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Sachbericht

1 Fortschritt des im Antrag beschriebenen Arbeitsprogramms

In the framework of this VI, the following sub-projects have been addressed during the
year 2016:

• 1.1 Cardiomyocytes and cadiac muscle tissue studied by scanning diffraction and
holography (AG Salditt)

• 1.2 Combining microfluidics and x-rays (AG Köster)

• 1.3 Microfluidic sample chambers for studies of synaptic vesicles (AG Salditt &
AG Köster)

• 1.4 Cellular imaging using x-rays (AG Köster & AG Schroer)

• 1.5 Ultrastructure and chemistry of melanosomes in view of the development of
glaucoma (AG Rosenhahn)

• 1.6 X-ray nanoprobe analysis of diatom adhesives (AG Rosenhahn)

• 1.7 Design of in situ cell for ptychography and time-resolved imaging of catalyst
ageing during the sintering process (AG Grunwaldt & AG Schroer)

• 1.8 Towards 3D imaging of heterogeneous catalysts: structural changes and reac-
tion gradients observed by in situ tomography (AG Grunwaldt)

• 1.9 Microfluidic reactor for studies on early stage kinetics and formation of metallic
nanoparticles, colloids and precipitates (AG Grunwaldt)

• 1.10 Multimodal scanning microscopy with diffraction and fluorescence contrast
(AG Schroer)

• 1.11 Instrumentation, dissemination of methods and user experiments on in-situ
chemical and biological processes (AG Salditt, AG Schroer)
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These sub-projects are described in more detail below.

1.1 Cardiomyocytes and cadiac muscle tissue studied by scanning diffrac-
tion and holography (AG Salditt)

The goal of the experiments in 2016 was to illucidate the formation of sarcomeric struc-
ture in single cardiac muscle cells by means of scanning nano-diffraction using the nano-
focus instrument GINIX at beamline P10 at PETRA III. The studies focused on hiPS
cells (human induced pluripotent stem cells) derived into cardiomyocytes in addition to
previously employed neonatal rat cardiomyocytes [1] due to their myofilaments being
more strongly developed. Scanning SAXS data were recorded on freeze-dried and vit-
rified (or cryo-protected) samples as well as alive preparations. Experiments on living
iPS cell cultures were prepared by pre-culturing in the S2 biological laboratory at the
beamline one week in advance to provide enough time for cell growth and structural
development. To this end, we have streamlined our wet chamber setup based on two
sandwiched silicon nitride membranes (Silson Ltd., UK) and obtained first promising
x-ray darkfield images of living cells. Our experiments were complemented by model
systems based on crosslinked actin assemblies measured in a vitrified state. α-actinin
and fascin were used as actin cross-linkers due to ability to form (loosly or thightly
bound) parallel bundels.

For all experiments at beamline P10, the photon energy was set to 13.8 keV and the
Eiger X 4M detector (2070× 2167 pixels, 75 µm pixel size) was used for data acquisition
at 5.12m distance from the focus. Scanning SAXS measurements on freeze-dried cells
where routinely recorded at a resolution well below 1µm. The sample, freeze-dried cells
adherent to a 1mm thick SiRN (silicon-enriched nitride) window was hereby scanned
through the focus of the KB beam (beam size approx. 300 nm × 300 nm, KB entrance
slits tuned to 0.2mm × 0.2mm) and cryo-protected using a cold nitrogen gas stream
(cryostream). In some cases, ice formation could not easily be avoided when inserting
the sample into the cold gas stream, and resulting artifacts have to be removed in a
subsequent analysis.

In contrast, actin networks crosslinked by fascin and α-actinin deposited on SiRN win-
dows were vitrified and mounted with some effort directly into the cryostream for exper-
iments. The protein network can clearly be depicted in both cases, see Fig. 1b. While
scattering is dominated by streak-like diffraction patterns that decay smoothly along qr

(reciprocal wave vector), in some cases the scattering is modulated as expected due to
the bundling of the actin-binding proteins. However, it has to be further investigated,
wether this effect stems from the actin network or smaller ice crystal domains and/or
how well the actin bundle period can be mapped along the entire scan.

In addition, we have performed first scanning SAXS measurements on alive cells. To this
aim, cells were prepared one week in advance at the biology laboratory of the endstation
P10. Cells were deposited on SiRN (silicon-enriched nitride) membranes and allowed
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1.8 Towards 3D imaging of heterogeneous catalysts: structural changes
and reaction gradients observed by in situ tomography (AG Grun-
waldt)

Non-destructive 3D imaging of catalysts can be realized by X-ray Computed Tomography
(CT). Scanning techniques can be combined with numerous acquisition modes, including
X-ray Fluorescence (XRF) and XRD for example, in parallel to absorption contrast.
In situ Scanning Transmission X-ray Tomography (STXM) on a core@shell catalyst
for DME production was performed in collaboration with Diamond I18 beamline, in
combination with microfocus XRD-CT and XRF-CT, with spatial resolution on the
order of 2 µm. The catalyst was studied in the freshly prepared state, and subsequently
under calcination, reduction and reaction conditions. While the core was visible by both
µ-XRF-CT and µ-XRD-CT, the zeolite shell could only be examined with µ-XRD-CT,
which also offered information about the crystalline phases of copper and zinc within
the core. The study revealed that under reducing atmosphere, copper species showing
different oxidation states (Cu+ and Cu0) were observed, rather than a homogeneous
metallic copper phase. In particular, a gradient of Cu+ at the core-shell interface was
observed. Under reaction atmosphere, the structure slightly changed again, indicating
the existence of both metallic and partially-oxidized copper phases, which is in line with
current debates in literature [41, 42, 43]. Finally, µ-XRF-CT revealed that ZnO within
the core was relatively stable and well dispersed under all conditions, while the reduced
and active catalyst revealed high dispersion of the copper phases, again in agreement with
long-standing literature on this topic. The differences obtained by XRD/XRF-µ-STXM
are presented in Figure 7. These observations would not have been possible without
tomographic in situ studies offering 3D spatial resolution. This highlights the importance
of such methods for the characterization of heterogeneous catalysts, particularly those
with complex or hierarchical structures.

Furthermore, design of a next generation in situ cell for further tomography studies is
continuing, particularly to address the study of reaction gradients and catalyst ageing
processes, e. g., during partial oxidation of methane. The cell was used to study the
behavior of bismuth molybdenum oxides, which are applied in the selective oxidation of
propene to acrolein. The cell body during its application at the beamline as well as the
scheme of the optimized cell are presented in Figure 8.

1.9 Microfluidic reactor for studies on early stage kinetics and for-
mation of metallic nanoparticles, colloids and precipitates (AG
Grunwaldt)

Microfluidic devices which allow turbulent flows can be used to study reaction kinetics
and mechanisms by following the progress of a reaction in a spatially resolved way.
Here, the reaction kinetics and mechanisms of gold nanoparticle (Au NP) formation
[44, 45] by the chemical reduction method were examined. A microfluidic setup [9]
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[52][10], Fresnel zone plates, and multilayer Laue lenses [53]. With a new Eiger X
4M detector, efficient continuous scanning schemes have been implemented, allowing
for efficient tomographic ptychography scans. Fig. 12 shows the ptychotomographic
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Figure 12: a) SEM image of Ga/GaN nanorods. b) Single ptychographic projection of
a single nanorod. c) 2D section through the nanorod after tomographic reconstruction
of the 3D dataset.

reconstruction of a Ga/GaN nanorod carried out in collaboration with the group of
Michael Hanke from Paul-Drude-Institute in Berlin. A single nanorod was prepared for
3D ptychography at Paul-Drude-Institute [11]. Fig. 12 b) shows a single ptychographic
projection of the nanorod and Fig. 12 c) a section through the 3D volume after tomo-
graphic reconstruction. 3D ptychography requires a high stability over several hours.
The results show that the new scanning microscope has the stability for ptychographic
tomography on the level of a few tens of nanometers. Crucial to achieve this stability is
the measurement of the relative positions between optical axis and the sample by laser
interferometry. Fig. 11b) shows a detail of the scanner unit showing the laser interfer-
ometers to measure the sample position (green). The ptychotomogram was recorded
in continous scanning mode, recording ptychographic diffraction patterns at a rate of
50Hz.

2 Erreichte Meilensteine

In the following, we discuss the progress and comment on the individual milestones:

Mfluid5 (year 5) We have now developed a microfluidic platforms, which can be ap-
plied (also by beamline users) to a variety of chemical and biological experiments.
We are in the process of writing a manuscript in order to make out protocol and
bench marking results available to the public. The method has already been used
within the VI [3, 12].

Cell 5 (year 5) We have in the meantime conducted scanning SAXS experiments on
different cell types and different cellular components (such as the cytoskeleton or
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the nucleus) and the Salditt and the Köster group now have advanced the data
analysis tools such that cell imaging is now straight forward [4, 5]. We have been
invited to write review article for ACS Nano on cell imaging using x-rays.

Mel3 (year 3) Imaging of frozen hydrated melanosomes (milestone reached in 2016).

Alg3 (year 3) Investigation of frozen hydrated marine biofouling organisms and cells
(milestone reached in 2016).

Alg4 (year 4) Chemical contrast in adherent marine biofouling organisms (milestone
reached in 2016).

Cat5 (year 5) We have progressed towards design and construction of an in situ cell
capable of full 3D tomography measurements, and have performed experiments
with existing cells through collaboration to provide inspiration for the current
design. Several experiments are planned or in progress to address the structure
and gradients of catalytic processes in 3D.

React4 (year 4) A microfluidic setup is available for in situ studies of early stage
kinetics for nanoparticle synthesis, colloid synthesis, precipitation reactions. First
in situ XAS experiments on Au colloid synthesis have been completed, and further
studies on precipitation reactions are underway.

Horst5 (year 5) Complete implementation of the liquid jet (milestone reached in 2016).

Theo5 (year 5) Diffraction tomography in SAXS andWAXS regime (milestone reached
in 2016).

3 Einhaltung des Finanzierungs- und Zeitplans

The project has ended in March 2017, after a project extension without additional cost
due to maternal leaves.

4 Publikationen, Vorträge, Preise etc. bitte gegebenen-
falls als Anhang beifügen

4.1 Grants and Awards:

Sarah Köster received an ERC Consolidator Grant for the Project “MECHANICS –
Mechanics of cells: the role of intermediate filaments”. The aim of the project is to
decipher the relation between molecular interactions in filament forming proteins and
the mechanical properties of the filaments and eventually of whole cells. This work will
build strongly on our previous studies of protein assembly on the nanoscale that was
funded by the VI.
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The following BMBF projects are building on the results obtained within the VI and
are part of the measures to sustain the activities started within the VI:

• “Kryogene Fluotomographie an P06/PETRA III”, 05K16PC1 (A. Rosenhahn, et
al.)

• “MicTomoCat: Hierarchische in situ röntgenmikroskopische und tomographische
Untersuchung von Katalysatoren für die Abgasnachbehandlung und Energiespe-
icherung”, 05K16VK1 (J.-D. Grunwaldt, et al.)

4.2 Meetings & Outreach into the Scientific Community:

A satellite workshop to the DESY Photon Science Users Meeting in Hamburg was or-
ganized by the VI-403. It is already the 6th workshop held in the context of the Users
Meeting entitled “6th Workshop on X-Ray Nano-Imaging of Biological and Chemical
Systems at PETRA III”. It aimed at the Photon Science user community interested in
nano imaging, giving an overview over the possibilities of nano imaging at the x-ray
microscopes at PETRA III (cf. photo below). Users presented their recent results. The
workshop was well attended with over 80 participants.

4.3 International Collaborations

Within the activities of the VI the following international collaborations have been es-
tablished:
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• John Miao, UCLA (photoinduced chemical reactions)

• Florian Meirer, Utrecht (tomography of catalytic particles)

• Dimitrov Orlov, Lund (tomography of precipitates in light metals)

• Magdalena Sczerbowska-Boruchowska, Krakov (x-ray microscopy of medical tis-
sues)

• Danielle Pellicia, Melbourne (tomography, fluorescence imaging)

• Jesper Wallentin, Lund (in operando studies of nanowires)

• Ulrich Vogt, KTH Stockholm (x-ray nanooptics)

• Christian Damsgaard, DTU Copenhagen (in-situ cells for imaging catalysts)

• Robert Feidenhansl’, Niels Bohr Institute, University of Copenhagen, Copenhagen
(Nanowires)

• Advanced Photon Source, Argonne, IL, USA (USAXS on bacteria)

• Shubnikov Institute of Crystallography RAS, Moscow Russia (x-ray physics)

• Van ’t Hoff laboratory for Physical and Colloid Chemistry, Debye Institute for
Nanomaterials Science, Utrecht University (colloidal systems)

• National Research Nuclear University MEPhI (Moscow Engineering Physics Insti-
tute), Moscow, Russia (x-ray physics)

• NRC “Kurchatov Institute”, Moscow, Russia (x-ray physics)

• A. Singer, University of California San Diego, La Jolla, California, United States
(coherent x-ray imaging techniques)

• National Research Tomsk Polytechnic University (TPU), Tomsk, Russia

• Department of Chemistry and Center for Nanotechnology for Engineering (CNIS),
University of Rome Sapienza, Rome, Italy

• Landau Institute for Theoretical Physics, Russian Academy of Sciences, Chernogolovka,
Russia

• Moscow Institute of Physics and Technology (State University), Dolgoprudny, Rus-
sia

• Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University,
Moscow, Russia

• NanoLund, Department of Physics, Lund University, Lund, Sweden

• Diamond Light Source, UK (in situ chemical imaging in catalysis)

• Michael Hanke, Paul-Drude-Institute, Berlin (3D ptychography of core-shell nanorods).
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4.4 Outreach

• C. G. Schroer, “Spatially-Resolved Materials Characterization with Synchrotron
Radiation”, EMU School, Vienna, Austria, Sept. 20, 2016

• S. Köster, “X-Ray Microscopy”, Bad Honnef Summer School on “Advanced Mi-
croscopy – Physical Concepts and Impacts in Life Sciences”, June 2017
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[20] M. Töpperwien, M. Krenkel, K. Müller, and T. Salditt, Proc. SPIE 9967, 99670T
(2016).

[21] T. Salditt and S. Aeffner, Seminars in Cell & Developmental Biology 60, 65 (2016).
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