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Preface of the series editors

The Gottingen series in x-ray physics is intended as a collection of research monographs
in x-ray science, carried out at the Institute for X-ray Physics at the Georg-August-
Universitit in Gottingen, and in the framework of its related research networks and
collaborations.

It covers topics ranging from x-ray microscopy, nano-focusing, wave propagation, image
reconstruction, tomography, short x-ray pulses to applications of nanoscale x-ray imaging
and biomolecular structure analysis.

In most but not all cases, the contributions are based on Ph.D. dissertations. The
individual monographs should be enhanced by putting them in the context of related
work, often based on a common long term research strategy, and funded by the same
research networks. We hope that the series will also help to enhance the visibility of the
research carried out here and help others in the field to advance similar projects.

Prof. Dr. Tim Salditt
Prof. Dr. Sarah Koster
Editors

Gottingen June 2014

Preface to the present volume

Understanding muscle contraction at molecular scales was one of the research goals
driving the eatly development of biophysics as a discipline. Today we realize that
molecular scale alone is not sufficient. In order to understand, say, the function of heart
muscle, many scales have to be mastered and visualized: from the molecular assembly
of protein filaments, to the cellular and tissue level, all the way to the organ. Towards
this goal, the present thesis explores and develops a particular approach based on
combining real space and reciprocal space by scanning X-ray diffraction with micro-
and nanofocused synchrotron beams. The challenge is tremendous: from X-ray optics
to sample preparation and environment, from strategies mitigating radiation damage to
automated data analysis. Millions of diffraction patterns now reveal molecular structure,
but not in form of a grand ensemble average but at well defined positions within a cell
or a heart tissue section. Now we have the tools to put it all togethet!

Prof. Dr. Tim Salditt



“I am, of course, most ignorant about all things biological, but I

imagine most X-ray people start that way.”

Rosalind Franklin
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Abstract

The past 70 years of muscle research have profoundly shaped our current under-
standing of the structure and function of muscle. X-ray diffraction became a key
method in its structural analysis and yielded valuable insights into the molecular
arrangement of the contraction apparatus. With the availability of synchrotron
radiation, structural changes occurring during contraction can now be observed
in real time with millisecond time resolution and to date X-ray diffraction is still

being used extensively to study muscle contraction in skeletal and cardiac tissue.

This work employs an extension of the X-ray diffraction methodology, scanning
X-ray diffraction, for structural imaging of biological cells and tissue. By scanning
a sample through the focus of an X-ray beam, one can record diffraction patterns
at each scan point, and one or multiple features from the diffraction patterns can
be analyzed such that maps of the underlying structure can be generated. This
approach is also termed diffraction imaging and offers a quantitative and highly
selective contrast and a high real space resolution given by the focal spot size of the
X-ray beam, which in principle can be well below 100 nm. With recent improve-
ments in X-ray optics, this technique became more easily accessible and has to date
been applied to a large variety of sample systems, ranging from hard-condensed
matter to biological materials such as wood or bone, however, with very little ap-
plication for soft tissue. It was the primordial goal of this thesis to fill this gap and
streamline the use of scanning X-ray diffraction to image isolated cardiac cells and
tissue, even under physiological conditions. We show how such experiments can
contribute to the understanding of cardiac tissue architecture and in particular to

the development of the contraction apparatus upon cell maturation.

The development of nanofocused X-ray beams has also profited X-ray imaging
methods, in particular lensless imaging. As an example for an imaging method that
does not require image-forming lenses, we have used in-line holographic imaging
as a tool for single cell imaging and combined this technique with scanning X-ray
diffraction. Holographic imaging is ideally suited in this respect as it is highly
sensitive to phase shifts from the object, produces an image of the object with a
resolution typically below 100 nm and is minimally dose-invasive, in stark contrast

to scanning X-ray diffraction.



xii Abstract

The technical details of scanning X-ray diffraction and holographic imaging are
introduced in Chapter 1. The first proof-of-concept study that demonstrates the
usefulness of combining holographic imaging with scanning X-ray diffraction is
then described in Chapter 2. We show that, in combination, the two methods can
cover three orders of magnitude in resolution, from approximately 10 nm to 10 pm.
Furthermore, the impact of radiation damage onto the recorded signal is critically
assessed as radiation damage is a key limitation in scanning X-ray diffraction

experiments.

In Chapter 3, scanning X-ray diffraction is used to generate diffraction maps with
more than one million scan points. The recorded diffraction patterns present a
massive data load that had led to the development of a new framework for the
analysis and processing of such large amounts of data. Most importantly, for the
purpose of increasing the accessibility of scanning X-ray diffraction for a broader

community, all tools have been made publicly available.

Technical challenges associated with sample preparation and how the experimental
parameters can be optimized is described in greater detail in Chapter 4. It is also
shown what signals can be expected from scanning X-ray diffraction experiments
on cardiac cells and tissue and reasonable advice is given on how to unlock the

full potential of scanning X-ray diffraction in follow-up experiments.

In Chapter 5, scanning X-ray diffraction is employed in combination with X-ray
fluorescence to study the nanoscale structure and chemical composition of neuronal

tissue to measure changes due to the neuropathology of Parkinson’s disease.

In the future, scanning X-ray diffraction and holographic imaging will profit greatly
from the increasingly brilliant radiation offered by fourth generation synchrotrons
and X-ray free-electron lasers. At such facilities, the accurate delivery of a sample
into the intense X-ray beam is of primary concern. In view of a potential applica-
tion of scanning X-ray diffraction and holographic imaging at such modern X-ray
sources, in Chapter 6, an optical stretcher has been tested as a potential sample
delivery system. Surprisingly, the micromanipulation capabilities by the optical

stretcher enabled also a tomographic recording of a biological cell.
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1.1 X-ray diffraction on muscle

It is widely considered that protein crystallography has been the driving force in
the development of synchrotron radiation. However, the first beamline installed
at a synchrotron was not built to determine the structure of organic compounds
or proteins, but to understand in greater detail the mechanism of muscle con-
traction [1]. What happens when muscle actively contracts? At which point in
the contraction cycle is force generated in the muscle? Such questions could not
be answered with conventional X-ray sources and exigently required more intense
synchrotron radiation, that enables exciting experiments which continue to deepen

our understanding of the subtleties of muscle contraction.

Understanding the molecular details of muscle contraction has been on the scien-
tific agenda since the earliest experiments with X-ray tubes in the beginning of
the 20th century. Following the devastating events of the second world war and in
view of the bombings of Hiroshima and Nagasaki, many physicists have turned to
the politically uncharged field of biophysics [2, p. 293]. In particular the field of
structural biology experienced a tremendous leap with the structure determina-
tion of the desoxyribonucleic acid (DNA) by James Watson and Francis Crick in
1953 with data from Rosalind Franklin [2, 3]. Around the same time, a strong line
of research developed that targeted the intricate structure of muscle, especially
because, due to the resolution limitations of visible light microscopy, there existed

much debate about how force is generated in the muscle.

In 1954, Hugh Huxley with Jean Hanson and Andrew Huxley with Rolf Niedergerke
jointly published two seminal articles in the journal Nature that first propelled
what then became to be known as the sliding filament model of muscle contraction
[4, 5]. Even though their work primarily included results obtained using visible
light microscopy and electron microscopy, it is also based on earlier recordings
of small-angle X-ray diffraction studies. In the following years, X-ray diffraction
became a key method in muscle research as it could be applied on a hydrated

specimen without the further need for sample fixation and was therefore not prone
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to fixation artifacts. One difficulty with X-ray diffraction is, however, that it does
not yield an image of the object. The contraction mechanism is explained on the
basis of sophisticated models that are built such that they are in agreement with

the recorded diffraction patterns.

Using a rotating anode, muscle could be studied in different states: contracted,
relaxed and in rigor. To record a single X-ray diffraction pattern, recording times
of several hours for equatorial reflections (from the regular packing of filaments)
and days for the weaker meridional reflections (from the packing of the monomers
into a helical array) were necessary. This excluded the possibility to record movies
of muscle upon contraction. With the discovery of 'parasitic’ x-radiation that was
generated in the bending magnets of synchrotron accelerators, its potential for
muscle research did not stay unnoticed [6-8]. Since the flux of such radiation was
already a factor of 10 to 100 times greater than conventional X-ray sources, it
was ideally suited for muscle diffraction. The first X-ray experiment on insect
flight muscle using synchrotron radiation took already place in 1971 [6], five years
before the first protein crystallography experiment [9]. In the following years, more
elaborate models were built and finally led to a clear picture of the mechanics of
the working stroke [10-12].

Most X-ray experiments on muscle are now being carried out at synchrotrons
worldwide. To the present day, several research groups are devoted to sample even
finer features of the sarcomere, the contractile unit of the muscle. A single diffrac-
tion pattern can now be recorded in less then 100 ms and the diffraction pattern
is recorded on single-photon counting two-dimensional pixel detectors at frame
rates that can easily exceed 100 frames per second if necessary. The tremendous
improvement in the quality and intensity of the X-ray beams enabled research
groups to even sample changes in the diffraction signal under load with millisec-
ond time resolution [13, 14].

To underline the hierarchical nature of muscle that ultimately makes X-ray diffrac-
tion an ideal method for its structural analysis, the structure of a single sarcom-
ere, as reprinted in many textbooks, is shown in Fig.1.1(A). A sarcomere is the
smallest contractile unit in muscle with a length of approximately 2 pm when mus-
cle is at rest and the building block of myofibrils that traverse a muscle cell. In
skeletal muscle, muscle cells fuse and form an elongated multi-cellular syncytium
while the myocardium is composed of cardiac cells that contain only 1-2 nuclei
and which are connected via intercalated discs. The sarcomere is composed of a
parallel arrangement of actin and myosin filaments. The minus end of the polar
actin fibers is attached to the Z-line (from the German word Zwischenscheibe) via
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the cross-linker a-actinin. Myosin fibers are stabilized in the center of the sar-
comere through the M-band (from the German word Mittelscheibe). The overlap-
ping and non-overlapping region between the two filament types is termed A-band
(anisotropic) and I-band (isotropic), respectively, due to their dark and light ap-
pearance in the microscope under illumation with polarized light [15, p. 1027].
Myosin, more precisely myosin II, depicted in Fig.1.1(B) is a protein composed
of two light chains, two heavy chains and two globular heads that each contain
an ATP- and actin binding site and thereby can form cross-bridges with the actin
filaments (also shown in Fig.1.1B). The formation of cross-bridges requires suf-
ficiently high concentrations of sarcoplasmic Ca?* and ATP. Binding of Ca?* to
troponin-C leads to a conformational change in the troponin/tropomyosin com-
plex that exposes the binding sites of actin. Once ATP is bound to myosin and
hydrolyzed, myosin can attach to the binding site of actin, forming a cross-bridge
between the two filaments. When ADP and the phosphate are released, myosin
undergoes a conformational change leading to a working stroke. Myosin can only
detach from the actin filament when ATP is bound and is then allowed to return
to its initial conformation. The repeated attachment and detachment with an in-
termittent working stroke is termed crossbridge cycling and is the basis for force
generation in muscle. The crossbridge cycle is described in greater detail in [10,
16]. One should note that the sketch depicted in Fig. 1.1 does exclude important
components of the sarcomere for clarity, such as titin, the largest known protein
in human and that is now known to be crucial for the elastic properties of muscle
cells [15, p. 1028].

Both, myosin and actin filaments, are helices with different helical repeats, see
Fig. 1.1(C). An actin filament is composed of globular actin (G-actin) arranged
into a helix with 13/6 symmetry, i.e. 13 monomers in 6 left-handed helical turns.
In contrast, myosin is a three-stranded helix composed of 9 monomers per turn,

yielding a 9/1 helical symmetry.

In the A-band, the two types of filaments are arranged in an hexagonal lattice.
The most prominent reflections from this lattice are the (1,0) and (1,1)-reflection.
The hexagonal lattice in the M-band and A-band is sketched in Fig. 1.1(D). The
interfilament spacing d9) typically ranges between 35.0 nm and 38.3 nm for intact
rat myocardium. We have published a more extensive list with literature references
online (https://irpgoe.github.io/nanodiffraction/). The intensity ratio between the
two reflections is in many studies used to access the relative number of myosin
motors that are attached to the actin filaments. Furthermore, it is a general rule

of thumb that the lattice spacing decreases with sarcomere length [17].
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Figure 1.1: Structure of the sarcomere and resulting layer line reflections. (A) Sketch
of a sarcomere. Thick (myosin) filaments colored in orange can attach to neighbouring
thin (actin) filaments. The band structure, as it appears under a microscope, is indicated
in light-blue background color. (B) Close-up sketch of a single myosin molecule with a
coil-coil motive forming the heavy tail and a flexible ’hinge’ region, the light tails. ATP-
hydrolysis and actin binding takes place in the globular head region. Actin filaments are
double stranded and surrounded by tropomyosin and troponin that strongly influence
Ca®" sensitivity. (C) Helical periodicities in the thin and thick filaments that give rise
to meridional and off-meridional reflections. (D) View along the filament axis. (D, left)
Hexagonal lattice of myosin filaments in the M-band. (D, right) Hexagonal lattice of
the myosin filaments with interdigitating actin filaments. The hexagonal lattice structure
gives rise to equatorial reflections. (E) Sketch of the fiber diffraction geometry. Dashed
lines indicate layer lines. (F) Simulation of the structure factor of a simplified actin
and myosin filament. The merged image shows the reflections in a color code with the
equatorial reflections manually added for clarity. Diffraction from the two helices were
simulated using the HELIX software.
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In an X-ray diffraction experiment helical symmetry gives rise to so-called ’layer
lines’. The theoretical foundation for helical diffraction is detailed in [18-21]. Here,
we simply recall that layer lines are observed along the meridian at ¢, = (2xl)/c,
where c is the helical repeat or pitch and [ = 0, 1, ... is the layer line index. In this
notation, the z-coordinate is along the filament axis ¢ and ¢, is the z-component of

4{ sin (@), where 26 is the scattering angle

the wavevector transfer ¢ defined as ¢ =
and A\ the wavelength of the radiation. The general layout of a fiber diffraction
experiment from which diffraction patterns on muscle fibers can be obtained is
sketched in Fig. 1.1(E). Parallel to the equator, the intensity of a layer line is mod-
ulated by a sum of Bessel functions > ™% .J,(g,r;) where r; denotes the radial
position and ¢; the orientation of the j-th monomer in cylindrical coordinates.
The order of the Bessel function n is subject to the selection rule | = ns + mp,
where n and m are integers, s is the number of helical turns per repeat and p
is the number of monomers per repeat. The helical symmetries mentioned above
are approximations to the actual structure. Most notably, in the case of myosin
the helical selection rule should forbid all meridional reflections except for repeats
that are multiples of a fraction of the monomer spacing, i.e. where 1 = 3, 6, 9,
etc [22]. In other words, because the crystallographic repeat is exactly three times
the monomeric repeat, only the monomeric repeat should be observed. The fact
that in e.g. relaxed human muscle these ’forbidden reflections’ can be observed
shows the deviation from ideal helical symmetry. This deviation is removed, i.e.
symmetry is restored, when the muscle is brought into rigor [23].

The myosin and actin reflections as well as the (1,0) and (1,1) equatorial reflections
are shown in Fig. 1.1(F). The myosin and actin reflections were simulated from a
simplified theoretical model of the structure using the HELIX software [24]. The
most intense layer line reflections are labeled with the layer line index (. In the lit-
erature, as a shorthand notation, actin layer lines are labeled as A1, A2, etc. while
myosin layer lines are indexed as M1, M2, etc., where A1 corresponds to first actin
layer line at 1/35.75nm~! and M1 to the first myosin layer line at 1/42.9nm~!.
Equatorial reflections (green) were simply sketched onto the simulated pattern to

illustrate their respective location in the diffraction pattern.

It is not surprising that earliest experiments were conducted on skeletal muscle
since single fibers can be easily extracted and prepared. X-ray diffraction was
only recently applied to cardiac muscle due to the very delicate task of extracting
isolated muscle fibers from the heart, now yielding valuable insight into the the
molecular basis of the Frank-Starling law [25, 26]. For this purpose, a trabaeculae of

the heart can for example be isolated and used. In such an experiment information
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on the cardiac muscle is obtained from a single location in the heart and due to
large beam diameters of around 100 um the recorded signal corresponds to an

average over many muscle cells in the muscle fiber.

1.2 Adding real space resolution

Although a large beam ensures a high signal level, more efforts are still being
invested into the generation of smaller X-ray beams, in part also to collect similar
diffraction information but now from a very localized spot in the sample [27].
With recent advances in focusing optics for X-rays, beams with nanometer spot
sizes can be produced to investigate the local structure of materials. By raster
scanning these so-called 'nanoprobes’; diffraction information can be combined

with real space information to e.g. observe variations in the diffraction signals.

Related to previous research on muscle, this now adds real space resolution and can
possibly be used to identify local variations in the muscle structure. Even beams
with a moderate focal spot size in the range of 10 um can still be of tremendous
use in structural imaging. By lateral scanning of the sample through the focus of
an X-ray beam one or multiple features of the diffraction pattern can be analyzed
and an image of structural parameters can be formed as sketched in Fig.1.2. In
addition to such parameter maps sketched in Fig.1.2(B) it is also common to
investigate isolated diffraction patterns or an ensemble average over all patterns.
Such nano- or microbeam scanning experiments have been applied on a vast range
of samples. In the case of biological matter, most studies have focused on textured
samples such as wood [28-31] or bone [32-37]. The scanning diffraction principle
can even be extended to three-dimensional structures as demonstrated in [38—40]
but prohibitively long recording times thus far exclude the use for soft biological

specimen.

With a reduction of the beam size down to the nanometer range, it was demon-
strated that scanning X-ray diffraction is even suited to analyze the structure of
isolated biological cells [41-44]. It is the primary aim of this thesis to use the
methods and techniques that have been developed in the previous body of work
to investigate the sarcomeric organization in single heart muscle cells (cardiomyo-
cytes). To exclude artifacts from sample processing and radiation-induced damage,
we utilized different preparation methods and optimized experimental parameters
to make most efficient use of photons. In addition to the use of neonatal rat cardio-
myocytes, we have included human induced pluripotent stem cells (hiPS) derived

into cardiomyocytes and adult cardiomyocytes from mice in this study to draw
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A Flat-panel
Beam radius detector
(classical X-ray diffraction)
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Figure 1.2: Principle of scanning X-ray diffraction. (A) X-rays are focused using ei-
ther elliptical focusing mirrors as sketched in the figure or lens-based focusing such as
compound refractive lenses. In contrast to classical diffraction, the focal spot is orders
of magnitude smaller and the sample is scanned through the X-ray focus and the scat-
tered X-rays are recorded on a flat-panel pixel detector. The primary beam is blocked
by a beam stop. (B) The recorded diffraction patterns can for example be summed or
displayed with respect to their location in the scan. If a certain feature of the diffrac-
tion pattern is extracted, it can be represented as a map, hence, making scanning X-ray
diffraction essentially an imaging technique.
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comparisons between different developmental states of the cells.

In fact, data recorded on isolated cells did not resemble the typical X-ray diffrac-
tion patterns observed on muscle fibers by means of classical X-ray diffraction.
In the case of an absence of typical reflections, the small-angle X-ray scatter-
ing (SAXS) signal still encodes correlations in the electron density and can be
exploited to extract statistical and structural information such as the myofibril
orientation in the cell. We have observed equatorial reflections only for hydrated
adult cardiomyocytes and in tissue sections from adult heart. The absence of a
diffraction signal of sarcomeric origin is intriguing because one can hypothesize
that the developmental state of the cardiomyocyte does indeed influence the pres-
ence of a small-angle diffraction signal. In Chapter 4, we present evidence that
support the above hypothesis and discuss the results in view of possible artifacts
stemming from the, in many cases, intensive sample preparation and other factors
that could possibly influence the scattering signal.

In contrast, in thin sections from cardiac tissue equatorial reflections can be de-
tected at every scan point and with larger areas that can be covered, the treatment
of increasing amounts of diffraction data has become increasingly demanding. In
early experiments on cardiac tissue, only a small section of the several mm? span-
ning sample could be imaged. This limitation was recently overcome by the imple-
mentation of a continuous scanning mode [45] which greatly improved the speed
at which the sample could be imaged. In combination with novel, fast X-ray detec-
tors, scans with more than one million scan points are now possible. One should
keep in mind that every scan point® features a full 2D diffraction pattern and data
storage can easily exceed one terabyte per scan. To process such large amounts of
data it was of primary concern to develop and implement robust analysis routines
and establish a workflow that makes efficient use of data. The developed tools have
been bundled into a nanodiffraction toolbox that has recently been made publicly
available [46].

The developed tools, the continuous scanning mode and the optimization of scan
parameters based on experience from earlier synchrotron experiments has led to
the routine application of the technique to biological cells and histological sections.
The study presented in Chapter 3 is the earliest example for such an experiment
on a hydrated histological cardiac section and can now be easily extended to
characterize cells and tissue from a diseased heart. It has been shown that many

cardiomyopathies can lead to a drastic change in the mechanical properties of the

1 In continuous scanning a scan point is defined as the distance that is covered by the X-ray
beam during one exposure.
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heart and should therefore be linked to the molecular architecture of the acto-
myosin complex. Variations in the structural integrity of the sarcomere due to

cardiomyopathies should therefore be observed in a diffraction contrast map.

Aside from imaging and localizing structural variations, the analysis of many iso-
lated cells is a relevant extension of this work as it enables a complete statistical
evaluation of a larger population of cells and correlations between ensembles of
cells can be evaluated on a statistical basis. In Chapter 4 we have used the myosin
filament spacing as a structural parameter and show how it is affected by the use of
different chemical fixatives and mouse treatment before the cells were isolated. A
histogram representation can in this respect condense the large amount of data in a
very concise fashion and still convey most of the information. This has been shown

to be equally true for the data analysis on tissue as demonstrated in Chapter 3.

1.3 Mapping of neuronal tissue

Thus far, we have concentrated on the analysis of small-angle diffraction from
cardiac cells and tissue. However, the earliest scanning diffraction experiments on
soft biological samples were performed on neuronal tissue [47]. This is owed to the
presence of very intense reflections due to the lamellar stacking of lipids in the
myelin sheath surrounding the axons of neurons in the brain and whose integrity
is vital for neuronal function. The structural analysis of the myelin sheath is mo-
tivated by the fact that demyelination of axons is the leading cause for multiple
sklerosis (MS), although the molecular details of myelination and demyelination

are still being actively researched [48].

As for cardiac structure, the general understanding of myelin structure is based on
results stemming from a combination of electron microscopy and X-ray diffraction
experiments [49, 50]. X-ray diffraction has proven particularly useful to assess
the phase behavior of the myelin sheath [51]. By means of scanning diffraction
with micro-focused X-ray beams, it was additionally found that the structure of
myelin does vary to a significant degree throughout the tissue, both in fixed and
unfixed tissue [52]. Together with the group of Prof. Dr. Paul Lingor from the
University Medical Center Gottingen, we have utilized scanning X-ray diffraction
to image the structure of myelin in neuronal tissue in combination with scanning
X-ray fluorescence to map out the metal content of dopaminergic neurons in the
substantia nigra (SN) pars compacta. It was the aim of the study described in
Chapter 5 to, in one part, determine the axon orientation and myelin lamellar

spacing by analysis of the small-angle scattering signal. In a second part, X-ray
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fluorescence microscopy was used to compare the concentrations of intracellular
metal ions between a Parkinson’s diseased (PD) patient and a control patient and

to possibly localize protein inclusions.

X-ray fluorescence has already been successfully used in Parkinson research, due
to its high sensitivity to trace elements and the added real space resolution down
to the nanometer range [53-55]. The pathology of PD, the second most common
degenerative disease, is divided into two main processes: (a) the degeneration of do-
paminergic neurons, and (b) the misfolding and aggregation of a-synuclein. Trace
elements play a particularly important role in the pathology of Parkinson’s dis-
ease. It was for example shown that iron content is increased in PD patients [56].
Increased amounts of trace metals can lead to oxidative stress through the produc-
tion of free radicals that can subsequently oxidize other cellular components such
as lipids or cholesterol [57]. Also non-redox active metals can become cytotoxic at
high concentrations and determining the concentration of such ions, most notably
copper and iron but also calcium and zink, is important in clarifying the role of
such metal ions in the development of neurological diseases such as PD, but also

Alzheimer’s disease and Huntington’s disease [58].

Oxidative stress triggered by an increase of reactive oxygen species formed by
redox active metals might also lead to protein aggregation. The misfolding and
aggregation of the protein a-synuclein and variants thereof, as it occurs along the
neuropathology of PD, are termed Lewy bodys. Iron, besides its indirect effect on
aggregation through the production of reactive oxygen species, is also shown to be
the leading cause of aggregation through direct binding to native a-synuclein. Iron
has therefore been the key target in metal imaging and quantification as it is closely
linked to the pathology of the disease. X-ray fluorescence microscopy is well suited
to image and quantify transition metals since it offers high spatial resolution with a
very high-performance detection limit of about 0.1 ug g~ to 1 ugg! [58]. In many
cases, it is combined with other techniques to map the content of metal ions such
as Particle Induced X-ray Emission (PIXE), Electron Energy Loss Spectroscopy
(EELS) and micro-X-ray Absorption Spectroscopy (p-XAS).
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1.4 Coherent imaging with hard X-rays: From

cells to tissues

Thus far we have not taken into account the ever increasing coherence of X-ray
beams produced at synchrotron radiation facilities. In the past decades, X-ray
imaging techniques have tremendously benefited from more coherent nanofocused
X-ray beams. Most notably, lensless imaging methods could be developed were an
image is formed when the sample is placed into the focus or defocus position of a
coherent diverging beam. Placing the sample into the focus position results in the
far-field diffraction pattern being recorded on the detector. The Fraunhofer pat-
tern can be inverted by suitable reconstruction algorithms to yield an image of the
object. This approach, termed coherent diffractive imaging (CDI) [59], and refined
variants thereof such as ptychography [60], can effectively be used to image micro-
scopic biological samples such as cells [61, 62]. In contrast, in full-field holographic
imaging the sample is placed into the defocus position of the diverging beam and
by interference of the scattering waves with the probing beam a hologram of the
sample can be recorded. This approach, also termed near-field inline holography
or holographic imaging is most sensitive to gradients of the electron density and

phase shifts of the sample.

The different experimental configurations in scanning diffraction, ptychography,
coherent diffractive imaging and holographic imaging are sketched in Fig.1.3.
Methods that involve scanning such as scanning X-ray diffraction and ptycho-
graphy can be combined with X-ray fluorescence microscopy through the straight-
forward addition of a suitable energy-resolving X-ray detector. In plane-wave CDI
a pinhole is used with an opening that is smaller than the transverse coherence
length &, of the illumination to select only the coherent portion of the beam. Con-
versely, without any pinhole, one could also use a sample that is smaller than
&,. For near-field holography, a divergent X-ray beam with sufficient lateral and
transversal coherence is required that can be generated in several ways. In this
work, we have used the Gottingen endstation GINIX available at beamline P10 of
the German electron synchrotron DESY, where the X-ray beam is coupled into an
X-ray waveguide for coherence filtering [63]. The quasi-point source illumination
is then used for propagation-based phase-contrast imaging, i.e. holographic imag-
ing, or tomography. In holographic imaging, the field of view can be adjusted to
the size of the object by choosing an appropriate defocus distance and the dose is
spread over the entire field of view, making the technique appropriate for imag-

ing of living cells [64]. The holographic projections are inverted by phase retrieval
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algorithms. In the most simple case, the phase shift of the object, that also en-
codes the electron density, can be retrieved in a single inversion step using for
example the contrast transfer function [65] or transport of intensity equation [66,
67]. In many cases, due to rather stringent assumptions about the sample and the
probing beam, this procedure can introduce artifacts that can be circumvented
by iterative algorithms. Such algorithms are designed to adapt an initial guess for
the object to the measured intensities and a solution is searched that is compat-
ible with the measurement constraint set [68]. The solution can then be refined
or the search speed and robustness be improved by introducing other constraint
sets which however require further knowledge of the sample or the optical transfer
function. Both, single step and iterative reconstructions can be improved upon by

including measurements at multiple defocus distances [69].

With holographic imaging, a resolution of typically 50nm can be achieved. Be-
yond this limit, experimental factors such as vibrations are currently limiting the
accessible real space resolution. Scanning X-ray diffraction on the other hand is
sensitive to structural periodicites below approximately 50 nm, limited at low ¢ by
the size of the beamstop and at high ¢ ultimately by the signal level or the largest
scattering angle that can be recorded with the detector. A combination of both
techniques can therefore greatly extend the resolution range covered by a single
method alone. In view of biological cells, a combined approach would perfectly
match the lengths scale of a single cell, ranging from several micrometers down to

the nanometer scale.

In Chapter 2 we show that holographic imaging can be rather easily combined with
diffraction imaging, with little realignment of the experimental setup. From these
experiments we concluded that a combined approach is even of greater benefit
than simply the additional length scales covered: (i) maps of structure parameters
can be correlated with an image of the retrieved electron density, (ii) full-field
imaging can guide the scanning diffraction experiment and eliminate the need for
intensive ’search scans’, (iii) changes in the structure due to radiation damage can
be observed and monitored by later inspection of the holographic reconstruction,

and (iv) holographic imaging can be most easily extended to tomography.

Especially in view of the advent of even brighter fourth generation synchrotron
sources that will operate at or near the diffraction limit and the increasing avail-
ability of X-ray free electron lasers (XFEL), radiation damage will be a great li-
mitation and X-ray diffraction experiments, also at synchrotron sources, will have
to rely on collecting a diffraction signal before the structure starts to decay. This
diffract before destroy method is already used at XFELs to outrun radiation dam-
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Figure 1.3: Sketch of different X-ray imaging modalities. (A) Scanning X-ray diffraction.
A fluorescence detector can be used for additional XRF measurements. (B) For ptycho-
graphy the coherent portion of the beam is used. The sample is then again scanned
through the focus of the beam, which makes ptychography also compatible with XRF
recordings. (C) In plane-wave coherent diffractive imaging a pinhole was originally used
for coherence filtering. The pinhole can be omitted if the sample is smaller than the
coherence length of the illumination. (D) Near-field holographic imaging. The sample is
placed into the defocus of a coherent divergent illumination that can be generated by e.g.
coupling a pre-focused beam into a waveguide for coherence filtering.
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age and will most certainly be of use at more intense synchrotron sources. This
however makes guidance and careful planning of a scanning diffraction experiment
increasingly important and holographic imaging can in this respect serve as a tool
to inform the scanning diffraction experiment. In this respect it might also be
beneficial to collect diffraction patterns only at isolated locations on the sample

that can be selected based on electron density maps.

Coherent imaging techniques such as holographic imaging, now well established
in synchrotron research, will also play a key role at future XFEL sources. The
highly coherent and intense beam can deliver 10'° up to 10'3 photons per X-ray
pulse. At such intensities, a single hologram can be recorded in only a single shot.
The short exposure times in holographic imaging experiments further eliminate
any motional blurring and therefore increase the signal-to-noise ratio drastically.
Limitations in resolution imposed by vibrations are hereby also removed. One key
technical difficulty is however the accurate positioning of objects in the X-ray
beam. For highly efficient usage of precious sample material it would be of great
benefit to deliver a single sample into the focal spot, then image the sample and
refill the focal spot with an undamaged, new sample. At XFELSs, jet- or droplet

injection systems [70] are used for this purpose.

To pave the way for a potential application of holographic imaging to biological
cells at an XFEL source, we have tested the use of an optical stretcher as sam-
ple delivery system for synchrotron and XFEL research. The system and initial
tests described in Chapter 6 have shown that it offers great potential not only in
combination with holographic imaging but also for diffraction studies. An optical
stretcher is well suited to manipulate micrometer-sized objects such as cells and
can not only be used for trapping but also to elastically deform the trapped particle
or cell. This opens up interesting possibilities, once again related to the structural
diffraction studies on cardiomyocytes, by probing the local structure now under
deformation and stress. The micromanipulation capabilities of an optical stretcher
have also offered the possibility to perform tomographic experiments on single
biological cells in suspension. Even though the three-dimensional reconstruction
of a macrophage loaded with barium grains described in Chapter 6 is still poorly
resolved and far from artifact-free, it still illustrates the usefulness also in view of

three-dimensional imaging of micrometer-sized particles with hard X-rays.
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1.5 Future directions

With respect to cardiomyocytes, already without an optical stretcher, we could
perform holographic imaging experiments on single adult cardiomyocytes under
hydrated conditions with sufficient contrast to reconstruct the electron density of
the cell. In the future, we expect that holographic imaging studies will be extended
to (i) image living, actively contracting cardiomyocytes, and (ii) retrieve the full
3D electron density of a cardiomyocyte by means of phase-contrast holographic to-
mography. Tomographic imaging of single cardiomyocytes will integrate well with
previous results obtained on biopsies from heart tissue by means of holographic to-
mography, see for example [71]. Due to limitations on the sample size, in particular
in synchrotron holographic tomography, a full heart can be scanned section-wise
and will be stitched together to produce a full tomogram of a heart. This would
demonstrate that, by means of hard X-ray holographic tomography, the heart can
be imaged in 3D on all length scales, from the cyto-scale to the organ scale. In
[71, 72] it was already shown that the myofiber orientation can be retrieved from
such datasets. We expect that these algorithms will be further improved upon in
order to be able to reconstruct the myofiber orientation in 3D. For biological or
medical research it would be largely beneficial to obtain a tomogram from the
entire heart (potentially including the myofiber orientation), since in the context
of cardiac diseases, such studies may provide important 3D structural insight into

the cyto-architecture underlying the pathologies.

Multi-scale imaging does not necessarily need to be performed with a single imag-
ing method. Indeed, the added benefit from combining two different modalities
can be greater than the sum of the two [73]. We have primarily used visible light
fluorescence microscopy for this purpose as it is a very well established imaging
method that offers a distinct, highly specific contrast that does not exploit the
electron density. By such means we could verify the intactness of the sample after
an intensive sample preparation and observe that the small-angle scattering signal
from cell preparations is primarily stemming from the nucleus and the cytoskeletal
network of the cell. Now, with the availability of super-resolution microscopy, the
added benefit will be even greater and future, less method-driven research ques-
tions, will rely on the joint application of super-resolution microscopy and X-ray
diffraction imaging with holographic imaging.

This thesis did therefore not only further establish a single method — scanning
X-ray diffraction — for cellular imaging but also integrated it with other imaging

modalities. Regarding the scanning diffraction technique, there are still many im-
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provements that can be made to increase the sensitivity and minimize the impact
of radiation damage. The latter is of great concern especially when beam sizes are
reduced down to the nanometer range. In Chapter 7 in the Appendix we discuss
the issue of radiation damage in greater detail and outline our latest efforts in
the development of a cryogenic chamber that is specifically designed for scanning
diffraction experiments. With latest experimental improvements now under way,
important steps have already been taken in establishing scanning X-ray diffraction
for soft matter samples. The articles reproduced in Chapter 4 and 5 further inves-
tigated the capabilities and limitations of the combination of imaging methods.
These surveys formed a solid footing for further studies. They also provide a link
to a medical application of the technique. It is to assume that this link will be

studied more closely in the future.

At last, it is fascinating to observe how the optimization of the scanning X-ray
diffraction technique for soft biological specimen was strongly driven by an interest
in the molecular structure of muscle, in a similar fashion as classical X-ray diffrac-
tion developed by the scientific interest in studying the architecture and function

of muscle fibers in ever increasing detail.
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This article presents scanning small-angle X-ray scattering (SAXS) experiments
on the actomyosin assemblies in freeze-dried neo-natal rat cardiac muscle cells. By
scanning the cells through a sub-micrometer focused beam, the local structure and
filament orientation can be probed and quantified. To this end, SAXS data were
recorded and analyzed directly in reciprocal space to generate maps of different
structural parameters (scanning SAXS). The scanning SAXS experiments were
complemented by full-field holographic imaging of the projected electron density,
following a slight rearrangement of the instrumental setup. It is shown that X-ray
holography is ideally suited to complete missing scattering data at low momentum
transfer in the structure factor, extending the covered range of spatial frequencies
by two orders of magnitude. Regions of interest for scanning can be easily selected
on the basis of the electron density maps. Finally, the combination of scanning
SAXS and holography allows for a direct verification of possible radiation-induced

structural changes in the cell.

2.1 Introduction

Our current understanding of force generation in muscle is to a large extent based
on the structural information on the highly ordered actomyosin assembly available
at molecular resolution. Decades after the structure of the sarcomere with its
functional actomyosin complexes was first elucidated by classical X-ray diffraction
studies of muscle fibers [22, 74], synchrotron radiation is still used actively to study

muscle contraction mechanisms in skeletal and cardiac muscle of vertebrates and
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invertebrates [14, 75-78].

In these experiments, structural information is averaged over macroscopically large
volumes of the tissue, with diffraction volumes containing up to thousands of
muscle cells. Contrarily, recent progress in X-ray optics has enabled diffraction
experiments with spot sizes in the sub-micrometer range, well suited to illumi-
nate only selected organelles of a single cell. Fourier components corresponding to
nanometer-sized structures can be measured, like in a standard small-angle diffrac-
tion experiment, but scaled down to a sample volume corresponding to a specific
part of a cell. For actin and other protein networks, one may deduce information on
the orientation, density and bundling of filaments by cross-linkers [79], and on the
formation of complexes and structures associated with motor proteins. Such small-
angle diffraction experiments employing tightly focused X-ray beams were recently
applied to study the actin network of the amoeba Dictyostelium discoideum [43],

a well known model system for cellular migration.

In general, small-angle X-ray scattering (SAXS) maps of cells recorded by laterally
scanning the cell in the focus position result in a two-dimensional raster image
with a pixel size of the order of the beam size, typically 200 nm — 300 nm in recent
experiments [42, 43]. A SAXS map can represent a variety of observables, such
as phase shift (i.e. projected density), ion concentration from fluorescence yield,
small-angle scattering intensity extracted from the far-field pattern (dark field)
and other structural parameters derived from the full two-dimensional diffraction

pattern.

Using micro- and nano-focused beams for X-ray diffraction, our long-term goal
is to elucidate the fine structure of the protein networks forming the sarcomere
in muscle cells without large averages over the tissue. Thus, it becomes possible
to trace anisotropies and distribution functions and to distinguish the inter- and
intra-cellular aspects of protein complex formation. This can be understood as an
extension of the classical structure analysis of muscle to the level of single cells,
which is important to understand the emergence of the highly ordered actomyosin
structures.

As a first step towards these goals, we show in this work that micro-beam diffrac-
tion, i.e. scanning SAXS recordings, can be advantageously combined with lensless
coherent imaging of the cell’s (projected) electron density. In this respect, a full-
field low-dose holographic image is recorded by moving the sample downstream
from the focal plane, as sketched in Fig.2.1. By selection of the defocus position
z, the illuminated area can be tailored to the size of the cell or to a region with

several cells. Holographic recordings are analyzed by a suitable phase retrieval al-
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gorithm, here based on the modified iterative hybrid-input-output algorithm [80]

and for the first time extended to multiple defocus distances [65].

Experimentally, as we demonstrate here, one can switch by a simple change of
experimental parameters (defocus position, detectors, insertion of waveguide mod-
ule and beamstop) between the focal-plane setting optimized for high resolution

diffraction and the defocus setting optimized for full-field coherent imaging.

We have previously implemented a similar combined approach based on scanning
diffraction and imaging [62], which utilized ptychographic phase retrieval [60, 61,
81]. However, the present holographic approach allows for electron density maps
with significantly less dose, which is even compatible with live cell imaging [64] and
is more easily extended to tomography, since no scanning is required for the holo-
graphic phasing. Compared to a standard scanning X-ray diffraction experiment
(i.e. raster scanning the sample through the focused X-ray beam), the combined
approach offers the following advantages: (i) correlative microscopy images of pro-
jected density and diffraction observables are obtained, (ii) a region of interest can
be quickly identified by the full-field overview scan, and (iii) possible structural
degradation by beam damage can be checked by investigation of changes in the

projected electron density.

Furthermore, we point out the advantage of scanning diffraction with micro- or
nanometer focal spot sizes, compared to performing only a lensless imaging ex-
periment, in assessing structural information at length scales well below the pixel
sizes of an imaging experiment down to the nanometer range. This is brought
about by the intrinsic averaging process within the illuminated volume as well as
the relaxed sampling and signal-to-noise criteria when performing the analysis di-
rectly in reciprocal space without any inversion. Radiation-induced effects can be
mitigated by means of cryogenic protection and fixation of biological samples [82],
as has been successfully demonstrated in a wide range of experiments by means
of, for example, scanning transmission X-ray microscopy [83-86], coherent X-ray
diffraction imaging [87-91], X-ray ptychography [92-94] and X-ray fluorescence
imaging [53, 95].

The manuscript is organized as follows: Sample preparation and handling of freeze-
dried neo-natal rat cardiac muscle cells (cardiomyocytes) is described in Sec. 2.2,
which includes a brief description of the experimental imaging modalities at the
micro- and nano-focus setup at the P10 beamline. In Sec. 2.3, micro-beam diffrac-
tion experiments are analyzed with respect to scattering intensity and orientation,
complemented by analysis of the local structure factor recorded from different

cellular compartments (regions of interest). Holographic recordings on single car-
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Figure 2.1: Diffraction and imaging modalities at the micro- and nano-focus instrument
of the coherence beamline P10 (PETRA III storage ring)[63]. (a) Scanning SAXS setup:
the partially coherent X-ray beam, predefined by KB entrance slits, is focused onto the
sample using a pair of KB mirrors. Two consecutive soft-edge apertures remove perturbing
KB tails and the SAXS scattering intensity is recorded by a pixelated detector protected
by two successive beamstops. Freeze-dried cells are cryo-protected during SAXS scanning.
(b) Holographic imaging setup: the sample is moved to a defocus position while the KB
beam is coupled into a two-dimensional waveguide for coherence filtering. After initial
waveguide alignment with the pixelated detector to maximize photon flux, high-resolution
holograms are acquired by an sCMOS camera. In both cases, the sample may be viewed
in a fully translatable on-axis video microscope for initial alignment and supervision. A
drilled hole in the objective enables in situ observation during X-ray exposure.

diomyocytes and the reconstruction algorithms are described in Sec. 2.4, and the
complementary nature of the two approaches, inverse imaging and micro-beam
diffraction, is discussed. The article closes with a summary and a brief discussion

of the outlook for follow-up experiments.

2.2 Materials and methods

2.2.1 Sample preparation

Neo-natal rat cardiomyocytes from wild-type rats were isolated, suspended in nu-
trition medium [Dulbecco’s Modified Eagle Medium DMEM-F12, HEPES, no phe-
nol red (Thermo Fisher Scientific Inc.); added 10 % fetal bovine serum and 1%
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penicillin/streptomycin] and then diluted for sample preparation (a typical con-
centration was 2 x 10° cellsml~!, suspension was kept on ice). X-ray transmis-
sive SigN4 windows (1.5 mmx 1.5 mm membrane size, 1 um thickness, Silson Ltd)
serving as substrates were plasma-cleaned (Expanded Plasma Cleaner PDC-002,
Harrick Inc.) for 5min, transferred into Petri dishes and pre-coated by a drop of
251l coating solution (0.5% fibronectin and 0.08 % gelatine in sterile HyO). Af-
ter a short incubation period of approximately two hours at 310K and 5% COa,
substrates were either submersed in or covered by a drop of cell suspension. Sam-
ples were subsequently incubated, enabling cell settlement and to promote cell
adherence onto the substrate. Wells were then flooded with nutrition medium for
overnight cultivation. In order to find the ideal time for fixation, samples were
controlled steadily by visible light microscopy. On the day of sample fixation, all
samples were examined in detail under a microscope (Zeiss Observer.Z1, Carl Zeiss
AG), identifying beating single cells on every substrate.

In order to correlate X-ray data to actomyosin fiber networks, samples were fixed
(9% formaldehyde in phosphate-buffered saline), permeabilized (0.5% Triton X-
100, Sigma-Aldrich Co. LLC), and labeled (Phalloidin Alexa 488 and Hoechst
33342, Invitrogen, respectively) for F-actin and DNA (to identify the nuclei). Visi-
ble light fluorescence images were recorded in detail (Zeiss Observer.Z1) before and
after the freeze-drying process. In this step, cells were identified as cardiomyocytes
via the weakly striated structures in the fluorescence images.

After fixation, samples were vitrified by rapid plunging of the specimen from a
water-saturated atmosphere (293K relative humidity >90%) into a cold liquid
ethane/propane bath (typically about 78 K) using a Leica grid plunger (Leica EM
GP, Leica Microsystems). For freeze-drying, samples were transferred into a home-
built vacuum chamber while being kept under cryogenic conditions. The samples
remained in the evacuated chamber for several days, ensuring the sublimation of
amorphous ice. To prevent rehydration under ambient conditions, all samples were
stored in a desiccator until right before the sample was mounted onto the sample

stage.

2.2.2 Experimental parameters and instrumentation

Scanning SAXS and holographic imaging experiments were performed at the co-
herence beamline P10 of the storage ring PETRA III (Desy Photon Science) using
the Gottingen Instrument for Nano-Imaging with X-rays (GINIX) [63, 96]. Using a
Si(111) double-crystal monochromator, an energy of 8.0 keV was selected. For the
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scanning SAXS experiment (cf. Fig. 2.1a), the Kirkpatrick-Baez (KB) entrance
slits were tuned to 0.4mm x 0.4 mm. Side lobes of the KB beam were removed
with two successive soft-edge apertures (0.4mm x 0.4mm), yielding a very com-
pact focal spot of about 350 nm (horizontal) x 430 nm (vertical) (FWHM). SAXS
scattering data were recorded in this setup on a two-dimensional pixel detector
[172 pm pixel size, 1 pixel point-spread function (FWHM), Pilatus 300K, Dec-
tris, Switzerland] 5.12m downstream of the sample, protected by two beamstops
loosely and tightly fitting the primary beam. The sample was mounted onto a
sample tower consisting of stepper motors (PT miCos GmbH) and a high-precision
piezoelectric stage (SmarAct) for accurate lateral scanning through the focus of
the KB beam. Custom-built hardware-triggered data acquisition and motorization
allowed raster scanning of the sample in a continuous mode, significantly reducing
the recording time needed. Each scan point (with a typical raster scan speed of
5ums~ 1) was illuminated for 0.1 s with continuous illumination. During SAXS
acquisition, the sample was cryogenically cooled in a nitrogen cryostream (Ox-
ford Cryosystems) to minimize radiation damage by limiting the diffusion of free

radicals.

Scanning SAXS measurements were complemented by holographic imaging ex-
periments. These distinct modalities can be seamlessly switched by slightly re-
arranging the setup, as depicted in Fig.2.1. To this end, the sample was moved
30mm downstream and the KB beam was coupled into the tapered channel of
a two-dimensional waveguide (entrance and exit pupil 332.7nm x 142.9nm and
154.1nm x 96.0 nm, respectively) for coherence filtering. The waveguide fabrica-
tion and optics are detailed in [97]. After the alignment of the waveguide with a
hexapod (SmarAct), a total photon flux of approximately 9.5 x 10° photonss™!
was produced. The pixel detector was then replaced by a scientific CMOS (sC-
MOS) camera (Photonic Science, UK) with 6.5 pm pixel size and pre-installed on
the same detector bench. The sCMOS camera includes a gadolinium oxysulfide
scintillator screen and a fiber optic coupling to the chip for photon conversion.

2.3 Analysis of cellular diffraction patterns

With a cleaned KB focused beam, scattering intensity can be recorded at high

signal-to-noise ratio. In this experiment, the azimuthally averaged signal extended

max

up to a resolution limited by the angular acceptance of the detector at ¢"** =

2)1/2 _

0.57nm~!. The radial momentum transfer is defined as ¢, = (qi +q

(47 /X) sin 6, where 26 is the scattering angle between the primary and scattered
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beam and A the radiation wavelength. Towards low spatial frequencies, the signal
was limited to ¢™® = 0.078 nm~! owing to the beamstop, whose size was dictated
by the requirement to remove residual tails of the KB beam not removed by the

soft-edge apertures.

Structural parameters that can be determined from the local diffraction patterns
are, for example, (i) transmission as a measure of the projected absorption coeffi-
cient, (ii) center of mass of the beam (without beamstop) as a measure of the phase
shift and hence the gradient of the projected electron density, (iii) the integrated
intensity outside the beamstop, the so-called dark field contrast, as a measure of
the overall density of scattering units, (iv) the local anisotropy and hence orienta-
tion of the dominating scattering units, and (v) model-based structural parameters
obtained from least-squares fitting of the diffraction pattern [44, 98, 99].

Fig. 2.2(a) shows one example of a SAXS map (dark field contrast, 500 nm step
size) of freeze-dried cardiomyocytes along with a fluorescence micrograph (Fig.
2.2b) recorded after freeze-drying. Inspection of the local diffraction data reveals a
striking diversity of diffraction patterns. For illustration, Fig. 2.2(c) shows isolated
diffraction patterns at eight selected positions to visualize the variation, ranging

from isotropic signals to highly anisotropic modulated signals.

As a first approach, we have adopted a model-independent analysis and quantifi-
cation of scattering intensity by means of principal component analysis (PCA).
Following the procedure reported in [44], the orientation and anisotropy of each
diffraction pattern can be computed by batch processing the data. Briefly, the
covariance matrix of the diffraction pattern is evaluated and the eigenvalues \;
and Ag, corresponding to the first and second principal (orthogonal) axis, respec-
tively, are used to define a local anisotropy parameter w = |A\; — Aa|/(A1 + A2).
The color-coded anisotropy parameter is shown in Fig. 2.3(a), superimposed by a
solid black line indicating the orientation of the first principal component rotated
by 90° to reflect the structural orientation in real space. For displaying purposes,

no line is drawn if w was below a threshold set to 0.1.

Comparison of the fluorescence image (Fig.2.3b) and PCA (Figs.2.3a and 2.3c)
suggests that the anisotropy can in part be linked to the presence of actin fiber
bundles. However, not all actin fiber bundles which can be clearly identified in the
fluorescence micrograph appear in the anisotropy map: see for example the zoom
regions in Fig. 2.3(c). Furthermore, high eigenvalues also occur in the denser nu-
cleus in the absence of actin. Near the cellular boundary, where modulations of the
streak-like patterns are also encountered, the anisotropy can be very pronounced:

see for example in Fig. 2.3(c,1). This could possibly be caused by strong filament
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Figure 2.2: Representative scanning X-ray diffraction dataset of single cardiomyocytes
(freeze-dried state). (a) SAXS image (dark field) with 500 nm step size. Scale bar: 25 pm.
(b) Optical fluorescence image of the labeled actin network recorded after freeze-drying.
Scale bar: 25 pm. (c) Single exposures at different locations illustrate the diversity of local
diffraction patterns, in particular in view of the anisotropy.



2.3 Analysis of cellular diffraction patterns 25

(a) = (b) -

S
w

Anisotropy ®

(c,D)

Figure 2.3: Principal component analysis of the dataset presented in Fig. 2.2. (a) Color-
coded anisotropy parameter w. Structural orientation is marked by a solid black line
indicating the fiber bundle orientation. Scale bar: 25 um. (b) Fluorescence microscopy
image as in Fig. 2.2. Scale bar: 25 pm. (c¢) Enlarged regions of interest. Large eigenvalues
are obtained around the nucleus and along the border of the cell, while small values occur
in the cellular matrix. Notably, the anisotropy is most pronounced in (c,2) where the
fluorescence image clearly shows high filament and bundle concentration and collective
orientation.

bundling. Contrarily, the cellular matrix is characterized by lower eigenvalues.

Next, in order to determine the one-dimensional SAXS structure factors for three
distinct cellular regions, marked in Fig.2.4(a), diffraction data were averaged
seperately for each cellular (a, b, ¢) and background (d) region. Then, background
was subtracted from the mean scattering intensity of regions a, b and ¢ to yield
three averaged and background-corrected scattering patterns. Prior to azimuthal
integration, some data points, corresponding to detector gaps and beam stops, are
discarded (masking). To account for anisotropy in the scattering signal, present

for example in region c, we have further reduced the number of data points to a
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Figure 2.4: One-dimensional structure factor obtained from multiple regions of interest.
(a) Dark field image with 500 nm step size. Four regions of interest were defined (a: cell
periphery, b: nucleus, c: cell periphery, d: background). Scattering data were averaged
within each region seperately. The mean scattering intensity from region d was used for
background subtraction. Scale bar: 25 pm. (b) Fit of the azimuthally averaged diffraction
patterns (solid dots) to a power-law decay with a linear background (solid black lines).
Data points corresponding to modular gaps and beam stops (marked black, see inset) have
been discarded before the angular averaging process. ¢1 and ca represent data obtained
from a single averaged diffraction pattern, azimuthally integrated in a +10° wedge around
the first and second principal axis, respectively. Error margins are indicated by a shaded
background.

+10° wedge around each principal axis (here denoted ¢; and co, respectively), cf.
inset in Fig. 2.4(b). Following these pre-processing steps, data can be azimuthally
averaged to yield one-dimensional intensity profiles as a function of ¢, i.e. the
SAXS structure factor. Error margins are shown as shaded background for each

graph assuming a Poisson error model for the raw diffraction data.

As expected, scattering from the nucleus is stronger than from the cellular periph-

ery owing to an increased electron density.

The radial intensity profiles resulting from all of the regions, shown in Fig. 2.4(b),
decay algebraically, as confirmed by the corresponding power-law fits I(g,) =
aq % + c. We find b > 4 and hence a steeper decay than the Porod exponent 4,

which would be characteristic of particles with smooth interfaces.
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2.4 Holographic imaging

Next, we exploit the fact that the focusing setup used for scanning SAXS is com-
patible with holographic full-field imaging [63]. Holographic projections can be
acquired by rearranging the experimental setup as described above. The acquired
in-line holograms are processed numerically by phase retrieval algorithms to yield
two-dimensional maps of the projected electron density.

As a first approach, we used the modified iterative hybrid-input-output (mHIO)
algorithm [80] for single-distance phase retrieval based on the support constraint.
For comparison, direct reconstructions based on the contrast transfer function
(CTF) were performed [100]. The phase maps retrieved from such direct recon-
structions could be directly used as a highly accurate support definition required

for subsequent iterative phase reconstruction.

Next, we extended the original mHIO algorithm [80] to data sets with multiple
propagation distances. Multiple distances are typically employed in CTF-based
reconstructions to avoid missing information as a result of the zero points in the
CTEF. While the mHIO algorithm was originally designed for single-distance phase
retrieval of pure phase objects [80], the multi-distance extension can phase also
mixed objects by employing longitudinal diversity. In addition, the signal-to-noise
ratio and convergence speed increases, and residual low-frequency components af-
ter background subtraction are less detrimental for image quality [65]. The exten-
sion to multiple distances is implemented such that the iteration result from one
distance is used to initialize the next iteration for the consecutive distance, looping
sequentially over all distances. The support constraint is kept constant during this
procedure. One iteration round is completed after sequentially performing a single

iteration for all distances.

A series of holograms of the sample was acquired at five defocus positions, 1 =
29.6,30.1, 31.6, 33.6 and 38.6 mm, with respect to the focus position at z; = 0 mm
and divided by their respective empty image. A stack of five holograms is shown
as an example in Fig.2.5(a) (front view: hologram recorded at distance x;). Mis-
alignment due to lateral drift was compensated for by sub-pixel image registration
on trial reconstructions using the CTF reconstruction approach, as for example
demonstrated in [101]. Rescaled and aligned projections could then be used for
direct and iterative phase retrieval. All relevant experimental parameters are sum-

marized in Tab. 2.1.

Fig.2.5(b) depicts an mHIO reconstruction from an entire set of projections af-
ter 637 iterations of the algorithm. The phase map clearly depicts the internal
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structure of the cell, primarily the dense actin network, cell nucleus and smaller

organellar structure.

Next, we compare mHIO reconstructions from a single and multiple distances with
the corresponding CTF-based reconstructions. This is shown in Fig.2.5(c) for a
representative zoom region indicated by the dashed black frame in Fig. 2.5(b). The
entirely different and independent reconstructions are highly consistent, proving
the validity of the phase retrieval step. Despite the general agreement, however,

there are notable differences in image quality.

CTF-based reconstructions from single and multiple distances both show lighter,
almost bright, regions around the nucleus. Such halo-like artifacts result from erro-
neous constraints of the low frequencies in the CTF that are required to suppress
the effects of low-frequency background variations. Contrarily, no such artifacts are
observed in the multi-distance mHIO. The azimuthally averaged power spectral
density (PSD) in Fig. 2.5(d) also indicates a higher capability of the mHIO to cope
with artifacts from the CTF zero crossings. All curves reach the noise plateau at
about 0.2 cycles per second, corresponding to a resolution of 94 nm, at an effective
pixel size of 37.7nm given by the magnification of the system.

The differences in the reconstructions shown in Fig. 2.5(c) can therefore be sum-
marized as follows: the input of five planes increases the image quality over single-
plane reconstructions in particular for the CTF approach, while single-plane re-
constructions from the mHIO algorithm are already of quite satisfactory quality
and are only moderately improved upon further by taking data in five planes. The
single-plane CTF has the lowest image quality of the four.

Lastly, we point out the complementary nature of the two experiments. With this
aim, we show an azimuthally integrated PSD (mHIO, single distance) together with
the structure factor obtained from the preceding section [graph b in Fig.2.4(b)]
in a single plot in Fig. 2.5(e). Omitting unphysical regions in the PSD and regions
blocked by the beamstop in the SAXS experiment (black dots), it becomes appar-
ent that the two modalities are complementary with regard to the window covered
in momentum transfer. Two dashed black lines following a power-law decay with
Porod exponent 4 were added to serve as a guide to the eye and to underline
the overall Porod-law decay. In combination, the two techniques cover up to three

orders of magnitude in momentum transfer.

The combination of the two techniques brings about the possibility to use holo-
graphic recordings to monitor radiation-induced structural alterations in scanning
SAXS recordings.

To this end, we have recorded an X-ray hologram of an isolated cell before and
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Figure 2.5: Phase reconstruction of a single cardiomyocyte from holographic projec-
tions recorded at five defocus positions reconstructed directly on the basis of the contrast
transfer function and iteratively using the mHIO algorithm. (a) Holograms recorded at
five defocus positions (front view: hologram recorded at defocus distance x1). Because
of fluctuations in the beam profile, low-frequency components remain visible after back-
ground correction. (b) Reconstructed phase (or projected electron density) recovered from
five holographic projections using the mHIO iterative algorithm. A dashed black frame
marks the zoom region for direct comparison of the CTF and mHIO approaches in (c).
(¢) CTF and mHIO reconstructions from single and multiple distances for visual com-
parison. Corresponding power spectral densities are shown in (d). Single-distance CTF
exhibits pronounced minima due to zero crossings in the contrast transfer function. The
transition to the noise plateau occurs in all cases at around 94 nm, as indicated by the
dashed gray line. For comparison, (e) shows the PSD (single-plane mHIO) along with
the structure factor (Fig. 2.4, graph b). Two dashed black lines, representing a power-law
decay proportional to g *, serve as guide to the eye to underline the overall Porod-law
decay. Note that intensity values have been scaled against each other.



30

Combined scanning X-ray diffraction and holographic imaging of

cardiomyocytes

reconstructed phase [rad]

intensity [cps]

reconstructed phase [rad]

-0, 14 mE—0.01 0 Com—— | SE5 -0, 14 m—0.01
() (b) ()
S0l Dose: 10 4 27 Dose: i Dose:
L 1.51x 10° Gy | | mmsabinemm 276 x 108 Gy || eummmbmmmmn 1.51x 10° Gy

Figure 2.6: Reconstructed (projected) electron density from holograms taken before and
after a SAXS scan (background subtracted) on a single cardiomyocyte. (a) Reconstructed
phase recovered from five holograms taken at defocus distance x1 = 29.6,30.1,31.6, 33.6
and 38.6 mm using the mHIO phase retrieval algorithm. (b) Scanning SAXS dataset.
Absorbed dose includes exposure from two previous coarse ’search scans’, visible as hor-
izontal stripes along the sample. (c) Reconstructed phase from a second holographic
recording with identical parameters to those in (a), acquired after the SAXS scan.

after the collection of scanning diffraction data, checking for structural alterations
caused by radiation damage, as illustrated in Fig. 2.6. Fig.2.6(a) shows the holo-
graphic reconstruction of a cardiac muscle cell prior to SAXS scanning. The con-
secutive SAXS scan (background subtracted) is shown in Fig. 2.6(b). Furthermore,
two coarse scans, necessary to relocate the exact position of the cell, had already
clearly damaged the cellular structure before the high-resolution dataset shown
in (b) was recorded. These ’search scans’ are also visible in the holographic re-
construction in (c¢). Comparing Figs.2.6(a) and 2.6(c) it becomes obvious that a
single SAXS scan alters the structure and ultimately destroys the sample under
investigation, unless the dose is stringently controlled by reducing dwell time and
by use of attenuators. Estimates for the dose D given in Fig.2.6 are calculated

from
o I()TEph

= AA (2.1)

given the total photon flux Iy, photon energy FEyy, illuminated area AyA, and
exposure time 7 as summarized in Tab. 2.2. The mass density p and correspond-
ing attenuation length d are commonly estimated for cellular samples to be p =
1.35gem™3 and d = 7.5 x 10~ m [102, 103].
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2.5 Summary, conclusion and outlook

In summary, we have shown that scanning SAXS can be advantageously combined
with full-field holography. This provides an approach to control structural degra-
dation and beam damage online during the experiment and a means for locating
sample features of interest. Importantly, full-field X-ray imaging is highly suitable
to support scanning SAXS experiments by enlarging the covered length scales by
two orders of magnitude. In future, this may even be extended to study time-
resolved structural rearrangement during contraction of single muscle cells. Owing
to the abrupt nature of the contraction process, holographic movies would have to
be recorded at sampling rates exceeding ten frames per second while diffraction
experiments would require a strategy of targeting isolated sampling points in order

to circumvent beam damage.

Indeed, the present results show that each scan point in the scanning SAXS record-
ings should only be illuminated for a single time, and that at the given settings
with intense KB-focused radiation only sub-second dwell times are admissible be-
fore a rapid decrease in scattering intensity is observed. Data acquired under such
conditions and in particular without extensive ’search scans’, however, show high
consistency with visible light fluoresence microscopy, as judged by comparison of
actin filament orientation and the SAXS anisotropy as well as the general shape

and outline of the cells.

While the striation pattern observed in the fluorescence images of the cardio-
myocytes indicated higher-order sarcomeric structures, we did not find any such
indications of ordered actomyosin complexes in the X-ray structure factor. This
can in part be explained by the limited accessible ¢ range due to the excessively
large beamstop required to suppress the tails of the KB beam and the limited field
of view of the pixel detector. Hence, in order to fully profit from the high efficiency
of the KB focusing system, a larger detector must be used in future. However, since
the accessible ¢ range would still allow for the detection of diffraction peaks known
from muscle diffraction experiments, we point out that the lack of the typical layer
line intereference maxima is indeed an interesting observation. In view of the sar-
comeric structure, an extension of this work will consider three different solutions
to the problem of missing data at low ¢: (i) a cleaner KB probe by way of optimiz-
ing slit settings and apertures in front of the focal plane, (ii) alternative focusing
optics such as compound refractive lenses offering a more Gaussian-like probe, and
(iii) combination of micro- and nanofocused beams in scanning SAXS studies to

extend the resolution in real and reciprocal space simultaneously. Finally, suitable
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Table 2.1: Summary of experimental parameters for the aquisition of a defocus series as
described in Sec. 2.4.
For single-distance recordings, the sample was placed at position 1.

Defocus position 1 2 3 4 5
Defocus distance (mm) 296 301 316 336 386
Magnification ratio 173.1 170.3 162.2 152.5 132.8
Effective pixel size (nm) 37.78 38.41 40.33 42.88 49.26
Beam divergence (mrad) 1.1

Focus-detector distance (m) 5.12

Pixel (horizontal x vertical) 2048 x 2048

Pixel size (pm) 6.54

Table 2.2: Experimental parameters for dose calculation.
In the case of Scan 4, the scan time for each defocal position is accumulated. Scan 1 and
2 are referred to as ’search scans’ in the manuscript.

Scan Energy (keV) Io (counts per second) A, x A, (nm?) NyxN, T (s) Dose (Gy)
1 (scanning SAXS) 8.0 8.86 - 1010 2.5 % 2.5 21x21 0.1 1.74 - 10°
2 (scanning SAXS) 8.0 8.86 - 1010 25 % 2.5 21x21 01 1.74-10°
3 (scanning SAXS) 8.0 8.86 - 1010 0.2 x0.2 251x251 0.1 2.72-108
4 (holography) 8.0 0.57-10° 11587 1x1 25.0 1.51-10%

models must be developed to access the full information of the local SAXS curves,

including comparisons with pure actin assemblies.
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A scanning X-ray diffraction study of cardiac tissue has been performed, covering
the entire cross section of a mouse heart slice. To this end, moderate focusing by
compound refractive lenses to micrometer spot size, continuous scanning, data ac-
quisition by a fast single-photon-counting pixel detector, and fully automated ana-
lysis scripts have been combined. It is shown that a surprising amount of structural
data can be harvested from such a scan, evaluating the local scattering intensity,
interfilament spacing of the muscle tissue, the filament orientation, and the degree
of anisotropy. The workflow of data analysis is described and a data analysis tool-
box with example data for general use is provided. Since many cardiomyopathies
rely on the structural integrity of the sarcomere, the contractile unit of cardiac
muscle cells, the present study can be easily extended to characterize tissue from

a diseased heart.

3.1 Introduction

Classical small-angle X-ray scattering (SAXS) and X-ray diffraction (XRD) stud-
ies are well established tools for the characterization of biomolecular matter and
biomaterials. High signal levels are achieved in particular with synchrotron radia-
tion, but still largely rely on macroscopic ensemble-averaging. Local distributions
of structural properties cannot be accessed with such an approach. For many sam-
ples, however, global average in real space leads to a signal, which is difficult to
interpret and to model. In practice, this entails a severe restriction of diffrac-

tion methods to homogeneous model systems in many biophysical studies. F