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Cover image:

Microspheres

Microspheres were prepared from styrene via
emulsion polymerization by students in the practi-
cal training in polymers at FHNW.The spheres are
forming hexagonal ordered assemblies when dried
on the sample holder.The image was taken with an
Electron microscope. The spheres are originally
white, the image was colored using Adobe Photo-
shop. (Image: V. Hollenstein, L. Martinez and S.
Saxer, FHNW Muttenz)
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High efficiency preparation of monodisperse
plasma membrane derived extracellular vesicles
for therapeutic applications

Project P1801: Bioinspired nanoscale drug delivery systems for efficient targeting and safe in vivo application

Project Leader: ]. Huwyler and C. Palivan
Collaborator: C. L. Alter (SNI PhD Student)

Introduction

Extracellular vesicles (EVs) hold great potential in bio-phar-
maceutical engineering, especially for therapeutic purposes
[1]. These vesicles, derived from cells, contain cell specific
lipids, proteins such as enzymes and cell adhesion mole-
cules, various nucleic acids including RNA and DNA, along
with metabolites, organelles, and sometimes viruses [2,3].
EVs are primarily divided into two categories: exosomes and
ectosomes. Exosomes, smaller in size (40 to 150 nm in diam-
eter), arise from the cell's endosomal compartment and are
released continuously by both prokaryotic and eukaryotic
cells through exocytosis of multivesicular bodies and amphi-
somes. In contrast, ectosomes are formed by the direct bud-
ding or blebbing of the plasma membrane and encompass a
broader range of vesicles, including microvesicles, apoptotic
bodies (ApoBDs), vesicles (ApoEVs), and large oncosomes,
with sizes varying from 50 to over 1000 nm [3]. Therapeu-
tic nucleic acids, proteins, or small molecular weight drugs
have been successfully loaded into EVs and delivered to cells
both in vitro and in vivo. However, only a few EV technol-
ogies have advanced to clinical trials, largely due to chal-
lenges in EV production. Standard EV secretion rates vary
from 60 to 170 native EVs (especially exosomes) per cell per
hour, depending on the cell type [4,5].

To address this challenge, we have developed an innova-
tive alternative to the conventional native EV preparation
method, suitable for almost all cell lines and even primary
cells. This method involves creating chemically induced
giant plasma membrane vesicles (GPMVs), which are then
collected and processed into nano-sized plasma membrane
vesicles (nPMVs) through size homogenization. Additionally,
we have assessed the interaction of nPMVs with in vitro cell
cultures and zebrafish embryos (ZFE), comparing their be-
havior with that of native EVs.

Material and methods

Chemical vesiculation agents (paraformaldehyde and dith-
iothreitol) were used to induce cellular injury and mem-
brane blebbing in Huh7 and HEK293 cells. The vesiculation
started a few minutes after incubation (37°C and 5% CO,)
and the produced GPMVs were harvested from donor cells
after 6 h. Then, GPMVs were stained with 1 pM of a lipo-
philic dye (Dil) and homogenized through filter extrusion
in order to produce nPMVs. Native EVs were produced as
previously described [6] and labeled with 1 uM Dil. Dil la-
beled DOPC and DOPC:PS liposomal formulations, serving
as negative and positive controls, were produced by thin-
film hydration method [7]. Cell viability was assessed using
MTS assay (Cell Proliferation, Colorimetric, ab197010). In
vitro uptake studies were performed with flow cytometry.
ZFE experiments were conducted as previously described
[8].

Results and discussion

First, we compared the production rate of our newly devel-
oped nPMV preparation protocol with that of an existing
native EV preparation protocol, finding production rates of
1100-1400 particles/cell/hour for the nPMV and 5-7 particles/
cell/hour for the native EV preparation protocol, respec-
tively. This indicates that our nPMV preparation protocol is
at least an order of magnitude more efficient. Furthermore,
in the proteome of nPMVs we detected several EV (i.e., CD9,
CD81) ectosome (i.e., BSG, SLC3A2), and ApoBD (i.e., Calre-
ticulin) markers 10. These results indicated that nPMVs pri-
marily comprise ApoEVs with little to no significant levels
of native EVs. In addition, proteomics showed that nPMVs
have around a 40% similar proteome to native EVs, but they
also display a distinct proteomic profile. Next, we incubated
HEK293/Huh7 nPMVs and native EVs, DOPC:PS, and DOPC
liposomes with Huh7 cells for 24 h and analyzed the cell
viability. Cell viability was not significantly altered by the
nanoparticles (Fig. 1a). The uptake of these nanoparticles
was measured by flow cytometry after incubation for 15 min,
1, 4, and 24 h (Fig. 1b).
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Fig. 1: Cell viability of Huh7 cells and the interaction of various
nanoparticles with Huh7 cells are as follows: a) Huh7 cell viabil-
ity after 24 hours of incubation with HEK293/Huh7 nPMVs, na-
tive EVs, DOPC:PS, and DOPC liposomes, measured by the MTS
assay. b) Flow cytometry-based cellular uptake quantification of
Dil-labeled HEK293 nPMVs (green), HEK293 native EVs (or-
ange), Huh7 nPMVs (blue), Huh7 native EVs (pink), DOPC:PS
(dark blue), and DOPC liposomes (red) by Huh7 cells after the
indicated time points. Levels of significance are denoted as follows:
*:p <0.05 **: p<0.01, ¥%*: p <0.001.

We observed a time-dependent uptake (normalized cellular
fluorescence) in Huh?7 cells for all particles. The uptake was
fast in the first 4 h, then started to saturate and reached
the highest value after 24 h. Huh7/HEK293 nPMVs and the
respective native EVs showed comparable uptake, which was
slightly higher than the uptake of DOPC:PS liposomes. Negli-
gible uptake of DOPC liposomes was measured.



We further injected Dil-labeled HEK293/Huh7 nPMVs, native
EVs, or DOPC:PS/DOPC liposomes into 48-hour post-fertiliza-
tion old transgenic (Kdrl:EGFP) ZFE, which express EGFP in
their vasculature. 4 and 24 h after injection, we observed
that HEK293/Huh7 nPMVs and native EVs were mainly se-
questered by scavenger endothelial cells in the caudal vein
plexus, possibly through scavenger receptors (e.g. stabilin-11)
and dynamin-dependent endocytosis, but also to a lesser
extent in tissue resident/patrolling macrophages [10, 11]. A
representative image of these nanoparticles is shown in
figure 2a. The fast clearance of nPMVs and native EVs was
further supported by the low circulation and extravasation
factors, which describe the circulation and extravasation be-
havior of nanoparticles in the zebrafish, as determined by
semi-quantitative image analysis [8]. It is interesting to note
that identical interactions and observations were previously
described for other native EVs [11-13]. Liposomal formula-
tions on the other hand showed significantly higher circula-
tion and extravasation times being indicative for a lower cell
interaction behavior (Fig. 2b).

PMVs/exosomes

liposomes

Fig. 2. Biodistribution of nPMVs/native EVs or liposomes (red sig-
nal) in the vasculature of transgenic (Kdrl:EGFP) zebrafish em-
bryos (green signal) 24 h after injection. Representative image for
the biodistribution of HEK293/Huh7 nPMVs/native EVs (left) and
DOPC:PS/DOPC liposomes (right). Scale bar: 100 um.

Conclusion

We were able to produce high yields of nPMVs from various
cell lines with our optimized preparation method, which ex-
ceeds the production rate of existing native EV preparation
protocols by at least an order of magnitude. Furthermore, we
observed a fast and efficient uptake of nPMVs and native EVs
in vitro and in vivo. These results suggest that nPVMs can
serve as a valuable addition to existing EVs and offer new
perspectives for the design of EV based therapeutic systems.
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Deep learning enhanced directed evolution

Project P1802: From Schrddinger’s equation to biology: Unsupervised quantum machine learning for

directed evolution of anti-adhesive peptides
Project Leader: M. Nash and A. von Lilienfeld
Collaborator: V. Doffini (SNI PhD Student)

Introduction

The Covid-19 pandemic showed us that our deeply intercon-
nected world is extremely vulnerable to highly contagious
pathogens. In this context, viruses are not the only threat
we might face in future epidemic scenarios. Specifically, bac-
teria that show antibiotic resistance characteristics are an
enormous hazard to humanity, and this topic has garnered
increased interest from across the biomedical research com-
munity in recent years. It is crucial to explore new strategies
to fight against antibiotic resistant pathogens and develop
new pharmacological treatments.

In our project, we focus on a specific class of microbes which
use specialized surface proteins called adhesins to bind hu-
man tissue and spread the infection inside the host. The de-
tailed structure and mechanism behind many such bacterial
binding adhesin domains are known, while for others no
structural information is available. Such adhesins typically
bind short peptide sequences located on abundant blood or
cell-surface proteins of the intended host (Fig. 1). The goal
of our project is to identify novel peptide candidates which
bind strongly to the bacterial adhesin of the pathogen agent,
inhibiting it from attaching to the host’s cells.

Fig. 1: Schematic representation of the binding between the patho-
gen (in blue) and the human cell (violet). The binding protein of the
microorganism is shown in blue as well, while the attach site of the
human cell is the violet square.

By using state of the art technologies like deep mutational
scanning and next generation sequencing, it is already possi-
ble to generate data for hundreds of thousand different pep-
tide variants in a relative short amount of time. Despite the
fact that this might sound like a lot of data, they cover just
a minimal fraction of the enormous space of possible amino
acid combinations, even for small chains. For example, even
for a peptide of a couple dozen amino acids, the number of
total possible combinations are many orders of magnitude

greater than the stars in the whole universe. Practically, this
problem usually leads to a repetitive approach, called di-
rected evolution, where mutations are screened and ranked
based on a fitness function. In our case, the fitness function
would be a measure of the binding strength between the
adhesin protein and the peptide. After this first screening,
the best mutations are selected, fixed and millions of new
variants are produced changing the amino acids on the
other positions. Afterwards, the new variants are screened
and ranked again and the procedure is repeated for many
iterations until an optimum is reached. Unfortunately, such
protocol is not exempt from criticism; firstly, by exploring
just single point mutations it is likely to get stuck on a local
optimum instead of finding the global one; and secondly,
since the presented protocol needs to be repeated multiple
times, the burden of experiments needed is still high and it
impacts negatively the time, resources and costs involved.
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Fig. 2: Schematic representation of deep learning enhanced direct
evolution. Starting from upper left, a library containing many mu-
tants is synthesized (4). Then, the different variants are sequenced
and sorted by a chosen output (B). After that, a neural network is
trained in order to connect the specific sequences to the fitness vari-
able (C). Finally, the model is used to perform in-silico screening
of new variants. The best candidates are synthesized in the lab (D)
and, eventually, added to the library for a new iteration.

In order to increase the efficiency as well as the accuracy
of directed evolution, we propose a deep learning assisted
approach (see Fig. 2). Such a methodology is still based on
screening and ranking peptides, but in this case a deep
neural network is fitted to connect the specific amino acid
residues to the corresponding fitness function value. If suc-
cessful, the deep neural network can be used to screen in-sil-
ico many more variants than are available experimentally,
giving the possibility to efficiently find a new maximum of
the fitness function without the need of many iterations as
in the “classical” directed evolution approach. Moreover,
since we are not anymore constrained by fixing the single
best mutations found in the previous screening, the fitness



maximum we reach using metaheuristic techniques will be
theoretically better than the previous one.

Material and methods

During the initial phase of the project, we focused on the
synthesis and fluorescent labeling of one of the binding pro-
teins of a pathogenic organism as well as the production of
an E. Coli library. This library contains millions of bacteria,
where each of the individual cells displays on its surface a
specific peptide of defined length. The number of mutations
in the library follows a binomial distribution with an 80%
wild-type (WT) probability. Such library was cloned via HiFi
assembly from fragments produced by Twist Bioscience. It
was then screened using the bacterial adhesin labelled with
a fluorescent dye molecule (Fig. 3). Peptides that strongly
bond the adhesin retained the fluorescent label after wash-
ing. The fluorescent intensity was detected by flow cytome-
try analysis and the cells were sorted.

Fig. 3: Schematic representation of the binding between the protein
of the pathogenic organism and one of the randomized peptides
displayed on the cell surface of an E. Coli. The fluorescent label is
shown in pink.

We present here the sorting methodology applied to the pep-
tide library (Fig. 4). A multi-gating strategy was employed to
enhance resolution within the fitness landscape. This oblique
sorting approach was designed to normalize the quantity of
proteins bound to the cells (binding) relative to the number
of peptides displayed on the cell surface (expression). The
cells, after sorting, were cultivated in individual tubes. The
plasmid DNA was then extracted and purified from these
cultures. Upon purification, the plasmid DNA samples were
dispatched for sequencing analysis.

Results and discussion

The analysis of sequencing data facilitated the identification
of mutations exhibiting a stronger affinity for our target
compared to the wild type (WT), many of which were previ-
ously unreported. Additionally, this dataset served as a foun-
dation for training a machine learning model. This model
was subsequently utilized to navigate the fitness landscape
in search of mutations with even greater binding strength.

Expression

Fig. 4: Scatter plot of the binding between the peptide library and
the labelled protein of the pathogenic organism. Each point corre-
sponds to one distinct peptide.

Outlook

In the last phase of the research project, the validation of
outcomes will be pursued through the strategic selection
of specific mutations identified within the dataset. This
validation process will be conducted employing isothermal
titration calorimetry (ITC). Concurrently, an examination
will also be undertaken on a similar set of mutations, these
having been identified by the machine learning model. This
dual approach aims to verify the reliability and precision of
the results within a meticulously regulated experimental
setting.
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Quantifying bacterial responses to antibiotics at

the single-cell level

Project P1805: High-throughput multiplexed microfluidics for antimicrobial drug discovery

Project Leader: E. van Nimwegen and V. Guzenko

Collaborator: M.-E. Alaball Pujol (SNI PhD Student)

Introduction

Without effective antimicrobials, the success of modern
medicine would be at risk for treating infections including
during major surgery and cancer chemotherapy. Misuse and
overuse of antimicrobials are key drivers in the development
of resistant pathogens; however, it has also become clear in
the last decades that sensitivity to treatment varies from cell
to cell, even in an isogenic population. In particular, some
cells are in physiological states that allow them to survive
antibiotic treatment without any resistance mutations [1].
Slow growing cells have been reported to be more tolerant
to antibiotics, and this increased tolerance can facilitate the
subsequent fixation of resistance mutations [2]. Yet, most in
vitro assays that are used to discover and study antimicro-
bial compounds are based on liquid cultures in which bacte-
rial cells grow exponentially so that slow-growing cells are
quickly outgrown, making it impossible to assess the effects
of the compounds on slow growing cells. Consequently, the
determinants of sensitivity to antibiotics are poorly under-
stood at the single-cell level due to the lack of quantitative
data.

In recent years, powerful methods have been developed to
quantitatively measure behaviour and responses in single
bacterial cells. By combining microfluidics with time-lapse
microscopy, it is possible to track growth, gene expression,
division, and death within lineages of single cells. An espe-
cially attractive microfluidic design is the so-called Mother
Machine, where bacteria grow within narrow growth chan-
nels that are perpendicularly connected to a main flow chan-
nel, which supplies nutrients and washes away cells growing
out of the growth channels. In this field, our lab has devel-
oped an integrated microfluidic and computational setup to
study the response of single bacteria to controlled environ-
mental changes [3]: the dual-input Mother Machine (DIMM).
The DIMM allows arbitrary time-varying mixtures of two in-
put media, such that cells can be exposed to a precisely con-
trolled set of varying external conditions. Our image analysis
software Mother Machine Analyser (deepMoMA) segments
and tracks cell lineages from phase-contrast images with
high throughput and accuracy.

In the present project, we use this setup to quantify how the
response of individual bacterial cells to treatment with an-
tibiotics depends on their physiological state at the start of
the treatment. We focus on treating Escherichia coli (E. coli)
with a variety of clinically relevant antibiotics at clinically
relevant concentrations. In addition, we aim to develop new
microfluidic designs that enable the study of multiple anti-
biotics and strains in parallel. Our long-term aim is to use
this approach to identify compounds that specifically target
non-growing subpopulations of pathogenic bacteria.

Designing improved microfluidic devices

Designing microfluidic chips that enable to multiplex the
testing of different strains and media requires improving
two aspects of current designs: the multiplexing of the me-
dia reservoirs and the loading of the cells into the device. For
the former, a multiplexed version of the classic DIMM was
designed in our lab, with eight inlets and outlets (Fig. 1A). Fur-
thermore, together with the mechanical workshop of Biozen-
trum we developed a prototype pressurized box to multiplex
the reservoirs for the input media, which is being used in our
experiments.

Backflow

Mother Machine

Input B \
Cell inlet/outlet

B Standard Mother Machine

TR

Lateral constriction

Mother Machine with filtering growth channels

Vertical constriction

Fig. 1: Design of the microfluidic chips. A) Multiplexed DIMM. B)
Different filter constriction designs.

To address the cell loading, we wanted to design a modified
version of the standard Mother Machine where the closed
end of growth channels is replaced by constrictions that
act as filters. These filter structures are shallower and/or
narrower than the growth channels, connected to the main
flow channel, but also connected to a backflow channel so
that media can flow through, but not the cells. This allows
loading of the growth channels by simply ‘filtering’ a diluted
bacterial culture through the chip. In addition, with these
filters, there is no nutrient gradient inside the channels and
the addition or the removal of chemicals of interest is imme-
diate. Lastly, the flow through the growth channels can help
retaining motile cells by mechanically pushing them toward
the filter end. These filter channels have already been pro-
duced using a lateral constriction [4]. Because of the small
size of these structures, they are very challenging to manu-
facture, and require e-beam lithography which is not widely
available.

To establish the production of the filter channels we have
pursued two strategies (Fig. 1B). On the one hand, together
with Dr. Vitaliy Guzenko at PSI we used the e-beam lithog-
raphy system Raith EBPG 5000Plus to microfabricate lat-



eral constrictions. With this strategy the design A
consists of two layers of different thicknesses;
the main flow channels (20 pm wide and 10
pm deep) and the narrow (<1 pm) and shallow
(900 nm deep) growth channels. The lateral con-
striction reduces the width of the channels to
250 nm. This design was unstable in first tests,
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but we produced newer versions of it that look
promising.

An alternative strategy led by Dr. Thomas Julou
is based on a 3-layer design, where the third
layer is shallow enough to produce a vertical
constriction, reducing the channel height by 250
nm. The vertical constriction consists of a reser-
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been successfully used in experiments.

Characterization of single-cell responses to
antibiotic treatment

We focused on 3 clinically relevant antibiotics
for Urinary Tract Infection (UTI) treatment: Cip-
rofloxacin (CIP), Ceftriaxone (CEF), and Gentami-
cin (GEN). Our experiments consisted of treating
cells of E. coli lab strain MG1655 with different
concentrations of each antibiotic, ranging from the maxi-
mum concentration measured in serum during clinical treat-
ment, to sub-Minimal Inhibitory Concentration (MIC). The
experimental timeline consisted of 6 hours of exponential
growth in M9 minimal media with 0.2% glucose, followed
by 2 hours of antibiotic treatment, after which the survival
was assessed by exposing the bacteria to fresh media for 16
hours.

We calculated the survival rates for all the conditions by
tracking the ‘mother’ cells at the bottom of the growth chan-
nels across the treatment and counting the cells that pro-
duced viable progeny afterwards. We found that, although
the fraction of surviving cells drops with concentration for
each antibiotic, the concentration range over which survival
rates fall varies between antibiotics (Fig. 2A).

We obtained quantitative data from the experiments us-
ing the DeepMoMA software, a new version of the MoMA
software, that integrates the U-Net convolutional neural
network architecture, developed by Dr. Michael Mell in our
group. In particular, DeepMoMA has been adapted to differ-
ent cell morphologies that result from the treatment with
antibiotics. These morphologies include lysis, filamentation
and loss of phase contrast, which are observed at different
rates for different antibiotics and concentrations.

We reconstructed cell lineages across the 2-hour antibiotic
treatment experiments, and we quantified various sin-
gle-cell variables, including instantaneous growth rates.
We then analysed how the growth rate of cells just before
the treatment affected their survival. Surviving cells gener-
ally were growing more slowly just before the CIP and CEF
treatment, than cells that died (Fig. 2B). Interestingly, as we
increase the antibiotic concentration, surviving cells reduce
their growth rate even further. We are currently working on
analysing the raw traces using a Bayesian inference method
developed by Bjorn Kscheschinski in our group (based on a
maximum entropy process prior), called RealTrace, to obtain
de-noised traces of cell length and GFP content as well as
instantaneous growth and GFP production rates.
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cell fate

Fig. 2: A) Survival rates of mother cells at different antibiotic concentrations. The
coloured dots show the fractions of surviving cells for each replicate, with 2 standard
deviation error bars. The lines show Hill function curves fitted to the data of each an-
tibiotic. Vertical dashed lines show MIC values measured in bulk. B) Boxplots showing
the growth rate distribution all cells just before the treatment (gray), cells that sur-
vived (orange) and cells that died (blue). Two antibiotic concentrations are shown: the
MIC and 10 times MIC for each antibiotic.

These results were obtained with a lab strain in minimal syn-
thetic media. One of our goals is to compare these results
with the behaviour of Uropathogenic E. coli (UPEC) strains.
For that, we established the workflow in the lab to work with
the UPEC strain strain CFT073, and we tested how it grows in
the new Mother Machine designs in previously defined Syn-
thetic Human Urine (SHU) [5], which is closer to real urine
than laboratory-defined media. We are currently optimizing
the workflow and expect to soon analyse the single-cell re-
sponses of CFT073 to antibiotics while growing in SHU.
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Image the twist!

Project P1806: Image the twist!
Project Leader: V. Scagnoli and P. Maletinsky

Collaborators: S. Treves (SNI PhD Student), J. White, V. Ukleev

Introduction and motivation

The aim of this project is to determine the formation mech-
anism of skyrmions, a topologically protected magnetic
structure [1]. Currently it is not fully understood what drives
the formation and annihilation events in skyrmion hosting
materials; such knowledge is particularly important if they
are to be implemented into improved technological applica-
tions in the future [2]. Observations of these events are made
easier through the use of materials which host skyrmions in
ambient conditions.

A system of recent interest for hosting room temperature
skyrmions with no need of an applied magnetic field is
NdMn,Ge,, a rare-earth based centrosymmetric material.
This bulk material has been observed to host different meta-
stable magnetic textures stabilized by high- and low- mag-
netic field cooling protocols. Metastable skyrmions have
been nucleated with a field cooling procedure and then ob-
served using topological Hall effect measurements [3,4] and
Lorentz transmission electron microscopy (LTEM) [5]. We
have also confirmed these findings and demonstrated the
effects of temperature and an applied magnetic field on the
skyrmion lattice in previous years of the project.

Issues were encountered when using the measurement tech-
nique Nitrogen Vacancy (NV) magnetometry on the lamella
sample used for the x-ray imaging experiment. Due to the
sample being too thick (~200 nm, required to have sufficient
magnetic signal in the x-ray measurements), the stray fields
that it produced saturated the NV sensor, making it challeng-
ing to collect sensible NV data. We therefore aimed at pro-
ducing thinner samples in a reliable and less invasive way
as using focused ion beam (FIB), which is required to extract
lamella out of larger crystal.

We found that the solution was to grow thin films of
NdMn,Ge, with the goal of replicating the bulk material
properties. Thin films offer a unique set of advantages com-
pared to bulk crystal samples. They offer more control of
the magnetic properties and the ability to create microstruc-
tures. Furthermore, their provide versatility and make it pos-
sible to miniaturize the system, allowing for easier integra-
tion into pre-existing devices or sensors.

The sputter grown NdMn,Ge, films were characterized, us-
ing x-ray diffraction and magnetization measurements. Mag-
netic Force Microscopy (MEM) measurements were then un-
dertaken in ambient conditions, whilst applying an external
magnetic field. Overall, our measurements indicate that it is
possible to form skyrmions in these thin films and that their
behaviour is like those observed in the bulk samples.

Key experimental results

The initial milestone was to successfully grow a thin film of
stoichiometric NdMn,Ge, and compare its properties to the
bulk ones. Note that there are no reports in the literature
about the growth of thin film of this material. Plasma sput-
tering was used to deposit the material from a target onto a
MgO substrate. This procedure underwent several iterations,
with a range of growth times, growth temperatures and an-
nealing temperatures used.

To characterise the thin films x-ray diffraction (XRD) pat-
terns and magnetometry data were collected. These results
could then be compared to the results for the bulk crystal
sample (Fig. 1) used in our previous experiments. The XRD
pattern for a thin film with 45 nm of thickness can be seen
in figure 2a. It exhibits the same Bragg peaks as the bulk.
There is, however, an additional peak, which is due to the
signal from the MgO substrate.

The magnetisation of the sample with changing temperature
(Fig. 2b), also shows a similar behaviour to the bulk sample.
This measurement is initialised by heating above the Curie
temperature (T, = 330 K), of the sample. A magnetic field
of 0.01 T is then applied, out-of-plane (OOP), and the sam-
ple is cooled. There is a noticeably smaller magnitude of the
thin film’s magnetisation when comparing it to the bulk’s
magnetisation. This is due to the thin film being 20 nm in
thickness, whereas the bulk crystal was closer to being mm
in thickness when measured.
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Fig. 1: Bulk NdMn ,Ge, crystal characterization. a) X-ray diffraction
pattern showing selected Bragg peaks. b) The sample magnetization
vs temperature under the application of a small magnetic field.
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Fig. 2: Data for NdMn,Ge, thin film (45 nm thickness). a) X-ray
diffraction peaks indicating the position of the Bragg peaks of the
crystalline planes. b) The magnetization of the thin film with reduc-
ing temperature and a small out-of-plane magnetic field applied.

Once the ideal growth conditions for the thin film had been
identified, we began to grow thicker films. A film thickness
of 90 nm was found to have the closest match for the mag-
netisation with respect to temperature to bulk samples in
literature. With this knowledge, we conducted measure-
ments using magnetic force microscopy (MFM). These mea-
surements allowed for the sample’s magnetic configuration
at the surface to be imaged, allowing us to try to nucleate
skyrmions, and be able to check immediately.

Several different measurement protocols were carried out:
The sample was imaged in its as grown state, then it was
imaged with an applied magnetic field; The sample was then
field cooled and imaged in ambient conditions.

Our first goal with the MFM measurements was to nucleate
skyrmions within the sample. When the thin film was im-
aged in ambient conditions its magnetic configuration was a
a maze domain. When increasing an applied OOP magnetic
field from 0 mT to 30 mT the maze domains shrank and
eventually formed skyrmion like objects (Fig. 3). These ob-
jects remained stable up until 50 mT where the MFM images
lose contrast due to the domains becoming too small. Fur-
thermore, if the applied field is removed once the skyrmions
have formed, the skyrmions collapse and merge together to
form a maze domain state.

The next goal was to nucleate skyrmions, which would re-
main stable in ambient conditions. This was achieved via a
field cooling method, which is as follows. The sample was
heated above its T.. Then an OOP magnetic field of 30 mT
was applied whilst the sample cooled to room temperature.
This process was repeated several times, with the sample im-
aged in ambient conditions after each field cool. After each
of these field cools skyrmions were observed to be stable in
the thin film. This confirms that like the bulk samples, it is
possible to host skyrmions, which remain stable in ambient
conditions in these thin film systems.

. { ALY w i
Fig. 3: MFM data for the 90 nm thin film. At 0 mT a maze domain
pattern can be seen as the systems preferred magnetic state. When
the field is ramped to -25 mT, the domains shrink and separate into
skyrmions.

Outlook

The demonstration of metastable skyrmions within the thin
films systems is a novel observation. Further investigation
will be undertaken to explore the range of applied magnetic
field values that they remain stable for. These studies will
be undertaken with MFM and NV magnetometry, as 90 nm
produces a stray field that does not saturate either probe.
Further films of different thicknesses will also be grown, al-
lowing for a study to be conducted on the thicknesses influ-
ence on skyrmion formation and stability within the sample.
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Experimental demonstration of an ion-nanooscil-

lator hybrid system

Project P1808: Quantum dynamics of an ultracold ion coupled to an nanomechanical oscillator

Project Leader: S. Willitsch and M. Poggio
Collaborator: M. Weegen (SNI PhD Student)

Introduction

Ultracold trapped ions in radiofrequency traps are well-es-
tablished and highly controllable quantum systems with a
variety of applications in fields such as precision spectros-
copy, cold chemistry, clocks and quantum technologies [1].
Nanomechanical oscillators are highly sensitive force trans-
ducers representing an attractive choice for the develop-
ment and implementation of hybrid quantum systems [2].
Their nanoscopic size makes them excellent candidates for
the study of physics on the border of classical and quantum
physics in miniaturized devices.

The goal of the present project is the realization of an
ion-nanowire hybrid system to explore new methods of
quantum state engineering and readout via the mutual elec-
trostatic interaction of its constituents. For this purpose, a
charged Ag,Ga nanowire is positioned in close proximity to
trapped ions. By mechanically driving the nanowire around
a mechanical resonance matched to the frequency of an
oscillation of the ions in the trap, the nanowire vibrations
couple to the motions of the ions. Previous theoretical mod-
elling of the ion-nanowire interaction has shown a motional
excitation of the ions by the mechanical drive of the nanow-
ire in the classical regime, as well as the generation of highly
excited coherent states and other exotic quantum states in a
quantum-mechanical treatment of the ion motion [3].

Here, we report the successful experimental demonstration
of such an ion-nanowire hybrid system [4]. We showed the
resonant drive of trapped ions by the mechanical oscilla-
tions of the nanowire and characterized the strength of the
coupling for a variety of salient experimental parameters.

Experimental Setup

The core of the experiment is the combination of a minia-
turized linear radiofrequency wafer ion trap with a conduc-
tive Ag,Ga nanowire (Fig. 1). The nanowire was positioned
on the tip of a metallic tungsten holder and could be trans-
lated in all spatial directions with nanopositioners. Oscil-
lations of the nanowire were driven with a piezo actuator
mounted to the holder. The 397 nm fluorescence of trapped
laser-cooled Ca* ions was split by a 50:50 beam splitter and
guided onto an EMCCD camera as well as a photomultiplier
tube (PMT) (Fig. 1a). The camera was used for spatial imag-
ing of the trapped ions (Fig. 1b) while the PMT enabled a
time-resolved determination of the ion fluorescence rate us-
ing a photon-correlation method (see below). A dual-element
photodiode was used for the optomechanical readout of the
nanowire resonance spectrum.

Photon-Correlation Method

A key element for the success of the present experiments was
the implementation of a highly sensitive photon-correlation
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Fig. 1: a) Schematic of the experimental setup. The charged nanow-
ire is positioned in close proximity to the trap center for strong cou-
pling to trapped ions. The nanowire resonances are measured with
a dual-element photodiode. The ion fluorescence is collected on an
EMCCD camera (microscope) and PMT. b) EMCCD camera im-
age of an ion at rest (top) and motionally excited by the mechanical
drive of the nanowire (bottom).

method to detect periodically driven motion of the trapped
ions [5]. The underlying principle is the time-resolved mea-
surement of the ion fluorescence exhibiting modulations
due to a periodic Doppler shift with respect to the cooling
lasers experienced during a driven motion. The fluorescence
of the ions collected on a PMT was correlated with the drive
frequency fdrive applied to the nanowire. Figure 2 shows the
time-resolved fluorescence for a) a strong and b) a weak drive.
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Fig. 2: a) Photon-correlation measurement for a strongly driven ion.
The ion fluorescence as a function of time shows a clear periodic be-
havior. b) Time-resolved fluorescence trace for a weakly driven ion.
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Fig. 3: Squared maximum velocities of the motion of trapped ions
driven by the nanowire for different drive frequencies f, , . The mo-
tional excitation of the ions (red crosses) shows a clear correlation
with the mechanical excitation spectrum of the nanowire (orange
trace), indicating the mechanical nature of the drive. Theoretical
simulations (purple trace) confirm the mechanical motional exci-
tation of the ions around the main resonance at 422 kHz.

We have applied this photon-correlation method to study
the frequency dependence of the motional excitation of the
ion by the mechanical drive of the nanowire. In these ex-
periments, the frequency of the piezo drive applied to the
nanooscillator was scanned across a mechanical resonance
while the motional excitation of the ion was simultaneously
measured. Figure 3 shows the ion velocity amplitudes ob-
tained for different nanowire drive frequencies around a me-
chanical resonance at 422 kHz of the nanooscillator. A clear
correlation between the nanowire mechanical excitation
and the drive of the ion motion can be observed, demon-
strating the mechanical nature of the ion excitation.

The strength of the motional excitation of the ion was
mainly governed by three parameters: the amplitude of the
nanowire drive, the ion-nanowire distance and the electric
potential applied to the nanowire. Figures 4a-c show the ve-
locity amplitudes of the driven ion motion as a function of
these coupling parameters. Figure 4d shows the velocity am-
plitudes for varying ion numbers ranging from 1 to 4 ions.

Conclusions & Outlook

We have demonstrated the successful coupling of trapped
ions to a charged nanowire, thus realizing a novel hybrid
system. Our data reveals the mechanical drive of ion motion
by the nanowire and its dependence on salient experimen-
tal parameters. The present results lay the foundations for
manipulating the ion motion in the quantum regime as a
means to engineer, inter alia, exotic motional quantum
states for applications in the quantum sciences [3].
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Studying amyloid processing in single cells and
brain homogenate

Project P1901: Microfluidics to Study Huntington’s Disease by Visual Proteomics
Project Leader: T. Braun and E. Pecho-Vrieseling
Collaborator: A. Frankl (SNI PhD Student), A. E. Schneider

Introduction

Maintaining proper protein balance in post-mitotic neurons
is vital. Aging is the leading risk factor for spontaneous neu-
rodegenerative diseases, and a loss of protein homeostasis
and mitochondrial dysfunction are two hallmarks of ag-
ing. The impairment of proteostasis dynamics reduces the
cell's ability to clear misfolded proteins, and the likelihood
of a-syn misfolding increases. Unfortunately, cells appear
poorly adapted for chronic proteotoxic stress, and misfolded
amyloids accumulate. Potentially, this is an initial step in
the pathomechanisms of the degeneration. Once misfolded,
a-syn can recruit other o-syn-molecules, and the fatal cas-
cade of the prion-like spreading starts.

It is unclear if the accumulation of lewy bodies (LBs) or glial
cytoplasmic inclusions (GClIs) leads to neuronal cell death or
is a rescue operation of an overwhelmed cell by disposing
proteotoxic, misfolded amyloid proteins. Recently, a poten-
tial link between amyloid accumulation and cell death was
reported for Alzheimer's disease (AD) [1], and a similar mech-
anism may play a role in synucleinopathies.

Here, we aim to develop methods for the single-cell analysis
of the (i) prion-like infection of healthy cells and (ii) the fate
of the infecting amyloid nanoparticles in cells and brain ho-
mogeneity of diseased patients. We use fluorescent labeled
a-syn fibril-fragments for our cellular experiments to "infect"
human, neuron-like SH-SY5Y cells. This allows the correla-
tive analysis by fluorescent light and electron microscopy.

Fig. 1: Whole-cell vitrification using the cryoWriter system. The
cells are grown on cryo electron microscope (cryo-EM) grids and
infected with fluorescence-labeled a-syn nanoparticles derived
from fibrils. A) We use a 3D-printed (inset) cell growth platform
(1), which is placed on a temperature-controlled stage (2) before
sample preparation. Cells grow on a grid (3) in cell culture me-
dia (4). The grid is placed on a thin PDMS support layer above a
small pressurized chamber (5). The surplus liquid is removed with
the cryoWriter s nozzle under a controlled atmosphere (not shown).
Subsequently, the robot withdraws the tweezer with the EM-grid,
flips it down, and plunges the sample into a bath of liquid ethane
(8) for vitrification. B) Vitrified SH-SYSY on a cryo-EM grid visu-
alized in the scanning electron microscope (SEM). C) Vitrified SH-
SY5Y-cells in the fluorescence light-microscope for target selection
before FIB milling of a lamella. D) Lamella after FIB milling. The
lamella (indicated by an arrow) will now be analyzed by cryo-EM
tomography.
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Blotting-free whole-cell vitrification of amyloid-infected
cells

We developed a platform for the growth of adherent eukary-
otic cells on cryo-EM grids, which can be directly mounted
on the cryoWriter [2] for subsequent blotting-free vitrifica-
tion (Fig. 1). We expect that this method is less stressful for
cellular structures than the classical sample preparation.
Furthermore, the platform allows a correlative analysis of
the cell by fluorescence microscopy before and after vitrifi-
cation.

The fluorescence label of the a-syn seeds helps target the
“infected” cells and find the location for Focused Ion Beam
Scanning Electron Microscopy (FIB-SEM) for milling thin
lamellas (Fig. 2). These lamellae are now investigated by cor-
relative light and electro-tomography.

Cells were grown on conducting slides in miniaturized cell
culture plates, seeded with fluorescently labeled a-syn fibril
fragments, and incubated and washed for a specified period.
“Infected” cells, detected by the fluorescence signal, were
lysed by electroporation, and cryo-EM grids were prepared.
The latter is only possible using a new cryoWriter module
for the spraying surface effector molecules [3].

Before (Alexa)

Fig. 2: Single-cell lysis and cryo-EM of a-syn fibrils [2, 3]. A)
targeting and electroporation of a selected cell. The process is mon-
itored by fluorescence light microscopy (FLM). B) Selection and
monitoring of cell lysis. C) Fluorescence microscopy of vitrified
single-cell lysate. The fluorescence signal shows that labeled a-syn
fibrils were prepared. D) cryo-EM image of an extracted fibril.

Our results show that the host cell processes the fibril frag-
ments. We suspect that the proteasome ubiquitin system
modifies the a-syn particles. However, the average fibril
length does not change.

Microfluidic biochemistry screening platform

To investigate the fibrils' processing further, we immobilized
synthetic fibrils in the microfluidic system and performed
a nano incubation with (i) cell lysate and (ii) brain homoge-
nate of diseased patients. Photoelution of the fibrils allows
the investigation of the effects of EM. Initial results show
that patients' brain homogenate indeed modifies the fibril
appearance (data not shown).
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3D-Bioprinting of cardiac tissue models with a
novel cost-effective and versatile bioink

Project P1902: Directional 3D nanofiber network to mimic in-vivo myocardial syncytium towards guiding

contraction patterns in in-vitro heart models

Project Leader: M. Gullo, M. Poggio and A. Marsano

Collaborator: E Ziiger (SNI PhD Student)

Introduction

In cardiac tissue engineering, the urge for novel biofabri-
cation methods is high since myocardial infarction is one
of the most common causes of hospitalization and death in
the world [1]. An impairment of heart functionality, after a
myocardial infarction combined with a low intrinsic regen-
erative capability of cardiomyocytes (CMs) leads to a loss of
cardiac tissue. This loss needs to be replaced with tissue that
mimics and replicates natural tissue and its environment to
achieve physiologically relevant conditions (Fig. 1) [ 2,3].

In order to improve our dual-scale approach, where
3D-printed micrometer scale and electrospun nanometer
scale structures are combined, the formulation and refine-
ment of our bioink was pushed further [4]. A bioink for tis-
sue regeneration relies on, among other things, hydrogels
with favorable rheological properties. These include shear
thinning for cell friendly extrusion, post-printing structural
stability as well as physiologically relevant elastic moduli
needed for optimal cell attachment, proliferation, differenti-
ation, and tissue maturation.

Therefore, the newly formulated bioink based on a novel
cost-efficient gelatin-methylcellulose hydrogel, showed
promising results in cardiac tissue biofabrication. Its rheo-
logical properties were optimized for ideal printability and
cardiac tissue culture consisting of neonatal rat cardiomy-
ocytes and fibroblasts (NRCM, NREB). Moreover, due to its
adjustable stiffness, it might be used for other cell types as
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Pneumatic
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Lower Viscosity
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well. After continuous optimization of the tissue engineer-
ing process (bioink production, 3D-printing process, and cell
culture conditions) long-term cell culture experiments (21
d) were successfully conducted, assessing cell viability, and
beating behavior at several timepoints.

Fabrication of Cardiac Constructs

The bioink, consisting of a blend of gelatine and methylcel-
lulose (GMC) was freshly prepared, loaded with cardiac cells
(>4 mio/mL) and subsequently 3D-bioprinted (70-100 kPa
flow rate, 12 mm/s print speed; RegenHU Switzerland) into
a predefined multi-layered construct, with the following di-
mensions: a 10 x 10 mm square, with 1-1.5 mm spacing and a
strand size of 300 - 400 pm (Fig. 2A/B). A crosslinking solution
composed of transglutaminase (TG; 120 mg/mL) was poured
over the printed construct and incubated for 5 - 10 min. After
this shape stabilization process the constructs were washed
in PBS, submerged in full NRCM medium, and incubated for
up to 21 d. Every 48-72 h the medium was changed and a
life/dead assay at several timepoints was conducted, using a
Propidium Iodide (PI)/Hoechst staining. Thereafter for each
time point the viability was evaluated by fluorescence mi-
croscopy and Image] analysis. After 7 d in culture, cardiac
tissue construct started to beat (Fig. 2C).

After the successful culture of two-layer high constructs,
with >80% viability for up to 21 d post-print, the whole pro-
cess of bioink formulation, cell cultivation and 3D-bioprint-
ing was optimized to print higher constructs, consisting of

N

Crosslinking

’ -
Incubation \

Fig. 1: Schematic representation of a typical workflow of a bioink formulation process for further utilization in long term 3D-printed cardiac
cell culture experiments. Printed construct can be used in the dual-scale approach, combining nanoscale and microscale structures to resemble

natural cardiac tissue closer.
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up to 5 layers in z-direction. First results of bigger constructs
indicate that cell extrusion and structural stability of the hy-
drogel remain in physiological favourable regimes, without
affecting the cell survival, yielding a cardiac cell viability
of > 80% after 21 d in culture. Further experimental data is
currently being collected. Constructs with up to 10 layers,
could be achieved and have been assessed. Further process
optimization to increase satisfactory cell viability in such big
constructs is currently being investigated.

ARG XA 200 m
Fig. 2: A) Photograph of a 3D-bioprinted construct 21 days
post-printing and incubation at 37°C, bioink contains cardiac cells
(4 mio/mL), construct dimensions: 10x10 mm and 10 layers,; (B&C)
Fluorescence microscopy image of 21 d post-print construct stained
with Hoechst 33342 (blue) and Pl (red), stacking of brightfield (BF,
only in B), Hoechst and PI channel (in C), scale bar = 200 um.
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Fig. 3: A) Graphical illustration of NRCM cell viability in a
two-layered 3D-printed construct at day 1, 7, 21 post-printing. Cell
viability for 1 d= 84% + 7.7, for 7 d= 84.2% + 6.2 and for 21 d=
87.5% =+ 6.4. Controls are slightly higher for all days, indicated by
red dots. B) Graphical illustration of NRCM cell viability split into
z-localization (upper, middle, lower part) of the printed construct.
No significant decrease of cell viability in the center of the con-
struct, referring to proximity to media source.

Analysis of Cardiac Constructs

At several timepoints of the cell culture (1 h, 7 d, 14 d and 21
d) the 3D-printed constructs were stained and the viability of
the cells within the construct was assessed. Therefore, the
constructs were washed, stained with PI and Hoechst 33342

for 30 min and washed again before imaging on a confocal
fluorescence microscope. Single images as well as z-stacks
were taken throughout the whole construct height. Subse-
quently, the images were analyzed with Image], where the
number of viable cells and the number of dead cells was de-
termined. Two-layered constructs showed cell viabilities of
more than 80%, for up to 21 d post-print (Fig. 3A). The via-
bility of cells throughout the z-axis of the construct was in
every region above 80%, leading to the assumption that all
cells within the construct were close enough to cell culture
media (Fig. 3B). This could arise from the design and the ad-
vantage of the 3D-printed construct compared to otherwise
engineered cardiac tissue.

Spontaneous beating of NRCMs could be observed, after 7 d
post-print until up to 5 weeks in culture.

Outlook

The ability to design and biofabricate a micrometer scale
construct with the formulated bioink and high viability,
paves the way to implement it into a dual-scale construct,
together with electrospun nanometer scale conductive fi-
bers (previously described). Combining these two structures
could yield electrophysiological conditions and mimic hu-
man cardiac tissue and its cell environment [5]. Therefore,
aligned electrospun nanofibers will be layered between
3D-bioprinted constructs and its viability, contraction and
maturation will be assessed as next step. Furthermore, using
a cell culture pacing system, higher cell maturation might
be achieved, which in turn would lead to even closer cardiac
tissue substitutes.
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Integration of neutron nanomediators in fuel

cells

Project P1903: Neutron nanomediators for non-invasive temperature mapping of fuel cells

Project Leader: M. Kenzelmann and P. Boillat
Collaborator: A. Ruffo (SNI PhD Student)

Introduction

In this project, we integrate magnetic particles into fuel cell
porous media called gas diffusion layers (GDLs) in order to
measure the spatial temperature variation in-situ. The gen-
eral measurement concept is to use the depolarization of a
neutron beam as a measurement of the particle’s magnetic
saturation, which is temperature dependent. In previous
work, we characterized how different materials and particle
sizes impact the neutron beam depolarization and its tem-
perature dependence. Here, we demonstrate how such parti-
cles can be introduced in a real fuel cell structure to conduct
in-situ measurements.
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Fig. 1: Depolarization coefficients of samples taken from the a)
anode and b) cathode at various stages of the operation. The data
is segmented into three distinct periods: before operation, during
operation, and after operation.
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Measurement of the temperature in a fuel cell structure
To conduct the measurements, we included micrometric
size magnetic particles. These particles were synthesized
by ball milling from a coarser NdFeB powder. The milled
powder is denominated NdFeB-415 based on the parameters
used for the milling (4 hours, 15g of balls). The particles were
integrated into the fuel cell GDLs by spray coating them to-
gether with a PTFE powder dispersion used as a hydrophobic
treatment for the material. In order to be able to work with
a neutron imaging setup with a limited resolution (aprox.
200 pm), we used a thicker porous layer than is usual fuel
cell structures by stacking 5 GDL pieces on each side of the
fuel cell.

As seen in figure 1, the impact of artificially imposed tem-
perature variation could be observed in the real fuel cell
structure, both before and after operation. Meaning that the
mediators are functional even after being exposed to the fuel
cell operating conditions. A measurement during operation
shows a deviation from the measurement at the same tem-
perature which could be indicative of a temperature eleva-
tion to cell operation. However, it is not fully clear whether
this difference is outside the measurement margin of error.
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Fig. 2: Outcomes of an operating fuel cell containing a stack of
GDLs coated with NdFeB-415, capturing three main parameters
over a 7-hour operation period: the selected current density (red),
the high-frequency resistance (green), and the cell voltage (blue).

Stability of cell operation

A potential concern with the proposed approach is whether
part of the NdFeB particles could leach and poison either
the catalyst or the membrane of the fuel cell. In the present
study, the cell was operated for approximately eight hours at



a temperature of 55°C. As seen in figure 2, the stability of the
cell high frequency resistance (indicative of the membrane
conductivity) indicates that these is no significant poisoning
of the membrane. If it would occur, catalyst poisoning would
be evidenced as a decrease of voltage over time. As the volt-
age is stable (the slight increase is commonly observed in
fuel cell testing and is attributed to catalyst surface change
during fuel cell operation), we conclude that there is no indi-
cation of catalyst poisoning.
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Fig. 3: a) Magnetic hysteresis loops of various samples: the pristine
sample designated for the anode side (in pink), the pristine sam-
ple for the cathode side (in violet), and samples after operation in
both the anode (in blue) and cathode (in green) sections. b) Relative
magnetic saturation variation of the pristine (pink), anode (blue),
and cathode (green) samples over a temperature range extending
Jfrom 300 K to 400 K.

Stability of mediators

Besides the potential damage to the fuel cell, a further con-
cern was the possible degradation of the mediator particles
following their exposure to the fuel cell operating condi-
tions. To assess this, magnetometer and EDX measurements
were conducted on pristine samples and on samples having
been used for the fuel cell anode and cathode. For figure
3a, we can see that the estimated magnetic saturation is re-
duced for the samples used after operation when compared
to one of the pristine samples. However, a second pristine
sample shows an even lower saturation, which means that
the differences are possibly related to the uncertainties in
the coating process by hand spraying, resulting in impreci-

sions in the amount of coated material. In figure 3b, we can
see the relative saturation as a function of temperature. Be-
cause this value is normalized to the saturation at 30°C, the
effect of the imprecisions in the amount of coated material
is compensated. In this case, the temperature dependence is
the same for the materials before and after exposure to fuel
cell conditions. This indicates that the use of the particles
in fuel cell does not significantly alter their composition, at
least not in a way affecting their function as temperature
sensors. This is consistent with the neutron depolarization
measurements presented in figure 1.

a)

Fig. 4: EDX results of a) pristine, b) used in the anode, and c) used
in the cathode samples, with elemental mapping shown in distinct
colors: iron (dark blue), oxygen (light blue), neodymium (yellow),
carbon (red), and fluorine (green,).

The SEM-EDX results presented in figure 4 also show no
significant qualitative differences between the pristine
and used GDLs. In conclusion the results show that the Nd-
FeB-415 powder used in this study can effectively be inte-
grated in fuel cells without resulting in poisoning or being
degraded by operation.
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Tracing molecular reactions with XFELs

Project P1904: Revealing protein binding dynamics using time-resolved diffraction experiments at SwissFEL

Project Leader: C. Padeste and T. Ward

Collaborators: M. Carrillo (SNI PhD Student), D. Chen, Y. Hua, T. Weinert, J. Beale

Time-resolved serial protein crystallography is an emerging
method to elucidate molecular reactions with high temporal
and spatial resolution. Here we report on our developments
of fixed-targets for serial crystallography at the Swiss Free
Electron Laser (SwissFEL), to trace light-induced reactions
such as binding of photocaged biotin to streptavidin after
laser-induced uncaging.

Serial protein crystallography at X-ray Free Electron La-
sers (XFELs)

X-ray Free Electron Lasers (XFELs) represent a groundbreak-
ing technology in the realm of scientific research, particu-
larly in the field of structural biology. They are advanced
light sources generating high intensity, coherent, femto-
second x-ray pulses that allow for studying materials at an
atomic and molecular level with sub-millisecond time reso-
lution [1]. This results in the ability to determine structures
and structural changes of biological macromolecules, such
as proteins and viruses using crystallographic approaches.
Due to the XFEL’s high-intensity x-ray pulses, crystals un-
dergo radiation damage after exposure to the x-ray. How-
ever, due to the short duration of the x-ray pulses, scientists
are able to record diffraction patterns before the onset of ra-
diation damage of the single crystal. To collect a full data set,
a method called serial crystallography (SX) was developed,
in which series of fresh crystals are sequentially exposed to
the x-ray. Time-resolved serial crystallography (TR-SX) pro-
vides the ability to observe dynamic processes at the atomic
level. By initiating a reaction within a crystal and capturing
X-ray diffraction images at different time points, researchers
can create a molecular movie that illustrates the structural
changes occurring during a chemical or biological event.
This capability provides invaluable insights into the funda-
mental mechanisms governing various processes, from en-
zyme catalysis to the dynamics of light-sensitive proteins.

SwissFEL, Switzerland’s XFEL, was built in 2016 and since
then has been a state-of-the-art facility. One of its newest
constructed experimental stations, CristallinaMX, focuses
on serial protein crystallography through fixed-target sam-
ple delivery method.

Fixed-Targets for Pump-Probe Studies

Fixed-targets are used as a sample delivery method for serial
crystallography, which enables two types of data-collection,
one of which is the aperture aligned method [2]. An aperture
aligned polymer-based fixed-target called the Micro-Struc-
tured Polymer chip (MISP-chip; Fig. 1a)[3] was recently devel-
oped at the Paul Scherrer Institute (PSI) and is implemented
as the designated sample delivery method for CristallinaMX
at SwissFEL. The MISP-chip contains fiducials in each corner
(Fig. 1c) to help aligning the chip to the laser and x-ray beam.
The central membrane is composed of inverted pyramidal
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cavities (Fig. 1c) with cavity sizes of 100 pm and aperture sizes
of 5 -7 pum. These cavities serve to extract the excess mother
liquor of the crystallization solution from the chip but also
to funnel the crystals to single cavities. Once the crystals are
centered inside the cavities, their location is known.

(@)

(b) fiducial spacing (C)

cavity size

DT Tu
aperture no.

aperture aperture size

Fig. 1: a) The two current versions of the MISP-chip with black
COC and transparent COP membrane. Scalebar represents 10 mm.
b) Parameters used to identify the location of crystals. ¢) Magni-
fied fiducials (red), membrane cavities (green), membrane labeling
system (blue).

One of the frequently performed experimental techniques at
XFEL facilities is pump-probe crystallography. This method
involves two laser pulses: an optical “pump” pulse that ini-
tiates a rapid change in the sample (such as a photocaged
ligand cleaving before binding onto the protein, or a con-
formation change in a photodynamic protein), and an x-ray
“probe” pulse that measures the structural response with
X-ray diffraction. Pump-probe experiments have allowed to
study photodynamically controlled events within crystals
by precisely controlling the timing between the pump and
probe pulses. This allows for researchers to create a temporal
sequence of snapshots that reveal the progression of a pro-
cess with femtosecond to picosecond time resolution. Cris-
tallinaMX has been designed to enable pump-probe exper-
iments (Fig. 2). However, a challenge arises concerning the
prevention of light contamination between cavities to avoid
premature initiation of light-triggering processes given that
the original MISP-chips were transparent.
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Fig. 2: Schematic of the pump-probe experimental set-up at Cris-
tallina, SwissFEL. The pump laser (yellow) is coupled to the sam-
ple position via the endstation OAV. An exchange dichroic mirror
(light green) enables different pump wavelengths to be reflected
whilst transmitting light for the chip alignment. The X-rays pass
through the center of the drilled objective and prism of the final
part of the laser coupling. Air scatter from the X-ray is minimized
using pre-and post-sample scatter-guards. The blue box highlights
an area of the chip showing a 50:50 interleaved light:dark scheme,
where X-rays are delivered to every well and laser pump only to
every other.
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Fig. 3: Schematic of black COC MISP-chip for pump-probe exper-
imental set-up at Cristallina, a) Schematic of the X-ray/pump laser
view of the chip in the open and flat orientation. In the open view,
the entire crystal is visible, enabling contamination via a large la-
ser profile. The same large laser profile in the flat orientation does
not give rise to contamination due to the restricted view of the crys-
tals. b) A schematic showing how potential scattered pump laser
from the pre-sample scatter guard could give rise to light contami-
nation. Again, restricted view of the crystals in the flat orientation
prevents contamination of crystals in adjacent well.

To resolve this issue a carbon-black COC membrane was de-
veloped at PSI to create the black MISP-chip (Fig. 1a) allowing
for the laser light to be absorbed between cavities, avoiding
light contamination to occur between cavities. Tests were
conducted to assess the contamination rate of the black
COC MISP-chips, examining both the open and flat sides of
the chip. The findings revealed that the chip's orientation is
crucial in preventing light contamination. Exposure to light
from the open side (Fig. 3) resulted in neighboring wells be-
ing affected by light contamination. Conversely, when the

chip was flipped to the flat side, no instances of light con-
tamination were observed between neighboring crystals
(Fig. 3).

Binding of Streptavidin - Photocaged Biotin

The ability to conduct TR-SX at CristallinaMX with the black
COC MISP-chips creates numerous possibilities for studying
photodynamic molecular processes, one of which is captur-
ing the binding of biotin into the binding pockets of strepta-
vidin. Streptavidin is a tetrameric B-barrel protein, derived
from the bacterium Streptomyces avidinii, with a remark-
ably high binding affinity for biotin. Linking a specific cou-
marin derivative to biotin yields a photolabile protective
group (photocage) that can be selectively removed upon ex-
posure to 397 nm light (Fig. 4b). This process when initiated
with a short light pulse, results in the controlled release of
biotin, allowing for TR-SX experiments.

(a)

(b)

Coumarin: photodecages in
10* seconds

____________

397 nm

Fig. 4: a) XFEL room temperature structure determination (Fobs —
Fobs) of biotin (green electron density) inside the binding pocket of
streptavidin (blue electron density) after soaking biotin into strepta-
vidin crystals. b) Photocaged biotin used for TR-SX at Cristalli-
naMX. Biotin is highlighted in blue, the photocaged coumarin is
highlighted in red, cleaving off with 397 nm.
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Applying nanowire MFM to 2D materials

Project P1905: Magnetic force microscopy with nanowire transducers

Project Leader: M. Poggio and E. Meyer
Collaborator: L. Schneider (SNI PhD Student)

Introduction

Recent years have seen rapid progress in nanometer-scale
magnetic imaging technology, with scanning probe mi-
croscopy driving remarkable improvements in both sensi-
tivity and resolution. Among the most successful tools are
magnetic force microscopy (MFM), spin-polarized scanning
tunneling microscopy, as well as scanning magnetometers
based on nitrogen-vacancy centers in diamond, Hall-bars,
and superconducting quantum interference devices. Over
the past three years, we have been using nanowire (NW)
force sensors as ultra-sensitive MFM probes. Using NWs func-
tionalized with magnetic tips, we strive to map magnetic
fields and dissipation with enhanced sensitivity and resolu-
tion compared to the state of the art and to apply these new
capabilities to study magnetization in 2D materials.

The key component of a force microscope is the force sen-
sor, which consists of a mechanical transducer, used to con-
vert force into displacement, and an optical or electrical
displacement detector. In MFM, “top-down” Si cantilevers
with sharp tips coated by a magnetic material have been the
standard transducer for years. Under ideal conditions, state-
of-the-art MFM can reach spatial resolutions down to 10 nm,
although more typically around 100 nm. These cantilevers
are well-suited for the measurement of the large forces and
force gradients produced by strongly magnetized samples.
The advent of NWs and carbon nanotubes grown by “bot-
tom-up” techniques now gives researchers access to much
smaller force transducers than ever before. This reduction in
size implies both a better force sensitivity and potentially a
finer spatial resolution. Sensitivity to small forces provides
the ability to detect weak magnetic fields and therefore to
image subtle magnetic patterns; tiny concentrated magnetic
tips have the potential to achieve nanometer-scale spatial
resolution, while also reducing the invasiveness of the tip
on the sample under investigation. Such improvements are
crucial for imaging nanometer-scale magnetization textures
in 2D systems.

Recent efforts have demonstrated the use of single NWs as
sensitive scanning force sensors [1. When clamped on one
end and arranged in the pendulum geometry, i.e. with their
long axes perpendicular to the sample surface to prevent
snapping into contact, they probe both the size and direc-
tion of weak tip-sample interactions. NWs have been demon-
strated to maintain excellent force sensitivities around 1 aN/
Hz” near sample surfaces (<100 nm), due to extremely low
noncontact friction. As a result, NW sensors have been used
as transducers in force-detected nanometer-scale magnetic
resonance imaging and in the measurement of tiny optical
and electrical forces. In a proof-of-principle microscopy ex-
periment in the Poggio lab, we showed that a magnet-tipped
NW can be sensitive to magnetic field gradients of just a few
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mT/(m Hz"), equivalent to the gradient produced by a few
tens of Bohr magnetons or a few nA of flowing current at a
distance of a few hundred nanometers [2]. Such sensitivity
compares favorably to that of other magnetic microscopies,
including scanning Hall microscopy, scanning SQUID mi-
croscopy, and scanning nitrogen-vacancy magnetometry [3].

Goals

Despite these promising features, until now, only
proof-of-principle NW MFM experiments have been carried
out on the well-known magnetic field profile of a current-car-
rying wire [2, 4]. We intend to move past this demonstration
stage by:

1. optimizing the magnet-tipped NW transducers to achieve
the highest possible sensitivity and resolution;

2. using the new scanning probes to image magnetism in 2D
vdW systems and the surface of bulk chiral magnets.

60 % CO

Fig. 1: Scanning electron micrograph of a Co tip deposited by
FEBID (at the SNI Nano Imaging Lab) on the free end of a Si NW.
The Si NW (length: 20 um) was grown by the Budakian group (Wa-
terloo).

Results

In the fourth year of work, we have been focusing on im-
aging experiments on 2D magnets as well as the surface of
bulk chiral magnets. Both of these systems present a num-
ber of open questions relating to the spatial configuration
of magnetic phases and phase transitions. NW MEM, which
combines high magnetic field sensitivity and high spatial
resolution, is ideally suited for this task.
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Fig. 2: NW MFM images of the (001) surface of Cu,0SeO, The
images show the sample after zero-field cooling in an applied field
of 32 mT applied along [001]. 3 domains of the helical phase with
modulations of 60 nm along <100> are visible. The domains with
clear modulation visible have in-plane modulation vectors while
the third domain has an out-of-plane modulation vector.

In collaboration with the Maletinsky group, who is study-
ing the 2D magnet EuGe, using scanning nitrogen-vacancy
(NV) microscopy (SNVM), we have studied bilayer samples
of EuGe, [4] via NW MFM. The NW MFM images are comple-
mentary to the SNVM images, because they provide different
contrast, i.e. magnetic field gradients and magnetic suscepti-
bility, and can function under much higher magnetic fields.
Using our NW MFM technique, we find a phase-separated
state and follow its evolution with temperature and mag-
netic field. Spatial maps reveal that the characteristic length-
scale of magnetic domains is in the hundreds of nanometers.
These observations strongly shape our understanding of the
magnetic states in 2D materials at the monolayer limit and
contribute to engineering of ultra-compact spintronics. A
manuscript on this work has been written and is currently
under submission.

To exploit the high-spatial resolution of around 50 nm of
fered by NW MFM, we have also started imaging periodically
modulated magnetic phases in the insulating cubic helimag-
net Cu,0Se0,. These measurements complement scanning
superconducting quantum interference device (SQUID) mi-
croscopy (SSM) measurements carried out in our own group
on the same material. They have given us new insights about
modulated phases with spatial periods around 60 nm, which
were too small to be apparent in SSM images.

In Cu,0Se0,, like in other non-centrosymmetric cubic crys-
tals, such as MnSi, MnGe, and FeGe, the lack of inversion
symmetry induces an antisymmetric exchange interaction
known as the Dzyaloshinskii-Moriya interaction (DMI),
which is proportional to the spin-orbit coupling. This inter-
action and a common hierarchy of magnetic energy scales
in these materials result in a similar set of modulated mag-
netic phases, including helical and skyrmion lattice phases,
and the corresponding transitions between them. Cu,0SeO,,
however, deviates from this universal behavior, exhibiting
a tilted conical (TC) phase and a low-temperature skyrmion
(LTS) phase, arising from the competition between anisotro-
pic magnetic interactions. These states appear only under
magnetic fields applied along (100), highlighting the role of
cubic magnetocrystalline anisotropy for their stabilization.
Until now, observations of these phases have been based on
small angle neutron scattering (SANS), as well as measure-
ments of magnetization and susceptibility. Although these
techniques provide a wealth of information on the magnetic
phases in the bulk, they do not provide information on their
microscopic real-space configuration or their properties
near the surface.

We now image the stray magnetic field at the surface of bulk
Cu,08e0, at low temperature and with a magnetic field ap-
plied along (100> using both SSM and NW MFM. We map
the real-space configuration of the field-polarized (FP), TC,
and the LTS phases, as well as the helical domains in low
field. Images taken as a function of applied magnetic field
show how the transitions between these states unfold and
proceed through intermediate states, which include coexist-
ing domains of FP, TC, and LTS phases. The NW MFM images
shed particular light on the presence of domains and surface
states in low field. A manuscript on the results is currently
in preparation.

The success of NW MFM in imaging non-collinear phases
at the surface of Cu,0SeO,, has pushed us to start further
experiments in collaboration with researchers at the PSI to
confirm the presence of suspected surface states and transi-
tions between different types of skyrmion states in on differ-
ent crystalline surfaces of Cu,0SeO..
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Heteromeric nm-sized assembly characterisation

Project P1906: Machine learning assisted design of heteromeric self-assembled molecular capsules

Project Leader: K. Tiefenbacher and A. von Lilienfeld

Collaborator: I. Martyn (SNI PhD Student)

Introduction

Self-assembled supramolecular capsules have been shown
to exhibit biomimetic catalytic properties, due to their
rigid internal cavity modelling the active site of an enzyme.
These nm-sized molecular containers can encapsulate guest
molecules and stabilise reactive intermediates by means of
non-covalent interactions, catalysing reactions such as ter-
pene cyclisation [1]. However, most known hydrogen-bonded
capsules are homomeric (self-assembled from only one
building block). Due to the high symmetry of their internal
cavity, homomeric capsules are limited in their ability to im-
pose specific conformations on the encapsulated substrate,
resulting in limited product selectivity [2]. Our screening
results revealed a strong preference for thermodynamic
self-sorting, nonetheless, two novel heteromeric capsules
have been discovered.

Assembly Discovery and Characterisation

Two stable heteromeric supramolecular assemblies have
been discovered in this project. Assembly I, as discussed
in the previous Annual Report, consists of six bowl-shaped
modules, two of one and four of the other. These modules
form a hexameric assembly formed by recognition of com-
plementary hydrogen bonding motifs, similar in size and in-
ternal volume to the well-known resorcin[4]arene hexamer.
This unprecedentedly large heteromeric capsule (approx.
1270 A3) is capable of C60-fullerene uptake.

Fig. 1: a) Assembly I, b) Assembly 11

Assembly II is smaller in size, consisting of two bowl-shaped
modules and a belt motif of four smaller modules. Both mod-
ules are known in the literature to form heteromeric assem-
blies with other modules featuring hydrogen-bonding sites,
showcasing the power of the undirected screening method
to discover previously overlooked combinations. With a
smaller internal volume of approx. 270 A3, the possibility for
guest uptake within Assembly II is limited, and ionic guests
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such as ammonium salts or hexafluorophosphate were
found to cause capsule dissociation. However, in benzene, a
bulky solvent which does not fit well inside the cavity of the
capsule, addition of n-octane causes a characteristic upfield
shift of the terminal methyl group of the guest, indicating
guest uptake due to the improved fit inside the host cavity.
Two small broad peaks at 0.05 and -0.38 ppm are also visible
in the upfield region, indicative of the diastereotopic C2 pro-
tons of the guest, which are exposed to the chiral microenvi-
ronment of the belt. As the other alkyl signals belonging to
the guest do not experience the C-H-m interaction with the
aromatic cavity at the capsule ends, and therefore do not
give signals in the upfield region, it can be surmised that the
guest is bound within a cavity featuring both aromatic and
aliphatic walls, supporting the proposed molecular model of
assembly II.
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Fig. 2: Upfield region of the IH NMR spectra (C.D ) of n-octane
(15.5 mM) and assembly II (1.5 mM).

Furthermore, several cases have been discovered in which
interaction between modules does not lead to a single
well-defined heteromeric assembly, that is the only species
observed at thermodynamic equilibrium. These interac-
tions, in which a complete hydrogen-bonding network can-
not be formed due to incomplete matching of donors and
acceptors, steric considerations preventing the formation
of energetically favourable hydrogen bonds, or competition
with the respective homomeric assemblies, are similarly
important in helping inform future design of heteromeric
assemblies.

Fragrance Compound Design Project

The targeted computer-aided structural design (CASD) of fra-
grance compounds was also investigated, by exploring the
use of a genetic algorithm (GA) to apply mutations to known
fragrance compounds and evaluate the 3D structural proper-
ties of the resulting molecules.

Current open-source tools for designing compounds with
similar properties to a target molecule are pervaded by a bias
towards druglike molecules in existing databases. In particu-



lar, “fragrance-like” molecules are small, volatile, and more
lipophilic than “drug-like” molecules [3]. In the absence of
extensive crystallographic data on odorant receptors, which
would enable ligand design via molecular docking, a wide-
ly-used drug design method, a ligand-based approach is typ-
ically used, based on modification of known fragrance com-
pounds.

In this project, to generate molecules with similar properties
to a target molecule, basic hydrocarbon skeletons were ini-
tially functionalised using custom RDKit functions. However,
this process was prohibitively slow due to the generation
and manipulation of molecular graphs it entailed. Instead, a
text-based evolutionary algorithm was deployed, which is ca-
pable of quickly generating millions of SMILES strings using
a mutation protocol [4]. In this protocol, a pre-defined list of
characters (i.e. elements) can be added to the SMILES string
at a random point. Other mutations include the deletion or
replacement of random characters, and rearrangement of
the SMILES string.

The large database of generated strings is then evaluated
according to both pre-defined chemical feasibility and valid
SMILES rules and the invalid results are discarded. Subse-
quently, a function is applied to generate all possible ste-
reoisomers for each quartenary carbon in each molecule, to
ensure representation in the dataset of and the valid struc-
tures are transformed to a molecular graph representation
for further analysis.

The results of the molecule generation are filtered accord-
ing to user-defined criteria, such as the number of rings or
the presence of certain function groups. In this case, gen-
erated molecules that were either linear or had only one
ring were prioritised, due to their desirable biodegradability
properties and relative ease of synthesis compared to similar
molecules with multiple rings. Results are then evaluated
by combining shape and electrostatic surface potential (ESP)
similarity to the target into a single score. 200 conformers
are generated for each molecule to account for the flexibility
of linear compounds, and each conformer was scored. The
conformer that gave the best similarity score to the target
was subjected to a simple energy evaluation relative to the
most stable conformer, to ensure that the conformer was en-
ergetically feasible.

The synthetic feasibility of the generated molecules was
investigated by means of fragment-based scoring methods
such as SYBA and SAScore, however, these methods only
provide a rough estimate of ease of synthesis. The synthetic
accessibility of the molecules of interest was assessed indi-
vidually, but unfortunately, the highly substituted products
that give high similarity scores to the fragrance molecules
are prohibitively difficult to synthesise.

Outlook

The novel heteromeric capsule results are being prepared
for publication. Future work regarding these species will fo-
cus on the investigation of potential applications, such as
the possibility of catalysis within the internal cavities of the
heteromeric assemblies, which may provide different sub-
strate reactivity than within homomeric assemblies.
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Towards quantum coherent coupling between
a nanomechanical membrane and an atomic

ensemble

Project P1907: Spin-opto-nanomechanics
Project Leader: P. Treutlein and P. Maletinsky

Collaborators: G.-L. Schmid (SNI PhD Student), M. Ernzer, M. Bosch Aguilera

Using atomic spins to control the vibrations of a nanome-
chanical membrane oscillator is interesting for fundamen-
tal quantum science as well as for applications in quantum
sensing. The atomic spins can be initiated and manipulated
very reliably using the well-established toolbox of atomic
physics developed in the last decades. The mechanical oscil-
lator on the other hand is a massive device with a very high
force sensitivity and thus has potential applications in force
sensing. Coupling the two systems on the quantum level en-
ables us to use the toolbox of atomic physics to manipulate
the vibrational state of the membrane on the quantum level
and opens up many exciting opportunities for quantum
measurement and control.

One possible application of this coupling is to cool the me-
chanical oscillator: the atomic spin can be initialized in its
ground state while the membrane is in a thermal environ-
ment. Exploiting the strong coupling of the membrane to
the spin ensemble [1], we performed state-swaps between
the membrane vibrational state and the atomic spin [2]. In
this way, the membrane could be cooled to 216 mK in 200
ps. In analogy to a classical feedback loop, our system can be
described as a coherent feedback loop controlling the mem-
brane with the atoms. In coherent feedback, a quantum
system is controlled through its interaction with another
one, in such a way that quantum coherence is preserved. In
contrast to measurement-based, classical feedback, coherent
feedback does not rely on measurements, thus avoiding the
associated quantum backaction.

In future experiments, we will use the coherent control for
further protocols. The coupling between the membrane
and the atomic spins can be used to generate entanglement
between the systems. This entanglement can serve as a re-
source for measurements of the membrane vibrations with
a precision below the standard quantum limit.

To this end, we have to engineer quantum coherent coupling
between the two systems. While in the so-called strong cou-
pling regime, the coupling rate 2g is larger than the average
decay rate of the systems, 4g >y +y_, for quantum coherent
coupling the coupling rate must exceed the average deco-
herence rate, 4g >y +y,_-(2n,+1). In our experiment, we have
achieved strong coupling of the membrane oscillator to the
spin [1,2] while demonstrating the more stringent condition
of quantum coherent coupling is still outstanding.

Hybrid setup

The coupling of the atomic spin to the mechanical oscillator
is mediated by laser light such that the two systems can be
separated by a macroscopic distance, in our case by about
one meter. To achieve a Hamiltonian coupling between the
two systems, the light forms a loop: The coupling laser inter-
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acts first with the spin, then with the membrane and once
again with the spin, as sketched in figure 1 and detailed in
[2]. By shifting the phase of the quantum signal on the light
by ¢=m before the second interaction with the spin, the sec-
ond spin-light interaction is the time-reversal of the first
one. This way, the backaction of the light onto the spin can
be cancelled.

o _optical
pumping

Fig. 1: Sketch of the light-mediated spin-membrane coupling. Light
interacts first with the spin, then with the membrane, and then
again with the spin. On the way back from the membrane to the
spin, a m-phase is imprinted on the light, rendering the spin-mem-
brane interaction effectively Hamiltonian for zero delay t=0. The
systems can be approximated by harmonic oscillators of frequen-
cies Q and Q with damping ratesy andy, coupling them to a bath
with 1, and n, . phonons, respectively. The oscillators are

(m,bath)
coupled at a rate g.

Membrane Oscillator

The membrane used in our previous works [1,2] is a 100 nm
thin SiN square oscillator surrounded by a phononic crystal
patterned into the Si support structure. The 2,2-mode of the
oscillator used in the coupling experiments has a frequency
0f1.96 MHz and a quality factor of 1.4 x 10° at room tempera-
ture. It is embedded in an optical cavity of linewidth k = 21 x
77 MHz such that we are in the fast cavity limit.

Recently, we have upgraded the system by placing a so-called
soft-clamped membrane [3] in the optical cavity. In these
membranes, the phononic crystal structure is directly pat-
terned into the SiN-membrane. In the middle of the mem-
brane, there is a defect of the crystal which supports vibra-



tional modes at this position. The oscillation amplitude of
these localized modes decays exponentially in the crystal
and bending losses at the clamping points are strongly re-
duced [3]. This results in much higher mechanical quality
factors. Our soft-clamped membrane has a mode at 1.19 MHz
with a quality factor of 10® and a mode at 219 MHz with a
quality factor of 7.5 x 10”. It is mounted in an optical cavity
with a linewidth of «= 2m x 25 MHz. Currently, the mem-
brane is used to perform optical coherent feedback measure-
ments as described in [4].

Atomic Spin

The collective atomic spin is formed by an ensemble of 2 x
107 ultracold 87Rb atoms in an optical dipole trap. The depth
of the trapping potential and the number of trapped atoms
were increased compared to [1,2] by upgrading the trapping
laser. Moreover, by optimizing the dipole trap geometry, the
shape of the atomic cloud could be matched to the probe
light mode such that the scattering cone of the atoms over-
laps better with the incoming probe light. The atoms are
pumped into the state [F=2,m =-2). Using a static magnetic
field, the atomic Larmor frequency can be tuned in reso-
nance with the membrane frequency. The atomic spin inter-
acts with the light by the off-resonant Faraday interaction.

For quantum coherent coupling of the spin and the mem-
brane, we must understand the spin-light interface and be
able to operate it in a regime where quantum fluctuations
dominate, corresponding to a cooperativity of the spin-light
coupling larger than unity. To characterize the spin-light
coupling, we measure the light after the first interaction
with the spin instead of sending it to the membrane. If the
atoms are well polarized and not excited, we can detect the
quantum noise of the atoms on the light.

Measuring the light after the spin-light interaction yields
three noise terms: the first is the intrinsic quantum noise of
the light which is called shot noise. The second arises from
the intrinsic quantum fluctuations of the spin that are im-
printed on the light, called projection noise. The third con-
tribution arises from the quantum noise of the light driving
the spin, whose induced fluctuations are then read out by
the light again. This part is called backaction noise.

The different noise sources have a different scaling with
atom number and optical power. By scanning those two
parameters, we can distinguish the contributions. In figure
2, a measurement of the spin noise is shown for different
numbers of atoms. While the shot noise is independent of
atom number, the projection noise scales linearly and the
backaction noise scales quadratically with atom number.
In the regime of the measurement shown in figure 2, the
backaction noise is dominant. The spin-light interface is in
the quantum regime and the agreement with the theoretical
expectation is good.

Outlook

The next step is to couple the soft-clamped membrane to
the atomic spin in the quantum regime. The parameters of
our improved setup should allow us to achieve ground-state
cooling of the membrane by this interaction [2]. Exploiting
the quantum coherent coupling, we could then create quan-
tum entanglement of the spin and the membrane over a dis-
tance of more than one meter.
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Fig. 2: Measurement of the quantum noise on the light after the
interaction with the spin. Here, the vertical axis shows the quantum
noise on the light measured with the spin aligned orthogonal to
the probe beam, while the horizontal axis shows the DC Faraday
signal measured with the spin parallel to the probe beam, which is
proportional to the atom number. The yellow lines show theoretical
expectations: the dotted line shows the shot noise, the dashed-dot-
ted line (at the bottom) the projection noise, the dashed line the
backaction noise, and the solid line the sum of all contributions.
The red line shows a fit to the data with one fitting parameter for
the overall spin-light coupling.
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Chiral luminescent Pt(II) complexes — towards

functional nanowires

Project P1908: Chiral Recognition in Molecular Nanowires from Square-Planar Platinum(II) Complexes

Project Leader: O. Wenger and C. Sparr
Collaborator: A. Huber (SNI PhD Student)

In the context of chiral recognition, we designed new nano-
structured “chiral nose”-type materials to selectively sense
chiral volatile organic compounds (VOCs)[1,2]. Controlled
helical superstructures composed of stacked square planar
platinum (II) complexes are of key interest to us. In theory,
interactions of small chiral molecules with the crystal lattice
can provoke changes in photoluminescence, vapo-  a)

Absorption, luminescence and aggregation analysis of
complexes (1)

With the desired complexes (1) in hand, we first studied the
absorption and emission in solution.

) ] cul Ni(OAc), - 4H,0
chromism [3], or electrical conductance, thus lead- PrsNH ethylenediamine HO
ing to sensing behavior. Chiral recognition based Pd(PPhs) Il Ha, NaBHj A
. Br, 3
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interactions directly at the atropisomeric moieties
of the complexes.

CHCI3/DMF/H,0, 1t, 72 h

The tendency of square planar Pt(II) complexes to
form stacked aggregates arises from weak met-
al-metal interactions between the 5d, orbitals
upon close contact (<3.5 A)[4].

Stereogenic Pt(ll) isocyanide complex synthesis BB
Taking advantage of the Sparr group's expertise
on atroposelective oligo-naphthylene synthesis
[5], the selective formation of (Ra)- or (Sa)- di-naph-
thylenes was achieved. The iterative addition
of building block (BB in Scheme 1a) to aromatic
aldehydes was followed by an enantioselective
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The atropisomeric scaffold was then transformed
into the isocyanide ligand, following methods de-
veloped in the Wenger group (Scheme 1b)[6]. Su-
zuki cross-coupling of the atropisomeric moiety
with the ortho methylated aromatic formamide b
was followed by a dehydration to yield the isocy- 0
anide.
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The sterically demanding monodentate ligand was
introduced to perturb the intermolecular stacking
in order to induce a helical supramolecular ar- \
rangement. On the other hand, metal-metal inter-
actions were intended to stabilize the oligomeric 4
nanowire structures [3,4].

The obtained atropisomeric isocyanide ligand
could now be used for the formations of various
planar Pt(II) systems [7,8]. Complex (1) was obtained

after applying optimized reaction conditions and
purification.
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Scheme 1: Synthesis of the monodentate atropisomeric isocyanide ligand (a, b).
Structure of complex 1 and schematic representation of the anticipated supramolec-
ular aggregation c).
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Fig. 1: UV-vis absorption (left) and emission (right) spectra of (1) in CH,CL, (2.7 - 10” M).

Figure 1 shows the UV-vis absorption (left) and emission
(right) spectra of (1) in dichloromethane. The UV-vis absorp-
tion spectrum contains a metal to ligand charge transfer
band at 420 nm. In the emission spectrum, a structured emis-
sion band between 430 - 600 nm is observed. A preliminary
solid state emission measurement showed a weak but broad
emission at 520 nm. We expect such a broadened emission
of the nanowire assembly due to close metal-metal contacts.

Outlook

We now study the assembly behavior of our chiral Pt com-
plex. Therefore, the physical characterization will focus on
UV-Vis absorbance, photoluminescence, and circular dichro-
ism. If possible, the nanostructures will be studied by X-ray-
or electron diffraction. Finally, we will investigate changes
of the aforementioned physical properties upon exposure to
chiral VOC analytes.
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Targeted hafnium oxide nanoparticles for con-
trast enhanced computed tomography: towards

more reliable diagnosis

Project P2001: Imaging cardiovascular macro- and micro-structure using HfO, nanocrystals as X-ray

tomography
Project Leader: J. De Roo and A. Bonnin
Collaborator: E. Maksimova (SNI PhD Student)

Introduction

In 2019, cardiovascular diseases were responsible for 32% of
all global deaths [1]. Heart transplantation is nowadays a rou-
tine surgery to treat heart failure or coronary artery disease.
The early stages of transplant rejection can be monitored by
endo-myocardial biopsy (EMB).

2D histology is the conventional technique to clinically as-
sess the microstructure of removed cardiac tissue. However,
this analysis is mainly qualitative and time-consuming. On
the other hand, Synchrotron Radiation X-ray Phase Contrast
Imaging (SR X-PCI) is a non-destructive tomography tech-
nique, providing 3D information. Nevertheless, while SR
X-PCI measurements can provide 3D virtual histology, it is
currently difficult to automatically identify early stages of
rejection. Furthermore, for clinical implementation, X-PCI
should be compatible with laboratory-source X-rays that are
usually less sensitive. Therefore, the development contrast
agents that target immune cells is essential to both improve
cell differentiation and increase sensitivity [2].

In this project, we aim to develop hafnium oxide (Z=72)
nanocrystals as novel contrast agents and apply them in
cell-targeted 3D histology. To retain colloidal stability in
physiological conditions, nanocrystals should be coated
with biocompatible ligands. To couple nanocrystals with an-
tibodies, we aim to use click-chemistry as highly specific,
biocompatible and fast way of conjugation.

Solvothermal synthesis of nanocrystals

Hafnium oxide nanoparticles were synthesized via well-es-
tablished solvothermal process [3]. Hafnium tert-butoxide
and benzyl alcohol were heated at 220°C for 96 hours in
mufile furnace (Fig. 1a). After synthesis, the nanocrystals are
isolated, purified and stabilized with 2-[2-(2-methoxyethoxy)
ethoxylacetic acid (MEEAA) to impart colloidal stability of
nanoparticles.

The synthesis resulted in the formation of monoclinic (Fig. 1b)
ellipsoidal nanoparticles with major axis length of (3.4 + 0.5)
nm and minor axis length of (2.3 + 0.3) nm, as confirmed by
TEM (Fig. 1c).

Bioconjugation strategy

From the variety of bioconjugation options, we have chosen
strain promoted alkyne azide cycloaddition also known as
copper-free click-chemistry as highly specific, biocompati-
ble and bioorthogonal reaction. It is a fast reaction with no
catalyst required and it occurs under physiological condi-
tions [4]. To enable this reaction, we provided azide groups
on the surface of nanocrystals and functionalized antibodies
with dibenzocyclooctyne (DBCO) group.
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Fig. 1. a) Synthetic route of HfO, nanoparticles; b) powder x-ray
diffraction analysis of the formed nanocrystals; c¢) TEM picture of
nanocrystals.

Initially synthesized nanocrystals capped by MEEAA are
known to be stable in water but only until pH = 3 maximum.
To provide good colloidal stability at higher pH, more rele-
vant for use in biological applications, and to provide the
desired functional group we conducted a ligand exchange
of native carboxylic acid the mixture of homemade cate-
chol-based ligands, as they are known by their greater bind-
ing affinity to nanocrystal surface [3].

For the bioconjugation we aim to have one-to-one ratio of
nanoparticles to antibodies. However, it is important to note
that the presence of multiple functional groups on each spe-
cies can potentially lead to the formation of larger aggre-
gates or conjugate networks.

Specificity of bioconjugates

Next, prepared conjugates were tested in vitro using fluo-
rescence activated cell sorting (FACS). For this, along with
antibody cargo, we labeled nanocrystals with sulfo-Cy, DBCO
(Ayer = 650/671 M),

As the model system, CD, -positive immune cells (helper
immune cells) were chosen. Fresh spleen cells were iso-
lated and stained with either dye-labeled nanoparticles or
nanoparticles targeted with anti-CD, antibodies prepared as
described before. Then the cell populations were analyzed
using flow cytometry.

It was demonstrated that targeted nanocrystals can specif-
ically recognize helper T cells among other immune cell
types present in spleen, with minimal non-specific staining
(Fig. 2). Since fluorescence only comes from nanocrystals,
this result shows that the conjugation process successfully
worked and that antibodies' targeting capabilities were pre-
served despite the chemical functionalization.
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successfully tested in vitro to tar-
get CD_-positive cells within other
spleen cells.

Nevertheless,  optimization  of
the bioconjugates preparation is
needed. Further focus will be put on
enhancing the versatility and purifi-
cation by size exclusion chromatog-
raphy.

FL6-A :: TCRb PB450-A

Fig. 2: The results of flow cytometry. For each sample, anti-TCR antibody staining is used to distin-
guish between B and T cells (represented on X-axis). Y-axis represents Cy; fluorescence intensity. a)
Unstained fresh spleen cells; b) Cells stained with Cy -labeled nanocrystals; c) Cells stained with

nanocrystals carrying Cy, dye and anti-CD,, antibody.

Hafnium oxide as ex vivo contrast agent

As a side project, we explored the use of hafnium oxide nano-
crystals to enable direct imaging of cardiovasculature ex vivo
[5]. Vascular corrosion casting is a method used to visualize
the three dimensional anatomy and branching pattern of
blood vessels. A polymer resin is injected in the vascular sys-
tem and, after curing, the surrounding tissue is removed. The
latter often deforms or even fractures the fragile cast. Here,
we developed a method that does not require corrosion, based
on in situ micro computed tomography (micro-CT) scans. To
overcome the lack of CT contrast between the polymer cast
and the animals' surrounding soft tissue, hafnium oxide
nanocrystals were introduced as CT contrast agents into the
resin. The NCs dramatically improve the overall CT contrast
of the cast and allow for straightforward segmentation in
the CT scans. Careful design of the NC surface chemistry en-
sures colloidal stability of the NCs in the casting resin. Using
only 5 m% of HfO, NCs, high-quality cardiovascular casts of
both zebrafish and mice could be automatically segmented
using CT imaging software. This allows to differentiate even
pm scale details, without having to alter the current resin
injection methods. This new method of virtual dissection
by visualizing casts in situ using contrast enhanced CT im-
aging greatly expands the application potential of the tech-
nique. This project was executed in collaboration with vari-
ous other actors, also in the context of the NCCR molecular
systems engineering. The specific contribution of the SNI
members was the high resolution imaging at the TOMCAT
beamline at PSI (see Fig. 3).

cast leakage

% aorta

Fig. 3: Synchrotron CT scan slices of a zebrafish injected with resin
containing 0 m% HfO, NCs (left) and 5 m% HfO, NCs (right) show
the high contrast improvement with the surrounding soft tissues.

Conclusions and outlook

We have successfully synthesized nanocrystals that are colloi-
dally stable in physiological conditions due to tightly bound
catechol-based ligands. Alkyne azide cycloaddition of anti-
bodies and nanocrystals was enabled by functionalization of
antibodies with DBCO groups and providing azide groups on
the surface of nanocrystals. The prepared bioconjugates were
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Mechanosensitive responses in live bacteria

Project P2002: A death-dealing nanomachine
Project Leader: R. H. Y. Lim and M. Basler

Collaborators: M. Briiderlin (SNI PhD Student), P. Cedro

Introduction

Bacterial cells activate specific signaling pathways in re-
sponse to various signals from the environment [1]. How-
ever, bacterial cells are also sensitive to interbacterial and
bacteria-host contact interactions [2]. Recent studies have
attributed many of these interactions to mechanosensitive
pathways. In this project, we have investigated the reaction
of bacteria to mechanical stress by means of atomic force
microscopy (AFM). Specifically, we use AFM in combination
with live-cell fluorescence microscope (FM) to quantify how
bacteria respond to force in a highly controlled matter [3]
(Fig. 1).

Cantilever

A
V/av/aY/aAY AN a4

aObjective

Fig. 1: Cartoon of the experimental set-up. The green rods indicate
bacterial cells and the blue arrows show the path of the AFM can-
tilever during a force mapping experiment.

Mechanosensitivity of bacterial cells

Specific proteins were labeled with the fluorescent protein
mNeonGreen to track the bacterial cell response by FM. The
flagellar motility protein FliC was also knocked out to in-
crease the attachment of bacteria to the Petri dish during
imaging.

We tested a wide array of different stimuli conditions vary-
ing both the applied force as well as the velocity at which
the force was applied. Bacterial cells reacted to the nanome-
chanical stimuli by driving an accumulation of labelled pro-
teins to the point of tip impact. The elapsed time between
tip contact and appearance of the fluorescent foci gave an
overall response time of 13.23 £1.49 s. The number of mecha-
nosensitive bacterial cells showed a positive correlation with
the magnitude of applied force that reached an 8-fold higher
response at the largest force.
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Fig. 2: A): AFM force map image. The bright spots indicate hits of
the bacterial sample. B): Fluoresence image of the same field of
view. The bright spots indicate of fluorescence indicate cells react
to the AFM. C): overlay of the two images showing that cells hit by
the AFM, react to the physical stimuli.

Force Curve analysis

To understand the significant increase in mechanorespon-
siveness, an extensive force curve analysis was carried out.
Viable curves typically reveal two membrane breaking
points (Fig. 3) at T, (6.76 nN) and T, (23.98 nN). These break-
age points corresponded to a puncture of the outer mem-
brane and a subsequent breakage of the inner membrane,
respectively. Strikingly, this is consistent with the large in-



crease in foci assembly rate above 20 nN, and suggests that
membrane breakage plays a key role in regulating the bacte-
rial response to mechanical stress.
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Fig. 3: Example force curve from a force mapping experiment. The
continuous red lines show the slopes (stiffness) of different parts of
the cell envelope when applying pressure. The dotted lines indicate
membrane breaking thresholds. T, being the outer membrane and
T, being the inner membrane.

Additionally, the force curves provided information about
the stiffness of the individual parts of the bacterial cells. Us-
ing a modified Hertz-Sneddon model for the area of contact
we determined the bacterial contact stiffness to be 749.9 +
3674 kPa.

Signaling cascade proteins

To further elucidate the mechanism of such a bacterial re-
sponse, we identified and knocked out four key proteins in a
stepwise manner. All AFM experiments for these knock-out
mutants showed a complete lack of fluorescent foci regard-
less of applied force. Hence, these proteins are essential for
mediating the mechanosensitive bacterial response.

Conclusion and Outlook

Our results show to elucidate the biophysical mechanism
of bacterial contact responses. We propose that membrane
damage is required to reliably cause a bacterial retaliation.
This model is supported by the observation that higher
forces lead to more membrane breaks in the force curves.
It also explains why there is a significant increase in firing
rate exceeding 20 nN of force since the median membrane
breaking threshold is 23.5 nN. This implies that more cells
would be primed to respond at higher forces.

For the future, we will study the mode action of how key
bacterial proteins sense mechanical signals and how these
signals are transferred to initiate assembly events.
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Towards all-optical single-spin scanning magne-

tometry

Project P2003: Nanoscale quantum sensing of complex spin systems in extreme environments

Project Leader: P. Maletinsky and M. Poggio
Collaborator: J. Zuber (SNI PhD Student)

Introduction

Group IV defect centers in diamond have attracted increas-
ing attention in recent years, being investigated for all three
directions of quantum technology applications, computing,
communication, and sensing. The negatively charged sili-
con vacancy center (SiV’) shows particular promise, as it is
straight-forward to produce, exhibits excellent spin-coher-
ence times at mK-temperatures and offers interesting optical
properties, such as short lifetimes and a high Debye-Waller
factor [1]. This project aims at establishing the SiV- center
as an alternative to the NV center in single-spin scanning
probe magnetometry [2] for a regime where the latter is
challenging to deploy, particularly in ultra-low temperatures
and high magnetic fields. A noteworthy advantage is the per-
spective of all-optical single spin magnetometry in scanning
probes using the SiV- center. To achieve this, it is paramount
to bring the emitter as close to the surface of the diamond as
possible while retaining its favorable optical and spin prop-
erties in nanostructures. This year, we have shown that we
can reliably create single and shallow (<50 nm) SiV" centers
that exhibit exceptional optical coherence over long times-
cales in diamond parabolic reflectors (PR) [3]. Additionally,
we have continued investigating the charge state dynamics
between SiV" and its charge neutral state, SiV°, a promising
candidate for a spin-photon interface [4].

Coherent single silicon vacancy centers in diamond [3]
As shown in figure 1 we achieve lifetime-limited optical
coherence in our shallow SiV centers in PRs with a combi-
nation of two high-temperature (>1200°C) annealing steps,
one before and one after PR nanofabrication and an optical
charge stabilization method whereby we expose the emit-
ters to high powered (>5 mW) 445 nm laser light for ex-
tended durations (>1 h).

While the first high-temperature anneal serves the purpose
of creating SiV centers, the second heals damage dealt to the
diamond lattice during the nanofabrication. After this pro-
cedure, 30% of our emitters (population 1) already exhibit
comparatively narrow optical linewidths close to the lifetime
limit of ~100 MHz in charge-repump free photoluminescence
excitation (crf-PLE). The remaining emitters either exhibit
blinking under resonant excitation (population 2) and there-
fore display the need for continuous off-resonant charge
repump laser pulses in charge-repump (cr)-PLE (introducing
additional inhomogeneous broadening) or they appear dim
with broad linewidths (population 3). Subsequently we dis-
covered that, when exposed to the aforementioned 445 nm
laser light, populations 2 and 3 of SiV centers with sub-opti-
mal optical properties can be converted to population 1, en-
abling crf-PLE and reducing the linewidths, at times, to the
lifetime limit. This conversion to population 1 of bright and
coherent emitters is permanent and not sample specific.
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Our results constitute a major step towards the use of SiV- as
nanoscale quantum sensors for applications under extreme
conditions, such as single spin scanning magnetometry at
sub-kelvin temperatures and tesla-range magnetic fields.
Furthermore, our easy-to-implement charge-stabilization
scheme will find immediate applications in other quantum
technology applications of SiV, including the development
of quantum repeaters, quantum networks, or indistinguish-
able single photon sources.
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Fig. 1: Lifetime-limited and charge stable optical linewidths in di-
amond parabolic reflectors (PRs). Top left: SEM image of a PR
array as fabricated on the diamond. Bottom left: Illustration of
setup geometry in use, imaging our emitters through the diamond.
Middle: Extended time trace of the resonance optical transition line
of a single SiV center. Right: Linecut of the time trace, revealing a
lifetime limited linewidth of the shallow emitter over a measure-
ment time of more than six minutes.

Stabilizing SiV° through surface termination and contin-
uous optical charge state tuning [4]

The predominantly stable charge state of the SiV center is
negatively charged and stabilization of its neutral charge
state hitherto required complex and error-prone Fermi-engi-
neering by boron doping during diamond growth. We have
found that hydrogen terminating diamond samples prepared
in the way outlined above stabilizes SiV in undoped samples
by the band-bending introduced by the combination of the
H-terminated surface and the intermittent water layer that
is associated to all diamond surfaces in atmosphere. SiV sta-
bilized this way exhibit similar properties as its counterpart
in boron doped samples and offers higher reproducibility as
well as optional continuous optical charge state tuning; the
latter is brought about by exposing the emitter in question
to high-energy (>2.3 eV) laser light. These results pave the
way for the use of the neutral charge state of the SiV cen-
ter for quantum applications, specifically as a spin-photon
interface, as it combines both excellent spin coherence and
favorable optical properties [5].
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Fig. 2: Emission spectra of an SiV center in an undoped electronic
grade diamond under different surface terminations.

Summary

Project P2003 has reached significant milestones this year,
including the investigation of a method to optically stabilize
the charge environment of single emitters, producing life-
time-limited optical linewidths in shallow emitters, a defin-
ing requirement for single-spin magnetometry Additionally,
we have continued the charge state dynamics of the SiV cen-
ter in diamond, having found a way to stabilize SiV° as well
as converting it back to SiV. The next steps for this project
include the nano-fabrication of scanning probe cantilevers
containing SiV centers, achieving all-optical spin control [6]
and finally, proof-of-principle all-optical single-spin magne-
tometry at high magnetic fields and ultra-low temperatures.
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Complex surface structure of the multiferroic
Rashba semiconductor (GeMn)Te

Project P2004: Local manipulation of spin domains in a multiferroic Rashba semiconductor

Project Leader: M. Muntwiler and T. Jung
Collaborator: M. Heinrich (SNI PhD Student)

Introduction

Multiferroic materials are promising candidates to bridge
the gap between traditional electronics and spintronics,
since they exhibit coupled ferroic orders, such as ferromag-
netism, ferroelectricity and ferroelasticity in the same sys-
tem [1]. Such coupling could be used to manipulate spins via
electric fields (magnetoelectric coupling) rather than energy
consuming high magnetic fields and would allow to design
smaller and faster computation devices.

Project goals

o-GeTe is a ferroelectric semiconductor with a rhombohe-
dral bulk lattice which recently gained renewed attention
due to the discovery of a large Rashba spin splitting in both
bulk and surface bands. It was shown that doping with Mn
induces ferromagnetic order in Ge, Mn Te which couples to
the ferroelectric polarization. This magnetoelectric effect al-
lows us to switch the surface spin polarization via an applied
electric field [2]. As the polarizability of the material on the
one hand and the atomic structure on the other hand seem
to differ between the surface and the bulk, in this project,
we conduct a multi-technique and multi-scale investigation
of the surface atomic, electronic and magnetic structure
of (GeMn)Te(111). We study the correlation between atomic
structure and ferroic polarization as well as the role and im-
portance of ferroic domains and domain walls.

We use synchrotron based photoelectron spectroscopy (XPS,
ARPES) and diffraction (XPD, PhD) techniques as well as scan-
ning tunneling microscopy (STM) and spectroscopy (STS) to
probe complementary aspects of atomic and electronic
structure at the surface of the materials. Using x-ray pho-
toelectron diffraction (XPD, PhD) measurements and corre-
sponding multiple scattering calculations [3], we determine
the surface relaxation of GeTe(111) in the static case as well
as in operando under an applied external field. In addition,
we probe the electronic structure of (GeMn)Te(111) using an-
gle-resolved photoelectron spectroscopy (ARPES) and, on the
local scale, scanning tunneling spectroscopy (STS).

Results

The project started in July 2021. In the past months, we
performed STM and STS measurements of GeTe(111) and
Ge, Mn Te(111) samples with different Mn concentrations.
Figure 1a is an overview topographic picture of a high qual-
ity GeTe(111) thin film grown by molecular beam epitaxy
(MBE). The film exposes large, flat terraces with an average
step height of 3.6 A (single Ge-Te layer). Zooming in to atomic
resolution on a flat terrace, panel c) shows the Te terminated
hexagonal surface lattice with a lattice constant of 4.16 A
interspersed with triangular shaped atomic defects in the
top or sub-surface layers. In addition, we observe minority
domains resembling a scale pattern, shown in figure 1b), ac-
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companied by small steps at their sides. These domains orig-
inate from a rhombohedral bulk lattice distortion in oblique
directions (i.e. in [11-1] and equivalent directions) and the ob-
served small steps help to release the strain caused by the
crystallographic mismatch between neighboring domains.

40 nm

e+
50 nm

Fig. 1: a) Overview STM image of the regular GeTe(111) surface.
b) Oblique domain in the form of a scale pattern observed on
GeTe(111). c) Atomic resolution image of GeTe(111). d) Overview
STM image of Ge, , Mn, Te(lll) depicting surface modulations
and numerous triangular surface defects.

Figure 1d shows an overview STM picture of the surface of
a Ge , Mn  Te(111) thin film. On top of a large-scale terrace
structure similar to pure GeTe(111) (Fig. 1a-c), we observe nu-
merous triangular shaped defects, adsorbed clusters (bright
dots) and slight surface modulations visible by elongated
bright and dark areas. The structural details and origin of

these surface structures are currently under investigation.

The electronic structure of regular Te terminated hexagonal
GeTe(111), as measured by ARPES and STS is depicted in fig-
ure 2. dI/dV curves, representing the local density of states,
exhibit three dominating features that are attributed to two
surface states (SS1 and SS2) as well as a surface resonance
(SR1) based on a comparison with theoretical calculations
[4]. Though STS normally probes the momentum-integrated
density of states, momentum information can be extracted
in Fourier transform STM (FI-STM) [5] from standing wave
patterns like the ones visible around the dark defects in fig-



ure 1c. Such a local Fermi surface map of GeTe(111) is shown
in figure 2b and compared to spatially averaged ARPES data
(Fermi surface slice in figure 2c. We can clearly identify and
distinguish the Rashba split surface states in both the FT-
STM picture as well as in the ARPES Fermi surface slice. The
goal here is to distinguish electronic band structures of dif-
ferent ferroelectric domains and understand their contribu
tion to the multiferroic coupling.
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Fig. 2: a) dI/dV curve of the LDOS acquired on a Te terminated
GeTe(111) surface. Distinctive features such as the onset of both
surface states SS, & SS, as well as a surface resonance SR, are
visible. b) and ¢) show Fermi surfaces measured by FT-STM and
ARPES respectively. The Rashba split surface states SS, & SS, a
surface resonance feature SR, as well as the Brillouin zone are in-
dicated in c).

Outlook

Our focus in the coming months is to study the surface
magnetic structure and the magnetoelectric coupling in
Ge, Mn Te(111). To this goal, a superconductive magnetic
coil able to produce out-of-plane magnetic fields up to
150 mT has been installed in our STM and first spin-polar-
ized STM measurements on reference samples are sched-
uled. SP-STM and SP-STS will allow us to map the surface
spin orientation on an atomic scale and to probe the mag-
netoelectric coupling under the applied electric field of the
STM tip.
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Employing a bacterial toxin component for con-
trolled compartment fusion and cargo transfer in

artificial systems

Project P2005: Transmembrane protein-mediated loading of synthetic compartments
Project Leader: C. G. Palivan, R. A. Kammerer and S. Gros

Collaborator: P. Jasko (SNI PhD Student)

Compartmentalization, a prerequisite for the spatiotem-
poral control of biochemical pathways in cells, is a funda-
mental concept in designing new materials for medical and
technological applications. Synthetic nano- and micro-com-
partments (NCs, MCs), with their chemical versatility and
superior stability provide the basis for developing catalytic
compartments, artificial organelles, or cell mimics that can
be tailored and loaded with specific biomolecules. However,
a higher selective loading efficiency and better permeability
of the synthetic membrane remain hurdles that need to be
overcome to increase the efficacy of in situ reactions [1, 2].

Translocation

. Receptor Binding
Domain (T)

Domain (R)

Catalytic
Domain (C)

Fig. 1: Schematic representation of the architecture shared by the
studied toxins. Our recombinant toxins are devoid of the recep-
tor-binding domain (R) and catalytic domain (C).

Engineering bacterial toxins which inherently exert their
cytotoxic activity through membrane remodeling to deliver
enzymes into cells, hold great potential to tackle these hur-
dles (Fig. 1). Despite three decades of extensive research on
this type of bacterial toxins, little is known about the struc-
tural and molecular basis underlying their interaction and
insertion into the membrane, a prerequisite for their protein
cargo release [3|. By improving our understanding of how
the toxins operate in the presence of native-like (liposomes)
and synthetic amphiphilic block copolymer (polymersomes)
membranes, we aim to confer the feature of protein-medi-
ated cargo delivery on NCs. In particular, we are interested
to explore a novel mode of action of one of the studied tox-
ins which proposes the toxin's ability to mediate vesicle fis-
sion and fusion [4]. We aim to test further whether in situ
vesicle fusion is a feasible process that can be controlled in
spatiotemporal manner ultimately leading to the fabrication
of biohybrid systems whose content is modulated through
the NCs fusion.

This interdisciplinary project encompasses the design and
production of recombinant toxin components and the de-
velopment of compartments with native-like and synthetic
membranes made of phospholipids and amphiphilic block
copolymers, respectively. Purified recombinant proteins are
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used initially to scrutinize conditions that promote their in-
teractions with the membrane, ultimately resulting in their
integration with the compartment membrane. Moreover,
mutagenesis of the bacterial toxin allows us to systemati-
cally dissect the specific regions of the toxin responsible
for facilitating its interaction with the NC. This detailed ex-
amination provides insights into the mechanism leading to
the fusion of NCs, orchestrating the formation of MCs with
precise spatiotemporal control over the entire process. By
exploring the structural and functional features of the toxin
proteins, we plan to develop a tool for functional coupling
of distant biohybridized NCs. Preloaded vesicles will merge
upon toxin addition facilitating their content mix as an al-
ternative for cargo delivery (Fig. 2).
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Fig. 2: Model of enzyme delivery by compartment fusion mediated
by bacterial toxin-based vehicles.

The toxin domain we use shares an affinity towards nega-
tively charged membranes. Under physiological conditions,
the toxin domain effectively induces fusion between mem-
branes with similar compositions, leading to the fusion of
different nano-compartments. As a result, contents of vesicle
A and B are combined facilitating in situ reactions within
the emerging MC. In addition to testing MC stability, we will
evaluate their membrane permeability.

We applied molecular biology techniques that allowed us to
establish the production of recombinant proteins. In order
to study the interaction between the recombinant toxin and
the native-like and synthetic membranes, we introduced
mutations in key amino residues believed to mediate this
interaction. Using biophysical techniques such as circular
dichroism (CD) and nano-differential scanning fluorimetry
(nanoDSF), we examined the mutants’ stability. The goal was
to uncover any connections between toxin stability, its in-
teraction with membranes, and its involvement in vesicle
fusion. We produced large lipid unilamellar vesicles (LUVs)
with varied negative charge content as well as we modu-
lated the vesicle size, to mimic cell membranes for in situ
functionality assessment of protein variants. In addition, we
monitored the interaction of the purified toxin variants with
vesicle membranes by a calcein-release assay and evaluated



the stability of proteoliposomes by means of flu-
orescence correlation spectroscopy (FCS), light
scattering techniques, and electron microscopy
(EM). The fusion process was examined using
confocal laser scanning microscopy (CLSM). To
visualize giant unilamellar vesicles (GUVs), we
enhanced our LUVs preparation by implement-
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ing fluorescent lipids. The results on lipidic com-
partments represent a first step to demonstrate
the interaction of the recombinant toxins with
lipid membranes. This will serve to indicate the
properties the synthetic membranes should pos-
sess for functional insertion. Therefore it will al-
low selection of the suitable amphiphilic block
copolymers, e.g., functionalized with specific
end groups (negatively charged) that will cope
with the toxin-membrane interaction.

Zeta Potential [mV]

Our studies suggest that the interaction of the
studied toxin with lipidic LUV membranes de-
pends highly on negatively charged groups on
the membrane surface. Moreover, our results in-
dicate a novel role in nano-vesicle fusion for one
of the bacterial toxins. In particular, a mutant
toxin fragment had the tendency to mediate
fusion of two adjacent membranes. The fusion of

NCs results in the formation of MCs of homogenous size NCs
(Fig. 3). In addition, studies carried out with polymersomes
(polymeric LUVs) revealed that the fusion of polymersomes
into polymeric GUVs is also possible (Fig. 4). Owing to the
chemical versatility and size tunability of amphiphilic block
copolymers parameters of lipidic systems that yielded the
most desirable results in the toxin-mediated vesicle fusion
can be easily modified. We plan to optimize the synthetic
compartments such that they serve as a platform for the in-
teraction with recombinant toxins ultimately.
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Fig. 3: DLS analysis of liposomes with their composition (top
panel). The presence of DOPG ensures negative charge whereas
NBD-PC fluorescent signal that is further recorded by CLSM (bot-
tom left panel) in fused liposomes upon toxin addition. Emerged
GUVs are of homogenous size with a typical 2 um diameter (bottom
right panel). Scale bar 5 um.
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Fig. 4: Nanoparticle tracking analysis (NTA) of polymersomes (top panel) carrying
negative charge corroborated by the zeta potential measurement with their typical
morphology represented by negative-stain TEM (bottom left panel) — scale bar 500 nm.
Polymersomes fuse into polymeric GUVs upon toxin addition as revealed by CLSM
imaging with BODIPY dye-stained membrane (bottom right panel)—scale bar 5 um.
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Surface chemistry and self-assembly studies of
zirconium and hafnium oxo clusters

Project P2006: RESTRAIN - Reticular chemistry at interfaces as a form of nanotechnology

Project Leader: P. Shahgaldian and J. De Roo
Collaborator: A. Roshan (SNI PhD Student)

Introduction

Group IV metal oxo clusters are considered the smallest
conceivable atomically precise nanocrystal prototypes due
to their structurally analogous inorganic core capped with
organic ligand shell [1]. Owing to the same, oxo clusters are
being used as precursors for the synthesis of nanocrystals [2],
and metal-organic frameworks [3]. Oxide nanocrystals are
the compositionally closest ones to metal oxo clusters (Fig.
1). Though the field of group IV nanocrystals is not directly
bridged with clusters so far, both classes of compounds have
many features in common, including the same precursors.
The formation mechanism, size-, shape-, and surface-tuning
of oxide nanocrystals are widely explored. Such a broad in-
vestigation on the surface chemistry of group IV metal oxo
clusters with different classes of ligands has not been done
yet. Here, we study the surface chemistry of fully condensed
zirconium and hafnium oxo clusters through ligand ex-
change reactions, both computationally and experimentally.
We evaluate the influence of different phosphorus ligands
on cluster surface and core. The insights on cluster surface
chemistry will be further used to make 2D metal-organic
frameworks (MOFs) in a controlled fashion.

Surface chemistry of oxo clusters

b

Zr/Hf oxo cluster

Zr/Hf oxide nanocrystal

Fig. 1: a) Schematic representation of a colloidally stable zirco-
nium/hafnium oxide nanocrystal depicting the inorganic core and
organic ligand shell. b) The structure of fully condensed metal oxo
cluster - M O (OH) (OOCR) ,,, where the M O, core is capped with
twelve carboxylate ligands, M=Zr/Hf.

The solubility and thereby the stability of colloidally stable
nanocrystals are provided by capping ligands. Recently, sur-
face chemistry studies elucidated the binding affinity of dif-
ferent classes of ligands on nanocrystals with an order of
phosphonic acids (RPO(OH),) > phosphinic acids (R,PO(OH)) >
carboxylic acids (RCOOH)[4]. Similarly, we aim to manipulate
the surface and morphology of Zr/Hf oxo clusters through
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ligand exchange reactions. We started from a fully con-
densed carboxylate-capped cluster and reacted them with
phosphinic and phosphonic acids. As cluster model systems,
we choose Zr12-acetate, which is a dimer of Zr6 cluster and
synthesized according to our earlier report [5]. Regardless of
dimer or monomer structure, each Zr,O,(OH),”" octahedron
is coordinated by 12 carboxylate ligands. The original carbox-
ylate ligands were exchanged by phosphinic or phosphonic
acids, with varying sterical hindrance. To assess ligand ex-
change reactions, we choose to gradually titrate with the
new ligand. In case of irreversible exchange, the complete
ligand shell should be exchanged upon the addition of 12
equivalents.
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Fig. 2: a) Scheme representing the exchange of phosphonic acids
and mono and dialkyl phosphinic acids with acetate ligands on a
fully bridged Zr6 cluster. (b) Enthalpy of ligand exchange reactions
as a function of equivalents of exchanged ligands obtained from
DFT calculations. (c) PDF pattern obtained after ligand exchange.
The major changes in the structural features are indicated.



Prior to experimental titrations, we evaluated the surface
compatibility of ligands of interest on zirconium oxo clus-
ters through density functional theory (DFT) calculations.
Starting from a Zr6 monomer structure, each acetate ligand
was exchanged with the ligand of interest in twelve steps.
The enthalpy of ligand exchange reactions as a function of
the equivalent of incoming ligands was plotted in figure 2b.
Monoalkylphosphinate and phosphonate-capped clusters
were thermodynamic-cally stable even after full exchange,
and the length of the aliphatic chain has a minimal impact.
The extra stability of phosphonate-capped clusters can be at-
tributed to the presence of hydrogen bonds from the second
hydroxyl functionality. Interestingly, in the case of dialkyl
phosphinic acids, the ligand exchange beyond eight equiva-
lents was not thermodynamically favorable. The bulkier the
ligands, the harder the complete ligand exchange. To eval-
uate the DFT results, we performed the ligand exchanges
experimentally and characterized with pair-distribution
analysis (PDF) (Fig. 2c). We figured out that monoalkylphos-
phinic acids (phenyl and hexyl) can be fully exchanged
to yield phosphinate capped Zr6 clusters. In line with the
computational calculations, dialkylphosphinates cannot be
fully exchanged resulting in mixed-shell clusters with both
acetate and dialkylphosphinate as capping ligands. Surpris-
ingly, after phosphonate exchange, cluster core structure is
no longer preserved and is being disrupted to form layered
zirconium phosphonate structures. This is macroscopically
observed as a gel. This can be attributed to the second acidic
group of phosphonates, enabling to bind the metal in tri-
dentate mode. In summary, we infer that despite similarities
with nanocrystals, the surface chemistry of clusters is quite
different.

Self-assembly of oxo clusters

Metal oxo clusters are the secondary building units (SBUs)
of group IV 2D MOFs. 2D MOFs consist of a single layer or
stacked multiple layers of organic-inorganic hybrid mate-
rial nanosheets in one direction. Such a layered structure
enables 2D MOFs to increase the active metal sites, which
reflects in higher catalytic activity, improved porosity and
specific surface area, and better electrical conductivity than
3D MOFs [6]. One of the most widely used bottom-up ap-
proaches to synthesizing 2D MOFs is the interface-assisted
method, where the metal ions/clusters and organic linkers
are forced to react and grow at a confined interface. Herein,
we report the first air-water interface-assisted synthesis of
group IV 2D MOFs starting from tailor-made metal oxo clus-
ter SBUs at room temperature. We target the 2D analog of
the well-known MOF - UiO-66, where the terephthalic acid
links the Zr6 SBUs. To confine the anisotropic growth of 2D
MOFs at the surface, we produced a series of amphiphilic
terephthalates bearing hydrophobic alkyl chains and hy-
drophilic carboxylate groups (Fig. 3a). We infer that these
designer amphiphiles can readily form rigid monolayers at
the surface of an aqueous cluster solution through Langmuir
monolayer studies. The self-assembled monolayers produced
at the air-water interface were transferred onto hydrophobic
substrates (highly oriented pyrolytic graphite, HOPG), using
the Langmuir-Schaefer (LS) technique.

High-resolution images of the transferred monolayer were ob-
tained by means of atomic force microscopy (Fig. 3c). The aver-
age thickness of the monolayer was measured at 1.6 * 0.5 nm;
this is in good agreement with the theoretical values of the
oxo cluster-amphiphilic terephthalate molecular model (Fig.
3b). Additionally, XPS analysis (Fig. 3d) indicates the incor-
poration of Zr oxo clusters in the monolayer confirming the
formation of a 2D MOF.
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Fig. 3: a) Structure of amphiphilic organic linkers - terephthalates
(n=2,7,11). b) Proposed schematic molecular model of 2D MOF
at the air-water interface with dimensions. c) High-resolution AFM
micrographs and d) X-ray photoelectron spectra of zirconium ace-
tate cluster-2,3-bis(octyloxy)terephthalic acid monolayer.
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Focused acoustic radiation for efficient acousto-

fluidic manipulation

Project P2007: Development of nanoscale acoustic tweezers for mechanobiology application

Project Leader: S. Tsujino and R. H. Y. Lim
Collaborator: S. Jia (SNI PhD Student)

Introduction

We are developing an acoustic tweezer driven by the surface
acoustic wave (SAW) ultrasound transducers. To reach the
goal of achieving high-spatial-resolution and high efficiency
acoustofluidic manipulation of particles as well as soft mat-
ters in liquid environment, we explore the focusing of ultra-
sound into the fluidic channel.

Acoustic tweezers reported in literature commonly com-
prise the fluidic bath fabricated from PDMS (polydimethyl-
siloxane) and the ultrasound transducers such as SAW de-
vices fabricated on the surface of a piezoelectric substrate
[1]. However, their efficiency is normally limited since PDMS
strongly attenuates the incident ultrasound radiation [2],
which results in low acoustic transmission into the fluid [3].
This hinders efficient particle handling by acoustic radiation
force. However, higher excitation efficiency is desired for
high throughput sample handling with limited heating of
the fluidic channel, especially for the manipulation of bio-
logical samples. To surmount the limitation, various efforts
have been made on SAW transducers [4], microfluidic chan-
nels [5] and also the way these two are integrated [3]. In our
approach, we combine a SAW device fabricated on a piezo-
electric substrate with a microfluidic chip separately fabri-
cated on a silicon substrate together with the geometrical
shaping of the chip via deep reactive ion etching (RIE) for en-
hanced acoustic coupling. Our preliminary results described
below show the effectiveness of this approach with an order
of magnitude enhancement in the acoustic radiation force
in the channel.

Materials and methods

We fabricated microfluidic chips on a silicon wafer by
photolithography and deep RIE. The channel widths were
chosen to be an integral multiple of the half wavelength
of the ultrasound frequency which is to be determined by
the device structure of the SAW chip. The SAW chip was
fabricated on a SAW-grade LiNbO, substrate: the interdigi-
tated electrodes were patterned by evaporation and etching.
Using the direct laser writer DWL66*, SAW chips with the
SAW frequencies of 10, 20, 50, 100 MHz have been fabricated
so far. For the manipulation of particles up to ~20 pm in
water, we focused on the use of 50 MHz SAW chip with the
finger width and spacing between two adjacent electrodes
being 20 pm. For the acoustofluidic experiments, the silicon
microfluidic chips are mounted on the SAW chip with inti-
mate acoustic transmission. The top of the silicon microflu-
idic chip is sealed by thin glass plates.

Enhancing acoustic radiation by acoustic horns

The results of characterizing the acoustofluidic chips using
3-micron polyethylene particles in DI water are displayed
in figure 1 and figure 2. The images in figure 1 are taken
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(a) Initial 1x 100ms pulse 2x 100ms pulses 3x 100ms pulses

(b) X

3x 100ms pulses

1x 100ms pulse 2x 100ms pulses

Fig. 1: a)-b) From the lefi to the right: particle distribution in the
initial state, and after one, two, and three 100 ms ultrasound pulses,
observed in the silicon chip with and without acoustic horns, re-
spectively.

from above the acoustofluidic channels, at the centre of
those, where the ultrasound power is the highest. The flu-
idic channel and its walls lie along the horizontal direction.
The sequence of the recorded images in figure 1 display
the distribution of the particles, from the left to the right,
as the particles, initially randomly distributed, are moved
along the lines with the spacing of ~16 micron as 100 ms
ultrasound pulses are applied multiple times. The spacing
corresponds to the %2 wavelength of the ultrasound in water.
The width of the fluidic channels is chosen to be an integral
multiple of the ultrasound wavelength driving the chip as
described before. In this standing wave condition, the acous-
tic radiation force moves the polyethylene particles in the
water toward the node lines that are parallel to the acoustic
fluidic channels.

In the case of figure 1b, we enhanced the coupling of the ul-
trasound radiation into the fluidic channel by patterning the
silicon chip in the shape of a focusing horn. As a result, the
particles are moved to the acoustic node lines much more
strongly, even with a single pulse (second from the left) with
the same duration and nominally the same ultrasound out-
put from the SAW chip as in the case of figure 1a.

For quantifying the acoustic radiation pressure in the acous-
tofluidic channels, we analysed the particle trajectories
and calculated their velocities. Then the acoustic radiation
force Fy“‘Cl is obtained by equating it with the viscous Stokes
drag force in y direction (transverse direction) [6], i.e., Fyrad
= 6mrv,, where 0, 1, and v, are the dynamic viscosity of wa-
ter, the radius of particle, and the particle velocity in the



y direction (transverse direction), respectively. The inertial
effect is neglected. The results are shown in figure 2a as func-
tions of the particle position in the y-direction for two cases,
when the estimated acoustic pressure (excitation voltage) is
increased by a factor of 2.
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Fig. 2: Acoustic radiation force as a function of the particle posi-
tion in the y axis in the microfluidic channels a) with and b) with-
out acoustic horns. c) Acoustic radiation force as a function of the
particle position in the y axis in the microfluidic channel without
acoustic horns when two IDTs are driven simultaneously.

The comparison of the two results shown in figure 1a and
b as well as in figure 2a and b indicates that the focusing
of the ultrasound in our chip was effective to increase the
acoustic radiation force per unit excitation power more than
a factor of 4.

The acoustic radiation force was further enhanced by us-
ing two SAW transducers at both sides of the acoustofluidic
chips: As figure 2c shows, the ultrasound input from both
sides with the same nominal acoustic pressure resulted in
a factor-of-4 increase as expected to the coherent superposi-
tion of the two inputs.

Summary

In our development of the acoustic tweezers based on SAW
devices, we have introduced a new way of improving the effi-
ciency of acoustofluidic manipulation. The dominant depen-
dence of such enhancement on the structure of the silicon
chip brings versability to this concept in that a conventional
linear SAW interdigital transducer (IDT) can be integrated
with a silicon chip tailored for specific needs. Further en-
hancement of the ultrasound excitation efficiency, increas-
ing the driving frequency, and application of the developed
method for soft matters and biological specimens are under
way.
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Integrating a nanowire quantum dot on a scan-

ning probe tip

Project P2008: Scanning nanowire quantum dot
Project Leader: D. Zumbiihl and M. Poggio
Collaborator: L. Forrer (SNI PhD Student)

Introduction

In this project, we intend to develop a new kind of scan-
ning probe microscope, which employs gated quantum dots
(QDs) embedded in semiconductor nanowires (NWs), inte-
grated on the tips of standard force microscopy cantilevers.
These sensors will be sensitive scanning probes of charge
and electronic density [1]. The sensors will be used to charac-
terize the spatial profile of charge noise, quantum dots, and
electric fields [2] in spin qubit devices, aiding the design of
coherent quantum computation processors. This is particu-
larly relevant here in the Department of Physics of the Uni-
versity of Basel, where the NCCR SPIN, aimed at producing
scalable spin qubits in Si was established in summer 2020.

Our scanning probe method builds on previously developed
scanning single-electron transistors (SETs) made from metal-
lic islands [1] and scanning QDs defined in carbon nanotubes
(CNTs) [2]. Research efforts using such devices have been ex-
tremely fruitful, due to the high sensitivity to electric field.
Indeed, QD-based sensors are the preferred sensors of charge
in applications in quantum computation with spins in QDs,
where they are incorporated on the same substrate as the
sample of interest. Such charge sensors make use of sharp
spikes in the electrical conductance of the QDs (Coulomb
peaks) and are capable of detecting a small fraction of an
electronic charge at micron distance. Until now, however,
both scanning SETs and scanning QDs in CNTs have been rel-
atively cumbersome to use, extremely delicate, and limited
in their design. These drawbacks are a result of the special-
ized processes involved in their fabrication.

Our approach addresses this shortcoming by using stan-
dard AFM cantilevers as the scanning probe combined with
NWs as the QD hosts. By developing a scheme for pattern-
ing leads, gates, and contacts directly to the cantilever tip
[3], we will have maximum flexibility for the design of our
sensors. AFM levers allow easy tip-sample distance control,
topographic contrast. NW QDs possess many qualities that
make them suitable for use in scanning probes: they are
small (~10-50 nm), need few gates because of the natural 1D
confinement, and can due to the low-dimensional geometry
of the NW be easily brought closer than 100 nm to a sample.
Importantly, their strong confinement and tunable nature
endows NW QDs with a higher sensitivity to electric fields
and nearby charges than their SET counterparts. Moreover,
NW crystals can be grown with an exceptional control over
material composition. The specific NW material composi-
tion can pass on useful properties to the embedded probe
QDs, such as a strong spin-orbit interaction, which may of-
fer interesting new modalities of sensing.
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Fig. 1: A scanning electron micrograph of a patterned cantilever tip
with a gate-controlled NW QD at its tip. We have recently realized
such a working device and will soon implement it as a scanning
probe as a highly sensitive tool for measuring small electric fields
with nanometer-scale resolution.

Goals

The main goals of this project are to: 1) Fabricate scanning
probe cantilevers hosting a NW with embedded gated QDs;
2) Image the electronic density of nanoscale samples with
unprecedented sensitivity; 3) Implement high-bandwidth
scanning probe imaging using microwave reflectometry
techniques; 4) Image and study the dynamics of charge fluc-
tuators in semiconducting devices.

Results

Early in this project, we developed new methods to pattern
scanning probe cantilevers with nanostructures such as gate
electrodes and contacts, using electron-beam lithography [3].
Our process involves coating cantilevers with a floating resist
layer, which is then patterned with nanometer resolution
(Fig. 2). We have tested the method for various kinds of canti-
lever shapes, which we pattern using focused-ion-beam mill-
ing. Summarizing, we are now able to make wide variety of
gates, with dimensions down to 50 nm, and contacts suitable
for QD control. This method gives us the opportunity to fabri-
cate gates on the tip of our lever and contact NWs by evapora-
tion of metal as done on conventional planar substrates [4,5].

We have demonstrated QD formation on substrates using
our fabrication techniques and - very recently — we have
successfully fabricated a NW QD on the tip of a cantilever
designed for atomic force microscopy (AFM), seen in figure 1.
We are currently characterizing this device and preparing a
scanning probe experiment both to demonstrate its function
and to take advantage of its capabilities to sensitively image
electric fields.
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Fig. 2: Source-drain current measured as a function of source-
drain bias and gate voltage in a NW QD device. Recently, we have
realized a similar measurement for the NW QD on a cantilever tip
shown in figure 1 [3].

Particularly important for this work is our design and con-
struction of a custom-built high-vacuum and low-tempera-
ture scanning probe system to host such experiments. Build-
ing on designs using in the lab for magnetic force microscopy
and scanning superconducting quantum interference device
(SQUID) microscopy, the setup includes AFM control and a
means to contact both low and high-frequency lines directly
to both the sample and the scanning probe. In the next year,
this design will be modified and applied to a new dilution
refrigerator system, for which we recently obtained funding
R’Equip funding from the Swiss National Science Founda-
tion. This new instrument will allow us to reach the ultimate
sensitivity of our probes by working at below 100 mK and
allow us to investigate samples, such as superconducting qu-
bits and topological insulators showing the quantum anom-
alous hall effect, that only function at very low temperature.
Having assembled all the necessary instrumentation for
implementing high-bandwidth microwave reflectometry
read-out techniques and having developed a fabrication
technique for patterning contacts and gates on AFM tips, we
are also preparing advanced scanning gate microscopy ex-
periments. In these measurements, we use our multiple on-
tip gates to induce QDs in the substrate below and measure
their charge state using both DC and microwave reflectom-
etry techniques.

Outlook

In the final year of the project, we will apply the techniques
that we have developed so far to to study defects and charge
noise, which are the main source of decoherence in spin and
superconducting qubit devices. Furthermore, by combining
our multi-gate cantilevers with microwave reflectometry
read-out techniques, we will be able to image QD formation
and QD properties such as energy level splittings in pristine
samples, such as ungated heterostructures, thin Si quantum
wells, and NWs.
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Graphene-organic interfaces for vertical elec-

tronic devices

Project P2009: Hybrid Van der Waals heterostructures for vertical permeable-base organic transistors

Project Leader: M. Calame

Collaborators: J. Oswald (Associate SNI PhD Student), D. Beretta, M. Stiefel, R. Furrer, S. Lohde,

D. Vuillaume

Introduction

This report synthesizes the findings of two studies focus-
ing on the unique properties and applications of graphene
in the field of vertical organic transistors. Graphene, well
known for its exceptional conductivity, flexibility, and op-
tical transparency, plays a pivotal role in the development
of advanced electronic devices. The content and figures of
this report are partially reproduced from references [1] and
[2]. Jacopo Oswald successfully defended his PhD thesis [3]
entitled on Nov 15, 2023.

1. Effects of Organic Thin Films on Graphene's Charge
Transport Properties

In a recent study [1], the interaction between graphene and
organic molecules, particularly C60 and Pentacene, has been
examined. Conducted on a sample of 300 graphene field-ef-
fect transistors, we explored how these molecules affect
graphene's electrical characteristics under vacuum condi-
tions. The study reveals that C60 thin films significantly in-
crease the hole density in graphene by approximately 1.65

Chip 1: C60-GFETs
(b) Gr/C60
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Fig. 1: Reproduced from [1]. GFETs’ electrical measure-ments.
a) Average transfer characteristic (IDS vs. VGS) of pristine CVD
graphene FETs before C60 deposition (Chip 1, 101 devices, all L
included). The shaded areas are the standard deviations. b) Aver-
age transfer char-acteristic of the C60-GFETs (Chip 1, 101 de-
vices, all L included). L = 5 (light orang line), 10, 20, 50, 100 um
(black line).
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x 10 cm™ This increase leads to a downshift in graphene's
Fermi energy by about 100 meV. Conversely, Pentacene thin
films are found to elevate the electron density by around
0.55 x 10" cm™, resulting in an upshift of the Fermi energy
by approximately 120 meV. Both types of molecular inter-
action result in a reduction of charge mobility and an in-
crease in graphene's sheet resistance, approximately 3 kQ at
the Dirac point. Notably, despite these changes, the contact
resistance, which varied be-tween 200 Q and 1 kQ, did not
show significant alterations due to the deposition of these
organic films.

2. Exploring Charge Injection Mechanisms in Graphene/
Organic Semiconductor Interfaces

We also investigated the role of graphene in hybrid van
der Waals heterostructures, particularly examining Gr/C60
interfaces, which are suitable for n-type vertical organic
transistors. This study shows that the charge transport
mechanism across vertical heterostructures (Au/C60/Gr) is
predominantly injection limited.
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Fig. 2: Reproduced from [2]. Temperature-dependent current den-
sity of two representative devices of 5 and 50 um at fixed biases of
+9 V. The inset shows the FN tunneling model fits for J-V data at
50K.



At lower temperatures, the primary transport mechanism
is identified as Fowler-Nordheim tunneling, while at room
and higher temperatures, it transitions to non-ideal thermi-
onic emission. The energy barriers at room temperature are
found to be around 0.58 eV and 0.65 eV at the Gr/C60 and Au/
C60 interfaces, respectively. Further analysis through imped-
ance spectroscopy confirms that the organic semiconductor
is depleted, resulting in two electron-blocking interfaces.
The rectifying nature of the Gr/C60 interface, as revealed in
this study, holds significant promise for its application in
organic hot electron transistors and vertical organic perme-
able-base transistors.

Conclusions and outlook
The integration of graphene in vertical electronic devices re-
veals a complex interplay between graphene and the organic
molecules, significantly impacting the electronic properties
and potential applications.
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Fig. 3: Reproduced from [3]. 3D schematic and cross-secction of a
n-type Vertical Organic Graphene Base Transisor (VOGBT) illus-
trating the applied voltages and measured currents in the common
emitter configuration. The inset shows the internal currents, which
are not directly measurable.

The variation of charge densities, shifts in Fermi energy,
formation of Schottky barriers and the observed transport
mechanisms underscore graphene's potential as a material
in advanced electronic interfaces.

A particularly interesting device architecture exploiting
graphene-Organic Semiconductors (OSCs) interfaces, the
Vertical Organic Permeable Base Transistor (VOPBT), is de-
picted in figure 3. In this common emitter configuration,
three parallel electrodes are separated by two OSCs. Electric
charges are injected from the upper metal contact, i.e. the
emitter (E), and enter the nearby OSC. They then traverse
the permeable graphene electrode, i.e. the base (B), and the
second OSC before being collected by the lower metal con-
tact, i.e. the collector (C). The amount of charges collected
by the base will depend on the electrical potential applied
to it, while some charges will be emitted from the base and
injected into the collector. The electrical (external) currents
I, I. and [ are measured at the three terminals of the device.
The internal currents (not directly accessible) I, 1., and I
are depicted in the inset. This VOPBT device geometry holds
great promise for various applications, including amplifiers,
inverters, ring oscillators, and control of OLEDs [3]. The ver-
tical architecture and operational characteristics of these
devices make them well-suited for these applications. We

emphasize here that the specific properties of graphene, in
terms of conductivity and optical transparency, make it also
a good electrode material to contact light emitting layers.

Further exploration of the interplay between graphene and
the organic molecules interactions will pave the way for in-
novative electronic devices such as the VOPBT, leveraging
the unique properties of graphene.
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Towards a tantalum-based planar architecture for

bosonic qubits

Project P2101: A planar nanofabrication process for coupled Schrodinger-cat qubits in parametrically-dri-

ven nonlinear superconducting resonators
Project Leader: A. Grimm and C. Bruder
Collaborator: A. Bruno (SNI PhD Student)

Introduction

Quantum two-level systems are routinely used to encode qu-
bits but tend to be inherently fragile, leading to errors in
the encoded information. Quantum error correction (QEC)
addresses this challenge by encoding effective qubits into
more complex quantum systems. Unfortunately, the hard-
ware overhead associated with QEC can quickly become very
large.

In contrast, a qubit that is intrinsically protected against a
subset of quantum errors can be encoded into superposi-
tions of two opposite-phase oscillations in a resonator, so-
called Schrodinger-cat states. This “Schrédinger-cat qubit”
has the potential to significantly reduce the complexity of
QEC, because it can replace a large number of two-level-sys-
tem qubits in a QEC code [1]. In a recent experiment, we
have demonstrated the stabilization and operation of such
a qubit through the interplay between Kerr nonlinearity
and single-mode squeezing in a superconducting microwave
resonator [2]. This type of Schrédinger-cat qubit is typically
referred to as the “Kerr-cat qubit”.

Previous implementations of Kerr-cat qubits relied on
three-dimensional microwave cavities. This counteracts the
reduction in hardware complexity achievable with this sys-
tem and is not fundamentally required. In this project, we
are developing a nanofabrication process for fully planar
Kerr-cat qubits. This will result in an easily scalable platform
enabling us to investigate interactions between several such
qubits.

In the first year of this SNI project we built up the basics
required for the fabrication, measurement, and operation of
Kerr-cat qubits in line with the ramping up of the research
activities of the host group. In addition to experimental
tasks, such as building a measurement and control setup,
we implemented an Al/AlO /Al Josephson junction fabrica-
tion process for standard superconducting transmon qubits
and benchmarked it by characterizing the coherence times
of these devices. We furthermore reported on building a first
prototype of a quantum-limited parametric amplifier in our

group.

This year, we have built on these results by replacing the
material of large portions of our circuits with tantalum. This
has been shown to reduce losses and improve coherence
times [3]. We will describe our work in more detail in the
following.

A tantalum-based nanofabrication process for supercon-
ducting circuits

Even though bosonic qubits are intrinsically robust against
errors, they profit from high coherence properties of the un-
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derlying superconducting circuits. Therefore, we can build
on developments made for standard superconducting qubits
and apply them to our devices. A standard superconducting
qubit consists of a capacitive element connected to one or
several Josephson junctions acting as a nonlinear inductor.
The capacitive element and the embedding superconduct-
ing circuitry is generally made from thin metal films, such
as aluminum or niobium, patterned on a substrate, such
as Si:Si0, or sapphire. In bosonic or protected qubits, more
complex circuit elements are used, but the basic fabrication
principle is similar.

Losses in high-coherence superconducting circuits originate
primarily in the three interfaces present in the devices: met-
al-vacuum, substrate-metal, and substrate-vacuum [4]. It is
therefore crucial to improve the quality of these surfaces and
interfaces. This has led to the emergence of tantalum (Ta) as
a new circuit material in recent years [3,5]. Ta can be depos-
ited directly and cleanly onto sapphire and has a naturally
low-loss surface oxide that is stable at room temperature.
It furthermore resists aggressive cleaning steps aimed are
removing contaminants at the substrate-vacuum interface.
Over this past year, we have implemented a tantalum-based
fabrication process and benchmarked it by measuring the
internal quality factors of superconducting coplanar wave-
guide (CPW) resonators. We currently source HEMEX quality
sapphire substrates with 200 nm of a-phase Ta films exter-
nally (STAR Cryoelectronics), but plan to transition to in-
house deposition by the end of the coming year. We clean
the wafers with a piranha etch (H,SO,:H,0,) after we receive
them. We then perform optical lithography (AZ1518 and Hei-
delberg DWL66" laser writer), an oxygen descum, wet etch-
ing (HF:HNO,:H,0), resist stripping, dicing, and additional pi-
ranha and buffered oxide etch (BOE) cleaning. All these steps
have been implemented by us in the PSI cleanroom.

Benchmarking with CPW resonators

The first series of test samples we designed and fabricated
consist of a CPW transmission line (feedline) through which
measurement signals can propagate and up to twelve later-
ally coupled resonators (so-called “hanger” coupling geome-
try) as shown in figure 1. The resonator frequencies as shown
are evenly spaced so that we can test multiple devices in a
single experimental run and quickly build up measurement
statistics.

Our samples are bonded into a Qcage.24 sample holder,
which is mounted on the baseplate of one of our dilution
refrigerators. The cryogenic wiring of these instruments is
partially made and completely assembled in-house to be
optimized for filtering and routing of fast, low-noise micro-
wave frequency control and measurement signals.



Fig. 1: CPW resonator test sample bonded to the PCB of our sam-
ple holder. The feedline runs from the top left to the bottom right of
the chip. Twelve meandering resonators are laterally coupled to it.
Wire bonds that suppress spurious chip modes (across feedline and
resonators) and connect the chip to the sample holder (at the edges)
are also visible.

We then measure the microwave response of our devices
with a room-temperature vector network analyzer con-
nected to the input and output lines of our dilution refriger-
ator. By fitting this response to theoretical predictions [6], we
extract the internal quality factor which is inversely propor-
tional to the losses present in the device. Importantly, we do
this at an average photon population of approximately one
in the resonator to avoid saturating loss mechanisms and
overestimating the quality factors.
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Fig. 2: Internal CPW-resonator quality factors as a function of
surface participation ratio. Each dot represents a different device.
“With BOE” (“bare”) denotes samples that have (have not) been
treated with a buffered oxide etch.

Figure 2 shows the results of these measurements for resona-
tors with three different geometries. Varying the geometry
changes the ratio of the resonator electric field energy stored
in the surfaces and interfaces of the device to the total elec-
tric field energy. Our results illustrate nicely the expected

increase of the quality factor with decreasing surface partici-
pation ratio. Our best devices have internal quality factors in
excess of 1 million which is on par with the state of the art in
the field [5]. Note that performing a BOE etch on a separate
but similar sample additionally increases the quality factor
twofold as expected from the literature [6].

Building on these promising results, our next steps in this
project will be to integrate tantalum-based low-loss circuits
with our Josephson junctions. The goal of this task is to first
demonstrate superconducting qubits with coherence times
longer than 100 microseconds, which should be achievable
with our fabrication process [3]. Once this goal is reached,
we will implement bosonic qubits in this long-lived pla-
nar superconducting circuit architecture. This will create a
platform to both perform quantum error correction experi-
ments on coupled bosonic qubits and to explore the associ-
ated fundamental physics of coupled quantum parametric
oscillators.
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Structural basis of NINJI-mediated plasma mem-
brane rupture in cell death

Project P2102: Structure and Assembly Mechanism of the Ninjurin-1 Membrane Perforation Pore in Exe-

cuting Cell Death
Project Leader: S. Hiller and D. J. Miiller
Collaborator: M. Degen (SNI PhD Student)

Introduction a

This project is centred on deepening

our understanding of how cells die —
a fundamental process essential for
multicellular life. Cells can naturally
undergo a process called Programmed
Cell Death (PCD), which is vital for
maintaining healthy tissues. However,

when PCD goes awry, it can cause seri- 8 00 16 00

ous illnesses like cancer, neurodegen-
erative diseases, autoimmune disor-
ders, and chronic inflammation. Our
focus is on a 19 kDa protein named
Ninjurin-1 (NINJ1), which plays a piv-
otal role in the final stages of certain
subtypes of lytic PCDs such as pyropto-
sis and secondary necrosis [1].
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Fig. 1: NINJI clusters upon induction of pyroptotic cell death. a time-resolved fluorescent mi-

croscopy showing speck formation upon cellular insult. b and c fluorescent read-out signal in-

The membrane protein NINJ1 is crucial jomogeneity over time.

for PCD. Its primary role is to facilitate

the completion of lytic PCD by breaking apart the plasma
membrane. This event releases important molecules, such as
HMGB1 and LDH, which trigger further immune responses. The
key objective of our study is to understand how NINJ1 works,
particularly how its structure influences its function [2].

Establishing recombinant protein expression and purifi-
cation

Our initial steps involved producing NINJ1in a controlled en-
vironment. We inserted human NIN]J1 into a suitable vector
for expression in Escherichia coli. To purify NINJ1, we iso-
lated it from the cells, solubilized it from the bacterial mem-
branes using detergents and then utilized a combination of
different chromatography-based purification techniques.

After purification, we used two types of electron microscopy
to study NINJ1. Negative stain transmission electron micros-
copy helped us understand the size and overall arrangement
of NINJ1 assemblies at a basic and low-resolution level. For a
more detailed view, we employed cryogenic electron micros-
copy (cryo-EM), revealing the three-dimensional structure of
NINJ1 at atomic resolution.

NINJ1 polymerizes to into filaments to exert its function
Intriguingly, our investigation revealed that NINJ1 under-
goes a significant structural transformation during pyropto-
sis. Using time-lapse fluorescence microscopy, we observed
NIN]J1 clustering at the plasma membrane, concurrent with
the influx of cell death-indicating dyes (Fig. 1a, b). This clus-
tering was specific to NINJ1 and was not observed in other
plasma membrane proteins (Fig. 1c). These observations
underscore the unique role of NINJ1 in pyroptosis, distinct
from other plasma membrane proteins.
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To elucidate NINJ1's structural basis, we utilized cryo-EM.
This revealed long (up to pm size) NINJ1 filaments with vary-
ing degrees of bending. These filaments, comprising stacked
subunits, exhibited a combination of a hydrophobic and a
hydrophilic side (Fig. 2.). The hydrophilic face of the filament
interacts with the aqueous environment, while the hydro-
phobic face, typical of membrane associating, pore-forming
proteins, likely engages with the lipid bilayer of the plasma
membrane, enabling membrane rupture. This amphipathic
nature explains NINJ1's ability to form stable structures at
membrane edges, that we have shown to be essential for its
role in lytic cell death.

—————— hNINJ1 protomer
F— a1,,,, overlap

hNINJ1 protomer!

60 A

Fig. 2: NINJI Cryo-EM Structure of the NINJ1 filament. Individual
protomers are colored by gradient (vellow-green-purple). Main in-
terfaces of NINJI protomers are indicated by magenta boxes.

Molecular Dynamics and Mutagenesis Studies

Molecular dynamics simulations further supported our
structural findings. These simulations demonstrated the
stability of NINJ1 filaments at membrane edges and their



ability to form variable arrangements, proving crucial for
membrane perforation. The simulations also highlighted the
importance of specific helices, in maintaining the structural
integrity of NINJ1 filaments.

To validate our structural model, we engineered single-ami-
no-acid mutants of NINJ1 and assessed their impact on in
vitro filament formation and cell lysis (Fig. 3 a, b). Mutants
designed to disrupt filament formation generally reduced or
abolished cell lysis, aligning with our structural understand-
ing of NINJ1. These findings were corroborated in both in vi-
tro settings and in cellular models, cementing the functional
significance of NINJ1's structural arrangement in mediating
cell death.

In vitro
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Fig. 3: Rational design of mutants and their effect on NINJ1 fila-
ment formation and effect on lytic ability.

a NINJ1 structure with mutated residues shown as side chains
and surface. b Effect of mutations on in vitro polymer forma-
tion and lytic ability upon transfection into HEK293T cells.

Conclusion

This project has so far illuminated the critical role of
NINJ1 in PCD, particularly in the context of pyroptotic cell
death (Fig. 4). By elucidating the structural and functional
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aspects of NINJ1, we have advanced the understanding of the
molecular mechanisms underpinning inflammatory active,
lytic cell death. This knowledge not only contributes to basic
biological science but also opens new avenues for therapeu-
tic interventions in diseases characterized by dysregulated
cell death [3].

Looking ahead, our focus will shift towards examining and vi-
sually capturing the immediate impact of reassembled NINJ1
polymers on lipid bilayers. This will be achieved through
the application of atomic force microscopy, allowing us to
observe and possibly quantify membrane disruptions. This
study is anticipated to further elucidate the mechanisms
triggering NIN]J1 activation, a critical yet unresolved aspect
of our research. Emerging studies suggest that this activa-
tion might be linked to cellular blebbing which is a common
hallmark across different forms of PCD [4]. In addition, it has
been proposed by us and others that membrane lipid com-
position and therefore fluidity [ rigidity could play a role in
activation which we aim to investigate further.
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Gold nanoparticles for intraoperative visualiza-
tion of ovarian cancer cells

Project P2103: Gold nanoparticle assemblies for SERS based detection of EGFR expressing ovarian cancer

cells in tumor xenografts

Project Leader: S. Saxer, S. McNeil and V. Heinzelmann

Collaborator: A. Stumpo (SNI PhD Student)

Introduction

Ovarian cancer (OC) is the gynecologic malignancy with the
highest mortality. Several reports suggested that overexpres-
sion of the epidermal growth factor receptors (EGFR) family
plays an important role in OC, leading to clinical trials of
different EGFR inhibitors such as gefitinib and erlotinib [1].
Nevertheless, the most common OC treatment approach re-
mains the debulking surgery followed by chemotherapy. A
precise prefintra-operative visualization is essential because
patients with post-surgical residual tumors less than 1 cm
have higher survival rates than those with more residual tu-
mor masses [2]. Currently, the most common imaging meth-
ods include computed tomography, magnetic resonance,
positron emission tomography, and fluorescence-guided
surgery which is the current gold standard for surgical guid-
ance.

Recently, Raman microscopy is emerging as a label-free, sen-
sitive, and non-invasive imaging and diagnostic technique
[3]. The combination of Raman microscopy with anti-EGFR
functionalized gold nanoparticles (AuNPs) allows a sensitive
detection of OC cells exploiting Surface Enhanced Raman
Scattering (SERS).

Early detection requires a strong SERS signal to provide high
sensitivity but also a selective target. Hence the AuNPs have
to be functionalized with a proper mixture of Raman re-
porter for the Raman signal, inert polyethylene glycol (PEG)
coating for stabilization and to prevent unspecific adsorp-
tion, and the anti-EGFR antibody as an active targeting func-
tionality.

However, not only the ratio matters but also the type of
surface chemistry, and the orientation of the molecules.
For instance, the commonly used carbodiimide crosslinker
chemistry may randomly orient antibodies on the surface,
potentially affecting their binding affinity. Moreover, the
residual negative carboxyl groups could induce non-specific
uptake of the AuNPs. Both might influence sensitivity and
selectivity of the AuNPs.

Hence, we compared this surface chemistry to the Light Ac-
tivated Site-Specific Conjugation (LASIC), which conjugates
IgGs by binding to the fragment crystallizable (Fc) region
through one covalent bond, therefore without affecting its
binding site [4]. The anti-EGFR antibody was linked to the
DBCO PEG-SH on the 60 nm AuNPs by photo crosslinking
chemistry. The physicochemical properties (PCs) were char-
acterized after each step. Finally, the anti-EGFR AuNPs ca-
pability to distinguish EGFR-positive and EGFR-negative
ovarian cancer cell lines is evaluated in vitro using OVCARS,
OVCARS and TOV-112D cells (Fig. 1).
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Carbodiimide crosslinker chemistry

Fig. 1: Schematic illustration of AuNPs with the two surface chem-
istries targeting ovarian cancer cells expressing the EGFR protein
on the surface (in red).

Results and discussion

The ideal ratio of surface chemistry between Raman reporter,
protective PEG layer and anti-EGFR antibodies, essential for
achieving the ideal properties of AuNPs, was previously out-
lined by Burgio et al. [5] and adopted for our AuNPs. First, the
Raman reporter benzene-1,4-dithiol (1,4-BDT) is bond to the
AuNPs by its dithiol groups. The 1,4-BDT Raman spectrum
with the main peaks around 330, 740, 1090 and 1575 rel. 1/
cm is then measured and the stability of the SERS signal of
AuNPs with both surface chemistries proved. Furthermore,
each functionalization step was characterized by dynamic
light scattering and as expected, for both chemistries an
increase in size is shown after each individual modifica-
tion, with a significant increase of 20 nm after adding a-me-
thoxy-o-mercapto PEGs (mPEG), due to a consistent increase
in PEG molecules surface density. Unexpectedly, regarding
the surface charge of the two surface chemistries no differ-
ence was observed, with a decrease after the mPEG function-
alization step from -41.2 * 0.5 mV to -22.4 * 0.7 mV for Car-
bodiimide chemistry and from -41.2 * 0.5 mV to 21.8 + 0.6
mV for LASIC conjugation (Fig. 2). Then the Carboxy-PEG-SH
or the DBCO-PEG-SH were used to link the anti-EGFR anti-
bodies to the surface, using either carbodiimide crosslinker
chemistry (EDC/NHS) or an OyO link with the LASIC site-spe-
cific label only on the Fc region of the antibody. The anti-
body conjugation to the AuNPs was then proven with a dot
blot method (Fig. 3). Thereby a very bright red spot is only
visible when AuNPs are fully functionalized on the surface
(Fig. 31, 3.2) whereas without antibodies no spot is observed
(Fig. 3.3, 3.4), proving that the interaction between nanopar-
ticles and antigen is mediated by antibody-antigen recogni-
tion. However, when only the OyO Link or the EDC/NHS is
absent, a faint red spot remains visible, indicating unspecific
absorption of antibodies on the surface (Fig. 3.5, 3.6). Dot
blot is not capable to quantitively reveal any difference in
antibody conjugation nor binding affinity between the two
surface chemistries.
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Fig. 2: Schematic illustration of the two different surface chem-
istries. Carbodiimide chemistry does not allow to control the an-
tibodies orientation, possibly affecting their binding sites (red
circle). The remaining carboxyl groups are deprotonated in phys-
iological conditions, displaying a negative charge (black circles).
LASIC conjugation, controlling the antibody orientation, enables
to increase the number of mPEG molecules, then decreasing the
surface negative charge and the AuNPs unspecific uptake.

1. DBCOPEG_OyoLink_Ab, 2. cPEG_EDCNHS_AD, 3. DBCOPEG_OyoLink_NoAb,
4. cPEG_EDCNHS_NoAD, 5. DBCOPEG_NoOyoLink_AB, 6. cPEG_NoEDCNHS_Ab

Fig. 3: Photograph of the dot blot method used to test anti-EGFR
AuNPs binding to the recombinant human EGFR protein blotted
on a nitrocellulose membrane. A clear red spot is visible when the
AuNPs contain anti-EGFR antibodies on the surface (1,2). A faint
red spot is visible for the reference with anti-EGFR but without
linker molecules (OyOLink and EDC/NHS) (5,6). No red spot is
visible without anti-EGFR antibodies (3,4).

In order to evaluate the potential of anti-EGFR AuNPs to spe-
cifically target ovarian cancer cells by their EGFR expression
level, the following cell line were employed: OVCARS5 and
OVCARS8 that exhibit positive EGFR expression; TOV-112D
that is EGFR-negative. Nonspecific staining is evident on the
TOV-112D cell line (Fig. 4). These results were confirmed by
western blot.

OVCARS cell line

OVCARS cell line TOV-112D cell line

Fig. 4: Confocal microscopy picture of the EGFR expression of 3
selected ovarian cancer cell lines: OVCARS, OVCARS5 and TOV-
112D. EGFR expression in red; Nuclei stained in blue. Scale bar:
50 um.

To better understand how the surface chemistries influence
the anti-EGFR AuNPs functionality, we eventually tested
the AuNPs capability to distinguish EGFR-positive and EG-
FR-negative ovarian cancer cells using Raman microscopy.
AuNPs with both surface chemistries were found on the EG-
FR-positive OVCARS cell line, suggesting their capability to
recognize the antigen expressed on the cell surface. Still, the
unspecific uptake remains our main issue for both surface
chemistries, with AuNPs without the antibodies found occa-
sionally on OVCARS cells (Fig. 5).

Fig. 5: Fluorescence microscopy images of OVCARS cells treated
with: A, AuNPs displaying antibodies conjugated by LASIC ap-
proach; B, AuNPs displaying antibodies conjugated by Carbodiim-
ide chemistry;, C,D, AuNPs without antibodies with DBCO _PEG
(C) and cPEG (D). Nuclei stained with DAPI; Scale bars: 200 um.
Inserts: Raman images of OVCARS cells. AuNPs presence high-
lighted by black boxes. Scale bar: A, D, 10 um; B, C, 20 um.

For this reason, we are currently working on reducing the
unspecific binding by adjusting AuNPs concentration, incu-
bation time and washing steps in order to get a significant
discrimination of EGFR-positive and EGFR-negative ovarian
cancer cells and better evaluate the influence of the two
chemistries. We consider this initial experimental cell line
setup as optimal approach to evaluate the specificity and
selectivity of SERS as an imaging tool for follow-up experi-
ments, to continue for intra operative visualization of tumor
cells.
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RT-Xray as a tool to explain cryptic promisquities
of halide methyltransferases

Project P2104: Methods to understand the role of ordered waters and disordered residues in enzyme cataly-
sis using macromolecular crystallography at physiological temperatures

Project Leader: F. P. Seebeck and J. H. Beale
Collaborator: S. Bolotova (SNI PhD Student)

Abstract

The objective of this project is to implement room tem-
perature (RT) crystallography methods to determine en-
zyme structures that are physiologically more relevant that
those emerging from standard measurements at cryogenic
temperatures. In the past year we have started to study
the structural and dynamic requirements for the substrate
specificity of halide methyl transferases.

Introduction

The structural determinants of the substrate specificity of
enzymes are usually studied by inspecting static structures
determined by cryo-X-ray crystallography. Although suc-
cessful in many instances, this approach may fail when the
substrate scopes of two enzymes diverge because of differ-
ent dynamic behaviour. We plan to use room temperature
(RT) crystallography to examine different dynamic behavior
in enzymes that catalyze similar reactions but are charac-
terized by different substrate scopes. In 2022 we developed
a methodology for recording room temperature X-ray dif-
fraction data on a routine basis. This year we focused on
establishing the specific study system: halide methyltrans-
ferases (HMTs) that accept S-adenosylmethionine and ha-
lides as substrates to produce S-adenosyl homocysteine and
methyl halide as products (Fig. 1). [4, 6] Our goal is to exam-
ine as to whether the different abilities of HMTs to accept
non-natural SAM-derivatives or synthetic pseudohalogens
as substrates may be explained by comparative B-factor
analysis of the corresponding crystal structures [1].

Results and Discussion

Methyl-donor specificity. Methyltransferases (MTs) com-
prise a large group of enzymes catalyzing the methylation
of a broad range of small and macromolecular substrates,
including secondary metabolites, proteins and nucleic acids
[2,3]. Methylation of these substrates changes their proper-
ties and regulates various biosynthetic processes, including
gene expression and signal transduction. MTs could be clas-
sified by the type of the methylated nucleophilic atom (N,
C, O, S), by the targeted function (amine, amide, catechol,
carboxylate, phosphate), or by the reaction type (Sn,, radi-
cal, ping-pong). The largest subgroup of this family is con-
stituted by the S-adenosylmethionine dependent MTs. The
structural and functional diversity of MTs is important for
biocatalytic methylation of a wide range of substrates with
high stereo-, regio- and chemoselectivity in pharmaceutical
processes.

Large-scale application of MTs is challenging because of
their dependence on SAM stoichiometric methyl donor,
which is expensive, unstable and causes feedback inhibi-
tion of the by-product SAH. As a solution to this problem,
our laboratory has developed a process that allows the recy-
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cling of SAH by HMT-catalyzed methylation using synthetic
methyl donors, such as methyl iodide (Fig. 1) [5].

Substrate Product
MT

Methyl donor

Fig. 1: MT-catalyzed methylation of nucleophilic substrates.

Fig. 2: Crystal structure of HMT from the orchid symbiotic fungus
Tulasnella calospora (KioHMT) in complex with SAH and mesity-
lene sulfonate at a resolution of 1.90 A. The KioHMT polypeptide
chain was modeled for residues 12 — 246. A partially unresolved
loop (residues 204-217) is shown in the lower left corner. The pro-
tein was produced in E. coli and crystallized after proteolytic re-
moval of the N-terminal His-tag.

More recently, we have identified members of the HMT class
that also accept sulfate- and sulfonate-based methyl donors
[7]. These non-volatile reagents may be better suited for
large-scale application than methyl halides. In order to un-
derstand as to why certain HMTs accept bulky and aromatic
sulfonates in active sites that have evolved to bind small an-
ionic halides, we have started to examine crystal structures
of these enzymes in complex with SAH or sinefugin - a nat-
urally SAM analog and MT inhibitor — and sulfonates (Fig. 2).
Comparison of the crystal structures of several related HMTs



(from Arabidopsis thaliana, Paraburkholderia xenovorans
and Tulasnella calospora) suggests that the differences in
their structures alone does not explain their different abil-
ities of accept bulky sulfonates as methyl donors (Fig. 3). In
a second step we will collect room temperature diffraction
data on HMT crystals to compare (B-factor analysis)1 the dif-
ferent dynamic behavior of HMTs from different organisms.

Fig. 3: Left: Alignment of the structures of KioHMT and AthHMT
(pink, PDB ID: 3LCC, 1.84). RMSD = 0.977 (148 to 148 atoms).
Sequence identity = 33.63%. The chloride atom is colored green,
and SAH and MS are colored yellow. Right: Alignment of the struc-
tures of KioHMT and BxHMT (blue, PDB ID: 8AJP, 1 .S/f). RMSD
= 1.989 (145 to 145 atoms). Sequence identity = 28.16%. The chlo-
ride atom is colored green, and SAH and MS are colored yellow.

p-methyl SAM. A second study system emerges from our
goal to identify HMTs that can methylate SAH derivatives
with an additional methyl group attached to Cf of the ho-
mocysteinyl moiety. Screening a panel of HMT homologs
we identified HMT from the white-rot basidiomycete fungus
Dichomitus squalens as an efficient catalyst (tbuHMT). We
solved the crystal structure of this enzyme in complex with
SAH. Comparison of this structure with that of other HMTs
(see above) revealed no explanation as to why tbuHMT is sig-
nificantly more efficient at methylating -methyl SAH. As a
next step we plan to crystallize tbuHMT with $-methyl SAH.
We suspect that this unnatural substrate binds to HMTs via
induced fit. This alternative conformation may not be avail-
able for other HMTs despite very similar structures of the
native protein.

Fig. 4: Lefi: ThuHHMT + SAH structure, resolution 1.60 A. SAH is
colored yellow. Right: Surface representation of the same structure.

Conclusion

We have crystallized HMTs in complex with non-natural
SAM derivatives and synthetic methyl donors to examine
the structural determinants for differences in substrate spec-
ificity among HMT homologs. In a next step we will apply
RT-X-ray analysis and B-factor analysis to examine dynamic
contributions to the observed substrate specificities.
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Exchange energy of the ferromagnetic ground-
state in a monolayer semiconductor

Project P2105: Ferromagnetism of mobile electrons in a two-dimensional semiconductor

Project Leader: R. Warburton and M. Poggio

Collaborators: R. Kaiser (SNI PhD Student), N. Leisgang, D. Miserev, H. Mattiat, L. Schneider, L. Sponfeldner

Ferromagnetism represents one of the canonical magnetic
states. It describes a state of matter in which spontaneous
alignment of electronic spins leads to a net magnetisation.
A key metric of a ferromagnet is the exchange energy, the
energy required to flip one spin. The exchange energy de-
termines the Curie temperature, the temperature at which
there is a phase change from a ferromagnetic state (magnet-
ically ordered) to a paramagnetic state (magnetically disor-
dered). For the well-known metallic ferromagnets, e.g. iron,
the exchange energy is large resulting in enormous Curie
temperatures, ~1,000 K.

Recently, it was shown that electrons in two-dimensional
(2D) systems become ferromagnetically ordered at low tem-
perature. Ferromagnetic order has been observed in the
semiconductor consisting of monolayer MoS, [1, 2]. However,
the exchange energy characterising the ferromagnetic state
is unknown.

Here, we present a way to determine the exchange energy of
ferromagnetic MoS, (at low electron density). We argue that
the energetic separation between two lines in the photolu-
minescence spectrum provides a direct measurement of the
exchange energy, =. According to this method, the exchange
energy is about 10 meV. This is a substantial energy, much
larger than the thermal energy at cryogenic temperatures,
suggesting that the ferromagnetic order should survive to
temperatures of tens-of-Kelvin.

Monolayer MoS, is a semiconductor with direct band-gaps
at the K- and at the Kpoint of the Brillouin zone (Fig. 1a).
Resonant o*-polarised light creates an exciton at the K-point;
o-polarised light creates an exciton at the R-point. An elec-
tron gas in monolayer MoS, forms a ferromagnetic state in
which the Fermi surface consists of a circle at the K-point
and a circle at the K-point [1]. If the electron spins point
down, the K| and K| bands are occupied up to the Fermi en-
ergy; conversely, the K1 and K 1 bands are pushed above the
Fermi energy by the Coulomb interactions amongst the elec-
trons and are unoccupied. The reconstructed band structure
is sketched in figure 1b. The energy separation between the
| and 1 bands is the exchange energy, . The close-to-com-
plete spin polarisation implies that ¥ must be larger than
the Fermi energy.

The sample consists of a MoS, monolayer sandwiched be-
tween two hBN layers, (Fig. 1c). Electrons are injected into
the monolayer via a gate electrode; the electron density n is
proportional to the applied electrode voltage. We perform
a quasi-resonant, quasi-local photoluminescence (PL) exper-
iment: the laser photon-energy is 1.96 eV, just above the ex-
citon energy, 1.94 eV; the PL is collected from a region with
diameter 500 nm. The excitation is either ¢* or o -polarised,
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Fig. 1: a) Band structure of monolayer MoS, showing exciton
formation, the associated selection rules at the K- and K-points,
and the inter-valley exciton coupling provided by electron-hole ex-
change. b) Schematic of the reconstructed band structure of mono-
layer MoS, containing ferromagnetically-ordered itinerant elec-
trons with spin-|. The Fermi surface consists of two circles, one at
the K-point, one at the K -point. = is the exchange energy. c) Sche-
matic of the sample design. FLG stands for few-layer graphene.

thereby injecting an exciton with spin-{ at the K-point or
spin-| at the K-point, respectively. The PL is detected with
o*- or o -polarisation, allowing via the selection rules the
responsible valley for each emission line to be determined.
A magnetic field (perpendicular to the 2D layer) of +9.00T
is applied, aligning all the spins |. The optical response is
plotted as a matrix, figure 2: 6*/o refers to excitation with o*,
collection with o7 and etc.

At very low n before an electron gas is established, the op-
tical response is dominated by the neutral exciton, X° At
higher », a series of trions is observed, T, to T,. Figure 2 re-
veals a pronounced dichroism at low n: the trions in o*/o*
are much stronger than those in o/o. This is one signature
of ferromagnetism. The key to determining X is an identifi-
cation of the trions, T, to T,. This process proceeds using a
model which accounts for the injection process, the Pauli ex-
clusion principle, electron-hole scattering from one valley to
the other, and recombination [3|. Detective work using the
PL-polarisation and trion-linewidths as crucial clues leads
to a robust, self-consistent identification (Fig. 3). According
to this analysis, = can be determined from the splitting be-
tween T, and T,.
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Fig. 2: Photoluminescence for quasi-resonant excitation on gated
monolayer MoS, at +9.00 T and 4.2 K shown as a matrix: ¢/ o ex-
citation, o'/ o collection.

There are two striking points. First, the analysis of the trions
is fully consistent with a close-to-complete electron spin-po-
larisation, i.e. ferromagnetism. Second, the crucial energy
scale of the ferromagnetic phase, i.e. %, can read off from a
PL spectrum. Previous work has not managed to identify the
trions, and the idea of measuring the exchange energy via
the optical response is a new one.

The optics here is used to probe the electronic ground-state.
Crucially, the optical probe is sensitive to spin. However, the
optical response has a degree of complexity, and injecting
electron-hole pairs (the basis of a PL experiment) represents
a local perturbation to the ferromagnetism. Furthermore,
these experiments were performed at cryogenic tempera-
tures, 4 K, yet at higher temperatures, the optical probe fails:
the lines broaden on account of phonon scattering. The next
crucial step is to detect the ferromagnetism directly by mea-
suring the stray magnetic field. A nanoscale magnetometer
is ideal. Such an experiment is challenging as the magne-
tism of the mobile electrons is much weaker than the mag-
netism of a two-dimensional magnet simply because there
is just one electron per ten-thousand atoms. Nevertheless,
estimates of the stray field suggest that state-of-the-art mag-
netometers developed by SNI groups are up to the job [4].
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Catalytic uncaging strategies for the in vivo

release of cargoes

Project P2106: Innovative catalytic strategies to combat cancer

Project Leader: T. R. Ward and M. Fani
Collaborator: D. A. Graf (SNI PhD Student)

Abstract

Most traditional cytotoxic anticancer drugs used in chemo-
therapy indiscriminately target rapidly proliferating cells.
Their mode of action mainly relies on either impairment of
mitosis or induction of DNA damage and, therefore, affects
both rapidly proliferating cancer cells and healthy cells. By
utilizing a prodrug therapy, where a less cytotoxic form of
the anticancer drug is administered, the undesirable and
unspecific death of healthy cells can be minimized. Yet the
accumulation and site-selective release of the cytotoxic drug
in the vicinity of the diseased tissue is key to a successful
outcome of the cancer treatment. The prerequisite for the
accumulation is the over-expression of a membrane-bound
receptor that can be actively targeted by its natural ligand,
antagonist, or antibody (ADC, SMDC, ADEPT, Fig. 1)[1,2,3].
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Fig. 1: Active targeting strategies used to accumulate chemothera-
peutic drugs on cancer cells.

Our project is based on the development of an innovative
therapy consisting of an organometallic catalyst conjugated
to a targeting unit with a high affinity for a receptor that is
over-expressed on the surface of cancer cells. Following se-
lective accumulation at the surface of target cancer cells, the
catalyst will site-specifically uncage a subsequently adminis-
tered non-toxic prodrug to release a potent cytotoxic drug.
Importantly, the small molecule-directed metal catalyst pro-
drug therapy (MCPT) is expected to be significantly more se-
lective than current chemotherapies. Further, compared to
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antibody-drug conjugates (ADC), the small molecule compo-
nents are more straightforward and inexpensive to produce
and tailor for a given target. Importantly, they are expected
to exhibit greater tissue diffusion rates. Building on our ex-
pertise with in cellulo metal-catalyzed carbene-insertion and
cyclopropanation reactions [4,5], we set out to adapt this
strategy to the metal-catalyzed intramolecular Buchner car-
bene insertion reaction of aryl diazoketones.

Results
Probing Buchner carbene insertion
The Buchner carbene insertion reaction is based on the for-
mation of a metal carbene, which undergoes cyclopropana-
tion on an aryl moiety to form a norcaradiene intermediate.
This initial step is followed by a pericyclic concerted disrota-
tory 6mring expansion to afford a cycloheptatriene (Fig. 2).
The systematic evaluation of copper, gold, rhodium, and
iridium complexes revealed that i) Cu(Tp) predominantly
produces the undesired p-lactam through the insertion
into the benzylic C-H bond in polar, aprotic as well as in
polar, protic solvents. ii) The Au(NHC) is inactive towards
the carbene insertion into the aryl or C-H bond to form the
cycloheptatriene or the f-lactam product. iii) Rh,(OAc), and
Ir(mPIX) preferentially afford the ring expansion product
and iv) are compatible with cell lysate. Due to the superior
in vivo stability of Ir(mPIX) compared to Rh,(OAc), and the
facile functionalization of the carboxylic acid moiety of the
mesoporphyrin IX (mPIX), we selected Ir(mPIX) for future in
vivo studies.
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Fig. 2: Probing the Buchner carbene insertion with different tran-
sition-metal catalysts including copper, gold, rhodium, and iridium
catalysts.

Design and synthesis of the caged substrate

With the aim of validating the feasibility of the uncaging
strategy, we developed a caged substrate based on the aryl
diazoketone model substrate (Fig. 2). The precursor was syn-



thesized in 6 steps with an overall yield of 21%. Next, the me-
ta-benzylic alcohol moiety was used to cage cytotoxic drugs
i.e. fluorouracil, doxorubicin or MMAE (Fig. 3). It additionally
includes two methyl groups at the benzylic position to pre-
vent the undesired C-H activation to afford the undesired
p-lactam side-product. Following the Buchner carbene inser-
tion, the cycloheptatriene intermediate spontaneously un-
dergoes a 1,6-elimination, accompanied with the release of
the drug. Gratifyingly, the uncaging of a para-fluorophenol
substituted aryl diazoketone via Buchner carbene insertion
was confirmed by LC-MS and 1H NMR spectroscopy.

o
HO B(OH), 6 steps N 1) benzyl alcohol activation
— o 2N2 >
> 2) cargo caging
Buchner carbene
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+ HY-
catgo ThmPXMe spontaneous carge
9]
cargo = fluorouracil
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Fig. 3: Design and synthesis of an aryl diazoketone for the uncag-
ing of cytotoxic drugs via Buchner carbene insertion, followed by
spontaneous 1,6-elimination.

Targeted drug-delivery to cancer cells

The dimeric membrane protein human carbonic anhydrase
IX (hCA IX) is highly over-expressed under hypoxic condi-
tions, a common feature of the microenvironment of solid
tumors. It has been extensively validated as a tumor target
site. Acetazolamide-containing ligands (Fig. 4) have been
widely used as sub-nanomolar hCA IX inhibitors. Impor-
tantly, these are not internalized upon binding to hCA IX.[6]
For the selective accumulation of the organometallic cata-
lyst on the cell surface, different iridium porphyrin catalysts
are conjugated to the acetazolamide (AA) mono- and dual-in-
hibitors.

o}

5%

HaN™ \r /)_NH

acetazolamide

g
.
IF(mPIX)

e mmmmmmmmmm
SN 12 WL

Fig. 4: Active accumulation of AA—Ir(mPIX) on the cell surface of
cancer cells, using acetazolamide targeting moieties (red).

We are currently pursuing in vivo uncaging studies based
on these iridium porphyrins with a fluorophore-bearing sub-
strate on the cell surface of CT26 cell lines. Such engineered
CT26 cell lines were generously provided by the group of
Dario Neri and over-express hCA IX on their cell surface un-
der normoxic conditions.

Outlook

Having demonstrated the uncaging based on the Buchner
carbene insertion in silico, we are working on the in vivo un-
caging of non-toxic prodrugs to afford their corresponding
cytotoxic drugs. The most promising prodrug/drug couples
and the AA-Ir(mPIX) catalyst will then be evaluated in a tu-
mor-bearing mouse model to validate our developed small
molecule-directed metal catalyst prodrug therapy (MCPT).
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Magnetic torque transducer in a phononic band-

gap structure

Project P2107: High-sensitive torque magnetometry for 2D materials

Project Leader: I. Zardo and M. Poggio
Collaborator: M. Claus (SNI PhD Student)

Introduction

Progress in fabrication and development of nanomechani-
cal resonators now allows measurement of mass, force, and
torque with exquisite sensitivity. These improvements are
mostly due to the dramatic reduction in the size of mechan-
ical transducers over the last 30 years. Decreasing size and
defect density reduces mechanical losses and therefore im-
proves transducer sensitivity [1]. Recently, phonon engineer-
ing has also been exploited to diminish mechanical losses [2]
via patterned mechanical supports engineered to have a pho-
nonic band-gap around a transducer’s mechanical resonance
frequency. In addition, the supports have been designed to
optimally clamp the resonator, further reducing loss. These
techniques have been used to make high-Q optomechanical
devices [2] and are beginning to be applied in the design of
ultra-sensitive force sensors. So far, however, no one has ap-
plied them to torque sensing.

Here, we intend to apply these techniques to fabricate ul-
tra-sensitive mechanical torque sensors and to design these
sensors especially for the investigation of 2D materials — in-
cluding 2D magnets and van der Waals (vdW) heterostruc-
tures. In addition to being sensitive enough to measure
ultrathin magnetic materials, our sensors will incorporate
the possibility of making electrical contact to the sample as
sketched in the envisioned device shown in figure 1.

Torque magnetometry is an established and highly sensitive
technique for studying nanomagnets, correlated metals, and
superconductors [3]. Dynamic torque (frequency shift), which
is proportional to the curvature of the magnetic free energy
with respect to rotations, is a particularly useful observable
for identifying magnetic phase transitions [4], because - just
like the magnetic susceptibility — it is discontinuous for both
first and second order phase transitions. Torque magne-
tometry is broadband and capable of measuring both mag-
netostatic effects and magnetization dynamics, including
spin resonance and relaxation processes [5]. The improved
sensitivity of our planned torque sensors and the ability to
integrate electrical leads and contacts to the sample will en-
able a whole series of experiments: e.g. detecting supercon-
ducting and magnetic phase transitions in twisted bi-layer
graphene [5], vdW heterostructures, and other 2D materials,
including the reported magnetic phase transition in gated
monolayer MoS2 [6]. Our vision is to create and apply a new
experimental platform for the investigation of magnetic and
superconducting phase transitions in 2D systems.

Goals

Sensitive torque magnetometry has been used to determine
the magnetic behavior of very small magnets [7], persistent
currents in normal metal nano-rings (8], and tiny supercon-
ducting structures [9]. So far, however, its sensitivity has

58

not been leveraged to measure any of the emerging class
of 2D vdW materials and their heterostructures, which are
far too thin for conventional SQUID or torque magnetome-
ters. Recently discovered correlated states in these systems
range from superconductivity, to highly insulating states, to
magnetism. In some cases, transitions between these states
can even be induced by electrostatic gates. Our specially de-
signed torque sensors will allow us to measure these phase
transitions, yielding the associated phase diagrams and giv-
ing new insight into these poorly understood condensed
matter phenomena.

Fig. 1: Schematic diagram of a torque sensor with 2D sample, bot-
tom back gate, and top contacts.

Accordingly, the goals of this project are to:

1) Fabricate torsional resonators allowing for electrical con-
tact to the sample and integrate them within a phononic
band-gap support with optimal clamping;

2) Demonstrate state-of-the-art torque sensitivity on samples
with electrical contacts;

3) Use the transducers to measure magnetic and supercon-
ducting phase transitions in 2D materials as a function of
applied gate voltage, magnetic field, and temperature.

Results

After development of fabrication techniques to make tor-
sional torque transducers inside a phononic band-gap sup-
port made from silicon nitride during the first year, we have
shifted towards studying and testing flexural beams with a
phononic band-gap during the second year. An optical image
of one such flexural torque transducers and its frequency
response spectrum are shown in figure 2. The latter shows
a band gap between 400 and 670 kHz, and the fundamental
flexural resonance of the transducer at 490 kHz, well within
the band-gap. With this phonon escape from the resonantor
into the substrate is suppressed strongly by the band-gap.
This is confirmed by the fact that the flexural mode at 490
kHz is only observed when it is driven with an ac magnetic
field, while it cannot be excited with a simple piezo actuator
shaking the entire chip.
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Fig. 2: Doubly clamped flexural torque transducer inside a pho-
nonic band-gap structure and measured frequency response spec-
trum with the band-gap highlighted by the gray background. The
signal at 490 kHz is only visible when driving the device with an
ac magnetic field (blue data), while it is not observed when a piezo
actuator (orange data) is used instead.

In spite of successful fabrication of such a band-gapped flex-
ural transducer, we did not observe a substantial improve-
ment in the Q-factor compared to transducers that are not
embedded within a band-gap. This indicates that mechanical
dissipation of our flexural resonator is again dominated by
bending and/or surface losses as was the case for the tor-
sional transducers developed and studied previously. Again,
this demands for optimization of the device on other prem-
ises as for example by performing a final surface passivation
to reduce surface losses.

In addition, we have explored and developed a fabrication
technique to make plain silicon nitride cantilevers with a 2D
magnetic specimen attached: First, a simple silicon nitride
membrane is fabricated based on the same microfabrication
techniques that were used to make previous transducers. In
a second step, crystals of a magnetic material are exfoliated
to yield magnetic samples that are only few layers thick,
which are then stamped directly on top of the suspended
membrane by employing a standard PC-transfer protocol. In
a last step, a cantilever is cut around the magnetic specimen
by FIB-milling to yield the final torque transducer with a 2D
magnetic specimen attached to it. The characteristics and
magnetic signatures of such a transducer with a CrSBr an-
tiferromagnetic specimen is currently under investigation.

Outlook

With the acquired expertise to produce suspended silicon
nitride microresonators, we are able to design and fabricate
high-sensitive torque transducers with high precision and
good yield. With the addition of the ability to make trans-
ducers that have a 2D magnetic specimen attached to them,
we are currently investigating the characteristics of such
high-sensitive transducers and aim to study their magnetic
signatures within the weeks to come. If successful, this will
allow us to study many different magnetic 2D materials in
the future even without reducing phonon dissipation by

means of a phononic band-gap structure. Concerning our
band-gapped transducers, we have learned that surface dis-
sipation is the dominant loss mechanism. This will be ad-
dressed in the near future by exploring and testing different
surface passivation techniques.
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Exploration of 2D layered transition metal based

ferromagnets

Project P2202: Search for 2D ferromagnetism at room temperature
Project Leader: M. Ciomaga Hatnean and M. Kenzelmann

Collaborator: T. Geise (SNI PhD Student)

Introduction

Two-dimensional ferromagnets are of great interest in the
scientific community since the discovery of intrinsic ferro-
magnetism in bilayer Crl, and CrGeTe, (CGT) [1,2]. Owing to
the physical properties of these materials, they have great
potential to be used in spintronics. One of the most studied
layered van der Waals ferromagnets is CGT, which belongs to
the compound class ABX,, where A is a transition metal cat-
ion, B is dimerized ion (mostly Si, Ge) and X is a chalcogenide
anion (S, Se, Te). Several other compounds isostructural with
CGT have been synthesized and investigated.
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Fig. 1: Crystal structure of CGT viewed along a-axis. Van der
Waals gaps are visible between the layers. Blue atoms: Cr, Green
atoms: Ge, Yellow atoms: Te.

CGT crystallizes in a trigonal space group, R3 (No. 148). The
layered structure exhibits van der Waals gaps between the
Tellurium atoms. The magnetic chromium ions are arranged
in a honeycomb lattice. The existence of van der Waals gaps
in materials is a rare behavior, but it is very useful for the
exfoliation and preparation of atomically thin layers, which
afterwards can be studied with techniques like MOKE.

The typical arrangement formed by the transition metal
ions, i.e. a honeycomb lattice, can yield four different types
of magnetic ground states. ABX, systems are expected to be
either ferromagnetic or antiferromagnetic (Fig. 2).
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Fig. 2: Expected types of magnetic ordering in the ABX -class.

Previous studies suggested that the nature of the magnetism
exhibited by CGT is correlated to the Cr-Te-Cr angle, i.e., if
this angle is closer to 90°, the superexchange interaction is
expected to become stronger, thus leading to a ferromag-
netic ordering of the Cr-ions. In 2015, computational studies
predicted an antiferromagnetic zig zag type ordering in the
CrSiTe, monolayer [3]. This was later disproved experimen-
tally, and a recent study showed that CrSiTe, exhibits ferro-
magnetic properties in the monolayer [4]. In CrSiTe,, despite
the fact that the Cr-Te-Cr angle is closer to 90° than in CGT,
the magnetic transition temperature is significantly lower
(31 K). These results suggest that the nature of the magnetic
interactions in these systems is still not fully understood.

Furthermore, upon substitution of Cr with Mn, additional
manganese cations are intercalated in the van der Waals
gaps. Despite being isostructural with CGT, Mn,Si Te, and
Mn,Si Se, compounds exhibit thus a ferrimagnetic long
range ordering [5,6]. Moreover, it has already been observed
that the TC in CGT also decreases as the number of atomic
layers decreases [7]. The application of tensile strain has the
potential to increase the TC in the atomically thin layers [8].
Using computational methods, several new materials in this
class are predicted to form. The aim of our exploratory ex-
perimental work is the discovery of new ferromagnetic ma-
terials belonging to this family of compounds. In addition,
we plan to investigate other classes of materials, different in
structure and in chemical composition, but exhibiting sim-
ilar properties (layered van der Waals crystal structures and
ferromagnetic ordering with a high TC).

Various methods can be used to obtain powder or single crys-
tals of layered van der Waals materials. In our work, we em-
ployed two techniques: solid-state reaction and flux growth
method. Using the flux method, we were able to synthesize



large single crystals of CGT (Fig. 3). During our growth ex-
periments, we varied the main parameters that affect the
quality and size of the crystals, i.e. heat treatment condi-
tions (temperature, duration and heating/cooling rates). The
synthesis of polycrystalline materials by solid state reaction
was only partially successful, as in most cases, the result-
ing powder was multi-phase. The presence of minor second-
ary phases was observed. We plan to adapt our procedure
for the synthesis of polycrystalline material, by employing
other methods, such as ball-milling, in order to eliminate
the small amounts of secondary phases that form in the sol-
id-state reaction.
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Fig. 4: Temperature dependence of magnetization measured on a
CGT crystal.
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Fig. 3: CGT single crystals on mm-paper. Crystals were grown by
the flux method.

The characterization of the polycrystalline and single crys-
tal samples prepared was performed using several labora-
tory-based characterization methods. Powder and single
crystal X-ray diffraction were used to identify phases and
investigate the crystal structures of the prepared materials.
When single phase materials were obtained, we carried out
p-XRF, MPMS and PPMS measurements on these samples.
Laboratory-based characterization methods are part of the
preliminary preparation of the samples for further neutron
investigations, aimed at understanding the magnetic in-
teractions in the studied materials. Once we identify new
ferromagnetic materials that are ferromagnetic in the bulk,
we will investigate if they exhibit similar properties in the
atomically thin layers.

Results

In a first instance, we prepared single crystals of CGT, the ar-
chetypal ferromagnet belonging to the ABX, class of materi-
als. We then investigated the structural and magnetic proper-
ties of CGT crystals prepared. Single crystal X-ray diffraction
measurements confirmed that CGT crystallizes in the trigonal
space group R3 (No. 148). Magnetization measurements per-
formed on our crystals showed, that the crystal has a para-
magnetic-ferromagnetic transition at Tc ~ 65 K (Fig. 4). These
experiments were performed to establish a growth procedure,
and the results of the structural and magnetic properties in-
vestigations will be used as a standard for the new materials
prepared.

Outlook

Furthermore, different synthesis attempts of new materials
are ongoing. Following the investigations performed on the
bulk crystals, we will prepare atomically thin layers (mono-
to multilayers) of these materials by exfoliation, for studies of
the magnetic properties at the 2D level. The magnetic behav-
ior of the materials will be investigated to determine their
potential role in future applications in novel spintronics.
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Understanding the promoting role of sulfur in
cobalt phosphide nanocatalysts

Project P2203: Towards earth-abundant nanocatalysts for hydrogenation reactions: Understanding the
promoting role of sulfur in cobalt phosphide nanocatalysts

Project Leader: M. E Delley and M. Nachtegaal
Collaborator: C. Yuan (SNI PhD Student)

Introduction

Hydrogenation reactions are widely used for the production
of chemicals in the chemical industry. For the development
of sustainable processes highly efficient and highly selec-
tive catalysts are needed that are made of earth-abundant
elements. In particular, transition metal phosphide nano-
materials have recently shown great promise as catalysts
for chemical transformations in energy-related applications,
such as water splitting [1]. These materials have also shown
high catalytic activity for hydrodesulfurization (HDS), in
which heteroatoms are removed from organic fuels by reac-
tion with H,, and more recently also for the hydrogenation
of multiple bonds in organic substrates [2]. Empirical studies
have shown that the catalysis of water splitting by transition
metal phosphides can be enhanced when a hetero-element,
especially sulfur, is incorporated in the catalytic material
(e.g. by doping)[3]. Interestingly, a similar effect has been ob-
served in HDS applications of these materials. During HDS
sulfur is incorporated at the surface of transition metal phos-
phides and it is this in-situ formed phosphosulfide that is
thought to be catalytically active [4]. However, due to the
complexity of the sulfur-doped transition metal phosphide
catalysts, it is challenging to establish clear structure-reac-
tivity relationships for the sulfur-effect on the catalysis of
these materials.

Goal of this research

The goal of this research is to understand the promoting role
of sulfur on the hydrogenation catalysis by transition metal
phosphide nanoparticles in order to develop a roadmap for
the design of better catalysts. We aim to combine a strategy
for a controlled sulfur-doping of transition metal phosphide
nanoparticles with operando X-ray-based spectroscopic anal-
ysis for detailed information on the structure of the catalytic
active site and especially the role of sulfur in the material
under catalytic working conditions. This should enable the
construction of structure-reactivity relationships for the
rational development of efficient hydrogenation catalysts.
At present, we are working on the preparation of suitable
cobalt phosphide nanoparticles and the development of a
controlled method of doping the nanoparticles with sulfur.

Result and Discussion

We adapted a previously reported method for the synthe-
sis of cobalt phosphide nanoparticles [5]. Cobalt chloride as
Co-precursor, 10 equivalents of triphenyl phosphite as P-pre-
cursor, and 10 equivalents of hexadecylamine (HDA) as li-
gand were dissolved and mixed in hexadecane. Hexadecane
was chosen as solvent in order to avoid a possible oligom-
erization of the more typically used 1-octadecene solvent at
280°C [6]. The mixture was degassed for 2 h at 150°C and
then heated to 280°C for 0.5 h. At this temperature a black
precipitate formed, which suggested the successful forma-
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tion of nanoparticles. These were then separated, washed,
and redispersed. Optimization of the washing and centrif-
ugation procedure enabled an increase in the yield of parti-
cles by 50%. Multiple batches of particles were prepared to
test for reproducibility of our results. The thereby prepared
particles were characterized by a range of physicochem-
ical methods. Analysis by powder X-ray diffraction (pXRD)
and X-ray photoelectron spectroscopy (XPS) was consistent
with the preparation of cobalt phosphide particles that are
largely amorphous. Transmission Electron Microscopy (TEM)
pictures provided information on the shape and size of the
particles and are shown in figure 1.

2 3 4 5 6 7 8 9 10
Size (nm)

Fig. 1: The TEM picture of the prepared cobalt phosphide nanopar-
ticles and their size distribution.

The particles had quasi-spherical shapes with an average size
of 5 + 1 nm. This differs from the shape and size obtained
through original the procedure, which lead to rod-shaped
particles with a size of width x length = 6.9 + 0.8 nm x 33
* 9 nm and a crystalline Co,P structure, presumably due to
differences in the synthetic method including the rate of the
inert-gas-flow [5]. Characterization of the particles by FTIR
showed bands near 3000 cm? that were assigned to the sym-
metric and asymmetric stretching from the -CH, and -CH,
groups (Fig. 2). These bands show the presence of the HDA
ligands having long alkyl chains on the particle surface.
Combined XPS and TGA analysis of two different batches of
cobalt phosphide nanoparticles suggested that the mass ra-
tio of the ligand shell to cobalt phosphide particle (assuming
a CoP phase) is approximately 30%.
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Fig. 2: The IR spectrum of the as-synthesized cobalt phosphide
nanoparticles.

After successful synthesis of cobalt phosphide nanoparti-
cles, we tested different soft chemical methods to remove
the ligands on the surface [7]. A removal of the ligands from
the nanoparticle surface is pursued as this should increase
their catalytic ability through higher accessibility of the re-
active surface. The thereby-treated particles were isolated,
washed, and characterized by TEM, TGA, and IR. Figure 3
shows a representative TEM picture of nanoparticles after
ligand removal. The ligand removal procedure has slightly
decreased the size of the particles to 4 + 1 nm with a qua-
si-spherical shape retained. TGA analysis was consistent with
the removal of a significant fraction of the HDA ligands and
suggested the presence of light, more volatile components
on the particles, such as ethanol used for washing. We are
currently using further characterization methods to quan-
tify the amount of removed ligands per particle.

4 5
Size (nm)

Fig. 3: The TEM picture of the cobalt phosphide nanoparticles after
ligand removal and their size distribution.

Preliminary efforts to dope the cobalt phosphide nanopar-
ticles with sulfur seem promising as ca. 0.014 mg sulfur per
mg of cobalt phosphide nanoparticles can be achieved.

Conclusion and Outlook

Within 6 months, we successfully synthesized and char-
acterized cobalt phosphide nanoparticles with long alkyl
ligands. Further first results show that we can remove a
substantial fraction of the ligands and dope the cobalt phos-
phide nanoparticles with sulfur. Next, we will be optimizing

sulfur doping and test the catalytic properties of both as-pre-
pared and sulfur-doped cobalt phosphide nanoparticles for
hydrogenation reactions. Synchrotron-based operando ex-
periments will also be designed in the next step in order to
gain insight into the key structure-reactivity relationships of
these materials.
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Rubisco phase separation: from dynamics to

structure

Project P2204: NanoPhase: A multi-scale view of phase separation from cells to nanostructure
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Collaborator: Ph. Van der Stappen (SNI PhD Student)

Small, dynamic, and liquid-like

Biomolecular condensation and liquid-lig-
uid phase separation (LLPS) have recently
become recognized as fundamental mech-
anisms underlying the formation and func-
tion of membraneless organelles (MLOs)
and cellular organization. These dynamic
compartments, devoid of a surrounding
membrane, facilitate a variety of crucial
biochemical processes, including RNA pro-
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cessing and carbon fixation. The essence of
LLPS lies in its weak, multivalent interac-
tions, which foster the creation of organ-
elles that are highly dynamic, flexible, and

reversible. These properties allow them to
exhibit a remarkable diversity in size, com-
position, material characteristics, regula-
tory mechanisms, and functional roles [1].

Both in vitro (when reconstituted from re-

combinant proteins) and inside cells, biomolecular conden-
sates have mostly been studied at the microscale using light
microscopy techniques such as fluorescence recovery after
photobleaching (FRAP) and passive microrheology. In this
project, our research will focus on investigating the mecha-
nisms of phase separation across scales, ranging from cellu-
lar dynamics to molecular nanostructure.

The pyrenoid — a membraneless organelle fixates CO, in
photosynthetic marine algae

Among all diverse biomolecular condensates, the pyrenoid
[2] stands out as a pivotal element in Earth's biosphere. This
MLO is predominantly found in the chloroplasts of algae, is
filled with the carbon-fixing enzyme Rubisco (Ribulose-1,5-bi-
sphosphate carboxylase/oxygenase), and is responsible for
approximately one-third of the planet's photosynthetic CO,
assimilation. Algae are a vital component of marine ecosys-
tems, carrying out carbon fixation and oxygen production,
while forming the foundation of aquatic food webs.

The model alga Chlamydomonas reinhardtii

In the model organism C. reinhardtii, it is known that an
intrinsically disordered protein called EPYC1 interacts with
Rubisco and is essential for the underlying phase separation
that enables formation of the pyrenoid [3]. Figure 1 high-
lights the chronological history of key pyrenoid discoveries,
from their first observation by light microscopy in 1803, to
the recent rapid progress understanding their function, mo-
lecular composition, and LLPS.

Looking at the eukaryotic tree of life, we can observe various

different algal pyrenoid morphologies (see Fig. 2). However,
to this day, we only know about three essential linker pro-
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Fig. 1: A brief history of research into the pyrenoid and the model organism Chlamydomo-
nas. Adapted from [2].

teins which form Rubisco condensates across species, and
only the C. reinhardtii pyrenoid system is characterized well
enough to allow in-depth biophysical study.

Thus, we are keen to apply our multiscale techniques to un-
derstand both the biochemical and structural mechanisms
governing Rubisco phase separation in the C. reinhardtii
pyrenoid.

Intrinsically disordered proteins are key

EPYC1 is a 30 kDa protein with intrinsically disordered re-
gions (IDRs), high positive charge, and 5 repeating sequences.
Each of these five repeats contains a Rubisco binding motif.
This allows for weak multivalent interactions bridging adja-
cent Rubisco proteins which enables condensate formation
(see Fig. 3). These biochemical properties of IDRs are crucial
for LLPS. The Rubisco binding motifs is called a “sticker”,
and the amino acids between a sticker is called a “spacer”.
EPYC1 has 5 stickers and 5 spacers.

However, such Rubisco linker proteins are not conserved
between different algal clades. No homology sequences are
known, but functional homologs exist that share common
properties such as IDR’s, weak multivalency, and a stick-
er-spacer model. Why evolution came up with a set number
and length of stickers and spacers is a big mystery that we
aim to explore in our project.

Cryo-electron tomography and the pyrenoid ultrastructure
Rubisco is the most abundant protein in the world, and its
copy number inside a single algal pyrenoid is high. Addition-
ally, the 550 kDa protein is big enough to be resolved by
high-resolution cryo-electron tomography (cryo-ET, Fig. 4).
By combining cryo-ET with different biophysical methods to



organization, we aim to bridge the gap between the
liquid-like fluid properties of the condensate and the
ultrastructural arrangement of its components. This
would be a first in the field of phase separation, and
would also provide new insights into the globally-im-
portant pyrenoid compartment.

References

[1] Y. Shin, C. P. Brangwynne, Liquid phase con-
densation in cell physiology and disease. Sci-
ence, 357.6357 (2017)

[2] J. Barrett, P. Girr, and L. C. M Mackinder,
Pyrenoids: CO2-fixing phase separated liquid
organelles. Biochim. Biophys. Acta Mol. Cell
Res. 1868(5) (2021)

[3] L.C. M. Mackinder, M. T. Meyer, T. Mettler-Al-
tmann, V. K. Chen, M. C. Mitchell et al. A repeat
protein links Rubisco to form the eukaryotic car-
bon-concentrating organelle. Proc. Nat. Acad. of

Fig. 2: Pyrenoid-containing algae are polyphyletic and found across the Sci. USA 113(21) (2016)
eukaryotic tree of life. Adapted from [2].

[4] S.He, H-T. Chou, D. Matthies, T. Wunder, M.

study biomolecular condensates — such as FRAP and micror- T. Meyer et al. The structural basis of Rubisco

heology — we aim to bridge our understanding of LLPS across

scales phase separation in the pyrenoid. Nat. plants
’ 6(12) (2020)

Fig. 4: A cryo-electron tomogram of the pyrenoid inside a
frozen C. reinhardtii cell. Individual Rubisco protein com-
plexes are visualized with high resolution.

Fig. 3: Depiction of multivalent crosslinking between Rubisco by
EPYCI. Zoomed in box shows residues involved in the binding.
Adapted from [4].

We are developing a modular system to test several tunable
properties of EPYC1 linker variants (sticker and spacer mod-
ifications) on the LLPS of Rubisco both in vitro and inside
cells. By combining micrometer-scale measurements of con-
densate dynamics with nanometer-scale analysis of Rubisco
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Towards NIR-light triggered nanocarriers

Project P2206: Multi-compartment nanofactories for on-site and on-demand drug synthesis and delivery

Project Leader: O. Tagit and C. G. Palivan
Collaborator: A. Nikoleti¢ (SNI PhD Student)

Introduction

Combination chemotherapy has been shown to provide a
synergistic or additive attack on tumors. However, distinct
pharmacokinetic and solubility profiles of individual drugs
make the choice of correct dosages and drug ratio difficult
and can hence lead to inefficient therapy [1]. Therefore, new
drug delivery systems are emerging, with the ability to co-de-
liver dissimilar small molecules to the site of interest at an
optimum dose using nanocarriers. Aqueous self-assembly of
amphiphilic block copolymers into nano- and microscopic
vesicles is commonly used to produce compartments used
in an array of applications ranging from nanoreactors to cell
mimicry and drug delivery [2]. Compared to liposomes (lipid
vesicles), vesicles based on amphiphilic polymers offer both
improved mechanical and chemical stability, as well as the
possibility to tune thickness, permeability, and stimuli-re-
sponsive behavior. Stimuli-responsiveness is a key aspect
to improve spatial and temporal control over delivery. Poly-
mers that display either a lower critical solution tempera-
ture (LCST) or an upper critical solution temperature (UCST)
in aqueous medium are used as building blocks to develop
thermoresponsive nanocarriers that undergo structural
change once heated above their critical temperature.

In this project, we aim to develop ‘nanofactories’ with mul-
tiple internal compartments capable of independently and
selectively releasing content when triggered. Our nanocom-
partments are based on stimuli-responsive block copolymers
and gold nanorods (AuNRs). Gold nanorods with different
aspect ratios have different localized surface plasmon res-
onances (LSPR), and will generate heat when excited with
photons of specific wavelengths [3]. By combining different
AuNRs and thermoresponsive polymeric compartments,
they can be selectively triggered at different excitation wave-
lengths (Fig. 1). We are synthesizing novel thermoresponsive
block copolymers that self-assemble into polymersomes, to
which we covalently attach AuNRs through appropriate end-
group functionalization of polymers. Our ‘nanofactories’
will be produced in a bottom-up manner, by co-encapsulat-
ing different compartments inside giant unilamellar vesicles
(GUVs).

Thermoresponsive block copolymers

We have developed a library of thermoresponsive block
copolymers based on polydimethylsiloxane (PDMS) and
poly(diethylene glycol acrylate) (PDEGA). This library con-
sisting of hydrophobic PDMS and hydrophilic PDEGA blocks
was synthesized to investigate the influence of block chain
lengths on the thermoresponsive behaviour and architec-
ture of self-assembled structures. Starting from PDMS-OH
of varying degrees of polymerization, we synthesized PDMS-
CTA macroinitiators using Steglich esterification. We then
used photoinitiated RAFT polymerization to couple variable
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block lengths of hydrophilic PDEGA. RAFT end-group can be
cleaved into a thiol group using aminolysis, resulting in a
o-thiol functionalized PDMS-b-PDEGA. Synthesized copoly-
mers were characterized by 1H NMR spectroscopy and GPC,
revealing the controlled nature of RAFT polymerization.

Fig. 1: Schematic illustration of the ‘nanofactory’. Compartments
with different AuNRs are triggered with light of different wave-
lengths.

To evaluate the thermoresponsive behaviour of PDMS-b-
PDEGA, dynamic light scattering (DLS) and turbidimetry
(cloud point) experiments were conducted in aqueous solu-
tions in H,0 and PBS. The cloud point of PDMS-b-PDEGA-
(f=68%) was determined to be 46°C in H,0 and 32°C in PBS
using turbidimetry (Fig. 2a). This difference is due to the cat-
ions from the buffer interfering with the solvation shell of
the PDEGA side chain. Analogous critical temperatures were
obtained from DLS as the temperatures where sudden in-
crease in size occurs due to aggregation and where PDI>0.5
(Fig. 2b). Other block copolymers with longer PDMS blocks
exhibited lower LCST due to increased hydrophobicity of co-

polymer.

Gold nanorods

We have synthesized AuNRs in two steps using the seed-me-
diated growth method. First, CTAB-coated gold seeds were
prepared by the reduction of HAuCl,. Aged seeds were then
added to the growth solution to allow for the formation of
AuNRs. Plasmonic resonance wavelengths of synthesized
AuNRs were obtained using the UV-Vis-NIR spectroscopy. By
varying the gold seeds aging time and nanorods growth time



we obtained AuNRs with slightly different LSPR (Fig. 3a). Size
and aspect ratio of the prepared AuNRs were determined by
SEM (Fig. 3b) and TEM.
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Fig. 2: Thermoresponsivity of PDMS-b-PDEGA (f= 68%) in aque-
ous solutions. a) Cloud point determination using turbidimetry in
PBS (green) and H,O (purple). Critical temperature was extracted
at 50% transmittance drop in the transmittance versus temperature
graph. b) Determination of LCST phase transition from DLS mea-
surements performed at different temperatures in PBS.

The AuNRs synthesized this way are stabilized with CTAB
and dispersed in water (hydrophilic AuNRs). They can be
made hydrophobic by dispersing them in organic solvent
with phase transfer through liquid-liquid interface, during
which the stabilizing ligands are exchanged. We used alkan-
ethiols to stabilize AuNRs in organic solvents.

Outlook

We are currently working on obtaining thermoresponsive
polymersomes and combining them with AuNRs. In the next
stage of the project, AuNRs will be covalently attached to
the surface of thermoresponsive polymersomes. Such assem-
blies will be used for NIR-light triggered release studies. We
will also prepare gold nanorods using different methodol-
ogy in order to get LSPR wavelengths above 1000 nm. Finally,
we will encapsulate polymersomes decorated with different
AuNRs inside GUVs and test their selective release.
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Fig. 3: Characterization of CIAB-stabilized AuNRs. a) UV-vis
spectra of AuNRs. LSPR depends on the aspect ratio. b) SEM mi-
crograph of AuNRs synthesized from 2h-aged seeds (aspect ratio
3.6).
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HfO, scintillating nanoparticles doped with Ln**
for X-ray mediated optogenetics

Project P2207: Targeted scintillator nanoparticles for X-ray mediated optogenetics in behaving mice

Project Leader: A. A. Wanner, J. D. Roo and C. Padeste

Collaborator: E. Liari (SNI PhD Student)

Scintillating nanoparticles (SNPs) for X-ray mediated
optogenetics

Optogenetics is considered a promising technique to study
the function and connectivity of neuronal circuits in the
brain tissue by manipulating the activity of neurons with
high temporal precision [1,2,3]. In principle, this is achieved
by either the excitation or inhibition of light switchable
transmembrane proteins, such as channelrhodopsin, halor-
hodopsin or archaerhodopsin, with the assistance of visible
light [4,5]. However, conventional optogenetics requires a
light source that is invasively implanted into the brain, since
the penetration depth of the visible light in the brain tissue
is limited to a few hundred micrometers. However, this sur-
gical intervention bears the risk of brain tissue damage and
neuroinflammation [5]. The aim of this project is to develop
and synthesize SNPs, as an alternative non-invasive means
of optogenetics utilizing X-ray radiation which can achieve
deeper penetration tissue depth compared to visible light
[3,5,6]. SNPs will be modified appropriately to be colloidally
stable in physiological conditions and to provide targeted
adherence to the appropriate transmembrane opsin. Subse-
quently, they will be injected into the brain tissue, adhere to
the targeted opsin, and convert X-ray radiation into visible
light for the activation or inhibition of the selected protein
(Figure 1). Their function will be tested both in vitro and in
vivo in behaving mice. Overall, it is expected that SNPs will
offer an alternative non-invasive tool for optogenetics and
potentially, for the treatment of neurological diseases [3].
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Fig. 1: Schematic overview: a) Injection of modified adeno-associ-
ated viruses (AAV) into the ventral tegmental area (VTA) and release
of artificial DNA into infected cells that codes for light-switchable
proteins such as the red-shifted channelrhodopsin ChRmine. Four
weeks after the AAV injection the light-switchable proteins will be
integrated into the cell membranes of the neurons of interest and
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SNPs are injected into the same area. b) The appropriately func-
tionalized SNPs will associate with the light-switchable proteins.
Upon irradiation with X-rays, the SNPs emit visible light which ac-
tivates the light-switchable proteins in the neurons (see c)) to excite
or inhibit them. d) Optogenetical manipulation of neuronal activity
in deep brain regions in vivo in behaving mice by exposing them to
focused X-rays.

HfO, is an appropriate material to act as a host matrix of
SNPs, as the incorporation of atoms, such as Hf with high
atomic number (Z= 72), is crucial for an efficient X-ray ab-
sorption [7]. Furthermore, it can host trivalent Ln ions, which
act as efficient sensitizers for utilization in the final applica-
tion. HfO,:Ln NPs of around 3 nm diameter are being syn-
thesized using a typical solvothermal reaction. A solution of
Hf{OtBu),, BnOH and Ln(OAc), is heated at high temperatures
for 96 hours in a furnace to yield crystalline nanoparticles
(NPs) [7]. After synthesis, the particles are further function-
alized with the appropriate carboxylate ligand that makes
them colloidally stable in non-polar solvents. 1H NMR spec-
troscopy indicates the binding of the ligand on the surface
of the NPs by the broadening of the NMR signal of the bound
compared to the free ligand. This broadening results from
a) the restriction of rotational mobility of the bound ligand
that speeds up T, relaxation (homogeneous line broadening)
and b) the differences in solvation and ligand-ligand interac-
tion (heterogeneous line broadening) [8]. Dynamic light scat-
tering (DLS) measurements confirm the hydrodynamic size
of the particles (around 7 nm), transmission electron micros-
copy (TEM) shows the size and morphology of the particles
and thermogravimetric analysis (TGA) the amount of ligand
bound on their surface (Fig. 2).

The synthetized and functionalized NPs are colloidally stable
in non-polar solvents such as toluene and cyclohexane. Since
we aim to utilize them in a biomedical related application,
they need to be colloidally stable in aqueous environments
at physiological conditions (pH= 7.4), instead. The colloidal
stability of the particles plays an important role in cellular
uptake, cytotoxicity, targeting of a molecule of interest, par-
ticle aggregation, etc. [9]. Therefore, the carboxylate that is
initially bound to the surface of the NPs will be exchanged
with an appropriate ligand that will provide colloidal stabil-
ity of the particles in a physiological environment. Further-
more, the ligand chain should be end-functionalized with
an appropriate moiety that can be chemically attached to
specific molecules (e.g. SNAP tags) that will provide linkage
of the NPs to the targeted protein in the brain. Non-doped
HfO, particles are chosen to study the surface chemistry of
the NPs, since they are compatible with 1H NMR spectros-
copy and their surface chemistry is similar to that of doped
particles. 1H NMR signals of HfO,:Ln particles show an exces-
sive broadening due to the paramagnetic effects of trivalent
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Ln ions, making it difficult to study their surface chemistry.
The synthesis of the non-doped particles is the same as for
the doped particles with the main difference being that only
Hf{OtBu), and BnOH are used as precursors. So far, it has
been proven that catechol provides the best colloidal stabil-
ity of the NPs in physiological conditions [9]. However, in the
case of optically active NPs, the benzene ring can act as a
possible quencher of the luminescence and thus, cannot be
used as a surface ligand. Hence, our focus is on synthesizing
and testing bidentate bisphosphonic acids, instead, as they
are thought to provide better colloidal stability compared to
their monodante phosphonic acid analogues and they do not
quench the luminescence of the NPs [10].

Important aspects of the SNPs are their excitation and emis-
sion profiles. The host matrix of the particles should absorb
electrons in the X-ray region, transfer the absorbed energy to
the Ln* ions, which emit in high yields at a wavelength that
matches the excitation region of the protein of interest. The
protein of interest chosen is a red-shifted channelrhodopsin,
ChRmine, with peak response at 520 nm. Hence, we started
performing photoluminescence measurements of the NPs to
follow the excitation, emission and emission decay profiles
of the SNPs capped with different bisphosphonate ligands.

In the future, we aim to measure the radioluminescence of
the synthesized and functionalized particles in H,O to get
more insight in their optical properties. Afterwards, the li-
gand chain on the surface of the NPs will be further func-
tionalized with specific binders that can specifically target
the opsin of interest. Lastly, the NPs will be tested first in vi-
tro in acute coronal slices of mouse brain, where the gener-
ated photocurrent will be monitored by electrophysiological
recordings and then in vivo in behaving mice.
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A laboratory transmission X-ray microscope
based on an X-ray achromatic lens
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Introduction

Transmission X-ray microscopy (TXM) is a non-destructive
tool for the analysis of the inner structure of intact samples
at the micro- and nanoscale. However, its implementation at
broadband X-ray tube sources suffers from the image blur-
ring and long exposure time due to the chromatic aberration
of the lenses and the inherent low available flux of labora-
tory sources.

Recent development of X-ray achromatic lens and capillary
optics at Paul Scherrer Institute allows the efficient collec-
tion of a larger bandwidth of a polychromatic laboratory
X-ray source. The X-ray achromatic lens consists of a focusing
diffractive Fresnel zone plate and a defocusing compound re-
fractive lens, focusing X-rays from a broader energy range at
the same focal spot, as reported in the publications [1]. In or-
der to avoid the lens alignment complexity in the X-ray im-
aging systems, these two lens components can be fabricated
as monolithic lens. Depending on the diameter and outmost
zone width of the Fresnel zone plate, the focal length and
numerical aperture (NA) of this monolithic achromat lens
are 95 mm and 1.0 mrad for the 7.1 keV X-rays.

The single-bounce monocapillary has an elliptical shape
which can focus divergence X-rays onto the sample. De-
pending on the incident angle of X-rays in the capillary, the
high energy X-rays can be filtered. Due to the high reflec-
tivity of gold, the reflective surface of the capillary optics is
gold coated. At a surface roughness of 1 nm, a monocapillary
reflects more than 80% of 511 keV X-rays. The Au capillary
is fabricated by electroplating and evaporation processes.
However, the current fabrication processes lead to a surface

Pinhole
Central stop
Monocapillary optics

Sample

roughness of 5 nm resulting in a reflectivity less than 50%.
Low reflectivity causes low photon flux for imaging and also
affects the quality of imaging. In further investigations, the
surface roughness of capillary will be improved.

Designing the achromatic X-ray microscope

Figure 1 shows the sketch of our achromatic transmission
X-ray microscope at PSI using a microfocus X-ray tubes, the
monocapillary optics, a central stop, a pinhole, a monolithic
achromatic lens and pixel detector. Designing a TXM in-
volves several critical components and considerations:

X-ray source: a microfocus X-ray tube is selected for our mi-
croscope, which has a beam size of 10 pm. We also measured
the spectra directly from the X-ray tube and from the re-
flected beam of the capillary, as shown in figure 2. The tung-
sten X-ray tube has three emission lines at 8.4 keV, 9.7 keV
and 11.0 keV at a tube voltage of 50 kV and a tube current
of 200 pA. Compared to the direct beam, the monocapillary
suppresses the hard X-ray photons. Notably, to reduce the
absorption of X-rays in the air, helium flight tubes were also
utilized along the optical axis.

Optical system: our X-ray microscope has a magnification of
12x and a field of view of 50x50 pm? The distances from sam-
ple to achromat and from achromat to detector are approxi-
mately 115 mm and 1380 mm, respectively. The capillary focal
length is 400 mm. Thus, the total length of the microscope is
1.9 m. In addition, it is important that the illumination angle
of capillary must match the NA of the monolithic achromatic
lens. Accordingly, the monocapillary has a semi-major axis of
200 mm, a semi-minor axis of 0.42 mm and a length of 12 mm.

»

Detector

RL

N

X-ray Achromat lens

Fig. 1: The schematic design of a laboratory transmission X-ray microscope with an achromatic lens.
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Detector: commonly, the X-ray detector is indirect and that
involves a scintillator, an objective, a mirror and a CCD
camera. A 25 pm-LuAG crystal was selected as scintillator
because LuAG has an absorption edge at 9.25 keV. Although
the spatial resolution can be further increase with optical
magnification, a high photon flux is required for indirect
X-ray detector. On the other hand, the direct X-ray detec-
tor can collect images at low photon flux. However, it has
no optical magnification, for the high-resolution imaging,
smaller pixel size or computing calculation are demanded.
Both detectors were performed in our microscope as will be
discussed below.
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Fig. 2: The measured spectra of direct beam from X-ray tube and
reflected beam from monocapillary at 50 kV and 200 uA.

Imaging by the achromatic X-ray microscope

In the case of indirect X-ray detector, the quality of the X-ray
imaging was not only limited by the low reflectivity of the
capillary, but also the efficiency of indirect X-ray detector, as
shown in figure 3. The test sample is a gold mesh having a
period of 25.4 pm. Figure 3a shows the raw image of the gold
mesh with an exposure time of 30 min. With the flat image
correction, an image of 4 hexagons was observed. However,
noise is still evident in the image, limiting the spatial resolu-
tion of the image. Notably, the white ring around the image
was caused by the reflected beam from the capillary.

MONCH is a hybrid silicon detector based on charge integra-
tion, featuring a pixel size of 25 x 25 pym? which has been
developed at PSI [2]. It consists of an array of 400 x 400 iden-
tical pixels for a total active area of 1 x 1 cm? It is worth-
while mentioning that MONCH has very low electric noise
and requires a low photon flux. The 200-seconds raw image
acquired with MONCH is shown in figure 4a. The charge
sharing in the MONCH allows the photo positioning and
improving the spatial resolution using the interpolation al-
gorithm. The interpolated image is shown in figure 4b with
a binning of 5. The hexagons are separated by a line width
of 8 pixels, which corresponds to 3 micrometers. Currently,
our achromatic microscope can achieve a spatial resolution
up to 1 pm.

Fig. 3: 30-minutes exposure a) raw image and b) flat-corrected im-
age of gold mesh sample with an indirect X-ray detector.

Fig. 4: 200-seconds exposure a) raw image and b) interpolated im-
age of a gold mesh sample with MONCH detector.

Further developments of achromatic X-ray microscope
To further improve the spatial resolution of our X-ray mi-
croscope to 200 nm, the magnification can be increased
by extending the distance between achromatic lens to the
detector. Moreover, it remains challenging to improve the
reflectivity of the monocapillary. Further investigation of
capillary fabrication and its surface roughness remains to
be explored. A new achromatic lens for the photon energies
between 8.0 and 10.0 keV is under developing to match the
X-ray tube emissions.
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Background and Concept

Conventional tumor chemotherapy or radiotherapy are effi-
cient at eradication of tumor cells but often lack target cell
specificity, resulting in significant side effects. Theragnostics
are modalities which may be used for both diagnosis and
treatment, facilitating improved disease management, and
reducing risks and costs of cancer therapy.

B7-H3 is a transmembrane protein, acting as a suppressor
of T-cell activation and proliferation as well as a potential
checkpoint inhibitor ligand, which is overexpressed in dif-
ferent tumors, e.g., non-small cell lung cancer and prostate
cancer. [1]

Nanobodies are derived from heavy-chain antibodies from
Camelidae and are characterized by low molecular weight,
high stability, low immunogenicity, excellent affinity and
specificity as well as high solubility. [2] Therefore, nanobod-
ies represent ideal targeting moieties in the development of
immunoconjugates.

The aim of this project is the development of a nano-
body-polymer conjugate targeting B7-H3 and allowing at-
tachment of diagnostic tracers such as radionuclides and/
or therapeutic agents such as cytotoxic drugs (Figure 1). By
employing suitable polymeric carriers, the blood half-life
of the conjugate may be tailored according to diagnostic or
therapeutic requirements, off-target effects may be reduced
and ultimately penetration of the blood-brain barrier may
be achieved.
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Fig. 1: Concept of B7-H3-nanobody-polymer conjugate.

Nanobody Characterization & Upscaling

The two nanobody candidates against B7-H3 VHH A & VHH
B (see report 1st year) comprising an N-terminal His-SUMO1
tag and a C-terminal peptide linker with a surface exposed
cysteine were expressed in E. coli, purified by affinity chro-
matography and cleaved by SENP1 enzyme to remove the
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His-SUMO tag. Subsequently, both candidates were tested
for their affinity to the antigen B7-H3 using grating coupled
interferometry (GCI); nanobodies still comprising the His-
SUMO tag served as control.
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Fig. 2: Double referenced sensorgram of the interaction between
B7-H3 (immobilized antigen) and VHH A (lead).

The His-SUMOtag had a negative influence on the binding
characteristic as expected (KD in the range 360 nM). Candi-
date VHH A had the highest binding affinity with a KD of 180
nM (in a 1:1 kinetic model) and was defined as lead candidate
for upscale and conjugation. Production upscaling was per-
formed stepwise from shaking flask, to bioreactor with 2 L and
20 L culture volume. During this process culture conditions
were optimized and the ideal downstream methods evaluated.

Fig. 3: SDS-PAGE of a VHH A
fraction during downstream pro-
cess.

Ladder: Pageruler Plus Pro-
tein. Gel: 10-20% Tris-Glycine.
The red area marks the un-
cleaved construct consisting
of nanobody-His-SUMO. The
green area marks the indi-
vidual fragments nanobody
(13.7 kDa) and His-SUMO (12.1
kDa).

The purified nanobody was
subsequently used for func-
tionalization tests.
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Labeling of Nanobody VVH A with Radionuclides

The purified nanobody (VHH A) comprises a surface exposed
cysteine which can be used for attachment of linker-drugs
or the polymer carrier. For this purpose, a mild reduction
protocol was established to ensure that only this cysteine is
reduced while the essential disulfide bridge in the nanobody
remains intact. The step was monitored with an Ellman’s
reagent-based assay. Since in average only < 1 cysteine was
detected, we assume that the nanobody’s tertiary structure
is preserved. Subsequently, we modified this reactive group
with a maleimide-DOTA chelator to result in a nanobody-con-
jugate which can be labeled with radionuclides (figure 5). For
the nanobody-polymer conjugates it is planned to switch to
a maleimide-azide derivative that is coupled with the click

reactive polymer carrier afterwards.
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Fig. 4: Structure of chelator modifed nanobody.

In the next step the nanobody-conjugate was labeled with a
therapeutic radionuclide Lu-177. Even though a labeling was
achieved the yield was quite low. This was a result of small
amounts of maleimide-DOTA still present in the solution.
Therefore, the purification protocols were optimized with
an additional column purification after the labeling process
(Fig. 6). This led to a purified product suitable for first cell
culture experiments.
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Fig. 5: Chromatogram of Lu-177 labeled nanobody

A: Radio chromatogram before purification by PD10 column
(Nanobody 64.3% radiopurity). B: Radio chromatogram aft
purification by PD10 column (Nanobody 89.7% radiopurity).

Polymer Carrier Syntheses and Characterization

Model polymer carriers comprising biocompatible mono-
mers tested in the 1st year were synthesized by a controlled
radical polymerization technique (RAFT polymerization).
The polymer carrier chosen as a model is capable to de-
liver 8 active molecules in any combination (e.g., 3 tracers/
5 radionuclides or drugs). After polymerization, the carriers

were functionalized with amine-reactive DOTA chelators
and fluorophores. In the last step the carries head group was
modified with a click reactive DBCO-group for later attach-
ment to the azide-modified nanobody. The schematic pro-
cess is presented in figure 6. Furthermore, methods for the
characterization of drug load were established using a picryl
sulfonic acid-based assay for detection of amino groups as
well as a competitive complexometric assay for the num-
ber of attached DOTA chelators. Originally it was intended
to purify these modified carriers by dialysis and first results
looked promising. However, due to a change in the compo-
sition of the dialysis membrane, by-products could not be
removed (sticking to membrane). Therefore, a new purifica-
tion method based on ultra-filtration was established. In the
end this process led to a model polymer which can be used
for cell internalization assays (detection by fluorescence) as
well as radioactive labeling with diagnostic or therapeutic
radionuclides (later mouse experiments).
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Fig. 6: Process scheme carrier synthesis

Summary

During the 2nd year of the project a lead was identified out
of several nanobody candidates. The nanobody production
was upscaled as well as downstream processes established.
The nanobody lead was then successfully modified with a
chelating agent and first radioactive labeling experiments
were performed. Several model polymer carriers were devel-
oped and are ready for coupling to the nanobody. In the next
steps the nanobody will be tested on tumour cells (binding
to receptor) and in a mouse xenograft model (biodistribu-
tion). However, affinity of the lead nanobody for the target
B7-H3 was specific (KD of 180 nM) but will have to be opti-
mized by affinity maturation in another project.
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Cosmic-ray reliability of nanoscale oxide layers in

power semiconductors

Project A17.2: CRONOS (FHNW Windisch, ANAXAM, SwissSEM GmbH, Lenzburg)

Project Leader: R. Minamisawa

Collaborators: S. Rehm, L. Spejo, L. Knoll, R. Stark, V. Novak, B. Ammann, P. Wiirsch, N. Schulz

Motivation

Power semiconductors are the basis for electrification, being
applied in a plethora of power electronic systems ranging
from electric vehicles, to photovoltaics, to electricity trans-
mission and so forth. In order to reduce losses in such de-
vices, material properties and devices design needs to be op-
timized up to its limits. One such limit is cosmic ray failure,
which makes the devices prone to breakdown because of the
combination of high internal fields and cosmic ray induced
ionization. This is usually tested with the gate (control input)
shortened to the emitter (negative power connection). This
however results in no field across the gate oxide. In real ap-
plications, the gate is usually charged to +15 V with respect
to the emitter. Since the gate oxide is very thin (<100 nm) the
result is a very high field strength of more than 150 kV/mm.
Further, it is not yet understood the impact of combined cos-
mic ray irradiation with stress on the gate oxide. The goal of
this report is to test the effects of cosmic rays on the reliabil-
ity of the IGBT gate oxide with a gate voltage applied.

Sample preparation

For the experimental investigations, 1200 V | 250 A trench-
gate IGBTs from SwissSEM (product number SIS0250C120i20)
have been selected as test vehicles. The sample assembly was
done on a PCB specially designed by FHNW for this test. The
assembly process consisted of the following steps:

1 Soldering of the IGBT chips to the PCB

2. Acoustic scan to check for solder voids

3. Wire bonding

4 Frame gluing and potting with silicone gel

The samples were then shipped to FHNW for a pre-stress
characterization.

Cosmic ray test system

During cosmic ray tests, the samples were bombarded
with high-energy protons (200 MeV) while simultaneously
blocking high voltage (~60% of max. voltage). The voltage
is increased stepwise, which increases the sensitivity of the
samples to interactions with the protons or neutrons. If a
particle interaction occurs in a critical area, the sample will
fail. Each sample has its own electronic fuse which detects
the increase in current and shuts down the failed sample.

Proton and neutron irradiation tests

The tests at the proton irradiation facility (PIF) were per-
formed with 200 MeV protons (Fig. 1, left). The neutron ir-
radiation was performed at the Chiplr beamline in ISIS, UK
(Fig. 1, right). Figure 2 left shows a comparison between FIT
of IGBTs irradiated with neutron or proton, interestingly
showing that there is no significant difference.
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Fig. 1: Prepared IGBTs in the PIF beamline at PSI (vight) IGBTS
samples at the Chiplr beamline in ISIS (left).
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Fig. 2: Measured FIT rate of 1200 V IGBTs with gate voltage of 0 V
irradiated with protons or neutrons.

Oxide reliability tests

The main objective of this project is to understand the im-
pact of neutron and proton irradiation on the oxide reliabil-
ity of IGBTs. As such, after irradiation, surviving samples
have undergone oxide reliability tests.

The effects of proton and neutron irradiation on the electri-
cal characteristics of IGBT devices were investigated based
on the schematic shown in figure 8. Initially, the subthresh-
old curve characterization from all devices was performed
with a Keysight B1505A Power Device Analyzer at 22°C and a
fixed drain-source voltage of 0.875 V. Then, the devices under
test (DUTs) were divided into 5 groups. One group is used as a
reference, not receiving any irradiation. The other 2 groups
were irradiated with protons at two distinct conditions: 0



Vge; 880 Vce (batches B1-B6) and -15 Vge; 880 Vce (batches
B7-B12). The last two groups received neutron irradiation
at two distinct conditions: 0 Vge; 880 Vce (batches B13-B18)
and -15 Vge; 880 Vce (batches B19-B24). These devices are the
survivors of the cosmic ray degradation experiment, where
around half of the initial devices presented failures and were
not considered during the static characterizations. The sec-
ond characterization is performed after the particle irradia-
tions to check the effect on the subthreshold characteristics.

Further, a high-temperature gate bias (HTGB) experiment is
performed on the DUTs. Such an experiment is a standard in-
dustrial test to check the gate oxide robustness after stressed
conditions. Initially, a + 40 V gate voltage (collector shorted
to the emitter) is applied in the DUTs at 150°C for 84 h du-
ration. At the end of the test, the devices are placed outside
the chamber at 22°C to perform a new set of characteriza-
tions (Third characterization). Finally, one last HTGB test is
performed on the devices at — 40 V gate voltage, followed by
a fourth subthreshold characterization. The main objective
is to investigate the possible effects of particle irradiation
on the devices’ gate oxide [1], as well as the effect of high
gate voltage and high temperature on such devices [1]. As
shown in figure 8, the reference samples that did not suffer
irradiation are also tested under HTGB to compare with the
irradiated samples. By performing such characterizations at
each stage, we can compare the effect of experiment on the
device's electrical characteristics. The subthreshold curve
is one standard characterization that provides information
about the gate oxide reliability, indicating the presence of
gate oxide charges [1]. After cosmic ray exposure and gate
oxide reliability testing, these characterizations were per-
formed in the surviving samples. Thus, the effects of each
procedure can be investigated individually and compared to
the initial characterization of the samples. Figure 3 shows
the 48-channel oxide reliability test set-up used to stress the
IGBT.

Fig. 3: 48-channel HTGB tester:

A typical parameter investigated from the subthreshold
curves is the threshold voltage variation (AVt). Such param-
eter may indicate the presence of gate oxide charges, being
a good representative if the devices suffered any gate deg-
radation. All devices had their threshold voltage extracted
using the constant current method at a fixed current value
0of 10 mA. The results are indicated in figure 4. Independently
of the device group and experiment performed, no signifi-
cant changes were observed in the threshold voltage values,
confirming that the gate oxide structure preserved its char-

acteristics. Such a similar effect is also observed in the refer-
ence samples, showing that the irradiation on the survived
devices did not significantly alter the subthreshold electrical
characteristics.
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Fig. 4: Threshold voltage variation curve from an IGBT before
irradiation, after irradiation, after +40 V HTGB and after -40 V
HTGB, where (top-left) and (top-right) are samples irradiated with
protons with Vge= 0 V and -15 V, respectively, and (bottom-left)
and (bottom-right) are samples irradiated with neutrons with Vge=
0V and -15 V, respectively.

Conclusions

The devices that survived the cosmic ray irradiation test pre-
sented no significant changes compared to reference devices
(no irradiation). Particularly, irradiation with protons and
neutrons exhibited similar FITs. Furthermore, all devices
presented excellent preservation of the subthreshold char-
acteristics after HTGB tests, indicating the good quality of
the gate oxide structure and interface. Results have been
submitted to the ISPSD 2024 conference.

References

[1] F. Principato, G. Allegra, C. Cappello, O. Crepel, N. Nic-
osia, et al, Investigation of the Impact of Neutron Irra-
diation on SiC Power MOSFETs Lifetime by Reliability
Tests, Sensors 21, 5627 (2021)

[2] C. Martinella, R. G. Alia, R. Stark, A. Coronetti, C. Caz-
zaniga, et al., Impact of Terrestrial Neutrons on the Re-
liability of SiC VD-MOSFET Technologies, IEEE Trans
on Nuclear Science 68(5), 634-641 (2021)

75



Functional cryo-EM sample preparation
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Introduction

Cryogenic electron microscopy (cryo-EM) radically changed
biomedical and fundamental research structural investiga-
tions. Unfortunately, sample preparation is still a bottleneck
in the workflow. Notably, the classical process uses a lot of
samples and tends to damage the specimen by the paper
blotting step and the exposure to the harsh air-water inter-
face. The cryoWrite system [1-3] minimizes sample consump-
tion and loss, eliminates the paper blotting step, and allows
unprecedented control over the preparation process.

In this project, we aim to improve the microfluidic prepa-
ration process further by (i) protecting the specimen better
from the aggressive air-water interface, (ii) gently controlling
the thickness of the sample, and (iii) developing a real-time
system to monitor the sample activity immediately before
vitrification. As a benchmark project, we analyze the 3D
structure of motile cilia (or eukaryotic flagella in synonym)
by cryo electron tomography.

Sample protection from air-water interface

The specimen is embedded in a thin buffer layer of 30 to 50
nm for cryo-EM. During preparation, the protein is exposed
to physically and chemically harsh air-water interfaces, and
a significant fraction of the protein particles fall apart (Fig.
1). For an average protein, the diffusion times are in the low
microsecond range, and an outrunning of protein diffusion
to the air-water interface is impossible. Therefore, we devel-
oped a climate jet to control the micro-environment of the
grid [4]. The jet provides an oxygen-depleted environment of
precisely controlled temperature and relative humidity and
allows the spraying of effecter molecules onto the thin sam-
ple during specimen preparation. This enables the creation
of a protecting layer at the air-water interface of the thin
sample (Fig. 2).

Fig. 1: Denaturation of protein particles at the air-water interface.
Arrows indicate damaged Chaperonin 60 particles, a known sen-
sitive protein. Arrow-heads point to unfolded protein chains. We
interpret that the high contrast of the visible chain is due to the sig-
nificant electron density difference at the air-water interface, where
the chain adheres. We suspect that unfolded proteins are a major
source of noise in cryo-EM images. Scale bar: 20 nm
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Fig. 2: cryo-EM sample preparation of Chaperonin 60 The grids
were performed using A) the classical preparation (Vitrobot) with
paper blotting, B) the cryoWriter without spray, and C) the cryoW-
riter with the pulse injection of an detergent during preparation.
Scale bars: 200 nm. Adopted from [4].

Our experiments show that spraying surface modulating
molecules can improve the quality of cryo-EM preparations
(Fig. 2): For our test-protein chaperonin 60, the cryoWriter
already significantly improved preparation quality (number
of particles, fraction of intact particles, orientation distribu-
tion) and is additionally improved by the spray. Thereby, the
signal-to-noise ratio is also significantly better. We believe
unfolded proteins decrease cryo-EM images' signal-to-noise
(SNR) ratio. Cryo-EM preparations using the spray exhibit a
considerable improvement in SNR.

Functional Cryo-EM Sample Preparation for Flagellar
Axoneme

The architecture of a eukaryotic flagella consists of a bundle
of microtubule pairs with attached dynein motor proteins
(among other proteins). Natively, a membrane surrounds this
protein core (axoneme). Here, we studied demembranized
axoneme protein assemblies isolated from Chlamydomonas,
which allows the activation of flagella beating by ATP.

Isolated, de-membranized axonemes are long and fragile
structures. Therefore, the preparation for cryo-EM is delicate;
in particular, the paper blotting step used in classical prepa-
ration methods disturbs, flattens, or disrupts the ultra-struc-
ture. Even using the blotting-free preparation method by the
cryoWriter system needed optimization to maintain the ra-
dial assembly without flattening (Fig. 3), which allowed the
comparison of ATP activated with resting flagella (Fig. 4).

However, our initial cryo-EM tomograms revealed that the
weekly attached dynein motors got lost during the prepara-
tion. Further optimization of the nozzle geometry and up-
take and dispensing speed for the priming of the axonemes
enabled the cryo-EM preparation with intact motor protein
assembly (Fig. 5). Light-microscopy of ATP-activated axon-



emes on the cryo-EM grid revealed that these preparations
contain functional assemblies. However, For these investiga-
tions, the grid must be transferred to the temperature-con-
trolled stage before vitrification. We are currently develop-
ing an additional optic to avoid this transfer.

Fig. 3: Electron tomograms showing de-membraned Chlamydomo-
nas flagella in various ice thicknesses. A) Chlamydomonas flagella
in too thin ice, resulting in a crushed structure. B) Chlamydomonas
flagella in a thicker layer of ice but still being warped by the ice
being too thin C) Chlamydomonas flagella in an ideal amount of ice
with both the central pair and outer doublets visible. Green arrows
indicate microtubule doublets. The Orange arrow indicates the cen-
tral pair. D) A top-side tomogram of the Chlamydomonas flagella
assembly clearly shows the microtubule doublets and the central
pair. Yellow arrows indicate radial spokes.

Fig. 4: Electron Tomograms of activated and non-activated Chlam-
ydomonas axoneme. A) Regular tomogram of axoneme. B) Cross
section of the tomogram. C) Initial sub-tomogram average without
classification and refinement. D) Different sections of C) sub-to-
mogram average for activated (with ATP) axoneme. E) Different
sections of the sub-tomogram average for non-activated axon-
eme. More protein densities are visible due to less conformational
change occurring.
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Fig. 5: An electron tomogram of a vitrified Chlamydomonas Ax-
oneme shows the preservation of intact dynein attached to the
microtubule structure. A) Lengthwise tomogram showing several
dynein transporters. Both inner arm and outer arm conformations
are seen. Dyneins are preserved through a slow aspiration and up-
take of said sample (0.4 ul/min uptake, 0.2 ul/min aspiration). B)
High-resolution refinement of protein densities found on axoneme.

Ongoing experiments and outlook

Several ongoing developments and experiments will be com-
pleted in 2024: (i) The preparation of complete axemenes us-
ing focused ion-beam milling and cryo-EM tomography. (ii)
optics for in situ activity assays. (iii) Installation and usage
of the new commercial cryoWriter currently developed by
cryoWrite AG.
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Phase-shifting metasurfaces for flexible and fold-

able displays
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Introduction

The rising market demand for thin, flexible, and foldable
displays has initiated the quest for technologies that could
facilitate their fabrication. To ensure sufficient flexibility,
the display's thickness must be significantly reduced. A po-
larizer and a phase-retarding layer are stacked above the dis-
play’s emitted layer with the aim to suppress back reflection
from ambient light and maximize image contrast (Fig. 1). Ad-
ditionally, the suppression of ambient light reflection must
be minimized for a broad range of angles, ensuring that con-
trast is maximized at any viewer position. The phase-retard-
ing layer, a quarter waveplate, must also have high transmis-
sion to maximize the brightness of the OLED display.

Standard phase-retarding materials based on liquid crys-
tals typically have thicknesses of a few microns. Metasur-
face-based layers have the potential to replace existing bulky
phase-retarding plates, as they can achieve the same func-
tionality by inducing the desired electromagnetic field phase
retardation within a single micrometer [1, 2].

Metasurface technology holds promising potential for ap-
plications in other segments of the consumer electronics
market. One noteworthy example is its use as flat imaging
elements in smartphones.

Polarizer

Metasurface retarder

OLED/TFT backplane

Fig. 1: Left, foldable screen illustration. Right, phase retardation
stack with metasurface layer. Unpolarized light passes through an
x-linear polarizer, becomes anticlockwise circularly polarized after
1/4 waveplate. Reflection from LED backplane results in clockwise
polarization, by 1/4 waveplate further transformed back to linear
polarization but orthogonal to initial linear polarization, thus pre-
venting any light reflection.

Design and fabrication

In the first phase of the project metasurface phase retarders
have been designed and simulated. Figure 2 illustrates the
simulation results, showcasing the values of phase retarda-
tion and their minimal dependence on the incident angle
of light, meeting the target requirements. The simulations
demonstrate the feasibility of implementing these struc-
tures in various materials and substrates, providing addi-
tional flexibility.

78

A cost-effective and high-throughput approach, as depicted
on the left in figure 2, involves UV nanoimprint lithography
(UV-NIL). This method allows for the direct transfer of meta-
surface structures onto high refractive index material coated
on a thin, flexible, transparent foil. Preliminary tests reveal
challenges in sustaining the replication fidelity of high as-
pect ratio structures required for such metasurface designs.
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Fig. 2: Simulation of EM phase retardation with wavelength/an-
gle of incidence. Left: case of UV NIL of high refractive index foil.
Right: case of NIL approach on rigid dielectric (green color code).
Between the dashed green lines is the range of retardation that is
"nice to have". It should have a low angle and wavelength depen-
dence.
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Fig. 3: Technical fabrication collaboration scheme.

Hence, the current focus in this stage of the project is on
wafer-based fabrication utilizing thermal NIL as shown on
the right in figure 2. The initial step in thermal NIL involves
fabrication of a high-quality master with electron beam li-
thography (EBL) and reactive ion etching (RIE) on silicon (Fig.
3). Subsequently, the stamp is produced from the first copy
of the master to ensure the correct polarity of the structures.
Following the thermal NIL step, depicted in figure 4 on the
right, the metasurface pattern is transferred into a dielectric
layer through RIE of the residual layer, Cr, and the dielectric
material.
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Fig. 4: Left, process flow of EBL (done ad hoc as a proof of concept)
followed by RIE steps. Right, thermal embossing NIL with RIE.

Results

For the proof of concepts and simulation approval, the 1/4
waveplate grating was fabricated by EBL and RIE (see Fig. 4,
left and Fig. 5). At the time, for this purpose thermal NIL was
not employed because the etching of the residual layer re-
quired better process control. The lack of control on residual
layer etching could provoke significant deviation from the
original pattern and increase line edge roughness. However,
even though EBL and RIE process have fewer steps and bet-
ter process control, slight deviations from the nominal sim-
ulated structures were observed after etching and processing
of the full stack.

Despite these deviations, the initial characterizations (Fig. 3)
of a series of gratings fabricated by EBL and RIE exhibit prom-
ising results, with phase retardance ranging from 0.27 to 0.3,
slightly above the desired 0.25. The fabricated structures
maintain an aspect ratio within 10% of the simulated values.
Moreover, the transmission is exceptionally high at around
85%, and there is notable angular stability. Overall, the re-
sults are encouraging; these metasurfaces demonstrate rela-
tively good retardation values, indicating robustness regard-
ing slight deviations coming from fabrication process steps.

Fig. 5: SEM image of 1/4 waveplate in dielectric nanostructures
fabricated by EBL and RIE in dielectric.

Having made significant progress in the control of residual
layer etching, metasurfaces entirely based on thermal NIL
have been finally successfully fabricated, as shown in figure
6. However, optical inspection of these metasurfaces is still
pending.

Outlook

In the upcoming phase, a multitude of metasurfaces based
on thermal NIL will be produced, characterized, and sub-
jected to systematic analysis to determine precise geometri-
cal specifications. The results of optical characterization will
be meticulously crosschecked with the fabricated structures,
and the most performative ones will be selected for the cre-
ation of a large-area metasurface master. Utilizing this large-

area master in thermal NIL, the produced samples will then
be integrated into a demonstrator device.

Fig. 6: SEM image of metasurface grating after thermal NIL, re-
sidual layer etching, RIE of Cr and dielectric.
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Smooth focusing mirrors for X-rays

Project A18.01: CAPOFOX (Paul Scherrer Institut, FHNW Muttenz, XRnanotech, Villigen)

Project Leader: H. Schift
Collaborators: S. Saxer and F. Déring

In the Nano Argovia project CAPillary Optics for FOcusing
of X-rays (CAPOFOX), an interdisciplinary team is further
developing lithographic methods to produce micro-optical
components with extreme low surface roughness. Research-
ers from the Paul Scherrer Institute PSI, the School of Life
Sciences at the University of Applied Sciences and Arts,
Northwestern Switzerland FHNW and the industrial partner
XRnanotech are aiming for a process that produces tiny cap-
illary mirrors suitable for both ultraviolet and X-rays.

a) Focus

Ellipsoidal mirror

Light source
b) I éj ﬁﬂﬂ

Fig. 1: a) Reflective focusing optics, b) influence of beam size for
step smoothening in dirvectly laser lithography.

Lenses and mirrors stand out as prominent examples among
optical components. In case of focusing refractive lenses, the
light passes through a bulky glass element and is, depending
on the angle of its incidence, the refractive index, the thick-
ness and thus the length of the path between two surfaces,
directed to the focus point. Such a lens - for visible light —
has a convex shape with spherical surfaces. For X-rays, how-
ever, the lens would absorb most of the light in transmis-
sion, therefore a mirror is created with a similar shape as the
lens, that could focus the light by reflecting it by the surface.
Ellipsoidal mirrors, or hollow tubes that are shaped like a
funnel, can act as focusing elements for X-ray beams (Fig.
1) [1]. The light impinges on the internal walls at very shal-
low angles (called “grazing incidence”). Glass capillaries are
widely used for this because they can be thermally drawn in
well-established processes, e.g., for generating pipettes. They
have outstanding smooth surfaces with RMS roughness be-
low 1 nm. Yet, there is a restricted range of available geomet-
rical shapes.

Arbitrary 3D shapes by gray-tone lithography
Gray-tone lithography allows to reproduce a three-dimen-
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sional (3D) surface topography from a computer aided de-
sign and could fill the gap to create surfaces, e.g., with par-
abolic shapes in lateral (x-y) direction, that could focus light
more precisely. This can be done by exposing photosensitive
materials (photoresist) with different laser energies and then
etching the exposed resist away, leading to a ready to use
3D structure. A further advantage of gray-tone lithography
is that it is capable to produce elements with specific 3D
contours — for example lenses with continuous and stepped
surfaces, such as those used in smartphone cameras. The dif-
ferent lateral exposure after subsequent processing results
in resist layers of different thicknesses.

However, the number of applicable gray values of current di-
rect laser writers is a discrete number between 128 and 1024
and limits the resolution in vertical direction (z). Thus, the
method leads to exposure steps that add to the roughness
of the surface. This significantly constrains its application
in lenses and mirrors, because with every reflection, part of
the light is lost due to scattering. The thicker the resist, the
more pronounced the steps. The longer the steps, the more
difficult to simulate a slope with continuously inclined sur-
faces.

In CAPOFOX, the project team wants to establish methods
that are a) capable of generating such geometries with a lim-
ited number of gray values and b) characterize and optimize
the roughness in the nanometer range, to finally achieve
smooth waveguide structures in polymers that are similar or
even better than those of glass capillaries.
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Fig. 2: Confocal scanning laser microscope (Keyence VK-X3100)
images and cross-sections of five slopes produced with direct la-
ser lithography (Heidelberg Instruments DWL 66+) in ma-P1275G
novolak resist (micro resist technology) with different numbers of
gray values.



Stepless nano-smooth surfaces

In previous Nano Argovia projects, a team led by Dr.
Helmut Schift (PSI) had developed various methods for local
smoothening of a surface, in which roughness was largely
reduced by local melting [2]. However, this contactless pol-
ishing cannot be used for extended structures with longer
steps, as required in capillary optics. The current strategy
is to enhance the number of gray tones by creating inter-
mediate steps between the steps provided by the direct la-
ser writer, by superimposing multiple, tiled exposures with
varying intensity. What sounds like a simply computational
trick, is far more complex, since it involves the separation
of the designed shape into multiple gray-tone designs, and
the adaptation of the exposure. Once it is achieved it allows
for writing a variety of shapes. Combination with surface
smoothening by selective reflow, the addition of micro-
scopic and even nanoscopic steps in a smooth surface would
allow generating alignment structures that would allow the
combination of different optical functions or even elements.

The difference between waviness and roughness

A general guideline is that the roughness of a surface should
be at least 10 times smaller than the wavelength used. Even
tiny steps in the order of magnitude of the wavelength in-
terfere. For Extreme UV (13.5 nm), that is currently used for
the high-volume manufacturing of microchips, this would
require roughness of around 1 nm. For X-rays below 10 nm,
roughness down to the atomic level is needed. To calibrate an-
alytical methods that are coming to their limitations, we em-
ployed sapphire crystals that exhibit staircases with 0.3 nm
high steps and are also promising molds for replication into
polymers. They serve as high precision reference that mimic
this roughness in a defined way.

Fig. 3: Nanometer-sized steps of a polymer reference replicated
from thermally treated sapphire (inset picture left image), measured
using scanning force microscopy.

Roughness is measured by scanning the surface with me-
chanical or optical profilometers. However, they are not sen-
sitive enough to measure the nano roughness anticipated
for the waveguides. Scanning force microscopy (SFM) is the
method of choice in this dimension although the latest op-
tical techniques, e.g., confocal scanning laser microscopy
(CSLM) and white light interferometry (WLI) advance in sen-
sitivity and resolution. Surface topography is segregated in
three parts: a) The form, i.e., the desired general shape of the
surface, b) the waviness, often fabrication-related repetitive
structures of larger height, and c) roughness coming from
process- and material-related limitations. For our system, the
slope represents the form, the writing steps the waviness
and the resist structure the roughness.

Currently, only SEM enabled us to measure the sub-nanometer
steps of the sapphire reference. In contrast to this, the struc-
tures that were thermally imprinted into polymers exhibited

defects and an increased roughness of >10 nm (Fig. 3). Thus,
the imprint process requires optimization. The gray tone
slopes are currently showing a waviness of approx. 30 nm
and roughness around 10 nm, whereas the waviness was
also confirmed by CLSM. The measurement of the complete
waveguide is currently done by using CLSM or WLI to charac-
terize the geometry of the up to 5 mm long and 100 pm high
slope with 1-50 pm long steps, followed by local roughness
measurements with SEM.

An ongoing challenge lies in discerning a measured 110 nm
roughness, which could originate from either the step height
or the inherent roughness of the material. For this, we must
differentiate between the three topography parts. However,
most roughness analysis software does not differentiate,
moreover automatic or manually applied filters distort the
data and impede a comparison between the techniques. Dr.
Sina Saxer (FHNW) and her team are writing a MatLab® script
that allows to compare the measured profile of SFM, CLSM
and WLI and segregate it in the three parts. We expect a bet-
ter understanding of the limits of each method, the specific
modification of the writer parameters and polymer surface
post treatments to achieve nano roughness (< 0.3 nm).

As the next step, a concave reflective mirror for EUV will be
produced using different number of gray values (Fig. 4). We
will see what effect the optimized results from linear slopes
will have on these more complex 3D shapes. The results will
contribute to the development of ultra-smooth mirrors for
focusing X-rays, which can be used in material processing,
for example.

Fig. 4: An elongated half-pipe capillary 3D structure.

This project enables the young start-up XRnanotech to en-
hance their portfolio of microlenses for X-ray applications:
“The CAPOFOX project combines excellent expertise in the
production and investigation of ultra-smooth surfaces. The
chosen methodology is innovative and is characterized by
many future high-impact applications. We are very pleased
to be able to accompany and support such developments.”,
according to Dr. Florian Doring, CEO and founder of XRnan-
otech.
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NanoFemto Tweezers: Tissue assembly with diffrac-
tive nano-optics tweezers and fs Alexandrite laser

Project A18.5: NanoFemto Tweezers (FHNW Windisch, FHNW Muttenz, TLD Photonics AG, Wettingen)

Project Leader: B. Resan
Collaborators: T. Gritzer, M. Gullo, R. Carreto

Abstract

We aim to build holographic optical tweezers by employing
diffractive nano-optics and a novel ultra-short pulsed alex-
andrite laser. The optical tweezers will be able to manipu-
late multiple types of cells allowing for multi-cellular tissue
assembly with minimal thermal impact due to a newly de-
veloped ultra-short pulsed alexandrite laser pumped by red
laser diodes.

Introduction

Personalized medicine aims to tailor treatments, reducing
adverse effects, using patient-derived organoids for drug
testing. Yet, organoids alone can't replicate intricate in-
ter-organ interactions. Body-on-chip platforms are vital, in-
tegrating multiple organoids in microfluidic setups, which
requires precise bio fabrication, aligning diverse cell types
with micrometer accuracy. Holographic optical tweezers of-
fer promise, using lasers to manipulate cells. Conventional
lasers risk cellular damage due to heat. To counter this, we
propose femtosecond lasers, giving a minimal heat impact.
Enhanced by nano-diffractive optical elements, lasers can
form optimal trapping patterns. This synergy aims to estab-
lish a gentle holographic optical tweezer system towards
body-on-chip creation.

The alexandrite oscillator developed for this application uses
red laser diodes to directly pump the crystal. This provides
multiple benefits to other pumping setups currently in use
suchas flash lamps, green laser diodes, and frequency doubled
YAG-lasers. Pumping by red laser diodes provides superior
quantum efficiency, lower cost, and complexity. Multi-watt
level red laser diodes have become commercially available
in recent years and have thus enabled the direct pumping of
alexandrite lasers. Continuous-wave and Q-switched pulsed
operation of alexandrite lasers pumped by red laser diodes
has already been demonstrated [1]. Mode-locked operation
of alexandrite, which is the method used for achieving ul-
trashort pulses in the femto- and picosecond range, has only
been demonstrated using green pump light from expensive
frequency-doubled solid-state lasers [2]. Therefore, to our
best knowledge, the developed alexandrite laser would be
the first femtosecond alexandrite laser pumped by red laser
diodes. This new approach could make ultra-short pulsed la-
sers in the NIR more efficient and cost-effective compared to
alexandrite lasers pumped by other means and the currently
widely used Ti:sapphire lasers.

Experimental Setup

The experimental setup consists of a scientific setup of the
diode-pumped alexandrite oscillator (see Fig. 1 and Fig. 4b)
and an optical tweezer setup. The alexandrite oscillator is
pumped by a fiberized output laser diode module with 5 W
of nominal optical output. The cavity design was adapted
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from Ti:sapphire oscillators by considering the upper state
lifetime and emission cross-section of alexandrite. The crys-
tal is straight-cut and anti-reflection coated for the pump
and lasing wavelengths.

Fig. 1: Scientific setup of the red diode pumped alexandrite oscillator.

Results

An 80 MHz pulse repetition rate alexandrite laser oscillator
was designed, and a scientific setup has been built, as shown
in figure 1. The laser achieved 1 W of output power in CW
mode at 8 W of pump power using a 1% output coupler. Us-
ing a SESAM as one of the end mirrors and incorporating
GVD mirrors for dispersion compensation, we have achieved
modelocked operation centered at 745 nm with a spectral
width (FWHM) of 11.5 nm (see Fig. 2a). Assuming near trans-
form-limited pulse duration and a sech2-shaped pulse, this
corresponds to ~50 fs pulse width (FHWM). The output
power was only 70 mW due to the losses introduced by the
available sub-optimal SESAM. Figure 2b depicts the pulse
train of the laser in modelocked operation measured by a
fast photodiode. We are currently working on improving the
stability of the modelocked operation.

Fig. 2: a) Spectrum of the modelocked alexandrite laser. b) pulse
train of the modelocked alexandrite laser measured by a fast pho-
todiode.



To project holograms for optical trapping foci, nano dif-
fractive optical elements (nDOE) were computed based on a
kinoform addition algorithm. The kinoform shown in figure
3a is devised to induce a diffraction pattern aligning three
points as exemplified in figure 3b. The gradation from black
to white corresponds to a phase shift spanning from zero to
one. The kinoforms were then used to compute a 3D nDOE
structures (Fig. 3c). This transformation involved transpos-
ing each kinoform pixel into a physically tangible pixel mea-
suring 10 x 10 pm, with its height based on the intended
phase shift and the refractive index intrinsic to the em-
ployed polymeric ink. Subsequently, the nDOE as depicted
in the micrograph figure 3d and SEM image figure 3e were
fabricated by 2-photon lithography. Two types of nDOE were
manufactured: one for reflective wavefront modulation and
one for transmissive wavefront modulation. The reflective
nDOE showed an important loss of intensity as only thin re-
flection coatings could be applied for keeping the nanopat-
terned structure conform. Therefore, the transmission nDOE
was chosen for the continuation. To permit the trap arrange-
ment modulation, e.g., trap distance, several nDOEs were
fabricated side by side to enable switching between different
configurations by lateral shifting of the nDOE plate.

Fig. 3: a) Computed kinoform phase shift for b) three optical trap
foci; ¢) Part of a computed 3D nDOE structures showing the 10 x
10 um? phase pixels with the maximal height of 1.4 um and resolu-
tion of 11 nm; d) Optical micrograph of the fabricated nDOE and e)
corresponding SEM image. All scalebars are 10 um.

A basic optical tweezer setup based on discrete nano-opti-
cal elements and a pilot laser matching the targeted wave-
length as a temporary replacement for the pulsed laser, has
been designed (Fig. 4a) and implemented (Fig. 4c). Preceding
the nDOE integration into the optical path, an assessment
of setup quality was performed via a singular focal point
projection (Fig. 4b), which showed a focal spot size of 3 pm.
Upon the introduction of the nDOE, the anticipated projec-
tion of three traps emerged in alignment with computa-
tions (Fig. 4d). As the phase modulation was implemented
in a transmissive manner, the focal spot (orange arrow)
emerging form from the principal beam remained present
in addition to the foci generated by the nDOE (red arrows).
Several nDOE projecting foci with increasing distance from
the centre allowed a swift modulation of the foci position
(Fig. 4d). The freely available micromanager software plugin
for Image] was expanded to be able to computer control the
optical tweezer setup such video camera, nDOE calibration,
OpenCV image tracking and other automated tasks. A setup
integration into a commercially available microscope is cur-
rently being evaluated.

Fig. 4: a) Schematic illustration of optical trap setup; b) Single op-
tical trap foci with a focal spot size of 3um, c) projection and imag-
ing part of the assembled optical trap setup showing the nDOE and
sample planes; d) Projection of the different kinoforms for 3 foci
resulting on different trapping distances form the center; orange
arrow shows transmitted focal spot; red arrows show holographic

foci.
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NanoHighSens: A high bandwidth and nanoscale
magnetic sensor for current measurements

Project A18.6: NanoHighSens (FHNW Muttenz, FHNW Windisch, Camille Bauer Metrawatt AG, Wohlen)

Project Leader: J. Pascal

Collaborators: H. Nicolas, A. Grana, J-B. Kammerer, R. Sousa, S. Gorenflo, M. Ulrich

Introduction

Contactless measurement at high bandwidth of electrical
currents is nowadays required in quality control of electri-
cal networks, while still remaining challenging, due to the
difficulty to combine high bandwidth with low noise. In this
context, the NanoHighSens project aims to use nanoscale
spin transfer torque magnetic tunnel junctions (STT-MT]Js)
as nanoscale magnetic sensors with high bandwidth as well
as high resolution. Such innovative sensors should meet the
most recent quality standard requirements (e.g., IEC62020-1),
requiring the measurement of high-frequency harmonics in
electrical currents above 100 kHz.

Magnetic Tunnel Junctions

To operate the MT]Js (Fig. 1) as sensing units, a low amplitude
(< + 400 mV) triangular voltage signal at high frequency is
applied across the MT]J, typically 100 kHz and above, leading
to periodical reversal of the magnetization of the free layer
[1]. This reversal leads to a change in the resistance of the
device, alternating from low resistive state (e.g. 4 kQ) to high
resistive state (e.g. 8 kQ) and inversely. However, as a result
of the spin transfer torque effect combined with the TMR
effect observed in these devices, the time spent, over one pe-
riod of the input signal, between the low resistive state and
the high resistive state is directly a function of the external
magnetic field [2].

Fig. 1: MTJs on wafer under test.

Since the voltages to obtain these resistance reversals are
proportional to the external magnetic field, sensing of the
reversal voltages (low to high and high to low) allows the
measurements of the magnetic field. In addition, since MT]Js
can be operated at high speed, being one of the reasons MTJs
are well suited for memories, such sensing principle is inher-
ently offering high-bandwidth capabilities (Fig. 2).
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Fig. 2: Measurement principle of the proposed sensor [2].

Electronics and Signal Processing Platform

To achieve desired results, both signal processing electron-
ics and conditioning electronics need to be developed to use
the physical device as a sensing element. The conditioning
electronics includes all the required analog hardware cir-
cuitry to output a signal proportional to the magnetic field,
as depicted in figure 3. This includes only a few operational
amplifiers combined with few passive components, making
the design fully compatible with future CMOS monolithic
integration. Since MT]Js are originally designed for memory
applications, these are also fully compatible, or will be in the
short term, with CMOS standard processes. Such sensor will
then be more easily available to mass production as mono-
lithic integrated circuits, lowering the cost and increasing
the range of applications.

On the other hand, the signal processing platform con-
sists in multiple larger units, including microcontrollers or
memories, each capable of handling the measurement of a
sensing unit, creating the complete current probe prototype
(Fig. 4). Each unit can measure the MTJs up to a bandwidth
of 250 kHz, by including the developed conditioning elec-
tronics described above, synchronously with all the other
units. This results in eight different, but synchronous, data
point from multiple sensing units, each of them resulting
from an array of MT]Js, allowing the noise to be substantially
lowered.

Consecutive data points are then stored until filling the em-
bedded memory of the microcontrollers, then quickly col-
lected, and sent to the computer for more advanced signal
processing and analysis (e.g. FFT, filtering, ...). The output of
the whole system is a unique reconstructed signal propor-
tional to the external field (i.e., current) with low noise and
high bandwidth, allowing the assessment of high harmonics
in the monitored power network.



Fig. 3: Conditioning electronics, including all the analog electron-
ics to operate the MTJs as sensing elements.
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Fig. 4: Signal Processing Platform. One can see the different mea-
surement units arranged in the circular shape, in charge of han-
dling both the analog and digital processing of the MTJs.

Results

Using these devices with the electronics described in the pre-
vious sections, one could extract sensitivity of up to 25 mV/mT
with noise level as low as 1 pT/VHz on a single MT] with diam-
eter ranging from 20 to 100 nm. Further tests are being con-
ducted to assess the different ways of optimizing the electron-
ics and/or the stack of the junction to push the performance of
single junctions even further.
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Fig. 5: Initial evaluation of the bandwidth of the sensor. Multiple

measurements are superposed in this image, showing the capabili-

ties of detecting different harmonics up to at least 50 kHz.

Current consumption is typically less than 30 pW for the
sensing element. This also makes the prototype and MT]Js
compatible for future arrays of multiple junctions, as global
power consumption of such array will remain in the order of
few mW, easily manageable in an integrated circuit. Typical
range of such sensing devices are between * 8 mT to + 20 mT
while the bandwidth has yet to be determined but appears
to be above the measured 50 kHz (Fig. 5, 6).
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Fig. 6: Output voltage of the proposed sensor.

Conclusion

Using MTJs presenting low coercive fields of less than a mT
with high-sensitivity, associated with the proper reading
architecture, a high-bandwidth magnetic sensor could be
demonstrated achieving a high bandwidth with a resolu-
tion of few pnTVHz, while offering a low power consump-
tion combined with nanometric dimensions. Thanks to
these dimensions, an array of multiple MTJs is now being
considered, allowing the resolution to be lowered down as
explained previously.

Such sensing units will then be placed in the described cir-
cular pattern on the PCB of the current probe to create the
final prototype, combining both high-bandwidth and low
noise performance. However, different improvements are
still required to obtain the lowest noise possible, almost
exclusively induced by the stochasticity of magnetic tunnel
junctions in the reversal events.
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Quantum sensors for brain imaging

Project A18.7: QSBI (Paul Scherrer Institut, CSEM Allschwil SA, Qnami AG, Muttenz)

Project Leader: K. Moselund
Collaborators: S. Kim, ]. Meirer, T. Sjolander

Introduction

The diagnostics of neurological diseases and the study of
brain health requires a detailed monitoring of brain activity.
Magnetoencephalography (MEG) provides unique spatiotem-
poral accuracy. MEG is used clinically to diagnose epilepsy
[1], as well as in neuroscience research where it is used to
study for example depression and eating disorders. MEGs
relative lack of market penetration is due to a number of
issues with current state-of-the-art commercial technology,
including cost of acquisition and maintenance. Our goal is to
develop a new generation of MEG system, combining quan-
tum sensors (NV centres) and artificial intelligence (AI). Such
systems would enable measurements of brain activity in
noisy environments and may be integrated into nano-probes
for brain or cardiac endoscopy.

Strategy

The present project focuses on two key components. The
first component is the development of a new quantum
sensor based on optically addressable atomic defects in dia-
mond known as NV centres. NV-diamond quantum sensors
have the potential to revolutionize MEG by providing high
enough sensitivity to measure signals from the brain while
simultaneously having high enough dynamic range to en-
able measurements outside of magnetically shielded rooms.
Further, the sensors could be mounted on a headcap and
adjusted to patient’s head shape, including children. How-
ever, the high refractive index of diamond, as well as the low
absorption cross section of NV-centers means that getting
enough light out of the crystal is a challenge. The conversion
efficiency from excitation photons to detected readout pho-
tons is typically 1-3%. Ultimately this is one significant factor
currently limiting sensitivity, and both excitation efficiency
and photon collection efficiency needs to improve before it
is possible to reach the sensitivity needed to detect magnetic
signals from the brain. Within this project PSI and Qnami
aims to use optics and nanofabrication expertise to over-
come this challenge and design an optical collection system
capable of a photon conversion rate of 10%.

The second component consists in advancements of Al al-
gorithms to reconstruct the 3D brain activity map at high
fidelity and robustness to noise. Reconstructing maps of
brain activity from MEG data is an ill-posed inverse prob-
lem. Recent results in other areas of biomedical imaging in-
dicate that this problem probably is better solved with an Al
than current state-of-the-art classical methods [2]. A signal
processing strategy is needed for decoding tiny (picotesla)
brainwave signals while in the presence of the much larger
(micro-tesla) ambient field of the earth in addition to envi-
ronmental noise sources like other instrumentation and ve-
hicles. A key result will be to benchmark our algorithm with
already existing benchmark data.
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Results & discussion

1) Design an optical assembly structure

Qnami has finished the design of a light collection system
compatible with sensor packaging and miniaturization. The
design consists of two parts: An NV-sensor diamond crystal
cut into the shape of an elongated diamond rod with square
end facets. The elongated shape and the high refractive in-
dex of diamond ensures that the majority of the photolu-
minescence from the crystal is guided towards the 2 square
facets. Second, contacted with one of the facets is a parabolic
light guide that reduces the NA of the emitted PL (while in-
creasing the area). The lightguide is designed to optimize
coupling into a 0.52 NA optical fiber. Large core diameter
fibers with 0.52 NA are easily accessible commercially. Ray
tracing simulations indicate that using this optical system
we should be able to achieve a conversion ratio of green pho-
tons to collected red PL of 23%.

| Y
|

Fig. 1: The optical assembly design. Taken from a ray-tracing sim-
ulation. The cylindrical parabola is a diamond light guide, while
the square rod represents the NV containing diamond crystal. The
vertical planes are used to measure the angular distribution and
intensity of the light that is coupled out of the diamond. This design
is upgraded from the elliptical design we envisioned at the start of
the project. Careful simulations showed that the performance of the
elliptical design would be unsatisfactory.

2) Design and fabricate advanced photonic nanostruc-
tures on the diamond surface.

In order to selectively optimize the excitation and collection
efficiencies we designed and fabricated wavelength depen-
dent optical structures on the diamond. We evaluated differ-
ent design approaches by simulation, developing structures
both based on photonic bandgaps as well as optimized scat-
tering. Qnami and PSI jointly developed fabrication routes
to produce the designed structures. Based on our investiga-
tion of nanophotonic surface patterning, we believe this is a
more promising route to improve efficiency rather than the
simple solution of coating.
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Fig. 2: a) lllustration of the challenge of out-coupling light due to
the high refractive index of diamond, the out-coupling efficiency of
the light is very low, which results in a low sensitivity. b) lllustration
of the concept of how scatterers at the surface or photonic crystals
might optimize out-coupling efficiency. c) Example of a diamond
photonic crystal lattice fabricated in QSBI.

3) Development of optical measurement set-ups

PSI has developed an optical set-up (Fig. 3a) and test method-
ology which allows us to assess the impact of nano pattern-
ing of the diamond surface. It can operate in either a normal
reflection mode or free-space via a fiber coupling to the side
of the diamond crystal. As illustrated in figure 3b, we did
observe an enhancement from the patterned region (stron-
ger colour), however the current set-up does not allow for a
quantitative comparison of the different designs, nor do we
observe a clear dependence on wavelength. In the next pe-
riod we will continue to work on improving both the fabrica-
tion route (reducing roughness and optimizing the profile),
improving the resolution of the optical set-up for quantita-
tive comparison as well as developing different designs.

Side illumination system

White light OFF / Laser ON

Fig. 3: a) photo of the optical set-up showing the light path from
the fiber to the diamond chip. After introducing NV centers the dia-
mond chip lights up in pink. b) image of two patterned regions. The
fact that they are brighter than the surrounding indicates improved
out-coupling efficiency.

4) Inverse mapping problem

We have implemented a forward model for how brain ac-
tivity generates magnetic fields and adapted Qnami’s previ-
ously developed Al architecture to work with 3D brain data
rather than 2D semiconductor data. Based on the forward

model, we simulated a dataset of MEG measurements and
benchmarked the algorithm against existing methods. While
the algorithm succeeded in reconstructing neural activities,
it did not provide a significant benefit over recently pub-
lished Al-based methods. We are therefore further develop-
ing and adapting the current state-of-the-art methods for the
activity reconstruction task. In addition, we have obtained
a phantom head dataset (recorded from a plastic head with
current loops corresponding to magnetic dipole sources,
so called MEG phantom data) and are using it as another
benchmark for the evaluation of new methods. In parallel,
we performed an extensive analysis using the phantom head
MEG dataset to identify requirements for the number of sen-
sors required to obtain accurate reconstructions. For this, we
varied the number of sensors (ranging from 2 to 300) and
performed the reconstruction task 100 times for each sce-
nario to obtain a robust performance estimate. In the next
phase of the project we will continue to develop and identify
the best-performing model for brain activity reconstruction
based on benchmarks against existing methods using both
the simulated data and the MEG phantom head data.

Conclusion

In order to develop a sensor compatible with MEG applica-
tion, we investigated different design approaches by sim-
ulation and measured qualitatively an enhancement of PL
emission. Although the Al algorithm's initial performance is
comparable to existing methods, ongoing work with bench-
mark data and the MEG phantom head dataset will guide
further refinements. Future plans involve refining the op-
tical assembly, optimizing nanostructures, and developing
Al models for improved brain activity reconstruction. This
interdisciplinary approach, combining quantum technology,
nanofabrication, and Al, positions the project to revolution-
ize MEG technology, enabling precise brain activity measure-
ments even in challenging environments. The ultimate goal
is to contribute significantly to the diagnosis of neurological
diseases and advance our understanding of brain health.
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Overcoming the drug delivery barriers with

SmartCoat™

Project A18.8: SmartCoat (FHNW Muttenz, Paul Scherrer Institut, Palto Therapeutics AG, Allschwil)

Project Leader: J. Mosbacher
Collaborators: G. Lipps and R. Benoit

The challenge

De novo drug development is a highly resource-intensive,
risky, and costly process. Despite tremendous efforts by the
pharmaceutical industry to develop small-molecule and bio-
logics, only 0.05% of the human genome has been drugged by
the currently approved protein-targeted therapeutics. Many
disease-causing proteins are inaccessible or lack specific
clefts and pockets for small molecules binding. The difficul-
ties associated with drug development have resulted in two
main issues. First, conventional drugs have reached an effi-
cacy ceiling, and many new therapies only bring marginal
benefit to patients. Secondly, the costs to bring such drugs to
market have increased to over one billion USD per registra-
tion. Common failure rates in the clinical development are
90%, or even 97% for cancer drugs.

RNA interference is a natural process through which a dis-
ease-causing gene can be eliminated in a highly specific
manner. This mechanism enables precise and personalized
treatment of diverse life-threatening diseases, including can-
cer, viral infections and rare genetic diseases. The discovery
of small interfering RNA (siRNA) and its promise to provide
a universal treatment for practically any disease has been
awarded with the Nobel prize in 2006 (Andrew Fire and
Craig Mello). However, in 2023, only six siRNA-based drugs
have been approved, mainly due to the challenge of stably
delivering such molecules to target cells in patients.

The safe and efficient delivery of siRNA to diseased cells re-
mains an unsolved challenge. First, naked siRNAs are rapidly
degraded in a biological environment. After years of research
effort, it has been shown that siRNA can be stabilized with
extensive chemical modifications, while maintain activity.
However, even when stabilized, the major barrier to build
functional RNA therapeutics remains their delivery to target
tissues in the body. Current delivery strategies are to formu-
late of the siRNA into lipid or solid nanocarriers or to conju-
gate chemically-protected siRNA to triantennary N-acetyl-ga-
lactosamine (GalNac). The GalNAc-siRNA conjugate delivery
platform is safe and effective, but only allows delivery to
hepatocytes and restricts its therapeutic use to liver diseases.

The solution

Palto Therapeutics provides a novel approach, which is
called SmartCoat™ to overcome the issues related to the
delivery of siRNA. SmartCoats™ are defined, monodipserse
structures that strictly allow a 1 :1 binding of siRNA (Fig. 1).
They consist of safe and innocuous material which are not
associated with immunogenicity.
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SmartCoatTM
Delivery

siRNA SmartCoatTM
Protection

Fig. 1: Chemically unmodified therapeutic siRNA (left) is encap-
sulated in a single protective layer that protects the RNA (middle,
SmartCoat™) and mediates cellular delivery (right).

SmartCoat™ novel design and structure differ significantly
from conventional nanoparticles. Lipid or other particulate
nanocarriers (Fig. 2) are plagued by inherent pharmacologic
problems. Drug delivery is a complex problem and inaccept-
able properties, such as toxicity, poor tissue distribution and
inadvertent immune activation must be avoided. For ex-
ample, the high absorption of lipidic nanoparticles in liver
and lung has prevented their generic use as siRNA delivery
platform. Consequently, a breakthrough for the extra-he-
patic transport of siRNA-based therapeutics is still urgently
needed.
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Fig. 2: Comparison between Lipid Nanoparticles (LNPs), a Smart-
Coat™ and an Antibody. Before siRNA can take effect in the cy-
toplasm of a target cell, it must be transported to the target site
without clearance or degradation. Currently, lipids are the most
used carriers for siRNA. LNPs are heterogeneous particles con-
taining multiple lipids and chemically modified RNA molecules
(left). SmartCoats™ are homogeneous particles containing an un-
modified RNA molecule. The 5000-fold difference in volume allows,
like therapeutic antibodies, for easier tissue penetration than LNPs.
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The project

A SmartCoat™ consists of modular peptidergic building
blocks. SmartCoat™ structures were produced in high yield
and quality (>95% purity) at the FHNW Muttenz. They allow
to bind to double stranded siRNA, but not single stranded
RNA. All SmartCoats™ design iterations undergo a struc-
tural validation at PSI in Villingen. We have shown that
siRNA-loaded complexes readily form in the presence of
the SmartCoat™ and naked siRNA. The physical protection
provided by an optimized SmartCoat™ will allow the siR-
NA-loaded complexes to be stable in serum for an extended
space of time, as opposed to a few minutes for naked siRNA.
This feature is required to allow long circulation times in
the patients. This foresightful design will reduce the risk of
regulatory issues and clinical problems in the later develop-
ment stages. SmartCoats™ have been designed as a platform
to deliver siRNAs specifically to diseased cell types but not
healthy cells. They can load any siRNA sequence for direct
knockdown of the genetic root cause of a given disease. The
revolution of genetic medicine will allow to target any dys-
regulated genetic mechanism. The SmartCoat™ approach
aims to support treatment of many currently incurable dis-
eases.

The outlook

The next optimization steps will be to achieve good knock-
down of critical genes in tumor cell lines to stop cell prolifer-
ation and tumor growth. Tumor cell lines used in the project
have been carefully selected to allow seamless progression
into the respective mouse models for an in vivo proof of con-
cept.
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