patterns can be analysed by

calculating an autocorrelation function of the intensity:

<I(q,t)-1(q,t+17)>

<I(q,t)>2

8 (g.1)= (5.1)

Angled brackets denote the time average, q is the scattering vector, t a given time
point and t the time shift relative to t. The intensity correlation function (6.1) is

related to the intermediate scattering function g; via the Siegert relation>>;

8 (q.1)=1+Blg, (q.1)[ - (5.2)

Where f is the speckle contrast.

In the case of colloids in laminar flow, the autocorrelation function can be split
into three independent parts contributing to the final function: the diffusive
motion of the scattering object due to Brownian motion, the transit time of the
colloids moving through the scattering volume and the Doppler shifts arising due
to particles flowing with different flow velocities in the scattering volume?>>,

The contribution of Brownian motion to the autocorrelation function in shear

flow is given by

2 2
‘gl (q,l,}/)‘z =eXp —2Dq2t 1= CIIIZJ_ )’t+ q, (J/t) (53)

q q’3

where g, and q, are the components parallel and perpendicular to the flow

direction of the scattering vector q.y is the shear rate and D the diffusion
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coefficient. In a scattering geometry perpendicular to the flow ¢, =0,
consequently g; is independent of the shear rate.

The second contribution to the intensity fluctuation is defined by the constant
flow of the particles through the sample volume (i.e. the X-ray beam). This
phenomenon is described by the transit frequency v~ vo/h, where h is the
length of the sample volume and vo the flow velocity. With the assumption, that

the beam has a Gaussian profile, this leads to
‘gl (q,t)‘2 o« exp[—(vtrt)z] . (5.4)

The third effect, contributing to the intermediate scattering function is due to
shear-induced effects, resulting in particles moving with different velocities. This
can be described by a double integral over the scattering volume with an

approximated form of a line with the length R156:

R R
‘gl(Q,t)r=%ff008<qtév(i’1,i’2))dl’ldrz, (5.5)

-R-R

where 6v is the velocity difference between two particles separated by the
distance r;-r2. The integral has been solved analytically for a uniform shear

ratel57;

sinI’ (¢
Ty |

(5.6)

8 (q.1)[ =

I's is the shear relaxation rate and depends on g as well as the flow velocity
(I's = qv). Busch et al.156 have also calculated a more complex equation for the
contribution of shear in Poisseuille flow (i.e. a parabolic flow profile). However,
due to the very small beam dimensions in our case we assume a constant

average shear rate in y-direction inside our sample volume. This results in a
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situation similar to the one for homogeneous flow as discussed by Burghardt et
al'>3 and Narayanan et all5’. As a consequence we consider the simpler
equation 5.6.

Combining the three contributing factors we get the following two equations for

the autocorrelation functions perpendicular and parallel to the flow direction®>®:
2. (¢:1) =1+ B-exp|-2Dq’t | exp[_(wy] (5.7)

sin(Tt)
T,

8.(¢.t) =1+ B-exp[-2Dq’t ] exp[—(vlrt)z]- (5.8)

Equation 5.1 was used to calculate the autocorrelation image sequence from the
scattering images. In this project, we used equations 5.7 and 5.8 to fit the
calculated autocorrelation functions in directions perpendicular (5.7) and

parallel (5.8) to the flow direction in the channel.

5.3 Setup and materials

5.3.1 X-ray setup at DESY

The experiments were carried out at the partially coherent beamline P10 at
PETRA III at Deutsches Elektronen Synchrotron (DESY) in Hamburg, Germany.
The energy of the X-rays was fixed to 8050 eV, corresponding to a wavelength of
A =1.54 A. The beam was focussed using compound refractive lenses down to a
size of 5 x5 um2. A Maxipix3*4 2 x 2 detector was installed 4970 mm behind the
sample position using an evacuated flight tube. The active area of the detector
had 516 x516 pixels with a pixel size of 55x55 wm?. Figure 5.1 shows an
overview over the X-ray setup used for XPCS measurements including a scheme

of the three measured channel geometries.
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Figure 5.1: Scheme of X-ray setup used for XPCS. The beam was

focussed down to 5x5 pm2 Three different channel geometries

where measured.

5.3.2 Colloids

SiO2 nano-particles were used for XPCS. They had a diameter of 160 nm + 20 nm.

Figure 5.2 shows the scattering intensity of the nanoparticles used in the

experiment.
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Figure 5.2: Scattering intensity of the used SiO:-particles
including a fit (black line), confirming a radius of

80 nm = 10 nm.

The colloids were produced by poly-condensation of tetraethyl-orthosilicate

[Si(OC2Hs)4], according to a Stober synthesis??. The particles were further
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sterically  stabilized with  3-trimethoxysilyl-propyl-methacrylate  (TMP,
C10H2005Si) to prevent agglomeration through van der Waals interactions. The
nanoparticles were suspended in poly-propylene glycol with an average
molecular weight of 4000g/l and a viscosity of 1300 mPas (PPG 4000,
Sigma-Aldrich). Synthesis and preparation of the colloids were performed by
Fabian Westermeier (Hasylab, Deutsches Elektronen Synchrotron, Hamburg,

Germany).

5.3.3 Device

A microfluidic device made of polystyrene foil and UV-curable adhesive (section
2.2.4) and the corresponding holder (section 2.3) were used. The device included
a 150 pum wide and 200 um high main channel with two geometric features: a
constriction of 50 um width and 200 pm length and a curvature of the main
channel with a radius of R. = 0.5 mm. Figure 5.3 shows a schematic overview of
the microfluidic channel with the three measurement positions, curved channel

(1), straight channel (II.) channel and constriction (IIL.).

Figure 5.3: Schematic overview of the microfluidic
channel used for XPCS experiments. The positions of
the measurements were in curvature (I.), straight

channel (I1.) and constriction (IIL.).
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1 ml plastic syringes (Henke Sass Wolf GmbH, Tuttlingen, Germany) were
connected to the device by Teflon (PTFE) tubing. The flow rate was controlled

using Nemesys syringe pumps from Cetoni GmbH, Korbussen, Germany.

In each of the three positions, a line scan across the channel was performed.
Consequently, we measured 15 - 17 points in straight and curved channels and
at 6 - 12 points in the constriction across the channel. The distance between the
points was approximately 10 um. At each of the points, 5000 scattering images
were taken with a frame rate of 300 Hz. The line scans in the constriction were
located at the narrowest position and 50 pym up- and downstream, respectively.
Measurements were taken at flow speeds of 4, 6, 8, 10 and 16 um/s (average
flow velocity at the syringe pump) in straight and curved channels and at flow

speeds of 2, 4 and 6 pm/s in the constriction.

5.4 Calculation of full g-range autocorrelation image

sequences

For the full analysis of the data, the 5000 scattering images per point were cut to
half of the size and binned using a 2 x 2 binning factor. For each of the remaining
pixels, an autocorrelation function for the intensity was calculated using
equation 5.1. This resulted in a conversion of the scattering images with a time
lapse of 3.3 ms between two images to a sequence of full g-space autocorrelation
images (i.e. an “autocorrelation movie”) representing the intensity correlation
functions in each pixel along increasing time shifts () between the scattering

images.

85



Flow dynamics in microfluidics measured by XPCS

autocorrelation
—

(I(g.1) 1(g.1+ 7))

&(q.D)= 3
(I(g:0)

Figure 5.4: Scheme of the conversion of scattering images into a sequence of autocorrelation images.
The time axis for the scattering images is the regular time t, while for the correlation image
sequence it is the time difference T between two correlated scattering images (ranging from 3.3 ms

up to a maximum of 4999 « 3.3 ms).

The resulting movie or sequence of autocorrelation images provides immediate
information about the main properties of the flow in the microchannel. The
prominent streak, which is mainly observed at small ¢ up to 50-70 ms
(indicated with a red line in figure 5.5), represents the slow decaying correlation
in perpendicular direction to the flow. Hence, on the orientation of this streak we
can directly monitor the flow direction in the channel (green arrow) and
precisely calculate it by plotting the radial intensity distribution. The change of
the streaks width with increasing t depends on the flow velocity, while the
length is related to Brownian motion, as the particles move perpendicular to the
flow only by diffusion.

Figure 5.5 shows correlation images at four different time shifts t of a calculated
autocorrelation movie. The width of the streak along the red line is rapidly
decreasing as t gets bigger, indicating the much faster flow velocity compared to
the diffusion (length of streak is decreasing very slowly). The light blue lines
parallel to the red line mainly visible at 7 =10 ms and 7 = 30 ms show the effect
of multiple particles flowing at different speed inside the sample volume, i.e. the

Doppler shift described by equation 5.6.
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Figure 5.5: Four time points (7) of a calculated correlation movie. The red line indicates the
direction of the slow decaying perpendicular autocorrelation (gz) and the green arrow shows the

flow direction in the channel.

For a more detailed analysis, the autocorrelation functions at a chosen point (i.e.
a chosen g-value in x- and y-direction) were recorded from the correlation image
sequences. As can be seen on the images in figure 5.5, the correlation is higher
for smaller g-values (i.e. decaying faster for increasing q). As a result, a g-value of
0.0015 A was chosen for all cases when the correlation function g was extracted
from the movies. The autocorrelation functions obtained in such manner were
fitted using equations 5.7 and 5.8 for the perpendicular (q; =0) and parallel
(q. =0) case respectively, to access information about flow velocity, shear rate
and diffusion constant.

Figure 5.6 shows an example of a correlation image with the two points marked
to extract g (green for parallel and red for perpendicular to flow direction). Next
to it are the two extracted autocorrelation functions including the according fits.
We calculated the average diffusion coefficient by fitting the autocorrelation
functions perpendicular to the flow direction of five different velocities (2, 4, 6, 8
and 10 um/s): D=10.5-10"m?2/s+ 7.1 - 101> m?/s. In addition, we fitted the
autocorrelation of a no-flow situation with the first part of equation 5.7 (without
the second term for transit effects) and got a diffusion coefficient of

D=13-105m2/s + 0.6 - 10-15 m2/s.
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Figure 5.6: Autocorrelation image with the marked points/pixels for extraction of autocorrelation
functions in parallel (green) and perpendicular (red) orientation with respect to the flow direction
and the two corresponding correlation functions including fits. The measuring position was in the
middle of a straight channel for this image. The average flow velocity was 4 pum/s and the

correlation image is at T = 30 ms.

5.5 Results and discussion

This section is divided into two parts, one for the measurements in the
constricted channel and another one for the analysis of the flow in curved
channels. For both geometries, we first tried to access as much information
about the dynamics directly out of the correlation images (e.g. the flow
orientation by plotting the radial intensity) and afterwards analysed the
extracted correlation functions in order to determine the flow velocities and
diffusion constant.

For all the positions in the channels (i.e. the constriction, straight and curved
channel), three points of each line scan were chosen, analysed and discussed in
detail. For the constricted channel the experiment at ¥ = 6 um/s was selected,
while for the curved and straight sections the measurements at v = 10 um/s

were considered.
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5.5.1 Flow in constrictions

The flow in the constriction was measured at the narrowest part as well as
50 um up- and downstream. The 2D correlation images of six points were
compared. Three points of the line scan in the narrow part and three points in
the exit of the constriction 50 pum downstream. Figure 5.7 shows a sketch of the

six selected positions in the constriction.

flow ®r.
@r1I. Qv.
@r11I.

Figure 5.7: Sketch of the constriction with six

selected measuring points. L-IIl. are in the
narrow part and IV.-VL. are in the wider part

50 pnm downstream of the narrowest part.

The correlation images at T = 10 were taken and compared at each point. It has
to be noted, that the flow velocity of ¥ = 6 um/s is calculated for the full straight
channel meaning that in the narrow constriction (50 pm compared to 150 um of
the full channel) three times higher velocities were observed. For both line scans,
we selected a measuring point in the middle of the channel (II. and V.) and one
close to each wall (I, III,, IV. and VL.). This allowed us to directly see the impact of

the wall orientation on the flow direction.
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Figure 5.8: Six autocorrelation images of the flow situation in a constriction. L.-III. in the narrowest
part, IV.-VIL. at a position 50 pm downstream in the constriction. For all six images the time shift is

T =10 ms and the flow velocity is v = 6 pm/s.

Figure 5.8 shows the correlation images of the positions I. - VI.. We tried to
access as much information about the device geometry as possible by analysing
the images directly rather than the extracted autocorrelation functions. First, the
orientation of the flow was analysed. One can see that the flow direction in the
narrow part (L. -1IIl.) stays parallel across the three points (i.e. across the
channel). This stands in contrast to the situation further downstream (IV. - VL),
where we can observe that the flow direction close to the walls is following the
geometry of the channel. The flow in position IV. is slightly tilted to the left
(upwards in figure 5.8) in flow direction, whereas in position VI. it is tilted
towards the right side in flow direction. The situation in the middle (V.)
resembles the positions I. - III. in terms of orientation, showing that the flow in
the centre of the channel is not affected by the geometry. We plotted the radial

intensity distribution of the images in figure 5.9 A. Compared to the nicely
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aligned curves of I. to III., the different positions of the peak maxima for the cases
IV. to VI. become obvious in this plot.

Analysing the velocities of the streams, we observe that the difference between
the outside streams (1., III,, IV.,, and VI.) and the central streams (II. and V.) is
more pronounced in the wider position as compared to the narrow centre
position. Still, the velocity difference is visible by comparing the width of the
bright streaks. Although the difference in the peak width is not very prominent
in the narrow part (I. - IIL.), it is still possible to see a difference when comparing
the distance between the main streak and the first (parallel) streaks of the
Doppler shift signal. This situation becomes better visible when looking at figure
6.5 A: the differences in peak width (i.e. the width of the streaks) for situations
IV. to VL. are very significant, while for points I. to IIl. the widths of the peaks
differ only slightly. Both the curves for position I. and III. are only slightly wider
than the one for position II.. We can also compare the position of the first
Doppler signal (i.e. the first peaks on the left side of the prominent main peak) in
figure 5.9 A. Here we see, that the green Doppler signal is closer to the main

peak, indicating a higher flow velocity.

g, (normalized)

A R o900 135
Orientation angle [deg.]

Figure 5.9: Radial intensity plots for the six selected points (A). Calculated flow directions and flow

velocities (arrow length) at three different positions across the channel (B).

To get an overview over the flow in the whole constriction, the orientation of the

flow was measured at each position across the channel. The autocorrelation
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functions parallel to flow direction were extracted and the flow velocities were
fitted using equation 5.8. The measured flow directions and velocities are shown
in figure 5.9 B. The flow profiles (flow speed corresponds to the lengths of the
arrows) of the entrance and exit of the constriction are in very good agreement
with the underlaid simulation. Also the fitted velocities in the middle of the
constriction are still in good agreement, however, the very high flow velocities at
these positions (up to 18 um/s) make it difficult to fit the autocorrelation
functions, due to the limited frame rate of the detector.

The directions of the flow nicely show congruency by all pointing towards the
middle of the channel at the entrance of the constriction and towards the channel
walls at the exit. In the centre of the constriction one would expect parallel flow
streams, which might be the case for the very single point, where the walls are
closest. In our case, we probably measured at a very short distance after the
narrowest position and therefore the arrows are already pointing towards the

channel walls.

5.5.2 Flow in curved channels

For the measurements in curved channels, several line scans along the curvature
were measured. For analysis, we chose one line scan in the curvature and
compared the results of three points within this scan with a line scan in a straight
channel (three points at the same relative position across the channel).

Figure 5.10 shows a sketch of the selected points in the straight channel (I. - IIL.)
and in the curvature (IV. - VL.). The measurement points were at 30 %, 50 % and
70 % relative width of the channel for both the straight and the curved channel
(from inside to outside) and the measurements were performed at a mean flow

velocity of ¥ = 10 pm/s in both channels.
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Figure 5.10: Sketch of the selected and analysed points in straight (I. - IIl.) and
curved (IV. - VL) channel. The exact positions of the points are 30%, 50% and 70%

relative width of the channel.
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Figure 5.11: Correlation images of six measured points. I. - III. in a straight channel and IV. - VL. in a

curved channel with radius 0.5 mm. The flow velocity was 10 pm/s and 7 = 20 ms.

The correlation images of the measured spots in curved and straight channel are
shown in figure 5.11. For the straight channel, we observe three parallel
correlation signals, which is expected, since the flow direction should not change

in a linear channel. The width of the streaks shows a higher velocity in the
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middle of the channel compared to slower velocities in the outsides (I. and IIL).
Regarding I. and III., we can also say that the velocities are similar, as the width
of the streaks as well as the distances to the first order Doppler signals are
comparable.

On pictures IV. to VI, the correlation images of the flow in curve are shown,
where IV. is the inmost position and VI. the outmost one. The first feature that
can be observed is the change in the general flow direction as we go from the
straight section into the curvature. As a second characteristic we can again
observe the change in velocity across the channel. The flow at the middle
position (V.) is again the fastest, showing a very narrow streak and closely
packed Doppler signal. The velocities of the inner and the outer position are very
similar, with a slightly narrower streak in image IV., indicating that the velocity is
slightly higher at this position. When comparing the flow directions at certain
positions in the channel, we observe a rotation of the flow orientation from point
IV. (pink) to point VI. (cyan). This is clearly an impact of the geometry, as no
change in flow direction can be observed in the straight channel (nor is it
expected). The discussed differences in flow direction and velocity are shown as

radial intensity plots in figure 5.12.

. I,
. 11, m
o III.
. IV. g s
T 0.5[ * V. - * ]
%’ VI. o
o O
g X 0% . Cegeesiifeste,
o
2 1 "
| |
o n
0.5 " ol
|
- ”..ll. . n“.
A oy DT ) 8 ““
%o 180

135
Orientation angle [deg.]

Figure 5.12: Radial intensity plots of images in
figure 5.11. L. to III. show no change in position
(i.e. flow orientation) while the flow in IV., V. and
VI. has different orientations. The impact of the
velocity can also be seen, as II. and V. are slightly

narrower than the two respective other curves.
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Additional to the orientation and the velocity of the flow, we were also interested
in the dispersion of the flow orientation inside the sample volume. We expected
a larger dispersion at smaller radii (i.e. at the inside of the curve) compared to
the outside of the curved channel, as the change in flow direction is larger over a
given distance. Figuratively, the difference in flow direction between particles
entering and exiting the sample volume (i.e., the X-ray beam) is bigger at smaller
radii compared to larger ones. The assumed consequence in the correlation
images would be an increasingly smeared out streak from image VI. to IV.. In
order to depict this effect, we analysed the intensities of the images IV., V. and VI.
along the red lines in figure 5.11. For the main streaks the correlation is too high
and thus we do not observe any smearing. However, when comparing the
intensities of the Doppler signals plotted in figure 5.13 A, namely the second
peak (around 75 relative g-value for IV. and VI. and 55 for V.), we get a significant
difference in the intensities. There we can see that the peak of the second
Doppler signal becomes more prominent with increasing radius (i.e. from image

IV. to image VI.)
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Figure 5.13: Normalized autocorrelation intensities along the red lines in figure 5.11 for the three
measurements in the curved channel (A). Flow profiles of straight (blue) and curved (red) channels
averaged over 4 and 3 different experiments respectively (B). The coloured area indicates the
standard deviation. The velocities were normalized with vmax in order to enable the comparison of
experiments at different flow velocities. The dashed lines are the calculated flow profiles for the

given channel dimensions.
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From each of the correlation movies the autocorrelation function in flow
direction was extracted. The correlation function was fitted using equation 5.8 to
get the flow velocity at that point. The calculated flow profiles of four line scans
in straight channels and three line scans in curved channels at different flow
velocities were normalized and averaged (figure 5.13 B). The dashed lines show
the calculated flow profiles of the corresponding channel geometries for a simple
Newtonian fluid. As can be seen, the maximal flow velocity for curved channels is
slightly shifted to the centre of the curvature. This effect can also be observed in
our measurements for the curved channel, which show a slight offset of the

maximal flow speed compared to the blue points of the straight channels.

5.6 Conclusion

Using 160 nm sized particles we studied the flow dynamics in different
geometries of a microfluidic device by means of XPCS. An autocorrelation
function was calculated for each of the pixels in the scattering image, resulting in
a sequence of correlation images, each representing the values of the
autocorrelation functions for a given t. Direct analysis of single correlation
images provided information about Brownian motion, the orientation of the
flow, its velocity and hence about the geometry of the microfluidic channel. The
ability to analyse the full image rather than just one specific g-value is important
whenever a possible anisotropy of the device is not known (unlike the situation
in a capillary, for instance).

In this way, we could show the flow behaviour in the exit of a narrow
constriction, where the direction and the velocity of the flow are changing across
the channel. Similarly, we studied the rotation of the flow direction along and
across a curved section of the channel. Straightforward analysis of the
correlation intensity in flow direction shows the different prominences of
correlation signals originating from particles flowing with different velocities

(Doppler shifts). In curved channels we could show that a lower radius leads to a
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higher dispersion of flow direction and hence the Doppler signals are smeared
out and show a lower prominence. All information about these features was
accessible in one measurement series, even if the anisotropy of the flow was not
known beforehand. This would not be possible with a one dimensional point
detector without measuring several g-values.

After analysing the correlation images we could choose and extract the
autocorrelation functions at distinct g-values (gx and gy). In this way, we were
able to access g2 perpendicular and parallel to the flow direction very precisely.
The extracted correlation functions perpendicular to flow direction were fitted in
order to get the diffusion coefficient D, which was similar to the one calculated
from a no-flow measurement. Fitting g» parallel to flow directions, we calculated
the flow velocities in the channels. Comparing the flow profiles of straight and
curved channels we could show the shift of vmax towards smaller radii as

predicted by simulations.

5.7 Outlook

With point detectors (i.e. photo diodes) XPCS has been a one-dimensional
method for years. The use of a fast 2D detector for XPCS together with the
calculation of full g-range correlation image sequences allows fast and intuitive
analysis of dynamics in microfluidic devices. Multiple information is obtained in
one measurement and pre-experimental knowledge about sample symmetry for
instance is no longer needed, as the orientation of the flow is directly visible on
the correlation image.

The high intensity third generation (coherent) synchrotron radiation in
combination with the rapid developments of fast readout 2D X-ray detectors will
surely raise possibilities for this method. The newest generation of 2D X-ray
detector, currently under development, will have a frame rate of 22 kHz (Eiger3°)

in full frame mode, compared to a maximal frame rate of 0.3 kHz of the
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MAXIPIX34 used in our experiments. Thus, faster dynamics can be measured and
more details observed with a higher temporal resolution.

Measurements of interactions between particles, biomaterials (e.g. proteins) or
other macromolecules using XPCS might be possible and hence measuring the
changes of these interactions in different environments. In this way, the change
of interactions between charged particles upon addition of salt could be
investigated. The charge of the individual particles is shielded by the ions of the
salt, and thus the electrostatic interactions are strongly influenced, which will
change the motion behaviour of the colloids. Figure 5.14 shows a possible setup

for a measurement of the screening of electrostatic interactions.
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screening of electrostatic interactions
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Figure 5.14: Possible setup for measurements of charged particles first without, then with salt. The

salt is screening the charge of the particles and hence their interactions change, which affects their

dynamics.

Another example of 2D XPCS in microfluidics is the measurement of interlinked
particles. This could be small gold particles connected with a short piece of DNA.
Measuring the behaviour of the particles in different flow fields (as shown in
figure 5.15) provides information about the coiling and stretching of the DNA (or

any given polymer) depending on channel geometries.
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‘beads on a string’ \ ____.-/

_,@ T —»

Figure 5.15: Ideas for particles linked with polymers (f.i. DNA). Depending on the channel geometry
and the resulting flow field, the polymers crumple or stretch. This could be measured by analysing

the movement of the particles using 2D XPCS.

The idea of beads on a string could even be expanded to fully biological systems
like DNA-histone complexes. Using 2D XPCS and a microfluidic mixing device, the
dynamics of the two binding steps (see figure 5.16) could be analysed by
studying the changes in SAXS signals of histones and DNA. The possible
implementation of cross correlation with 2D XPCS will be another interesting

feature for these and other future applications.

o)l

~—DNA er

Figure 5.16: Overview of the interaction between DNA and linker histone H1. The compaction takes

place in two distinct steps. XPCS could reveal the dynamics of each step. Taken from 158,
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