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Once assembled, this complex is attached to the aAuNPs sur-
face through the thiol group of the DBCO PEG-thiol. Excess 
DBCO PEG-thiol is removed using Amicon Ultra 0.5 mL Filters 
(MWCO: 100 kDa). The successful assembly of the complex 
was confirmed using high-performance liquid chromatogra-
phy (HPLC) and Western blot analysis (Figure 4). The func-
tionality of the conjugated antibodies was validated through 
immunofluorescence assay (data not shown). Finally, the 
complete complex is bound to aAuNPs via thiol-gold inter-
action. Preliminary data suggest that the Nanoflow Cytom-
etry (NanoFCM) and QSense Analyzer (Biolin Scientific) hold 
promise for analyzing the effective attachment of antibodies 
on the aAuNPs surface and assessing their antigen recogni-
tion capability.

Figure 4: Schematic illustration of the complex and its components. 
(A) HPLC analysis; a new absorbance peak at retention time of 5.6 
min. distinct from the peaks of unconjugated DBCO PEG-thiol and 
oYo-Link Azide indicates successful conjugation. The disappearance 
of unconjugated molecule peaks further supports this result. (B) 
Western blot analysis; the attachment of the antibody (Ab) to the 
DBCO PEG-oYoLink Azide complex is confirmed by detecting a band 
(red circle) approx. 10 kDa larger than the unconjugated heavy chain 
at 50kDa. The light chain band is also visible at 25 kDa.

Conclusion and outlook
Ovarian cancer remains a challenging disease to be diag-
nosed. The development of our aAuNPs-enhanced Raman 

microscopy, distinguished by its  remarkably intense Raman 
signal relative to single nanoparticles, offers promising po-
tential for precise cancer visualization and possibly diagnosis 
in vitro and in vivo. To ensure specificity, anti-human EGFR 
antibodies were conjugated to the assemblies’ surface using 
the LASIC method. This approach guarantees the proper ori-
entation of antibodies, with their binding site exposed for 
optimal interaction. Establishing the appropriate antibody 
and PEG density on the assemblies’ surface is the next criti-
cal step. Once optimized, these assemblies will be tested for 
their ability to distinguish EGFR-positive and EGFR-negative 
ovarian cancer cells using Raman microscopy. We consider 
this initial experimental cell line setup as optimal approach 
to evaluate the specificity & selectivity of SERS as an imaging 
tool for follow-up experiments, to continue for in vivo visu-
alization of tumor cells.

References

[1] European Institute of Women’s Health (EIWH)

[2] Q Sheng & J Liu, The therapeutic potential of targeting the 

EGFR family in epithelial ovarian cancer, British Journal of 

Cancer Vol. 104, pp. 1241-1245 (2011).

[3] Samuel T. Jones et al., Gold Nanorods with Sub-Nanometer 

Separation using Cucurbit[n]uril for SERS Applications, small 

Vol. 10, pp. 4298–4303 (2014)

[4] Daniel O. Sigle et al., Observing Single Molecules Complexing 

with Cucurbit[7]uril through Nanogap Surface-Enhanced Ra-

man Spectroscopy, The Journal of Physical Chemistry Letters 

Vol. 7, pp. 704-710 (2016)

[5] James Z. Hui, Shereen Tamsen, Yang Song, Andrew Tsourkas, 

LASIC: Light Activated Site-Specific Conjugation of Native 

IgGs, Bioconjugate Chem. Vol. 26, pp. 1456-1460 (2015)

Figure 3: Comparison of Raman spectra of MV on aAuNPs and MV adsorbed on single AuNPs. The peak at 1646 rel. 1/cm, which was the only 
detectable signal for AuNPs, was used to compare signals. The Raman intensity resulted approx. 5 times stronger for aAuNPs than for AuNPs. 
Measurements were conducted by placing 500 uL [0.2 nM] of the AuNPs and aAuNPs in sodium citrate buffer solution onto a cavity slide. A 10X 
objective was used to focus the 785 nm (60mW) into the AuNP solutions. Each sample was measured three times, with each measurement lasting 
10 seconds and an integration time of 0.5 seconds.    

Gold Nanoparticle Assemblies for Raman Visualiza-
tion of Ovarian Cancer Cells

Project P1802: Gold nanoparticle assemblies for SERS based detection of EGFR expressing ovar-
ian cancer cells in tumor xenografts. 
Project Leaders: S. Saxer, S. McNeil, V. Heinzelmann, and F. Jacob 
Collaborator: A. Stumpo (SNI PhD Student)

Introduction
Ovarian cancer (OC) is often referred to as the "silent killer" 
among women in Europe, as it accounts for more fatalities 
than any other malignancy of the female reproductive sys-
tem. The main reason is that OC symptoms are often misat-
tributed to other diseases, and as a result, it is diagnosed at 
a late stage when it is difficult to treat it. Despite its lethal-
ity, there are currently no effective screening techniques for 
ovarian cancer nor simple tests to diagnose it.[1]
To address this challenge, we employed Surface-Enhanced 
Raman Scattering (SERS) microscopy. This approach involves 
utilizing gold nanoparticles (AuNPs) functionalized with a 
Raman reporter molecule and anti-human epidermal growth 
factor receptor (EGFR) antibodies on their surface. These 
functionalized nanoparticles specifically target ovarian can-
cer (OC) cells that overexpress EGFR on their membrane, 
allowing differentiation from EGFR-negative OC cells. EGFR 
was selected as the target biomarker due to its overexpres-
sion in OC, which has been associated with poorer patient 
outcomes. Additionally, EGFR plays a critical role in tumor 
growth and resistance to radiotherapy and chemotherapy.
[2] The Raman signal from the reporter molecule is signifi-
cantly enhanced by the gold nanoparticles, enabling precise 
discrimination between cells with elevated EGFR expression 
and control cells. For our initial experimental cell line setup 
the following cell lines are employed: OVCAR5 and OVCAR8 
that exhibit positive EGFR expression; TOV-112D that is EG-
FR-negative (Figure 1).

Figure 1: Confocal microscopy pictures of the EGFR expression of 3 
selected ovarian cancer cell lines: OVCAR8, OVCAR5 and TOV-112D. 
OVCAR5 and OVCAR8 show a strong EGFR expression while TOV-
112D is negative for EGFR, with some nonspecific staining.  EGFR 
expression in red; Nuclei stained in blue. Scale bar: 50 μm. 

However, to obtain a significant signal, it is necessary to fix 
the cells onto glass slides, as visualization in a buffer or cell 
culture media solution does not provide adequate signal 
intensity.  Therefore, we use gold nanoparticles assemblies 
(aAuNPs) to achieve an increased sensitivity of Raman im-
aging in liquid. The assemblies are made of three key com-
ponents: a) a cucurbit[7]uril/methyl viologen complex (CB[7]/
MV) serves as the linker to assemble AuNPs with an interpar-
ticle gap of approximately 1 nm, this ”hot spot” generates 
a strong SERS [3] signal from methyl viologen, b) Anti-hu-

man EGFR antibodies as targeting proteins to ensure specific 
binding to EGFR-expressing cancer cells and c) polyethylene 
glycol (PEG) as stabilizing polymer to enhance the stability 
and biocompatibility of the assemblies. (Figure 2)

Figure 2: Schematic illustration of gold nanoparticle assemblies 
(aAuNPs) targeting ovarian cancer cells expressing EGFR protein on 

their surface. 

Results and discussion
Cucurbit[7]uril (CB[7]), a barrel-shaped macrocyclic mole-
cule, was selected as the linker for aAuNPs due to its unique 
structural and functional properties: the molecule has car-
bonyl groups on both its upper and lower rims, enabling the 
simultaneous binding of two gold nanoparticles; its height 
of approximately 1 nm provides an ideal interparticle gap 
for achieving an extremely strong enhanced Raman signal; 
the cavity of CB[7] can encapsulate guest molecules, such as 
Methyl Viologen (MV), which is known for its strong Raman 
spectrum. MV forms a highly stable 1:1 host-guest complex 
with CB[7], facilitated by its aromatic rings and positive 
charge in solution.[4] For these attributes, we used CB[7]/MV 
complex to link 40 nm AuNPs to assemblies. Notably, Raman 
measurement revealed that the signal from MV positioned in 
the interparticle gaps of the assemblies was approximately 5 
times stronger than that from MV simply adsorbed to single 
AuNPs (Figure 3). This demonstrates that the interparticle lo-
calization of Methyl Viologen within the assemblies substan-
tially amplifies the Raman signal compared to single AuNPs.  
As targeting molecule anti-human EGFR antibodies were se-
lected. The conjugation of these antibodies to the aAuNPs 
surface is achieved using Light-Activated Site-Specific Con-
jugation (LASIC).[5] A copper-free click reaction is used to 
link dibenzocyclooctyne (DBCO) PEG-thiol to oYo-Link Azide 
(alphaThera). The oYo-Link Azide contains an engineered 
Protein G that covalently binds the heavy chains of our 
anti-human EGFR IgG antibodies upon UV light exposure.  
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Fig. 1: Mother Machine filtering channel designs. (A) 2-layer design 
with a dead end. (B) 2-layer design with a lateral constriction at the 
back of the channel, connected to a back-flow channel. (C) 3-layer fil-
tering design with a shallow ladder-like structure around the chan-
nel, connected to a back-flow channel. In panels (A-C) the growth 
layer (blue) has 0.9μm height, the flow layer (green) has 10μm height, 
and the filter layer (orange) has 0.25μm height. (D) Normalised 
growth rate of cells by position in the growth channel (cell rank) 
from the bottom (rank 0) to the top (rank 3), in dead-end channels 
and filtering channels, in various glucose concentrations.

Mother Machine experiments to characterize bacterial re-
sponses to antibiotic treatment
We focused on 3 clinically relevant antibiotics for Urinary 
Tract Infection (UTI) treatment: Ciprofloxacin (CIP), Ceftri-
axone (CEF), and Gentamicin (GEN). The experiments con-
sisted of treating cells of E. coli strain MG1655 with different 
concentrations of each antibiotic, ranging from sub-Minimal 
Inhibitory Concentration (MIC) values to the maximum con-
centration measured in serum during clinical treatment. 
The experimental timeline consisted of 6 hours of exponen-
tial growth in M9 minimal media supplemented with 0.2% 
glucose, followed by the antibiotic treatment that lasted 2 
hours, 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 (i.e. cells at the bottom of the 
growth channels) across the treatment and counting the 
cells that produced viable progeny after it. We found that, 
although the fraction of surviving cells drops as a logistic 
function with concentration for each antibiotic, the concen-
tration range over which survival rates fall varies strongly 
across antibiotics (Figure 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. DeepMoMA allows quantifying single-cell response 
to antibiotic treatment, and has been specifically adapted to 
different cell morphologies that result from treatment with 
antibiotics. These morphologies include lysis, filamentation, 
and loss of phase contrast, which are observed at different 
rates across the different antibiotics and concentrations.
We reconstructed cell lineages across the experimental time 
courses, and quantified various single-cell variables. Using 
RealTrace, a Bayesian inference method developed by Björn 
Kscheschinski in our group (based on maximum entropy 
process priors), we can remove measurement noise from 
raw traces and obtain de-noised traces of cell length from 
which the instantaneous growth rate can be inferred. We 
then analysed how the physiological state of the cell just 
before the treatment affected its subsequent survival. As 
shown in Figure 2B, surviving cells generally were growing 

slower just before the CIP and CEF treatment, compared to 
cells that died. We also observed cells late in their cell cy-
cle for GEN and early in their cell cycle in CEF to be more 
likely to survive (Figure 2C). Additionally, we could also fol-
low each cell throughout the antibiotic treatment and once 
the compound is removed identify how the surviving and 
susceptible population’s dynamics change over the course 
of the experiment.

Fig. 2: Bacterial single-cell response to antibiotic treatments. (A) 
Dose-response curves at the single-cell level. Fractions of mother 
cells with viable progeny in each condition replicate, with ±2 stan-
dard deviations error bars, and a hill curve fitted for each antibiotic 
compound. (B) In CEF and CIP, surviving cells (cells with viable off-
spring) after the treatment, grew slower during the 30 min before 
the treatment than killed cells. (C) The added size since birth nor-
malized by the average added length in fresh media, which serves 
as a proxy for the cell cycle stage, is smaller for surviving cells than 
killed cells in CEF, in GEN surviving cells are later in their cell cycle.

The present study could be extended to other strains and me-
dia, for example to compare our results to a more clinically 
relevant strain such as Uropathogenic E. coli (UPEC) CFT073. 
Furthermore, other antibiotic treatment strategies could be 
tested, such as new antibiotic compounds or combinations 
of treatments, which are possible thanks to the multiplexing 
accomplished with the new microfluidic designs.
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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 Leaders: 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 the main drivers in the devel-
opment of resistant pathogens; however, it has also become 
clear in the last decades that the 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]. Yet, most in vitro assays used to discover and 
study antimicrobial compounds are based on the study of 
macroscopic growth in liquid cultures where single-cell reso-
lution is lacking. Consequently, the determinants of sensitiv-
ity to antibiotics are only poorly understood 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 [2]: 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. The companion 
image analysis software Mother Machine Analyser (MoMA) 
segments and tracks cell lineages from phase-contrast im-
ages with high throughput and accuracy.
In the present project, we use this setup to quantify how the 
response of individual bacteria to treatment with antibiotics 
depends on their physiological state at the time the treat-
ment commences. For this, we focus on treating Escherichia 
coli (E. coli) cells with a variety of clinically relevant anti-
biotics at clinically relevant concentrations. Moreover, we 
developed new microfluidic designs to enable the study of 
multiple antibiotics and strains in parallel. Such designs can 
for example be used to identify compounds that specifically 
target subpopulations of pathogenic bacteria.

New microfluidic circuits to study the bacterial response 
to antibiotic treatments in parallel
Classical Mother Machine designs consist of narrow dead-
end channels located perpendicular to a main channel where 
the media flow (Figure 1A). By concentrating a bacterial cell 
culture and through diffusion, the cells are trapped in the 
dead-end channels and can be exposed to different media. 

However, it has been observed that a nutrient gradient exists 
acros the channels and that the growth rates vary depending 
on where a cell is located along this gradient (Figure 1D).
To enable multiplexed testing of different strains and me-
dia, we have designed filtering Mother Machine channels. 
In such channels the closed end is replaced by constrictions 
that act as filters. The openings are connected to a backflow 
channel that collects the media, without letting the cells es-
cape. This improves and accelerates the cell loading proce-
dure as a diluted culture can be used, as well as mitigating 
the nutrient and growth rate gradient along the channel 
(Figure 1D). To create such filtering channels two features 
can be used: lateral (Figure 1B) or vertical constriction (Fig-
ure 1C). The lateral constriction consists of an opening at 
the back of the channel, with a narrower width than the 
growth channel to avoid cells escaping [3]. Because of the 
small size of these structures, they are very challenging to 
manufacture, and require e-beam lithography which is not 
widely available. Together with Dr. Vitaliy Guzenko at PSI we 
used the e-beam lithography system Raith EBPG 5000Plus to 
microfabricate lateral constrictions. With this strategy the 
design consists of two layers of different thicknesses, one 
for the main flow channels (20µm wide and 10µm deep), 
connected to the narrow (<1µm) and shallow (900nm deep) 
growth channels. The lateral constriction reduces the width 
of the channels to 250nm. The vertical constriction consists 
of adding a layer in the design with a shallower height than 
connects the growth channel to the collecting flow channel. 
This 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 250nm. 
The vertical constriction consists of a reservoir-like structure 
surrounding the growth channel.
After testing both designs, we concluded that cells could 
escape the lateral constriction, but we obtained successful 
results by reducing the area of contact of the vertical con-
striction with the growth channel. Additionally, together 
with the mechanical workshop of Biozentrum we developed 
a prototype pressurized box to multiplex the reservoirs for 
the input media, which is being used in our experiments.
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ment of the magnetic stray field of the sample at a height of 
300 nm above the sample surface, suggesting that the micro-
magnetic simulations overestimated the field strength by a 
factor of seven. This can be accounted for by considering the 
dead layers arising from the sample preparation, a slightly 
higher NV lift height, and the canting of the sublattice mag-
netisation.
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would further reduce the stray field strength from the ex-
pected value. Based on standard theory for field propagation 
away from thin magnetic films [9], these factors can be used 
to estimate the resulting reduction in stray field magnitude  
through the “thickness loss factor”.

With  and , where ,  
are the thicknesses of the magnetically ordered part of the 
NdMn2Ge2 lamella and dead layer respectively.

Fig. 1: a) Stray field map measured using NV magnetometry on a 

NdMn2Ge2 disk lamella, at a lift height of 300 nm. These stray field 
maps directly reflect the ferromagnetic moment of the canted an-
tiferromagnetic sublattice. b) A stray field map calculated from the 
disk lamella simulation at a lift height of 300 nm. c) The black line 
profile shows the strength of the stray field for three skyrmion bub-
bles from the NV stray field map. A line profile for three skyrmion 
bubbles from simulations is plotted in red. Also plotted is the line 
profile (blue) calculated (using Eq. 2) from the simulation stray field 
data when accounting for dead layers of material and a different NV 
height.

Considering all these factors, the observed discrepancy in 
stray field strength could be explained by a realistic set of 
parameters, such as a canting angle of 68°,  
and  (see blue dashed curve in Fig. 1c). While it 
is beyond the scope of the current project to disentangle the 
different possible contributions, the quantification of the re-
duced stray field values may provide valuable information 
in future studies on the canting angle or non-magnetic dead 
layers.

Outlook

In summary, we have scrutinised the nature of skyrmionic 
objects in NdMn2Ge2 using micromagnetic simulations, 
scanning transmission X-ray microscopy imaging and nitro-
gen-vacancy magnetometry. As previously reported, with an 
appropriate field cooling protocol, the system is capable of 
hosting a metastable skyrmion bubble lattice at room tem-
perature, in zero magnetic field. This lattice is robust to some 
extent to various changes in external stimuli such as, tem-
perature and application of a magnetic field. Finally, our NV 
magnetometry measurements provide a quantitative assess-

A representative result of our NV measurements is shown in 
Fig.1a and shows a stray field map of a highly regular, trian-
gular NdMn2Ge2 SkBL, with a periodicity, 
, largely consistent with our previous STXM findings.  This 
image directly yields a quantitative estimate of the stray mag-
netic field strength at the scan-height,  of the 
NV sensor. By taking a line cut of this data we can see how the 
strength of the stray field changes from the center (~1 mT) to 
the edges of the skyrmion bubbles (~0 mT). 

To benchmark this quantitative measurement against our 
model, we conducted a set of simulations, using the same 
material parameters used previously. This time however, we 
initialized the system with a Bloch skyrmion lattice that we 
subsequently relaxed, rather than relaxing the system from a 
random magnetic state with an external magnetic field. With 
this initialisation, it was possible to obtain a skyrmion bubble 
lattice configuration closely resembling the NV experimental 
results (see Fig. 1b). The stray field was then computed up to 
500 nm away from the sample surface and projected onto the 
known direction of the NV spin quantization axis (55° ± 4° 
from the sample normal, azimuthal angle 30° ± 4°) to repro-
duce the anticipated NV magnetometry image from the simu-
lations. Figure 1b shows an example of such a simulated stray 
field map, evaluated at a position  ≈ 300 nm above the 
sample surface. Our comparison shows that the measured 
field strength is ∼ 7× weaker than the one predicted from our 
simulations, as seen in the linecuts in Fig. 1c.

This difference in stray field magnitude between the simu-
lation and the experimental results may result from several 
factors, which we discuss in the following: 

First, given that the stray field strength scales directly with 
the magnetisation strength Msat, the observed discrepancy 
could be explained by the choice of the value of Msat in our 
simulations. There, we initially set Msat to the full sublat-
tice magnetisation of NdMn2Ge2, in accordance with past 
works [5]. However, previous studies [3, 7] indicate that for 

, a canting of the sublattice magnetisation 
occurs as the out-of-plane ferromagnetic state transitions to 
an in-plane antiferromagnetic state. At  , a canting 
angle of 58° is reported [7], which would reduce the ferro-
magnetic moment of NdMn2Ge2 by a factor of two over the 
value we chose for , where our experiments were 
conducted.

Second, due to manufacturing by focused ion beam (FIB) 
there is a surface layer where the material’s crystalline struc-
ture is damaged. The thickness of these “dead-layers” is on 
the order of a few 10 nm on each side of the lamellae [8] and 

Introduction and motivation

The aim of this project is to determine the formation mecha-
nism of skyrmions, a topologically protected magnetic struc-
ture [1]. Currently it is not fully understood what drives the 
formation and annihilation events in skyrmion hosting mate-
rials; such knowledge is particularly important if skyrmions 
are to be employed in future advanced information process-
ing devices [2].  Observations of such creation/anihilation 
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 applied magnetic field is NdMn2Ge2, a ra-
re-earth based centro-symmetric material. This bulk materi-
al has been observed to host different metastable magnetic 
textures stabilized by high- and low- magnetic field cooling 
protocols. Metastable skyrmions have been nucleated with 
a field cooling procedure and then observed using topologi-
cal Hall effect measurements [3,4] and Lorentz transmission 
electron microscopy [5]. We have confirmed these findings 
in previous years of the project using scanning transmission 
x-ray microscopy (STXM), where we investigated the effects 
of temperature and an applied magnetic field on Skyrmion 
formation and stability. 

This year, we used nitrogen-vacancy magnetometry to obtain 
a quantitative map of the magnetic stray field emanating from 
a lamella of NdMn2Ge2. The results complement our previous 
measurements from STXM on a similar lamella. Further-
more, by quantifying the strength of the stray field we could 
make a comparison to our simulation models and justify the 
parameters used and behaviours observed experimentally. 

Key experimental results

Nitrogen vacancy magnetometry measurements were per-
formed on a circular, 4 μm diameter NdMn2Ge2 lamella of 
190 nm thickness, that was FIB-cut from the same crystal as 
the lamella studied thus far. The skyrmion bubble lattice was 
initialised via the following protocol. First, the lamella was 
heated above its Curie temperature ( ), via the ap-
plication of a mA current through the Pt heater strips on the 
membrane at a rate of . A small magnetic field of 
50 mT was applied out-of-plane (perpendicular to the sam-
ple’s surface) while the sample was still being heated. This 
arrangement was maintained for one minute, after which the 
current was gradually decreased and then turned off. The 
sample was allowed to cool for an additional 30 s to reach 
room temperature. The resulting skyrmion bubble lattice was 
then imaged under ambient conditions in a small bias field of 
8.3 mT, to allow for quantitative NV magnetometry [6].

Project P1806: Image the twist!
Project Leaders: P. Maletinsky and V. Scagnoli
Collaborator: S. Treves (SNI PhD Student), K. Wagner

Investigation of skyrmion bubbles using NV magne-
tometry and simulations
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Fig. 2: Selective outgrowth of dendrites (dopaminergic neuron-like, 
human cells) onto the cryo-EM grid. Manuscript in preparation. A) 
Fluorescence microscopy of the chip and cyo-EM grid (1) before vit-
rification. The dendrites (2) are selected by the chip’s filter region 
(3, highlighted in yellow), which retain the the cell somas in the 
cell-growth chamber of the chip. Scale bar: 500 µm. B) cryo-EM (over-
view) of the cell’s dendrites. Scale bar: 5 µm.
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vitrifying the sample. The vitrified cells ' fluorescence im-
ages (Fig. 1) clearly show the internalized alpha-syn seeds.
Subsequent analysis of the vitrified cells was performed us-
ing cryo-EM imaging and tomography. To do so, a thin lamella 
was milled from the cell, enabling the detailed imaging of a 
small cellular region. In addition to lamella-based analysis, 
we also investigated naturally thin cellular structures, such 
as dendrites of neurons, which are particularly suited for di-
rect cryo-EM imaging without the need for lamella milling.

Controlled dendrite outgrowth on cryo-EM grids
We previously developed a microfluidic chip for co-patho-
logical interactions between two neuronal cell populations. 
Building on this, we created a modified version designed 
to direct the selective outgrowth of dendrites directly onto 
a cryo-EM grid. This modified chip features a sizeable cell-
growth chamber approximately 30 µm high, connected to 
narrower selection channels measuring 3 µm in height and 
4 µm in width (Fig. 2A).
Using live-cell imaging with a fluorescent label, we observed 
dendrites extending from the selection zones onto the 
cryo-EM grid (Fig. 2B). The rapid removal of the grid helped 
preserve the structural integrity of the dendrites, as con-
firmed by light microscopy (data not shown). An overview 
image (Fig. 2B) highlights the extensive dendritic coverage 
across the perforated carbon film of the cryo-EM grid.

Conclusion and outlook
We are currently analyzing the results of the seeding exper-
iments and comparing them across several complementary 
approaches (see also the FuncEM report): (i) single-cell lysis 
experiments, which provide detailed ultrastructural insights 
into the seeds [2]; (ii) amyloid structures derived from patient 
brain extractions, isolated using the cryoWriter system’s 
isolation module [1]; and (iii) processing experiments involv-
ing synthetic fibrils immobilized on beads and exposed to 
various neuronal extracts, including cell lysates and patient 
brain homogenates.
This comparative analysis will deepen our understanding of 
amyloid seed and degradation, potentially paving the way 
for more refined models and therapeutic strategies.

Fig. 1:  Fluorescence microscopy of vitrified cells grown directly on 
cryo-EM grids, visible in the background (1).  A) 3D-overview of the 
vitrified cell on the cryo-EM grid. All dimensions are given in µm. B) 
Projection of the cells grown on the grid at higher magnification. In 
yellow,  a mitochondrial substrate is shown, and α-syn “seeds” are 
labeled in blue. Manuscript in preparation.

Fluorescence microscopy of vitrified cells
Adherent human cells were cultivated in a proliferative 
state under standard cell culture conditions. The cells were 
then incubated with fluorescently labeled alpha-syn parti-
cles for 3 days to introduce the amyloid seeds. Following 
this incubation, the cells were replated onto a cryo-EM grid 
mounted on our newly developed cell cultivation platform 
(refer to FuncEM report, Fig. 3) and allowed to grow for an 
additional 24 hours. Replating was crucial for effectively re-
moving non-internalized seeds, ensuring only internalized 
particles remained.
Before vitrification, the cryo-EM grid cells were imaged 
using a simple fluorescence microscope. Excess liquid was 
then carefully removed, and a controlled gas stream helped 
to thin the remaining liquid around the grid. The CryoW-
riter system was used to plunge the grid into liquid ethane, 

Introduction
Electron microscopy of vitrified specimens (cryo-EM) is a 
powerful technique for examining cellular structures and 
ultrastructures at high resolution. However, several chal-
lenges hinder the direct application of electron tomography 
to adherent eukaryotic cells. First, the thickness of cell so-
mas often exceeds the limits for effective transmission EM 
imaging. Second, the cell’s thickness and heat conduction 
properties limit efficient vitrification. Therefore, current 
approaches frequently rely on harsh blotting methods with 
filter paper, which can distort cellular morphology and 
damage delicate structures such as dendrites. Third, while 
EM provides high-resolution snapshots of cellular features, 
it cannot capture real-time dynamics, limiting its use for 
studying ongoing biological processes. 
One approach to addressing the first bottleneck is to create a 
thin lamella in the cell soma using focused ion beam milling. 
Alternatively, EM can focus selectively on thin cellular struc-
tures like dendrites. In our work, we developed a novel plat-
form that enables the direct growth of adherent (neuronal) 
eukaryotic cells on cryo-EM sample carriers (grids) designed 
for gentle, blotting-free vitrification (as detailed in the Fun-
cEM report). This platform integrates with “minimalistic 
tissue” microfluidics, facilitating the selective outgrowth of 
dendrites onto the EM grid. These dendrites are thin enough 
for direct transmission EM analysis, eliminating the need for 
lamella milling.
Additionally, our system supports fluorescence light mi-
croscopy both before and after vitrification, allowing for re-
al-time monitoring of dynamic processes before vitrification 
and three-dimensional confocal characterization afterward. 
We are now exploring the fate of amyloid particles within 
neuronal model systems using these new methods.

Biological background
In Parkinson’s disease (PD) and related synucleinopathies, 
the intrinsically disordered protein alpha-synuclein (al-
pha-syn) adopts a pathogenic structure that can propagate 
by inducing misfolding in healthy alpha alpha syn mol-
ecules. This process leads to the formation of fibrillar al-
pha-syn aggregates, or amyloids, which progressively spread 
through the neuronal network, driving disease progression. 
The cellular machinery that maintains protein homeostasis, 
comprising chaperones and other quality control systems, 
helps typically prevent such misfolding. However, with age, 
the efficiency of this network declines, making aging the 
primary risk factor for the spontaneous onset of neurode-
generative diseases.
Our research aims to investigate how these amyloid particles 
are handled once they enter cells, likely through endocyto-
sis, and how cellular components process them.  

Project P1901: Microfluidics to Study Huntington’s Disease by Visual Proteomics
Project Leaders: T.  Braun, and H.Stahlberg
Collaborators: A. Fränkl (SNI PhD Student), A. Bieri, E. Schneider, L. Rima, M. Zimmermann

A single cell preparation platform for correlative 
light and electron microscopy
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rangement closely resembles the extracellular matrix (ECM) 
found in actual tissues, providing a more realistic microen-
vironment, which allowed for high cell survival and func-
tional cardiac tissue. This enables a promising strategy for 
engineering tissues with structural and functional character-
istics similar to native heart tissue. This research facilitates 
and optimizes the design, fabrication and availability of 
multiscale constructs, providing a robust platform on which 
additional experimental data can be obtained on.

Outlook
Further improvement and development of these described 
cardiac patches is manifold. From reconsidering the work-
flow, to increased cell density and the use of hiPSC derived 
cardiac cells. While a facilitated workflow would optimize 
the whole biofabrication process, higher cell numbers and 
more human like cell types would raise bio-similarity of 
our constructs and produce more translatable experimental 
data. Furthermore, maturation and functionality of the car-
diac cells within the construct needs to be studied in more 
detail and with it the influence of conductive nanofibers on 
the hydrogels resistivity 
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Fig. 2: Graphical representation of NRCM viability in full CNT-PCL DSC vs NRCM viability in a control print (5 layers, only 3D-bioprinted without 
NF): (a) and (b) Micrographs of CNT-PCL nanofibers transferred onto a previously 3D-bioprinted NRCM construct, scale bar = 200µm; (c) Viability 
of NRCMs in a 5-layered 3D-biofabricated full DSC construct: 74.86% ±4.5 (1-day postprint), 75.21% ±5.3 (7-day postprint), and 70.64% ±7.8 (21-days 
postprint). Controls viability were 87.45% ±4.16, 88.89% ±5.8, and 89.41% ±3.7, respectively. Live/Dead staining with dual-stained cells PI/Hoechst. 
Bioink contains NRCMs (5.4mio/mL).

Dual-Scale hybrid patches micmicking native com-
bining 3D-bioprinted constructs with directional 
nanofiber network to mimic native myocardium to-
wards in-vitro heart models

Project P1902: Directional 3D nanofiber network to mimic in-vivo myocardial syncytium to-
wards guiding contraction patterns in in-vitro heart models 
Project Leaders: M. R. Gullo, A. Marsano and M. Poggio 
Collaborator: F. Züger (SNI PhD Student)

Introduction
In cardiac tissue engineering, there is a high demand for inno-
vative biofabrication methods, particularly because myocar-
dial infarction is one of the leading causes of hospitalization 
and death globally.[1] When heart functionality is impaired 
following a myocardial infarction, coupled with the limited 
regenerative capacity of cardiomyocytes (CMs), it results in 
a loss of cardiac tissue. This lost tissue needs to be replaced 
with constructs that closely mimic natural tissue and its envi-
ronment to achieve physiologically relevant conditions.[2,3] 

Fig. 1: Schematic representation of a typical workflow of a biofabrica-
tion process to produce cardiac dual-scale constructs.

To achieve such a biomimicking construct the idea of a du-
al-scale approach was pursued within the scope of this PhD 
thesis. This approach combines 3D-printed micrometer scale 
and electrospun nanometer scale structures resembling nat-
ural cardiac tissue and cardiac environment very closely. 
Therefore, the findings of conductive nanofiber production 
and the formulation and refinement of our custom-made 
bioink were used to fabricate a dual-scale cardiac construct. 
The whole biofabrication process was optimized for high 
cell survival, sterile handling and smooth integration of all 
production steps. The constructs could successfully be used 
for long-term cell culture experiments (21d) and were as-
sessed for cell viability and functional behavior at several 
timepoints.

Fabrication and Analysis of Dual-Scale Cardiac Con-
structs
After successful fabrication of nanofibers and the develop-
ment of a custom-made bioink with high cell viability (both 
fabrication steps described in earlier reports) the DSC was 
being created by combining both pre-produced structures. 
For that, all the individual production steps, needed to be 
coordinated with each other, to minimize cell handling out-
side of the incubator. The whole process, worked for a small 
batch number of constructs, but was difficult to apply for 
higher batch numbers. The resulting construct (Fig. 2a/b) 
was placed in the incubator for long-term cell experiments. 
Viability of NRCMs in a 5-layered 3D-biofabricated full DSC 
construct were at: 74.86% ±4.5 (1-day postprint), 75.21% ±5.3 
(7-days postprint), and 70.64% ±7.8 (21-days postprint). The 
corresponding controls, where no electrospun NFs were 
transferred onto the 3D-bioprinted constructs, were 87.45% 
±4.16, 88.89% ±5.8 and 89.41% ±3.7, respectively (Fig. 2c). 

As a final step in the fabrication of novel cardiac patches 
the combination of electrospun nanocomposite fibers and 
the 3D-bioprinted cell-laden construct, using custom-made 
bioink, to form a dual-scale construct was tackled. After sort-
ing out contamination issues, due to the transfer of the DSC 
between different production sites (hoods) and coordination 
of all necessary production steps, we were able to biofabri-
cate a cardiac patch. Viability tests indicate cell survival of 
>70% for up to 21d of DSC incubation. This is compared to 
the solely 3D-bioprinted case (viabilities >90%) lower and can 
be explained through longer production time and an overall 
more complicated coordination of DSC fabrication. This is 
generally a challenge of such multiscale biofabricated con-
structs. The combination of different fabrication processes 
together with cells, leads to a lot of individual steps, suscep-
tible to errors and increased workload in production. Only 
small batches of a fully ’equipped’ CNT-PCL NF dual-scale 
construct were possible to be produced at a time, otherwise 
the individual procedures did not interlock smoothly any-
more leading to decreased cell survival. As in the increased 
cell viability during the course of 3D-bioprinting cardiac 
cells within our custom-made bioink, it is assumed that with 
more time for improving coordination of all the separate 
manufacturing steps and advancing the workflow, higher 
cell survival would have been possible. 
Overall, in this thesis we report for the first time a dual-scale 
(or multiscale) construct for cardiac patch engineering, com-
bining conductive NFs and a custom-made cell-laden bioink 
ready for 3D-bioprinting. The herein developed and studied 
DSC shows favorable features for cardiac regeneration ap-
plications with a novel kind of approach. This dual-scale ar-
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shows an even lower saturation, which means that the dif-
ferences are possibly related to the uncertainties in the coat-
ing process by hand spraying, resulting in imprecisions in 
the amount of coated material. In Fig. 3b, we can see the 
relative saturation as a function of temperature. Because this 
value is normalized to the saturation at 30°C, the effect of 
the imprecisions in the amount of coated material is com-
pensated. 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 measure-
ments presented in Fig.1.

Fig. 4: EDX results of a) pristine, b) used in the anode, 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), and d) the weight percentages of the ele-
ments in these three different samples.

The SEM-EDX results presented in Fig. 4 also shows no signif-
icant qualitative differences between the pristine and used 
GDLs. In conclusion the results show that the NdFeB-415 
powder used in this study can effectively be integrated in 
fuel cells without resulting in poisoning or being degraded 
by operation.

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 Fig.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.

Fig. 3: Top: Magnetic hysteresis loops of various samples: the pris-
tine sample (in pink), and samples after operation in both the anode 
(in blue) and cathode (in green) sections. Bottom: Relative magnetic 
saturation variation of the pristine (pink), anode (blue), and cathode 
(green) samples over a temperature range extending from 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 Fig 3a, we 
can see that the estimated magnetic saturation is reduced 
for the samples used after operation when compared to one 
of the pristine samples. However, a second pristine sample 

Measurement of the temperature in a fuel cell struc-
ture

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 µm), 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 Fig.1, the impact of artificially imposed tempera-
ture variation could be observed in the real fuel cell struc-
ture, both before and after operation. Meaning that the me-
diators 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. 

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).

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.

Fig. 1: Depolarization coefficients of samples taken from the anode 
(top) and cathode (bottom) at various stages of the operation. The 
data is segmented into three distinct periods: before operation, 
during operation, and after operation.

Project P1903: Neutron nanomediators for non-invasive temperature mapping of fuel cells
Project Leaders: M. Kenzelmann and P. Boillat
Collaborator: A. Ruffo (SNI PhD Student)

Integration of neutron nanomediators in fuel cells
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have studied bilayer samples of EuGe2 [4] via NW MFM. The 
NW MFM images are complementary to the SNVM images, 
because they provide different contrast, i.e. magnetic field 
gradients and magnetic susceptibility, 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 magnetic field. Spatial maps reveal that the 
characteristic length-scale of magnetic domains is in the hun-
dreds 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-com-
pact 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 Cu2OSeO3. 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 [5].  

Recently, we have also studied the magnetically-controlled 
vortex dynamics in a ferromagnetic superconductor, using 
our NW MFM. In particular, we investigated the material Eu-
Fe2(As1-xPx)2, which is an iron-based superconductor with a 
maximum critical temperature of 25 K. It is unique in that it 
exhibits full coexistence with ferromagnetic order below 19 K. 
We study the interplay between superconductivity and mag-
netism in this regime by imaging the magnetic field gradients 

at the sample surface via NW MFM, as shown in Figure 3. The 
results are summarized in a manuscript submitted with our 
collaborators [6].

The success of NW MFM in local magnetic susceptibility im-
aging of EuGe2 has also led us to start new and very prom-
ising measurements of the dependence on thickness of the 
magnetic phase transitions in other 2D magnets, including 
Cr2Ge2Te6. 
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Figure 3: Evolution of the domain vortex state in EuFe2(As1-xPx)2 with applied field 3 µm x 3 µm NW MFM images captured at T = 4.3 K.

Figure 2: NW MFM images of the (001) surface of Cu2OSeO3, 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.

Applying nanowire MFM to 2D materials

Project P1905: Magnetic force microscopy with nanowire transducers
Project Leaders: 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 micros-
copy driving remarkable improvements in both sensitivity 
and resolution. Among the most successful tools are mag-
netic force microscopy (MFM), spin-polarized scanning tun-
neling microscopy, as well as scanning magnetometers based 
on nitrogen-vacancy centers in diamond, Hall-bars, and su-
perconducting quantum interference devices. Over the past 
3 years, we have been using nanowire (NW) force sensors as 
ultra-sensitive MFM probes. Using NWs functionalized with 
magnetic tips, we strive to map magnetic fields and dissi-
pation with enhanced sensitivity and resolution 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/
Hz1/2 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 
mT/(m Hz1/2), 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.

Figure 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 µm) was grown by the Budakian group (Waterloo).

Results
In the fourth year of work, we have been focusing on imag-
ing experiments on 2D magnets as well the surface of bulk 
chiral magnets. Both of these systems present a number of 
open questions relating to the spatial configuration of mag-
netic phases and phase transitions. NW MFM, which com-
bines high magnetic field sensitivity and high spatial resolu-
tion, is ideally suited for this task. In collaboration with the 
Maletinsky group, who is studying the 2D magnet EuGe2 us-
ing scanning nitrogen-vacancy (NV) microscopy (SNVM), we 



16 17

achieve high quantum cooperativity.
One way to measure the cooperativity of the optomechani-
cal system is by performing a cooling experiment by cavity 
dynamical backaction cooling (shown in Fig. 2). At a cryostat 
temperature of 10 K the membrane was cooled to an occupa-
tion of 11 phonons, which is the theoretical limit for our cur-
rent cavity with a linewidth of , placing the 
system in the unresolved sideband regime. When cooled to 
this theoretical limit, the optomechanical system is driven 
predominantly by quantum noise of the light, equivalent to 
an optomechanical cooperativity exceeding unity.

Fig. 2: Cavity dynamical backaction cooling of the membrane at three 
different cryostat temperatures. Together with the data, the theoreti-
cal expectations are plotted as solid lines. The dashed (colored) lines 
show the membrane occupation when neglecting the backaction 
noise of the light. At high temperatures, neglecting the backaction 
gives a good estimate. The dashed black line shows the theoretical 
cavity dynamical backaction cooling limit for our system. At 10 K, the 
limit of  is reached for high optical power (dash-dotted line), 
where the driving force is dominated by quantum noise of the light.

Hybrid setup
Now that both the spin-light interface and the optomechani-
cal interface can be operated in the regime of large quantum 
cooperativity, the two systems can be coupled in the quan-
tum coherent coupling regime. For this, we introduce briefly 
the coupling mechanism between the two systems:
The coupling of the atomic spin to the mechanical oscillator 
is mediated by light so that the two systems can be sepa-
rated by a macroscopic distance, in our case by about one 
meter [2]. To achieve a Hamiltonian coupling between the 
two systems, the light forms a loop: The coupling laser inter-
acts first with the spin, then with the membrane, and then 
once again with the spin, as sketched in Fig. 3 and detailed in 
[2]. By shifting the phase of the quantum signal on the light 
by  before the second interaction with the spin, the 
second spin-light interaction is the time-reversal of the first 
one, cancelling the backaction of the light onto the spin.

Fig. 3: 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 π-phase is imprinted on the light, rendering the spin-mem-
brane interaction effectively Hamiltonian for zero delay τ = 0. The 
systems can be approximated by harmonic oscillators of frequencies 

 and  with damping rates  and  coupling them to a bath 
with  and   phonons, respectively. The oscillators are  
coupled at a rate g. coupled at a rate g.

References

[1] P. Treutlein, C. Genes, K. Hammerer, M. Poggio, and P. Rabl. 

Hybrid Mechanical Systems. In: Cavity Optomechanics: Nano- 

and Micromechanical Resonators Interacting with Light. Ed. 

by M. Aspelmeyer, T.J. Kippenberg, and F. Marquardt. Berlin, 

Heidelberg: Springer Berlin Heidelberg, pp. 327–351 (2014)

[2] T. M. Karg, B. Gouraud, C. T. Ngai, G.-L. Schmid, K. Hammerer, 

and P. Treutlein, Light-mediated strong coupling between a 

mechanical oscillator and atomic spins 1 meter apart, Science 

369, 174 (2020).

[3] G.-L. Schmid, C. T. Ngai, M. Ernzer, M. Bosch Aguilera, T. Karg, 

and P. Treutlein, Coherent feedback cooling of a nanomecha-

nical membrane with a spin, Phys. Rev. X 12, 011020 (2022).

[4] D. Høj, U. B. Hoff, U. L. Andersen, Ultracoherent Nanomecha-

nical Resonators Based on Density Phononic Crystal Enginee-

ring, Phys. Rev. X 14, 011039 (2024). 

Summary and Outlook
Previously, coupling experiments were performed with a 
membrane at room temperature, resulting in strong cou-
pling between the two systems [2,3]. With our improved 
system, reaching the regime of quantum coherent coupling 
is feasible. The next step is to perform the coupling exper-
iment with the nano-pillar membrane at cryogenic tem-
peratures and the improved atomic system. The parameters 
of our improved setup should allow us to achieve ground-
state cooling of the membrane by coherent feedback with 
the spin [3]. Exploiting the quantum coherent coupling, we 
could then create quantum entanglement of the spin and 
the membrane over a distance of more than one meter.

Hybrid atom-optomechanical system in the quan-
tum regime

Project P1907: Spin-opto-nanomechanics
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Quantum technologies have seen an impressive progress, 
leading to the development of numerous individual systems 
performing very well in one specific task. For instance, pho-
tons can be used to transmit quantum information over long 
distances, spins serve as precise magnetometers or atomic 
clocks, and mechanical oscillators are very precise force sen-
sors. However, many real-world problems require quantum 
devices that can combine different functionalities, making 
hybrid quantum systems particularly intriguing. By combin-
ing quantum systems with complementary functionalities, 
hybrid systems can leverage the strengths and mitigate the 
weaknesses of individual components. Hybrid spin-mechani-
cal systems are a very interesting in this context. While spins 
are microscopic systems for which quantum control is well 
established, mechanical oscillators are macroscopic systems 
which can be functionalized to couple to various forces [1].
In our experiment, we couple the collective spin of an atomic 
ensemble to the vibrations of a nano-mechanical membrane. 
Exploiting the strong coupling of the membrane to the spin 
ensemble [2], we performed classical state-swaps between 
the membrane vibrational state and the atomic spin [3]. In 
this way, the membrane can be cooled to 216 mK in 200 µs. 
These experiments were performed in the strong coupling 
regime. In order to implement quantum protocols with the 
coupled system, we have to reach the regime of quantum 
coherent coupling. While in the so-called strong coupling 
regime, the coupling rate  is larger than the average de-
cay rate of the systems, , for quantum coherent 
coupling the coupling rate must exceed the average decoher-
ence rate, .
In our system, the coupling is mediated by light (see below 
for details). To achieve quantum coherent coupling between 
the systems, the coupling of each individual system to the 
light must be stronger than the total decoherence of the sys-
tem . The total decoherence rate consists of the stochas-
tic drive by the measurement backaction, by the thermal en-
vironment and by technical noise. The figure of merit is the 
cooperativity , which is the ratio between the 
coupling strength to the light  and the total decoherence 
rate .
In the following, we describe first the effort of bringing 
both individual systems to the regime of large cooperativity 

. Then we discuss the coupling between the two sys-
tems mediated by light.

Atomic Spin
The collective atomic spin is formed by an ensemble of 

ultracold 87Rb atoms in an optical dipole trap. The 
atoms are pumped into the state . Using a 
static magnetic field, the atomic Larmor frequency can be 
tuned into resonance with the membrane frequency. The 

atomic spin interacts with the light by the off-resonant Far-
aday interaction. To characterize the spin-light coupling, we 
measure the light after the first interaction with the spin 
(instead of sending it to the membrane as in the coupling 
experiment). If the atoms are well polarized and not excited, 
we can detect the quantum noise of the atoms imprinted on 
the light. 
A measurement of the atomic noise signal on the light as 
function of the number of atoms in the cloud is shown 
in Fig. 1. Together with the data, a theory curve is plotted 
which is calculated from the geometry of the atomic cloud 
and the coupling beam. The theory reproduces the measure-
ment well, which suggests that we understand the processes 
which drive the atomic spin in this limit.

Fig. 1: Measurement of the quantum noise on the light after the in-
teraction with the spin. The vertical axis shows the noise on the 
light measured with the spin aligned orthogonal to the probe beam. 
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 green line shows the theoretical expectation calculated 
from the geometrical overlap of the coupling beam and the atomic 
cloud. The red line shows a fit to the data with one fitting parameter, 
the overall spin-light coupling strength.

Optomechanical System
In the optomechanical system, the membrane with a pho-
nonic bandgap shield in the frame, which was used in our 
previous work [2,3], has been replaced by a nano-pillar mem-
brane [4]. The nano-pillar membrane exhibits a mechanical 
quality factor of  at a temperature of 10 K, 
more than an order of magnitude higher than that of the 
previous membrane. This improvement, combined with 
cryogenic cooling, enables the optomechanical system to 
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of S-BuOH led to a drastic decrease in the absorbance. This 
behavior was reproducible and reversible. This observation 
represents a proof of principle for chiral recognition. Simi-
lar effects could be measured upon addition of enantiomers 
from 2-phenylethanol, alpha-pinene, and limonene.

Conclusion
The chiral Pt complex was synthesized and characterized by 
UV-Vis absorbance, photo-luminescence, circular dichroism, 
and SEM. Under specific conditions, the complex showed 
the expected aggregation behavior. More importantly, the 
aggregated nano-assembly exhibited remarkable changes in 
the UV-vis absorption upon exposure to chiral VOC analytes. 
With these results, we successfully completed the SNI proj-
ect. A publication of our results is in preparation.
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Figure 1: UV-vis 2absorption (a) spectra of (1) in CHCl3 /n hexane (1.0×10-5 M).

Chiral luminescent Pt(II) complexes – enantiomer 
recognizing nanowires 
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ligand, following methods developed in the Wenger group 
(Scheme 1).[9] 
Complex (1) was obtained after applying optimized reaction 
conditions using a precursor Pt(II) complex with the bisani-
onic tridentate bis(trifluoro-methyltriazolyl)pyridine ligand

Absorption and aggregation of complex (1)–tested enan-
tiomer recognition
With the desired complex (1) in hand, we first studied the 
absorption and aggregation in solution. Figure 1 a) shows the 
UV-vis absorption spectra of complex 1 (1.0×10-5 M) in varying 
ratios of CHCl3 /n-hexane. In polar solvent, 1 shows the typ-
ical intra-ligand and inter-ligand charge transfer bands be-
low 400 nm and weak metal-to-ligand charge transfer bands 
between 400 – 450 nm. In less polar CHCl3 /n-hexane, 1/9, a 
new absorption band was formed at 385 nm, indicative for 
metal–metal-to-ligand charge transfer. In addition, the solu-
tion turned into a colloidal dispersion within seconds, which 
supported the hypothesis of a nanowire assembly. Scanning 
electron microscope images (SEM) showed bent nanowires 
with up to 12 µm length.

Figure 1 b) shows the characteristic UV-vis absorption band 
of complex 1 (1.0×10-5 M) in CHCl3 /n-hexane, 1/9 in the ag-
gregated state (light blue). Upon addition of excess R/S 2-bu-
tanol (BuOH), the absorbance changed significantly. While 
R-BuOH had a minor effect on the band at 385 nm, addition 

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 were of main interest to us. Interac-
tions of small chiral molecules within a crystal lattice can 
provoke changes in photoluminescence, vapochromism,[3] 
or electrical conductance, thus leading to sensing behavior. 
Chiral recognition based on molecular nanowires seems un-
derexplored until now.

Ideally, stereoisomers of specific VOC analytes could interact 
with the nanowire crystal lattice by intercalation, or through 
C-H-π, π-π, or other interactions directly at the atropisomeric 
moieties of the complexes.

The tendency of square planar Pt(II) complexes to form 
stacked aggregates arises from weak metal-metal interac-
tions between the 5dz2 orbitals upon close contact (<3.5 Å).
[4] Thus, Pt(II) complexes are known to form aggregates with 
distinct properties.[5,6] Application of such systems for chi-
ral recognition is however underexplored so far.[7]

Stereogenic Pt(II) isocyanide complex

Taking advantage of the atroposelective arene forming 
method developed in the Sparr group, we prepared confor-
mationally well defined 1,2-binaphthyl moiety.[8] The atrop-
isomeric scaffold was then transformed into the isocyanide 

Scheme 1: Molecular structure of complex 1 and schematic representation of the anticipated supramolecular aggregation.



20 21

per nanoparticle. The PEGylated ligands provide colloidal 
stability in aqueous buffers, whereas the azides determine 
the valency of the particle and enable the click-chemistry 
reaction.

Azide groups quantification by fluorescence quenching

We varied the amount of azide-carrying catechols in the li-
gand shell from 0 to 10 per NP to test the possibility of quan-
tification of low amounts of functional groups necessary for 
precise bioconjugation.

The first method that we developed to quantify azide groups 
on the surface of NPs leverages the fluorescence quenching 
effect of the nitrocatechol ligands on covalently bound dye 
molecules by photoinduced charge transfer (PCT) (Fig.2a). 
The fluorescence of AF488 was quenched until the dye:NP 
ratio in the reaction mixture was equal to the actual valency 
of NPs. Above that concentration, the dye remains in its free 
form, and thus is fluorescent. By fitting two linear regions of 
the graph, we were able to find their intersection point that 
was lower than the target value of N3/NP and represents the 
actual ligand density on the surface. The repeatability and 
reproducibility of this method was proved by repeating this 
experiment three times.

The second method represents a general strategy based on 
following the alkyne absorbance during the click reaction, 
which is independent on the core or ligand composition of 
NPs (Figure 2b). In this method, the ligand density was cal-
culated from the kinetic curves of alkyne consumption and 
was found to be similar to the one found by Method 1. The 
limit of detection of Method 2 was found to be as low as 
0.53 N3/NP. From Figure 1c it can be seen that both methods 
show a similar result of azide surface density, proving that 
the methods can be used interchangeably depending on the 
limitations of the studied system.

Conclusions
In conclusion, we have proposed two methods to quantify 
azide groups on the surface of the nanoparticles that are 
in agreement with each other. We believe that quantitative 
analysis of surface functional groups will play an important 
role in precise bioconjugation that is crucial for cell target-
ing. Both methods do not require purification and can be 
applied to colloidally stable NPs of different core and ligands 
nature. Our approach could be beneficial in the precise de-
sign of targeted contrast agents for x-ray computed tomogra-
phy or magnetic resonance imaging.
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methods.

Introduction
With the rapid development of nanotechnology and nano-
medicine, there is a growing research interest in employing 
nanomaterials to improve the efficiency of disease diagnosis 
and treatment. The surface modification of the nanomateri-
als impacts the performance and success of carious applica-
tions by enabling selective and precise targeting. [1] Over the 
last years, click and biorthogonal reactions have become one 
of the most reliable and frequently used approaches for pay-
loads coupling on the surface of nanoparticles. [2] However, 
there is still a lack of standardized and precise procedures 
for the preparation of nanoparticles with such functional 
groups.
In this work, we study the surface chemistry of hafnium 
oxide nanocrystals as they have been recently reported as 
promising contrasts agents for x-ray computed tomography. 
[3] To retain colloidal stability in conditions close to phys-
iological, nanocrystals were coated with biocompatible li-
gands. To provide the targeting moiety, nanocrystals were 
further modified with azide groups to open the possibility 
of bioconjugation via strain-promoted azide-alkyne cycload-
dition. Two independent methods for the quantification of 
azide functional groups were developed and validated.

Preparation of HfO2 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 
muffle furnace (Fig. 1a). After synthesis, the nanocrystals are 
isolated, purified and stabilized with 2-[2-(2-methoxyethoxy)
ethoxy]acetic 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 (3.8 ± 
0.6) nm and minor axis length of (2.4 ± 0.3) nm, as confirmed 
by TEM (Fig. 1c).
From the variety of bioconjugation options, we have chosen 
strain promoted alkyne azide cycloaddition also known as 
copper-free click-chemistry as highly specific, biocompatible 
and bioorthogonal reaction. It is a fast reaction with no cat-
alyst required and it occurs under physiological conditions. 
[4] To enable this reaction, we have to provide azide groups 
on the surface of nanocrystals and functionalize biomole-
cules of interest with dibenzocyclooctyne (DBCO) group.
To prepare nanocrystal with functional groups, the weakly 
binding carboxylate ligand MEEAA was subsequently ex-
changed for a mixture of nitrodopamine-based ligands in 
which the ratio of purely PEGylated to azide-terminated cat-
echols was varied to obtain particles with 2, 5 or 10 azides 

Surface chemistry of hafnium oxide nanocrystals as 
X-ray computed tomography contrast agents
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Fig. 1: a) Synthetic route of HfO2 nanoparticles; b) powder x-ray diffraction analysis of the formed nanocrystals; c) TEM picture of nanocrystals
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the bacteria to distinguish between harmless environmental 
fluctuations and genuine threats.

Fig. 3: Single puncture event still leads to assembly. The AFM force 
curve (top) shows a single puncture event (red asterisk) and the cor-
responding FM image series (bottom) shows the point of AFM inden-
tation (red circle) and the resulting assembly.

Signaling pathway
Hence, the activation of the multiprotein complex begins 
with the detection of outer membrane breaches, which 
likely expose signaling molecules normally confined within 
the periplasmic space. These signals activate the inner mem-
brane kinase, a protein in the pathway, leading to the phos-
phorylation of downstream targets. This phosphorylation 
event initiates the assembly of the multiprotein complex.
Because multiprotein complex assembly is highly localized 
to sites of membrane damage, the bacteria ensure that its 
retaliatory response is both efficient and targeted. This level 
of precision minimizes collateral damage and optimizes re-
source use, enhancing the bacteria's ability to compete with 
other microorganisms in its environment. 

Conclusion and outlook
By elucidating the triggers, dependencies, and signaling 
pathways involved in the multiprotein complex activation, 
our study provides valuable insights into the bacteria's de-
fense strategies. These findings have important implications 
for the development of antimicrobial therapies, as they 
highlight potential targets for disrupting the bacteria's abil-
ity to sense and respond to environmental threats.
Moving forward, further studies are needed to explore the 
broader applicability of these findings. Investigating how 
similar mechanisms operate in other bacterial species could 
reveal universal principles underlying microbial defense 
systems. Additionally, understanding the interplay between 
mechanical and chemical stimuli in triggering the multipro-
tein complex activation may uncover new strategies for con-
trolling bacterial infections.
In conclusion, our work underscores the remarkable adapt-
ability of bacteria and its ability to precisely calibrate its 

responses to environmental challenges. By combining ad-
vanced imaging techniques with molecular biology, this 
study has laid the groundwork for future research aimed at 
unraveling the complexities of bacterial survival and com-
petition.
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Introduction
Bacterial cells activate specific signaling pathways in re-
sponse to environmental stimuli [1]. However, bacterial cells 
are also sensitive to interbacterial and bacteria-host contact 
interactions. Recent studies have attributed many of these 
interactions to mechanosensitive pathways [2]. In this proj-
ect, we investigated the reaction of bacteria to mechani-
cal stress by means of correlative atomic force microscopy 
(AFM) and live-cell fluorescence microscopy (FM) (Fig. 1) [3].
Bacteria employ a sophisticated response mechanism(s) 
through the assembly and activation of multiprotein com-
plexes. These highly specialized systems enable bacteria to 
retaliate against competing organisms, delivering toxic pro-
teins in a targeted and efficient manner. To understand these 
bacterial mechanisms is to provide deep insight into their 
dynamic survival strategies, pathogenesis, and potential 
therapeutic interventions.

Fig. 1: Correlative AFM/FM of live bacterial cells. The green rods in-
dicate bacterial cells, and the blue arrows show the path of the AFM 
cantilever during force mapping.

Force dependency of response
Mechanical indentations applied using an AFM tip were 
found to induce the multiprotein complex assembly in a 
highly localized manner. Forces as low as 7 nN were suffi-
cient to prompt a response, with higher forces increasing 
the likelihood of activation. This threshold-based mecha-
nism ensures that the bacteria respond specifically to suf-
ficiently strong mechanical insults, avoiding unnecessary 
activation of its defense system. 
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Outer membrane damage activates a bacterial at-
tack response

Fig. 2: Analysis of AFM force curves and corresponding EM image. 
The force curve (top left) shows two distinct puncture events T1 and 
T2 with consistent thicknesses W1 and W2. The EM image (top right) 
and corresponding plot profile confirm those distance to be OM-PG 
and Pg-IM.

By analyzing force curves obtained during AFM experiments, 
we observed that two distinct puncture events could be ob-
served (Fig. 2). These observed barriers were shown to cor-
respond to distances between the outer membrane-pepti-
doglycan-inner membrane borders by electron microscopy. 
This finding indicates that the puncture of one or both mem-
branes serves as a primary sensor for environmental threats, 
translating mechanical stimuli into a biochemical response.
 

Outer membrane damage induced trigger
The use of correlative AFM/FM allowed us to observe this pro-
cess in real time, revealing that the multiprotein complex 
assembles within seconds of membrane damage (Fig. 3). The 
dynamic nature of this response underscores the efficiency 
of bacteria in mobilizing its defense system against potential 
threats. By localizing the assembly of the multiprotein com-
plex to sites of membrane damage, the bacteria minimize 
energy expenditure while maximizing the effectiveness of 
its response.
Using polymyxin B nonapeptide (PMBN), an outer mem-
brane-destabilizing agent, we confirmed that outer mem-
brane damage alone is sufficient for activating the mul-
tiprotein complex. This finding suggests that the outer 
membrane functions as a critical sensory interface, enabling 
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and studied its impact on the surface atomic layer structure, 
fig. 1 (b), by measuring the Ge 3d photoemission peak along 
the [100] direction for a series of photoelectron kinetic ener-
gies. The resulting signal modulation was compared to mul-
tiple scattering calculations, with the best fitting structure 
fitted in figure 1 (c). Figure 1 (d) illustrates the structure opti-
mization process, by plotting the R-factor, a measure of the 
goodness of fit of the simulated pattern to the experiment, 
in dependence of the first two inter-layer distances. We find 
that the applied bias shifts the surface layers by about 0.06 - 
0.09 Å with respect to each other, meaning the electric field 
is contracting and expanding the crystal structure at the sur-
face. This is an important result in the context of the materi-
al’s multiferroicity and towards understanding the coupling 
of its ferroic orders.

Fig. 2: Detecting spin-polarized signals in Co/Cu(111). (a): STM image 
of Co bilayers grown on Cu(111), forming faulted (f ) and unfaulted 
(u) islands. (b): Spin-averaged LDOS map measured at U = -270 mV 
showing faulted islands in bright and unfaulted islands in dark. (c): 
Spin-polarized LDOS map at U = -270 mV showing an intensity dif-
ference for certain islands compared to the spin-averaged case in (b). 
(d): STS curves measured on Cu(111) and some islands as indicated in 
(a) (upper panel), with the extracted magnetic asymmetry illustrated 
in the lower panel.

With the goal of imaging the surface magnetic structure of 
GeMnTe(111), we have prepared spin-polarized MnNi and Co 
covered PtIr STM tips. A reference sample in the form of Co 
islands on Cu(111) was prepared via e-beam evaporation and 
used to test the out-of-plane spin polarization of the STM tips 
[4]. Co/Cu(111) grows in the form of bilayer high triangular 
ferromagnetic islands, which either follow the fcc structure 
of the substrate (unfaulted) or have a stacking fault, which 
results in a rotated hcp stacking (faulted), see figure 2 (a). 
This leads to a shift in the Co surface state detected via STS, 
i.e. when measuring the local density of states (LDOS) at a 
certain bias, islands of opposite stacking will give signals of 
different intensities. This is shown in figure 2 (b), where the 
spin-averaged LDOS map at a bias of -270 mV shows faulted 
islands in bright and unfaulted islands in dark. Addition-
ally, each island possesses an out-of-plane spin polarization, 
which can randomly be up or down. This means, measuring 
the same area with an out-of-plane spin polarized tip will 
give rise to different signal intensities for the same type of 
island, but with differently oriented spin polarizations with 
respect to the tip. Figure 1 (c) shows the LDOS map measured 
in the same area and at the same voltage as in (b) using a 

cobalt covered tip. The result is an observed intensity dif-
ference of certain islands coming from an increased or de-
creased spin-polarized current depending on the relative 
spin alignment between tip and island. This example shows, 
that with our tips we are able to detect spin-polarized states.

Outlook

Our focus in the coming months lays on imaging the surface 
spin structure of Ge1-xMnxTe(111) on an atomic level by means 
of spin-polarized STM and STS, making use of our prepared 
and tested bulk MnNi and Co covered tips. In addition, we 
plan on testing the magnetoelectric coupling by manipulating 
the magnetic surface structure with the electric field of the 
STM tip.

References

[1] N. Spaldin et al., “Multiferroics: Past, present, and future”, 

Physics Today 63, 38-43 (2010).

[2] J. Krempaský et al., “Surface versus bulk contributions to the 

giant Rashba splitting in the ferroelectric alpha-GeTe semicon-

ductor”, arxiv:1503.05004 (2015).

[3] J. Krempaský et al., “Operando Imaging of All-Electric Spin 

Texture Manipulation in Ferroelectric and Multiferroic Rashba 

Semiconductors”, Phys. Rev. X 8, 021067 (2018).

[4] O. Pietzsch et al., “Spin-Polarized Scanning Tunneling Spec-

troscopy of Nanoscale Cobalt Islands on Cu(111)”, Phys.Rev.Lett. 

92, 057202 (2004). 

Introduction
To fulfill the need of smaller and faster computational de-
vices, non-traditional possibilities of quantum state manipu-
lation move into the spotlight of current research. One such 
option, which is known as spintronics, makes use of the 
electron spin as a carrier of information. In particular, mul-
tiferroic materials, coupling multiple ferroic orders, such as 
ferroelectricity, ferromagnetism and ferroelasticity, in the 
same system [1], and Rashba materials are promising candi-
dates towards spin control on the atomic level via energy-ef-
ficient electric fields (magnetoelectric coupling).

Project goals
In this project, we are studying rhombohedral alpha-GeTe, 
which is a ferroelectric-ferroelastic  semiconductor. It re-
cently received renewed attention when ARPES studies re-
vealed a large Rashba spin-splitting in both bulk and sur-
face electronic bands [2]. The addition of Mn into the crystal 
structure also renders the system ferromagnetic and studies 
suggest the possibility of switching its surface spin polar-
izations via external electric fields [3]. We are conducting a 
multi-scale and multi-technique investigation of the surface 
atomic, electronic and magnetic structures and interactions 
present in (GeMn)Te(111), with an emphasis on the correla-
tion between ferroic polarizations, domains and atomic 
structure.
The combination of large area techniques, like synchrotron 
based X-ray photoelectron diffraction (XPD, PhD) and spec-
troscopy (XPS, ARPES), and local techniques, such as scan-
ning tunneling microscopy and spectroscopy (STM, STS), 
allows us to probe complementary aspects of surface atomic 
and electronic structures. In particular, we combine experi-
mental XPD and PhD measurements with multiple scatter-
ing calculations to reveal the surface atomic inter-layer dis-
tances, and apply an external gate voltage to study the effect 
of electric fields on atomic displacements. Angle resolved 
photoelectron spectroscopy (ARPES) together with scanning 
tunneling spectroscopy (STS) and quasiparticle interference 
(QPI) reveal the 3D dispersions of electronic states and their 
variations between different areas and doping levels. Finally, 
we want to use spin-polarized scanning tunneling micros-
copy (SP-STM) to visualize the magnetic domain structure 
and manipulate the spin polarizations on an atomic level 
with the electric field of the STM tip.

Project P2004: Local manipulation of spin domains in a multiferroic Rashba semiconductor
Project Leaders: M. Muntwiler and T. Jung
Collaborator: M. Heinrich (SNI PhD Student)

Multi-scale surface characterization of a multifer-
roic Rashba semiconductor

Fig. 1: Operando PhD measured on GeTe(111). (a): Sample setup with 
a gold mesh top electrode. (b): Surface atomic layer structure of 
GeTe(111) with the first two inter-layer distances dz1 and dz2 to be 
optimized. (c): Bias dependent PhD modulations measured on the Ge 
3d peak (circles) and corresponding best fitting simulations (lines). 
(d): R-factors from a number of simulations with varied dz1 and dz2 
parameters. Best fits (R-factor minima) for positive and negative po-
larity are indicated by vertical lines.

Results 
The project started in July 2021. After studying the surface 
layer structure of alpha-GeTe(111) and finding a surface re-
laxation with respect to the bulk structure, we recently em-
ployed operando PhD measurements to measure the surface 
layer response to external electric fields. To this goal, we as-
sembled a sample setup, which consists of a top electrode 
made of a gold micro-mesh covered with insulating Al2O3 
placed on top of the sample surface. A photo of the setup is 
shown in fig. 1 (a). We applied an out-of-plane electric field 
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the vesicles (Fig. 3). Furthermore, we characterized GPMV 
stability under physical stress conditions, such as osmotic 
shock, to highlight their flexibility and adaptability to ex-
ternal stimuli. Lastly, we aim to establish a detailed map of 
the GPMV proteome, which we envision to be valuable for 
biomedical research. This comprehensive proteomic analy-
sis could provide new insights into molecular mechanisms 
underlying vesicle formation, particularly in the context of 
cancer, where altered vesicle dynamics play a critical role in 
tumor progression and metastasis. On the other hand, the 
GPMV’s proteome could serve as a foundation for mimicking 
the cytosolic environment in the development of protocells 
for nanotechnological applications. 
By combining our hybrid approaches, we aim to bridge the 
gap between synthetic and natural systems. The versatile 

platforms that we have achieved also support the engineer-
ing of biomimetic systems for drug delivery, biosensing, and 
synthetic biology applications.
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Controlled enzymatic reactions by programmed confine-
ment in clusters of polymersomes and Janus nanopar-
ticles
One of the key aspects in developing biomimetic systems 
incorporating NCs is establishing communication, or mate-
rial flow, between them. This can be achieved by integrating 
highly stable beta-barrel membrane proteins, such as outer 
membrane porin F (OmpF), which tolerate harsh conditions. 
These proteins enable the formation of supramolecular as-
semblies with amphiphilic block copolymers (BCP), resulting 
in permeable NCs capable of supporting enzymatic reactions 
and exchanging materials with the external environment 
and adjacent NCs.
In our studies, we optimized the production of OmpF and 
adapted a simpler approach to reconstitute the pore in the 

membrane of NCs at the stage of organic solvent evaporation. 
The rehydration of the copolymers and protein mixtures 
by aqueous solution containing an enzyme we constructed 
catalytic nanocompartments (CNCs). CNCs were selectively 
attached on one of the lobes of Janus nanoparticles (JNP), 
giving rise to complex and stable communication platform. 
Such JNP-CNC clusters provide both spatial and directional 
control of enzymatic reactions at the nanoscale and have 
high potential in biomedical applications, including protein 
therapy and theranostics [4].

Exploring the functional proteome and biophysical char-
acteristics of GPMVs derived from neuroblastoma cells
In this part of our project we investigated whether cell-de-
rived giant plasma unilamellar vesicles, GPMVs could serve 
as minimal cell models in establishing simpler environments 
for studying cellular processes in biomedical applications or 
development of protocells. GPMVs from donor cells, have 
gained attention because of their straightforward prepara-
tion and handling in contrast to cells [5]. However, little is 
known about the GPMV protein content that is derived from 
the parental cell as well as its functional status crucial in 
determining application directions.    
We obtained GPMVs from a neuroblastoma cell line that had 
been engineered to stably express a water channel AQP1. 
The expression of AQP1 in the engineered cells reflects a key 
feature of the tumor microenvironment, as AQP1 is upreg-
ulated in response to hypoxic conditions commonly found 
in tumors [6]. Additionally, AQP1 was used as a marker to 
evaluate how much biologically functional cell membrane 
was transferred to the GPMVs. To complement this, we per-
formed proteomic analysis to investigate the membrane 
and luminal content of GPMVs, revealing thousands of pro-
tein entries. We demonstrated that GPMVs carry enzymati-
cally active proteins and retain biomacromolecules within 

Fig. 3: CLSM studies at GPMVs demonstrating catalytic activity of enzymes transferred from the parental cells. GPMVs were stained with BODIPY 
dye, and a precursor molecule was introduced, giving rise to an enzymatically converted fluorescent product CF. Scale bars 30 µm.     

We applied molecular biology techniques that allowed us 
to establish the production of recombinant proteins. In or-
der to study the interaction between the recombinant toxin 
and the native-like membranes, we introduced mutations 
in key basic amino-acid residues expected to mediate this 
interaction. Using characterisation methods, such as circu-
lar dichroism (CD) and nano-differential scanning fluorim-
etry (nanoDSF), we examined the protein variants’ proper 
fold and stability, respectively. We produced small lipid 
unilamellar vesicles (SUVs) with varied negative charge con-
tent to mimic cell membranes for in situ functionality as-
sessment of protein variants. In addition, we monitored the 
interaction of the purified toxin variants with vesicle mem-
branes by a calcein-release assay. We evaluated the stability 
of protein-SUVs by means of light scattering techniques, 
and electron microscopy (EM) under neutral pH conditions. 
Next, the fusion process was examined using confocal laser 
scanning microscopy (CLSM) which uncovered that bacterial 
toxin could mediate vesicle adsorption onto the glass sur-
face inducing tension on the SUV membrane leading to the 
vesicle fusion (Fig. 1). To visualize giant unilamellar vesicles 
(GUVs), we enhanced our SUV preparations by implementing 
fluorescent lipids. Mutated variants exhibited lower vesicle 
binding capability and surface adsorption confirming their 
role in membrane interaction and subsequent vesicle fusion.  
Our results indicate a novel role in nano-vesicle fusion for 
one of the bacterial toxins. In the bulk solution our recombi-
nant bacterial toxin interacts with the anionic vesicle mem-
brane in an undisrupting and non-fusogenic manner. Once 
the mixture of protein and SUVs is exposed to the glass sur-
face, GUVs emerge driven by the induced membrane tension 
(Fig. 2).

Fig. 2: The presence of DOPG ensures a negative charge whereas 
NBD-PC fluorescent signal is further recorded by CLSM in fused lipo-
somes upon T-domain addition. Emerged GUVs are of homogenous 
size with a typical 2 µm diameter. Scale bar 5 µm.     

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 specifi-
cally designed catalytic compartments, artificial organelles, 
or cell mimics [1]. However, the development of more ad-
vanced, integrated systems that closely mimic cellular pro-
cesses remains a hurdle that could be overcome by estab-
lishing efficient and straightforward methods for creating 
stable synthetic compartments, ensuring communication 
and material exchange between them and the external en-
vironment by providing better compartment permeability. 
Employing bacterial toxin components for controlled com-
partment fusion in artificial systems
Membrane fusion is a crucial process underlying numer-
ous biological functions, including subcellular compart-
mentalization, cell growth, and exo- and endocytosis. It is 
also essential for the construction of artificial membrane 
structures, such as vesicles. Despite its importance, achiev-
ing membrane fusion in vitro under neutral pH conditions 
without the use of fusion-promoting biomolecules to mod-
ify vesicles remains a considerable challenge. This obstacle 
has limited the advancement of biomimetic fusion systems 
and their practical applications. In this study, we introduce 
diphtheria T-domain as an innovative fusogenic agent that 
addresses these challenges by eliminating the need for mem-
brane modifications [2][3].

Fig. 1: Model of compartment fusion mediated by bacterial tox-
in-based. Our engineered bacterial toxin component (T-domain) 
binds to anionic small unilamellar vesicles (SUV) simultaneously 
mediating the surface adsorption of our vesicular systems inducing 
tension on the membrane that we found to be a trigger for the ves-
icle fusion and formation of MCs – giant unilamellar vesicles (GUV).

Project P2005: Transmembrane protein-mediated loading of synthetic compartments 
Project Leaders: C.G. Palivan, R.A. Kammerer, S. Gros
Collaborator: P. Jasko (SNI PhD Student)

Development of biomimetic systems
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Fig. 2: Structure of (A) μ2-oxo-bridged Hf12-formate cluster and (B) 
amphiphilic terephthalate linkers. (C) PDF fit for 10 mM aqueous 
solution of Hf12-acetate cluster with the structure model of μ2-oxo-
bridged Hf12-formate. (D) Schematic model of 2D MON at the air-wa-
ter interface.
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phosphinic acids.
In contrast, with the less sterically hindered phenylphos-
phinic acid, no free acid resonances were observed until 12 
equivalents, suggesting an irreversible and complete ligand 
exchange (Fig. 1E). At 15 equivalents, a broad resonance for 
free phenylphosphinic acid emerged, implying a dynamic 
equilibrium between free and coordinated acids. To isolate 
fully phosphinate-capped clusters, Zr12-acetate was reacted 
with 13.2 equivalents of phenylphosphinic acid in dry DCM 
at room temperature and purified via precipitation. Single 
crystals of Zr6-phenylphosphinate (CCDC-2358676) were 
obtained, revealing a preserved Zr6O8H412+ core with 12 
phosphinate ligands bound in a bridging mode (Fig. 1C). In-
terestingly, when hexylphosphonic acid was titrated with 
Hf12-acetate clusters, the solution immediately formed a 
gel, precluding 31P NMR analysis. Pair distribution function 
(PDF) analysis (Fig. 1F) revealed a dual-phase structure: phase 
I as a 3 × 3 hafnium phosphonate layer (Fig. 1H) and phase II 
as an Hf6  core (Fig. 1G), extracted from the Hf12-acetate crys-
tal structure. We conclude that upon ligand exchange, a sig-
nificant fraction of the clusters decomposes into metal phos-
phonates, whereas the rest of the clusters get trapped in the 
gel with an intact M6O8 core. These results highlight critical 
differences in the surface chemistry of metal oxo clusters 
with oxide nanocrystals, providing essential insights for de-
signing materials based on clusters.

Self-assembly of oxo clusters with amphiphiles
2D metal-organic networks (MONs) are highly desirable ma-
terials, consisting of either a single layer or stacked layers of 
organic-inorganic hybrid nanosheets oriented in one direc-
tion. This unique layered structure provides 2D MONs with 
enhanced properties, including increased active metal sites, 
higher catalytic activity, improved porosity, greater specific 
surface area, and superior electrical conductivity compared 
to 3D MOFs.4 While Group 4 metal oxo clusters have been 
widely employed as precursors for the synthesis of nanocrys-
tals and MOFs, 5,6 their potential for developing 2D MONs has 
remained unexplored.
In this work, we report the first air-water interface-assisted 
synthesis of Group 4 2D MONs, using metal oxo cluster sec-
ondary building units at room temperature. To assess the 
stability of these clusters in water prior to the self-assembly, 
we employed PDF analysis (Fig. 2C). Interestingly, dissolving 
Hf12-acetate in water led to the exchange of inter-cluster car-
boxylates with oxo-bridges, while the core structure of the 
cluster remained intact (Fig. 2A). To restrict the anisotropic 
growth of 2D MONs at the air-water interface, we designed 
a series of amphiphilic terephthalates featuring hydropho-
bic alkyl chains and hydrophilic carboxylate groups (Fig. 2B). 
When spread over a 10 µM aqueous solution of Zr12/Hf12-ac-
etate, these amphiphilic molecules spontaneously formed 
self-assembled monolayers with clusters. A combination of 
characterization techniques, including atomic force micros-
copy, ellipsometry, and X-ray photoelectron spectroscopy, 
confirmed the molecular structure and composition of the 
resulting metal-organic network (Fig. 2D).

Surface chemistry of oxo clusters
We chose Zr12-acetate clusters, a dimer of Zr6 clusters as 
starting point and modified their surface with a variety of 
phosphonate and mono/di-substituted phosphinate ligands 
in chloroform. The extent of ligand exchange was monitored 
through solution 31P NMR (nuclear magnetic resonance) 
spectroscopy. When titrated with dioctylphosphinic acid, 
expressed in equivalents relative to a Zr6O8H412+  core, six 
distinct resonances were observed between 51 and 55 ppm 
in the 31P spectrum upon addition of one equivalent (Fig. 
1D). These resonances correspond to bound phosphinate li-
gands and highlight the complexity of binding sites on Zr12 
clusters. The absence of a signal for free dioctylphosphinic 
acid indicated quantitative replacement of acetate ligands. 
At three equivalents, the most downfield resonance at 55 
ppm disappeared, suggesting structural reorganization, pos-
sibly into a Zr6  structure. For six equivalents of dioctylphos-
phinic acid, we observed the resonance of free phosphinic 
acid, which further increased in intensity for 9 and 12 equiv-
alents. We infered that the full exchange of all 12 carboxyl-
ates per Zr6O8 core was sterically impeded for di-substituted 

While group 4 metal oxo clusters can be used as metal–or-
ganic frameworks (MOFs) building blocks, their discrete 
clusters are used in polymer composites,  and as catalysts.1 
Conceptually, discrete oxo clusters are close to metal oxide 
nanocrystals. Both have an inorganic core capped with an 
organic ligand shell, mostly carboxylates (Fig. 1A,B).  One 
can regard the prototypical Zr6O8H4(OOCR)12 (Zr6) cluster as 
the smallest possible nanoparticle, with the advantage that 
the cluster is atomically precise in contrast to nanocrystals 
that display size heterogeneity. 2 Despite their structural 
similarities, oxo clusters exhibit, however, subtle variations 
in chemistry due to their smaller surface curvature. Here, 
we study the surface chemistry of zirconium and hafnium 
oxo clusters through ligand exchange reactions. Through 
experimental spectroscopic techniques, we determined the 
interaction between the M6O8

8+  (M = Zr, Hf) cluster surface 
and various ligands: carboxylates (RCOOH), phosphonates 
(RPO(OH)2), dialkylphosphinates (R2PO(OH)), and mono-sub-
stituted phosphinates (RHPO(OH)).3 These insights into clus-
ter surface chemistry are further utilized for the controlled 
synthesis of 2D metal-organic networks (MONs).

Project P2006: RESTRAIN – Reticular chemistry at interfaces as a form of nanotechnology
Project Leaders: P. Shahgaldian and J. De Roo
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Surface chemistry and self-assembly studies of zir-
conium and hafnium oxo clusters

Fig. 1: Schematic representation of (A) colloidally stable zirconium/hafnium oxide nanocrystal, (B) MO8H4(OOCR)12 carboxylate cluster (M = Zr/Hf) 
and (C) Zr6-phenylphosphinate cluster – Zr6O8H4(O2PHPh)12. Cyan atoms represent Zr/Hf and all other atoms follow conventional CPK coloring. 
31P NMR spectra of the titrations of Zr12-acetate with (D) dioctylphosphinic acid (expressed as equivalents with respect to a monomer unit) and 
(E) phenylphosphinic acid. The cluster concentration is 20 mg mL−1 in CDCl3. The reference 31P NMR spectrum of free phosphinic acids with 
one equivalent acetic acid is also provided. (F) (E) Dual-phase PDF fit for hexylphosphonate exchanged Hf clusters with Hf6 chelating bridging 
acetate (G) and a 3 × 3 layer of Hf phenylphosphonate (H).
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This implies that the cell might have lost its internal rigid-
ity, which could be due to the observed emission of some 
substances from the cell during the ultrasound-induced de-
formation. The presumed lack of acoustic contrast between 
the cell and the medium also explains why the cell in its 
spherical shape could not be deformed anymore. 

Fig. 4: (a) An inactivated Tetrahymena that became a sphere after 
12 min UV illumination. (b) Aggregation of intracellular substance 
inside the inactivated Tetrahymena. Scale bar = 20 µm.

Summary
With our acoustic tweezers of a hybrid construction, we have 
introduced a new way of improving the acoustic radiation 
force for efficient sample handling. Owing to the achieved 
strong acoustic radiation force, we were able to trap highly 
motile cells and deform cellular samples. The result suggests 
the feasibility of the developed device not only in the han-
dling of cellular samples but also in the study of mechanical 
properties of cells and other viscoelastic samples.
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To test the tweezing capability of the developed device, we 
first used it to trap a highly motile cell species, Tetrahymena. 
It has an ellipsoidal shape, ~20 µm in its minor axis and ~50 
µm in its major axis. As shown in Fig. 2 (a), when the ultra-
sound was turned off, it swam swiftly along its major axis at 
a root-mean-square (rms) velocity of 0.54 mm/s. Once the 49.2 
MHz ultrasound is turned on, it was trapped vertically in the 
pressure nodes (visualized by the aggregation of ~3-µm PE 
particles) and swam horizontally (the horizontal part of the 
orange arrows in Fig. 2 (b)). It tried to escape one pressure 
node but ended up being trapped in another, as indicated by 
the zig-zag part of the orange arrows, respectively, in Fig. 2 
(b). The swimming speed of this Tetrahymena was reduced 
by over 40% due to acoustofluidic trapping.

Fig. 2: (a) Snapshot of a single Tetrahymena moving freely (the dark 
ellipsoid) when the ultrasound is off. The green arrows illustrate the 
frame-by-frame movement of the cell during t =0 – 0.36s under white 
LED illumination. (b) Snapshot of the same Tetrahymena when ultra-
sound was on. The orange arrows show the frame-by-frame move-
ment during t = 1.68 – 2.48 s.

Deformation of inactivated cells

We notice that, after being exposed to UV for ~12 min, a Tet-
rahymena lost its motility and turned from an ellipsoid into 
a sphere, as shown by Figs. 3 (a)-(b). We applied 3 ms ultra-
sound pulses at 45.1 Vrms. As captured by the Figs. 3 (c)-(d), we 
observed significant vertical compression and accordingly 
horizontal elongation of the cell upon each acoustic pulse. 
We measured the diameters along AB and CD, as denoted 
in Figure 3 (d) and plotted them in Figure 3 (e). Each defor-
mation was followed by a slow recovery, which is a typical 
behavior of a viscoelastic material. When the morphological 
change finished, the cell turned into a sphere. From then 
on, applying ultrasound pulses did not deform the entire 
cell but instead aggregated the substance inside the cell into 
lines with a separation approximately equal to one half of 
the wavelength. This suggests that the acoustic wave pen-
etrated into the cell and moved intracellular substances to 
acoustic pressure nodes. 

Fig. 3: (a)-(b) Snapshots of the change of cell morphology from an 
ellipsoid. From (c) to (d), the deformation of the cell upon the appli-
cation of a 3 ms ultrasound pulse was observed. Scale bar = 20 µm.

It can be observed that some substances in the medium 
(bottom part in Figure 4 (b)) also aggregated into lines, with 
their separation approximately equal to that inside the cell. 

Enhancing acoustic radiation by acoustic horns
To evaluate the acoustic field in the MF channel, we infused 
a DI water suspension of 3-micron polyethylene (PE) parti-
cles into the MF channel in the Si chip and apply ultrasound 
pulses. Upon each pulse, a standing acoustic wave is formed 
between the channel walls, and particles are moved by 
acoustic radiation force to the pressure nodes. The sequence 
of the recorded images in Figure 1 displays 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 ~17 micron as 100 ms ultrasound pulses 
are applied multiple times. The spacing corresponds to the 
½ wavelength of the 49.2 MHz ultrasound in water. 

Fig. 1: (a)-(b) From the left 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, respec-
tively. (c) Estimated acoustic radiation force as function of particle 
position in the y axis inside the channel. Red circle – without horn. 
Blue squares: with horn. Dashed line are their sinusoidal fits.

Compared to Fig. 1 (a), particles in Fig. 1 (b) are moved to 
the acoustic pressure nodes much more quickly, and a single 
pulse would move particles to form clear nodes.  This is owing 
to the enhanced coupling of acoustic radiation into the MF 
channel by shaping the Si chip as a focusing horn. To esti-
mate the acoustic radiation force on particles, we analysed 
the particle trajectories and calculated their velocities. Then 

the acoustic radiation force  is obtained by equating it 
with the viscous Stokes drag force in y direction (transverse 

direction) [4], i.e., , where  , , and  are the 
dynamic viscosity of water, the radius of particle, and the par-
ticle velocity in the y direction (transverse direction), respec-
tively. The results are shown in Figure 1 (c), and the acoustic 
pressure is estimated to be enhanced by the horn by twofold.
Trapping of motile cells

Introduction
In the annual report of last year, we showed the ongoing 
development of our acoustic tweezers driven by surface 
acoustic wave (SAW) ultrasonic transducers. In this report, 
we will demonstrate the capability of our acoustic tweezers 
of handling micron-scale particles and soft matters in a liq-
uid environment. 
SAW ultrasonic transducers have been extensively used 
to generate high frequency ultrasound in acoustic twee-
zers for sample handling at a high spatial resolution. The 
components housing samples in liquid in such devices are 
commonly made of PDMS (polydimethylsiloxane) due to its 
optical transparency and bio-compatibility [1]. Nevertheless, 
PDMS attenuates vibration and leads to a low acoustic trans-
mission from the SAW transducers to the liquid [2]. Alter-
natively, rigid materials, such as silicon and glass, are used 
to build microfluidic (MF) chips that are coupled with SAW 
transducers. This construction reduces the loss of acoustic 
energy and resultantly heat dissipation [2,3]. Thus, high 
acoustic pressure can be generated in the liquid more effi-
ciently without generating excessive heat that may be det-
rimental to biological samples.  In our study, we combine a 
planar SAW transducer fabricated from a piezoelectric sub-
strate with a MF chip made from a silicon wafer via deep 
reactive etching (DRIE). Owing to the enhanced acoustic cou-
pling, our device is demonstrated to be able to trap highly 
motile cells and deform soft matters at a spatial resolution 
< 20 µm.

Materials and methods
The SAW transducers were made from a 127.86°C Y-cut and 
X-propagating lithium niobate (LiNbO3) wafer. The alumi-
num interdigitated electrodes were fabricated using direct 
laser writer (DWL66+, Heidelberg Instruments) and wet etch-
ing. For the SAW transducers to work at around 50 MHz, 
each interdigitated transducer is composed 20 µm wide fin-
gers with spacing of 20 µm, following by reflector strips of 20 
µm in width and spacing. 
The fabrication of the Si MF chips mainly involves photoli-
thography and deep reactive ion etching (DRIE) on a Si wafer. 
Using two chromium photomasks fabricated by direct laser 
writer, the MF channels (front side) and the chip structures 
(back side) were patterned using a mask aligner and then 
defined from the front- and back-sides of the Si wafer, re-
spectively, via DRIE. The fabricated MF channels are 200 µm 
wide, 120 µm deep, and 5 mm long. The chip structures were 
defined by etching though the wafer. The dry etching pro-
cess of the MF chips obviated protective coatings which are 
typically required by wet etching. The Si chip is then bonded 
to the SAW chip and capped by thin glass plates using UV-
cured negative-tone photoresist.

Project P2007: Development of nanoscale acoustic tweezers for mechanobiology application
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the substrate, potentially allowing for a detailed characteri-
zation of a materials’ homogeneity.
Having assembled all the necessary instrumentation for im-
plementing 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 experiments. 
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 reflectometry techniques.
Outlook
In the final part 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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Figure 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].

We have demonstrated QD formation on substrates using 
our fabrication techniques and we have successfully fabri-
cated a NW QD on the tip of a cantilever designed for atomic 
force microscopy (AFM), seen in Figure 1. The next step is to 
produce more such devices and to use them in a scanning 
probe experiment both to demonstrate its function and to 
take advantage of its capabilities to sensitively image electric 
fields.
Recently, we have also taken advantage of our ability to pat-
tern nanometer-scale electrodes on cantilever tips to develop 
probes for scanning multi-gate microscopy, as shown in Fig-
ure 3. With these probes we aim to induce quantum dots in 
materials underneath the probe, such as Si, planar Ge, 
or Ge/Si NWs. By inducing such dots and studying their 
behavior much about the electronic properties of the 
material can be learned, in some cases without patterning 
any structures or making any contacts. The mobility of the 
scanning probe also allows these studies to be carried out at 
arbitrary positions on 

Figure 3: A scanning electron micrograph of a patterned cantilever 
with a multi-gate pattern at its tip.

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 offer 
interesting new modalities of sensing. 

Goals
The main goals of this project are to: 1) Fabricate scanning 
probe cantilevers hosting a NW with embedded gated QDs 
(T); 2) Image the electronic density of nanoscale samples 
with unprecedented sensitivity (F); 3) Implement high-band-
width scanning probe imaging using microwave reflectom-
etry techniques (T); 4) Image and study the dynamics of 
charge fluctuators in semiconducting devices (F).
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 reso-
lution, as shown in Figure 1. We have tested the method for 
various kinds of cantilever shapes, which we pattern using 
focused-ion-beam milling. 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 fabricate gates on the tip of our lever and 
contact NWs by evaporation of metal as done on conven-
tional planar substrates [4,5].

Introduction
In this project, we intend to develop a new kind of scanning 
probe microscope, which employs gated quantum dots (QDs) 
embedded in semiconductor nanowires (NWs), integrated 
on the tips of standard force microscopy cantilevers. These 
sensors will be sensitive scanning probes of charge and elec-
tronic density [1]. The sensors will be used to characterize 
the spatial profile of charge noise, quantum dots, and elec-
tric fields [2] in spin qubit devices, aiding the design of coher-
ent quantum computation processors. This is particularly 
relevant here in the Department of Physics of the University 
of Basel, where the NCCR SPIN, aimed at producing scalable 
spin qubits in Si was established in the summer of 2020. 

Figure 1: A scanning electron micrograph of a patterned cantilever 
tip with a gate-controlled NW QD at its tip. We have recently real-
ized 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.

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. 
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Fig. 3: Drive-phase-dependent Rabi oscillations of a Kerr-cat qubit. 
Color scale is the analog-to-digital converter voltage corresponding 
to the measured signal. Dark color indicates the vacuum state, while 
light color indicates the first excited state. The abscissa gives the 
time for which the Rabi drive is applied (see drive time in Fig. 2) and 
the ordinate gives the phase of the drive relative to the phase of the 
Kerr-cat qubit basis states. It is calibrated such that zero phase corre-
sponds to the maximum oscillation rate.

lation in that basis. Due to the error-suppression capabilities 
of the KCQ, it is only possible to drive these oscillations with 
a well-defined phase [2]. If the phase of the drive is not cor-
rectly aligned with the phase of the coherent states of the 
KCQ the oscillations are suppressed. This can be observed by 
repeating the experiment for different drive phases (see Fig. 
3) and is direct evidence of the stabilization and operation of 
a Kerr-cat qubit [2].

Outlook
In the coming year, we will begin to couple KCQs both to 
standard qubits and to other KCQs to demonstrate gate op-
erations and parametric interactions between these systems.
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have very recently achieved similar results in a fully planar 
device resembling one of the two lateral qubit islands shown 
in Fig. 1. The best T1 time measured on a planar transmon in 
our lab is ~200 s.

Fig. 1: Optical microscope image of a representative example chip 
showing three coupled qubits (islands in the middle of the image), 
several drive lines (e.g. lines entering the image from the left and 
right), as well as readout resonators and filtering structures. The tan-
talum film (light color) has been etched away in some regions of the 
chip (dark color) to define the device structures. All resonators and 
transmission lines are coplanar waveguides.

Measuring a planar Kerr-cat qubit
We then progressed to the next milestone on our project: 
the implementation of a planar Kerr-cat qubit. This required 
us to update the design to accommodate additional trans-
mission lines and filters for the parametric pump used to 
activate the single-mode squeezing drive (visible at the top 
of Fig. 1). To prove that we can stabilize a KCQ we conducted 
the following 

Fig. 2: Pulse sequence of the experiment. See text for description. 
Adapted from [2] 

experiment described by the schematic pulse sequence 
given in Fig. 2: We initialize the system in the vacuum state 
through passive cooling and then ramp on the squeezing 
drive. This maps the vacuum state (first excited state) onto 
the so-called even (odd) parity Schrödinger-cat states, which 
are the basis states of the KCQ. We then apply an additional 
resonant drive to induce Rabi oscillations on the KCQ Bloch 
sphere. After a variable wait time, we map the resulting state 
back onto the vacuum/first excited state and measure the 
popu

Reasoning for using tantalum as a material for bosonic 
superconducting qubits
Even though bosonic qubits are intrinsically robust against 
errors, they profit from high coherence properties of the un-
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:SiO2 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 deposited directly and cleanly onto sapphire and has a 
naturally low-loss surface oxide that is stable at room tem-
perature. It furthermore resists aggressive cleaning steps 
aimed are removing contaminants at the substrate-vacuum 
interface.

Testing of tantalum superconducting circuits
We initially benchmarked our process by fabricating and 
measuring tantalum-based superconducting transmon qu-
bits. This means that the capacitive transmon pads, and in 
the case of a planar sample, the readout resonator and filter 
circuitry are made from tantalum structures using the pro-
cess described in last year’s report. 
Only the Josephson junction is made with an alumi-
num-based fabrication process. Great care has to be taken 
when integrating the two processes to avoid losses through 
contact resistance. We fabricate our Josephson junctions us-
ing a Dolan shadow-angle recipe in a Plassys evaporator at 
the IBM BRNC cleanroom. We added an ion-beam milling 
step inside the evaporator before the first aluminum deposi-
tion to our standard process. This step needs to be carefully 
calibrated to remove the tantalum surface oxide while not 
collapsing the EBEAM resist bridges essential for the junc-
tion fabrication. 
Our initial transmon samples were so-called “3D” transmons, 
meaning that they were electrically floating in a three-dimen-
sional microwave cavity, which acted as the readout reso-
nator. We chose this geometry because it avoids packaging 
losses and gives a more straightforward measure of the fab-
rication-related surface and interface losses on the sample 
chip. With these samples we obtained very encouraging T1 
relaxation times and T2 Ramsey times in excess of 100 s. We 

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 Schrödinger-cat states. This “Schrödinger-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 Schrödinger-cat qubit is typically 
referred to as the “Kerr-cat qubit”.
Previous implementations of Kerr-cat qubits (KCQs) relied 
on three-dimensional microwave cavities. This counteracts 
the reduction in hardware complexity achievable with this 
system 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/AlOx/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.  In the second year of this SNI project we imple-
mented a fabrication process for tantalum-based supercon-
ducting resonators. We performed all fabrication steps ex-
cept for the thin-film deposition in-house. We furthermore 
designed the resonator test chips and measured them in our 
dilution refrigerator showing state-of-the-art quality factors.
This year, we have built on these results by integrating Al-
AlOx-Al Josephon junctions with tantalum structures to form 
superconducting tantalum transmon qubits. After this ini-
tial benchmarking step, we proceeded to design, fabricate, 
and measure a planar Kerr-cat qubit. We will describe our 
work in more detail in the following.

Project P2101: A planar nanofabrication process for coupled Schrödinger-cat qubits in paramet-
rically-driven nonlinear superconducting resonators
Project Leaders: A. Grimm and C. Bruder
Collaborator: A. Bruno (SNI PhD Student)

A Schrödinger-cat qubit in a tantalum-based planar 
architecture



36 37

Fig. 4: Schematic model summarizing the current understanding of 
NINJ1-mediated plasma membrane rupture. 

As an outlook, we have now made substantial progress in re-
constitution of NINJ1 for atomic force microscopy (AFM). Ini-
tial recordings have shown that NINJ1 in lipid bilayers forms 
pores that can be imaged faithfully. We will thus be able to 
observe and possibly quantify membrane disruptions, which 
we anticipate to further elucidate the mechanisms trigger-
ing NINJ1 activation. Emerging studies suggest that this acti-
vation might be linked to cellular blebbing which is a com-
mon hallmark across different forms of PCD [4]. In addition, 
it has been proposed by us and others that membrane lipid 
composition and therefore fluidity / rigidity could play a role 
in activation which we aim to investigate further.
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Molecular Dynamics and Mutagenesis Studies
Molecular dynamics simulations further supported our struc-
tural 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 (Fig. 3)  . NINJ1 is not only able to stabilize 
membrane edges – it also shows a large malleability to un-
dergo transformations of the pore shape. This might be a 
unique property to act as a universal cell killer irrespective of 
the local topology and morphology.

Fig. 3: MD simulations of the NINJ1 pore. a Starting conformation 
of the MD simulation and atomic details. Bottom: structure of the 
pore after 150 µs. b Time-dependence of the pore are for wildtype 
and mutant NINJ1.

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. Mutants designed 
to disrupt filament formation generally reduced or abol-
ished cell lysis, aligning with our structural understanding 
of NINJ1. These findings were corroborated in both in vitro 
settings and in cellular models, cementing the functional 
significance of NINJ1's structural arrangement in mediating 
cell death.

Conclusion
Overall, a functional model emerged of NINJ1 pore formation 
in pyroptosis and other cell deaths (Fig. 4). The mechanism is 
of crucial biological relevance in all cell types. Connections 
to cell adhesion seems plausible. This project has thus 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 aspects of NINJ1, we have ad-
vanced the understanding of the molecular mechanisms un-
derpinning inflammatory active, lytic cell death. This knowl-
edge not only contributes to basic biological science but also 
opens new avenues for therapeutic interventions in diseases 
characterized by dysregulated cell death [3].

 

Interaction of NINJ1 with bilayer is mediated by phos-
phatidylserine-dependent interaction helix 1
It is well known that cells become symmetric in their lipid 
composition upon pyroptosis. The normal asymmetry is no 
longer maintained and flippases switch phosphatidylserine 
(PS) to the outer leaflet. We could show in unique experi-
ments that helix 1 of NINJ1 is specifically binding to PS-con-
taining membranes (Fig. 2). This feature might play a crucial 
role in pyroptotic signalling and gives a unique outlook for 
the mechanism of NINJ1 action. It seems that helix 1 has 
unique abilities to specifically detect the PS molecule. For 
example, it could bind to its head group and thus recognize 
its chemistry. This feature has now been shown consistently 
in three different biophysical experiments.

Fig. 2: Interaction of helix 1 with the lipid bilayer is PS-dependent. a 
Binding of NINJ1 helix 1 to bilayers with different composition mea-
sured by bilayer interferometry. b NINJ1 helix 1 releases cargo from 
bilayer vesicles, but only in bilayers with PS. c Binding propensity 
of NINJ1 to bilayers. Grey in presence, blue in absence of phospha-
tidylserine.

Introduction
This project is centred on deepening our understanding of 
how cells die — a fundamental process essential for multi-
cellular life. Cells can naturally undergo a process called Pro-
grammed Cell Death (PCD), which is vital for maintaining 
healthy tissues. However, when PCD goes awry, it can cause 
serious illnesses like cancer, neurodegenerative diseases, au-
toimmune disorders, and chronic inflammation. Our focus 
is on a 19 kDa protein named Ninjurin-1 (NINJ1), which plays 
a pivotal role in the final stages of certain subtypes of lytic 
PCDs such as pyroptosis and secondary necrosis [1].
The membrane protein NINJ1 is crucial 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. 

Establishing recombinant protein expression and purifi-
cation
Our initial steps involved producing NINJ1 in a controlled 
environment. We inserted human NINJ1 into a suitable vec-
tor 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 [2].

Fig. 1: NINJ1 Cryo-EM Structure of the NINJ1 filament. Individual 
protomers are colored by gradient (yellow-green-purple). Main inter-
faces of NINJ1 protomers are indicated by magenta boxes.

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 (Fig. 1). 

Project P2102: Structure and Assembly Mechanism of the Ninjurin-1 Membrane Perforation 
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Mechanistic implications. The structure of S-Me-THD com-
bined with previous biochemical observations suggest that 
this enzyme-type mediates hydrolysis of compound 4 via a 
two-step process. In the first step, a specific amid function 
of the enzyme backbone attacks the electrophilic C2 on the 
thiohydantoin of 4. In the second step, the covalent adduct 
is hydrolyzed by an activated water molecule. Currently, we 
are developing experiments to visualize one of the proposed 
covalent intermediates.    

Conclusion
We have determined the crystal structure of a novel type of 
desulfurase. This enzyme mediates the hydrolytic substitu-
tion of a C-S bond by recruiting a backbone amid function 
for nucleophilic covalent catalysis.  
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Table 1. Data collection and refinement statistics.

Two protein molecules were contained per unit cell. The 
Matthews coefficient is 2.02 Å3/Da, and the estimated solvent 
content is 39.12%. 

Iterative cycles of the manual and automated model building 
into the interpretable electron density map and refinement 
were done by using COOT and phenix.refine (Table 1). Aside 
from protein chains, the asymmetric unit cell contained addi-
tional electron density in the active sites that was modeled by 
the addition of the hydantoin molecule.

Figure 2: Top left: overall view of the structure of S-Me-THD in complex with hydantoin. Right:  Proposed mechanism of THD-catalyzed hydrolysis 
of S-methyl thiohydantoin. An active site Glu residue forms an S-O chalcogen bond with the positively charged 2-thiohydantoin ring. The negative 
charge of the same Glu residue also stabilizes the positive charge developing on the amid bond after nucleophilic attack onto the substrate. The 
resulting first covalent intermediate collapses upon expulsion of methyl thiol (MeSH). The second covalent intermediate is attacked by a water 
molecule that is activated by the active site Glu. The catalytic cycle concludes with stereoselective protonation of the hydantoin ring.

Figure 1: Bacterial degradation of S-methylergothioneine

Protein purification and crystallization. S-Me-THD was 
purified from cell-free lysates over NiIINTA agarose dia-
lyzed in a cellulose bag (MW 12-14 MWCO) against 20 mM 
Tris, 200 mM NaCl, pH 8.0, at 4°C. After concentration (10K 
MWCO, 20 mL, Thermo Scientific) this protein was used for 
crystallization. The sitting drop vapor diffusion method was 
applied for the crystallization of VasTHD using commercial 
protein crystallization screens Morpheus® II and PACT pre-
mier™ (Molecular Dimensions). The protein samples were 
used for crystallization in a final concentration of 15 mg/mL 
(0.39 mM), also supplemented with Hydantoin in a final con-
centration of 0.5 mM. 

Crystals for VasTHD in complex with Hydantoin were ob-
tained in Morpheus II screen, in a crystallization buffer con-
sisting of 10% w/v PEG 20000, 20% v/v PEG MME 550, 0.1 
M MES/imidazole pH 6.5, 0.02 M of carboxylic acids. The dif-
fraction data were collected at the i03 beamline of Diamond 
Light Source (Oxfordshire, UK), equipped with an Eiger2 XE 
16M detector (Dectris). High-resolution data sets were col-
lected at an X-ray energy of 12.7 keV (l = 0.9763 Å). Diffrac-
tion data were indexed, integrated, scaled, and merged with 
DIALS (Diamond Light Source, Lawrence Berkeley National 
Laboratory, and STFC).

VasTHD crystals grew into space group P 1 21 1 with unit cell 
dimensions of a = 49.8 Å, b = 87.5 Å, c = 70.9 Å, alpha = 90.0°, 
beta = 94.9°, gamma = 90.0°, unit cell volume is 308026.84 
Å3.     

Abstract
Nucleophilic activation of water is a key catalytic strategy em-
ployed by hydrolytic enzymes. The hydrolysis of substrates 
with low electrophilicity necessitates the use of highly acti-
vated water-derived nucleophiles, such as metal-coordinated 
hydroxides, or covalent catalysis involving active-site cyste-
ine or serine residues as primary nucleophiles. This year, we 
investigated an enzyme that catalyzes hydrolytic C-S bond 
cleavage through a novel mechanism.

Introduction
Ergothioneine (1, Figure 1) is a histidine-derived sulfur me-
tabolite found in bacteria, archaea, fungi, plants, and ani-
mals. Multiple biosynthetic pathways for ergothioneine have 
been described, and the key enzymes involved have been 
extensively studied for their structure and mechanisms. In 
contrast, ergothioneine catabolism is much less well under-
stood. We have previously outlined a five-step pathway for 
the complete degradation of ergothioneine (1) and S-methyl 
ergothioneine (2, Ref. 1 and 2). S-methyl ergothioneine likely 
forms from ergothioneine via uncatalyzed alkylation by 
methyl halides, which are known electrophilic metabolites 
in plants and bacteria. The first two degradation steps are 
catalyzed by specific lyases and hydratases, which are closely 
related to enzymes involved in histidine catabolism. The fi-
nal two steps are mediated by metal-dependent hydrolases 
that show strong homology to enzymes in uracil catabolism. 
The pathway’s early and late stages are connected by an 
entirely novel type of enzyme that catalyzes the desulfur-
ization of thiohydantoin. We have solved the crystal struc-
ture of the desulfurase (S-Me-THD) from Variovorax species 
(strain JCM 16519 / RA8) in a complex with hydanthionine 
(5). Comparison with the structure and activity of THD from 
Paenibacillus sp. suggests that this enzyme catalyzes C-S bond 
cleavage through a previously uncharacterized mechanism.

Results and Discussion
Production of S-Me-THD. The gene coding for S-Me-THD 
was purchased from Biocat GmbH and cloned into a pET28a(+) 
expression plasmid. This plasmid was transformed into E. 
coli BL21 pLysS (DE3) strain expressing S. coelicolor chaperon-
ins GroEL/GroES by heat shock method. Transformed cells 
were cultivated at 37°C, 180 rpm until OD600 reached 0.6, and 
then induction with 0.2 mM IPTG was performed. After in-
duction, the cultures were 
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MoS2. It is important to pump with red laser light at one 
location of the sample and to probe at a separate location. A 
cryogenic confocal microscope has been designed and built 
to achieve this. The pump spot can be positioned in situ with 
respect to the sample, and the probe spot can then be posi-
tioned in situ with respect to the pump, as shown in Fig. 3.
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In our previous experiments, the ferromagnetism is stabi-
lised by applying a large out-of-plane magnetic field [1,5]. 
This field determines the direction of the electron spins, ei-
ther up or down. An alternative technique is to stabilise the 
ferromagnetism without an external field, relying instead 
on optical injection of either spin-up or spin-down electrons 
[3]. In a related material, local injection of spins resulted in 
a ferromagnetic phase extending over a large area [3]. It is 
presently unknown if this approach works also in the case of 

Fig. 3: Image of the probe spot, false coloured in blue, moved with 
respect to the pump spot indicated in red. The marker has a diame-
ter of 20 µm. 

Fig. 2: Schematic of the fabrication process for bismuth contacts. The few-layer graphite is contacted with titanium/gold, and the MoS2 is con-
tacted via an etched hole in the hBN with bismuth/titanium/gold contacts.

Fig. 1: Microscope image of a sample consisting of a stack of a few-
layer graphite flake (purple), a thin bottom hBN layer (blue), mono-
layer MoS2 (outlined in red), and the thick top hBN flake (yellow). 
One can also see the gold contacts to the few-layer graphite and the 
monolayer MoS2. The scale bar is 10 µm.

The way forward is to use a state-of-the-art nano-magnetome-
ter allowing the detection of ultrasmall magnetic fields with 
nanoscale spatial resolution. Noise will be an issue. The ob-
vious way to reject noise is to turn the magnetism on and off 
by modulating the electron density at a particular frequency, 
rejecting signals at all other. Unfortunately, the present sam-
ples, shown in Fig. 1, cannot be modulated as the contact 
resistance is far too high. A new batch of device is currently 
being fabricated, replacing the high-resistance gold contacts 
with relatively low-resistance bismuth contacts. A schematic 
is shown in Fig. 2. The bismuth must be in intimate contact 
with the MoS2. On success, modulation spectroscopy will be 
demonstrated in the optical domain, and subsequently mag-
netometry experiments will be designed.

Recently, it has been shown that mobile electrons in vari-
ous two-dimensional (2D) materials are ferromagnetic at 
low temperature. Ferromagnetism has been observed in the 
semiconductors monolayer MoS2 [1], an AlAs quantum well 
[2], and monolayer WSe2 [3]. Graphene, a 2D semi-metal, also 
exhibits ferromagnetism [4]. There is evidence in MoS2 for an 
abrupt loss of the ferromagnetism, i.e., a phase transition, as 
the electron density increases [5]. These studies extend the 
concept of ferromagnetism to a new class of materials.
We have determined the exchange energy of ferromagnetic 
MoS2 [5]. We stress that the host material MoS2 is not mag-
netic – the magnetism arises via the mobile electrons. We 
find an exchange energy of 11 meV at low electron-density 
(corresponding to about 1 electron per 10,000 Mo atoms). 
This is a substantial energy: it corresponds to the thermal 
energy at about 100 K. This suggests that the ferromagnetism 
in MoS2 survives at temperatures well above the tempera-
ture at which the experiment was performed (4.2 K). 
The determination of the exchange energy relied on an in-
terpretation of the optical behaviour, in particular the iden-
tification of the four spectral lines observed on illuminating 
gated MoS2 with a weak red-laser [5]. Detective work was re-
quired to link each spectral line to a particular microscopic 
process. The essential guide is the Pauli principle: the two 
electrons in the trion cannot occupy the same state. This 
detective work resulted in a completely consistent account 
of the microscopic origin of the four trions [5]. It is also pro-
vided confirmation that the resident electrons all have the 
same spin. An examination of the photon energies, i.e., the 
“colour” of each spectral line, then allowed the exchange en-
ergy to be read off from this “bar code”: the exchange energy 
is simply the energy separating two of the spectral lines. 
This experiment on ferromagnetism in gated MoS2 relies 
on the optical selection rules of MoS2: it is not a universal 
approach to probing magnetism of mobile electrons in 2D. 
Furthermore, the probe, a red laser, may disrupt the ferro-
magnetism in subtle ways. The most obvious consequence 
of a ferromagnet is the magnetic field it creates in its vicin-
ity. A direct measurement of this magnetic field would be 
ideal. Can it be detected? For iron this is trivial of course. 
The situation is completely different for electrons in a 2D 
semiconductor: the magnetic field is very small, and pres-
ent samples are tiny. Detecting this magnetic field on MoS2 
would be a triumph in experimental physics. It would also 
open the door to probing magnetism in the general class of 
2D electrons. 
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wt cells revealed no sufficient AA–Ir(mPIX)Me accumulation 
on the cell surface. Therefore, no toxic effect on the control 
cell line was observed.

Fig. 5: In vitro uncaging a) of proEpi catalyzed by AA–Ir(mPIX)Me on 
the cell surface of hCA IX over-expressing cells, and b) cell toxicity 
of Epi (red) and proEpi (blue), ns: not significant, ****: P<0.0001 (one-
way ANOVA).

Conclusion & Outlook
In the past year, we developed a novel bioorthogonal uncag-
ing platform to release cytotoxic drugs on the cell surface of 
hCA IX overexpressing cells. We are currently preparing and 
evaluating different prodrugs to enhance the efficacy of this 
MCPT. This evaluation is expected to afford a drug/prodrug 
couple with a more stringent toxicity profile. Additionally, 
ICP-MS experiments will be carried out to confirm the accu-
mulation of AA–Ir(mPIX)Me on the surface of CT26 cells and 
to determine the TON.
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internalized upon binding and are, therefore, well-suited 

Fig. 3: Catalytic uncaging of pro6,8-F2MU.

to develop a MCPT.[6] For the selective accumulation of the 
organometallic catalyst, the carboxylic acids of the iridium 
porphyrin were conjugated through a linker with acetazol-
amide (AA–Ir(mPIX)Me). Fluorescence microscopy with the 
acetazolamide-bearing fluorophore AA–SRB further con-
firmed the selective binding on the cancer cell's surface in 
the presence of antibodies, Figure 4A & 4B. To further scru-
tinize the selective accumulation on the membrane protein 
hCA IX, we saturated all binding sites with free acetazol-
amide, resulting in no AA–SRB binding, Figure 4C.

Fig. 4: Structure of acetazol-bearing fluorophore (AA–SRB) and irid-
ium porphyrin (AA–Ir(mPIX)Me) and fluorescence microscopy im-
ages of hCA IX overexpressing cells (green: FITC functionalized 2nd 
antibody, red: AA–SRB, blue: nuclear stain DAPI).

On cellulo uncaging of prodrugs

We initiated the on cellulo studies by determining the IC50 
values—at which concentration only 50% of the cells are vi-
able—of epirubicin and pro-epirubicin (proEpi), Figure 5b. 
Thanks to the presence of the uncaging moiety, we were 
pleased that the toxicity of proEpi was significantly reduced, 
as reflected by its safety index (SI) value of 352. 

Based on these promising results, we tested the catalytic un-
caging of proEpi in the presence of AA–Ir(mPIX)Me bound 
to hCA IX on the surface of CT26.3E10 cells (AA-Ir(mPIX)Me 
· hCA IX), Figure 5a & 5c. The group of Dario Neri generous-
ly provided their transfected cell line, which over-expresses 
about 72’000 copies of hCA IX on its cell surface under nor-
moxic conditions.[6] We incubated these cell lines, first with 
the cofactor AA–Ir(mPIX)Me for 20 min, followed by incu-
bation with 1o μM proEpi for 48 h. The viability of hCA IX 
overexpressing cells reduced up to 50% in the presence of 10 
nM of iridium cofactor. The control experiments with CT26.

the small molecule-directed metal catalyst prodrug therapy 
(MCPT) is expected to be more selective than current chemo-
therapies. Further, compared to antibody-drug conjugates 
(ADC), the small molecule components are more straight-
forward and inexpensive to produce and tailored for a given 
target. They are also anticipated to exhibit greater tissue 
diffusion rates due to their low molecular weight. Building 
on the Ward group’s expertise with in cellulo metal-catalyzed 
carbene-insertion reactions,[4,5] we set out to adapt this strat-
egy to an intramolecular Buchner ring-expansion reaction of 
aryl diazoketones.

Cargo release upon Buchner ring-expansion
Previously, we have developed a synthetic sequence to ac-
cess a substrate that undergoes a 1,6-elimination reaction 
upon Buchner ring expansion, Figure 2. Gratifyingly, this 
substrate efficiently releases a para-fluorobenzoic acid in 
the presence of an iridium porphyrin catalyst (Ir(mPIX)Me) 
within a few minutes in organic solvent. Intrigued by these 
initial results, we tested this scaffold to cage fluorophores 
and potent anti-cancer drugs (e.g., marina blue and epiru-

bicin).

Fig. 2: Design and synthesis of an aryl diazoketone for cargo release 
via Buchner ring-expansion.

In vitro uncaging of fluorophores
A time-course experiment to monitor the kinetics of the un-
caging reaction of pro6,8-F2MU with varying concentrations 
of Ir(mPIX)Me resulted in the following observations: i) The 
reaction is compatible with an aqueous environment. ii) Us-
ing more than 10 nM Ir(mPIX)Me, the product release does 
not further increase after 2 h. iii) The catalyst reaches up to 
1738 TON after 16 h, with a reduced yield.

Accumulation on cancer cells
The dimeric membrane-associated protein hCA IX is highly 
overexpressed under hypoxic conditions, a common feature 
of the microenvironment of solid cancer tumors. Outside 
of a tumor environment, hCA IX is virtually undetectable 
in normal adult tissues. It has been extensively studied as a 
target site for drug delivery using acetazolamide (AA) func-
tionalized inhibitors. Importantly, these inhibitors are not 

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 un-
specific death of healthy cells can be minimized. The precise 
accumulation and localized release of the cytotoxic drug in 
proximity to the diseased tissue are pivotal for the efficacy of 
the cancer therapy. The prerequisite for the active accumu-
lation is the over-expression of a membrane-bound receptor 
that can be actively targeted by its natural ligand, antago-
nist, or antibody (ADC, SMDC, ADEPT, Figure 1).[1,2,3]

Fig. 1: Active targeting strategies to selectively accumulate chemo-
therapeutic 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 over-ex-
pressed on the surface of cancer cells. Following selective 
accumulation at the surface of target cancer cells, the cata-
lyst will site-specifically uncage a subsequently-administered 
non-toxic prodrug to release a potent cytotoxic drug. Notably, 
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both fundamental science and potential applications in bio-
technology.
Using dynamic cantilever magnetometry (DCM), we mea-
sured the magnetic hysteresis of a single bacterium. These 
measurements, combined with transmission electron mi-
croscopy (TEM) and micromagnetic simulations, allowed us 
to analyze the magnetic configurations of the magnetosome 
chain. We identified key properties, such as the total mag-
netic moment, effective magnetic anisotropy, and the behav-
ior of the chain under varying magnetic fields. Notably, we 
demonstrated that the chain’s anisotropy stabilizes the bac-
terium’s magnetic moment in Earth’s field, a crucial feature 
for magnetotaxis. 

Fig. 2: a) False-color high-angle annular dark-field scanning transmis-
sion electron microscopy showing the bacterium (purple) attached 
to the apex of the cantilever (orange), and b) a close-up view of the 
magnetosome chain.

Our findings revealed the complex interplay between indi-
vidual magnetosome properties and their collective mag-
netic behavior. This work not only enhances our under-
standing of magnetotaxis but also lays the groundwork for 
potential applications in biomedical devices, such as mag-
netically guided nano-robots or sensing platforms.
With this study, we validated our technique’s ability to 
measure the magnetic properties of nanoscale systems with 
excellent precision. The insights gained from this research 
represent a significant milestone in applying high-sensitive 
torque magnetometry to biological systems.

Outlook
Looking ahead, we aim to return to study magnetic prop-
erties of 2D magnets and van der Waals heterostructures. 
To this end, we are currently fabricating few- to mo-
no-layer samples of the antiferromagnetic vdW materi-
als MnPS3 and MnPSe3, which will allow investigation of 
how the Néel temperature and the switching field of such 
materials depends on the number of interacting layers. 
Further, our investigation of the magnetic properties of a 
single Magnetospirillum gryphiswaldense cell has demonstrated 
the potential of dynamic torque magnetometry as an excel-
lent tool for the study  of magnetic phenomena in single-cell 
organisms, and nano-sized objects in general. This may mo-
tivate similar studies that incorporate other types of magne-
totactic single-cell organisms in the future. 

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

Goals
Sensitive torque magnetometry has been applied to 
study the magnetic properties of extremely small 
magnets [7], persistent currents in normal metal 
nanorings [8], and miniature superconducting structures [9]. 
However, this technique has not yet been utilized to investi-
gate the emerging class of 2D van der Waals (vdW) materials 
and their heterostructures, which are too thin for conven-
tional SQUID or torque magnetometers. These materials 
exhibit correlated states, including super-conductivity, 
highly insulating phases, and magnetism. Transitions be-
tween these states sometimes controllable via electrostatic 
gating. Our specially designed torque sensors aim to mea-
sure these phase transitions, providing detailed phase dia-
grams and new insights into these poorly understood con-
densed matter phenomena.

The objectives of this project are:

1. To fabricate torsional resonators that enable elec-
trical contact with the sample and integrate them 
within phononic band-gap supports optimized for 
clamping;

2. To achieve state-of-the-art torque sensitivity on 
samples with electrical contacts;

3. To utilize these transducers to investigate magnetic 
and superconducting phase transitions in 2D mate-
rials as functions of gate voltage, magnetic field, and 
temperature.

Research in 2024
After developing fabrication techniques to make flexural 
and torsional mechanical resonators embedded inside a 
phononic band-gap from SiN, and studying their behavior 
during the first and second year, we have expanded the scope 
of our research to explore the magnetic properties of indi-
vidual Magnetospirillum gryphiswaldense cells. These magneto-
tactic bacteria are known for their ability to sense Earth's 
magnetic field through chains of magnetic nanoparticles 
called magnetosomes, which act as biological compasses. 
Understanding their magnetic behavior has implications for 

Introduction
Recent advancements in the fabrication and development 
of nanomechanical resonators have enabled exceptionally 
sensitive measurements of mass, force, and torque. These 
improvements are primarily attributed to the substantial re-
duction in the size of mechanical transducers over the past 
three decades. Smaller sizes and lower defect densities lead 
to reduced mechanical losses, which in turn enhance trans-
ducer sensitivity [1]. More recently, phonon engineering has 
emerged as a powerful tool to further minimize mechanical 
losses [2]. This approach employs patterned mechanical sup-
ports designed with a phononic band-gap tuned to the trans-
ducer’s mechanical resonance frequency. These supports are 
also optimized to clamp the resonator effectively, further 
reducing losses. These innovative techniques have already 
been used to develop high-Q optomechanical devices [2] and 
are starting to find applications in the design of ultra-sensi-
tive force sensors. However, their potential for torque sens-
ing remains unexplored.
In this work, we aim to utilize advanced techniques to fab-
ricate ultra-sensitive mechanical torque sensors specifically 
designed for investigating 2D materials, including 2D mag-
nets and van der Waals (vdW) heterostructures. Our sen-
sors will not only offer the sensitivity required to measure 
ultrathin magnetic materials but will also address a critical 
limitation of existing cantilever-based torque sensors by en-
abling electrical contact with the sample. This integration 
has been a significant challenge in previous designs, partic-
ularly for the most sensitive devices. A conceptual sketch of 
the proposed device is shown in Fig. 1.
Torque magnetometry is a well-established, highly sensi-
tive method 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 effective 
observable for identifying magnetic phase transitions [4], 
because – just like the magnetic susceptibility – it exhibits 
discontinuities for both first- and second-order transitions. 
Torque magnetometry is also versatile, capable of measur-
ing both magnetostatic effects and magnetization dynam-
ics, including spin resonance and relaxation processes [5]. 
With the enhanced sensitivity of our planned torque sensors 
and the capability to integrate electrical leads and contacts 
with the sample, a wide range of experiments will become 
feasible. These include detecting superconducting and mag-
netic phase transitions in twisted bilayer graphene [5], van 
der Waals (vdW) heterostructures, and other 2D materials, 
such as the reported magnetic phase transition in gated 
monolayer MoS2 [6]. Our vision is to develop and apply a 
cutting-edge experimental platform to explore magnetic and 
superconducting phase transitions in 2D systems.
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The discrepancy between the onsets of the conductance 
G and the PL emission from charged excitons in region III 
strongly suggests that the conductance oscillations at inter-
mediate gate voltages stem from region II, which dominates 
the transport through the whole device. To investigate these 
oscillations in more detail, we plot G as a function of VBG and 
the applied bias voltage Vbias between the two contacts in Fig. 
2b. We attribute the regularly shaped, full suppression of 
the conductance at VBG<1.25V to a depletion of the electron 
density in a narrow region along the complete contact edge. 
This region must be close to the metal contact since the bias 
voltage also affects this conductance onset. In contrast, we 
identify the rather un-periodic conductance features at VB-

G>1.25V as overlapping Coulomb blockade diamonds (“Cou-
lomb shards”), with addition energies on the scale of roughly 
5meV, which can add up to fully blocked or quite conduct-
ing gate voltage intervals. Such Coulomb blockade features 
might occur due disorder in region II, which at the locally 
low electron densities (screened by contacts) dominates the 
transport properties of the system for all gate voltages.
While the effect of a badly gated contact region can result in 
inhomogeneous electrical doping in graphene, with various 
physical effects [7], in few-layer semiconductors it results in 
an unwanted, large contact resistance, but also in surprising 
Andreev bound state spectra if the contact material is super-
conducting [8]. For this project, we now aim to further im-
prove the contact resistance in monolayer and bilayer MoS2 
electronic devices by minimizing the overlap of the contact 
material with the active channel material, which should 
then allow us to investigate novel exotic electronic phases 
in such systems using optical and transport techniques at 
the same time

Fig 2 a) Left axis: µPL intensity of the charge neutral exciton (X0, green) at the wavelength lambda=637.5 nm and of the charged exciton (X-, red) 
at lambda=649.0nm, plotted vs the backgate voltage VBG, and normalized to the maximum value of each curve. The wavelengths are indicated 
in Fig. 1b for convenience. Right axis: differential conductance G as a function of VBG at zero bias voltage. b) G plotted as a function of the bias 
voltage Vbias and a small interval of VBG to investigate the conductance oscillations in Fig. a). All data were taken at a temperature of ~1.8K.

port experiments performed on the same device and in the 
same cooldown, at temperatures of ~1.8K and in magnetic 
fields up to 9T (not discussed here). Figure 1b shows the mi-
cro-photoluminescence (µPL) intensity plotted as a function 
of the wavelength λ and the backgate voltage VBG, with each 
spectrum normalized to the maximum value for each gate 
voltage. These spectra were recorded at a single spot roughly 
in the center of region III, with a spot diameter of ~200nm, 
i.e. quite locally on the several micrometer sized device (see 
Fig. 1a).
These measurements show the well-known PL emission 
from charge neutral excitons (X0) for gate voltages VBG<0, 
which then gets diminished between VBG=0 and VBG=1V. In 
the same interval the emission from negatively charged ex-
citons (X-) increases. This effect can be better observed in Fig. 

2a, where the PL intensity is plotted as a function of VBG for 
two fixed emission wavelengths (shown as dashed lines in 
Fig. 1b) that correspond to the two exciton emission center 
wavelengths (we do not discuss the energy shift with VBG 
here). This transition from one emission type to the other 
starts at VBG≈0, which corresponds to n≈0 [6] in the probed 
region III. 
We now compare these optical experiments in region III to 
the differential conductance G measured between the two 
contacts and plotted in blue in Fig. 2a on the right axis.  G is 
suppressed up to the much higher voltage VBG≈1.25V, well be-
yond the exciton transition point, and is then dominated by 
strongly gate-dependent oscillations up to VBG≈2.0V. Only for 
even larger gate voltages we find a smooth curve as expected 
for a homogeneous two-dimensional electron gas that satu-
rates at a value determined by some contact resistance.

Atomically thin, optically active semiconducting transition 
metal dichalcogenides (TMDCs), like MoS2, can be used as 
ultimately thin transistors [1], and can host novel phases 
due to strong electron-electron interactions [2,3], especially 
predicted for artificially fabricated twisted bi-layer devices, 
which we aim to investigate in this project. However, exper-
imental progress is frequently hindered by technical chal-
lenges, such as highly resistive contacts. In previous work, 
this issue was approached using intrinsically very clean in-
terfaces [4], or semi-metal contacts [5] to lower the Schottky 
barrier between the metal contact and the semiconductor.
At this early stage of our project, we report our first com-
bined optical and electrical transport experiments, based on 
which we identify another element that can result in large 
contact resistances, namely a region of the material that 

is screened by the electrical contacts and thus remains at 
lower carrier concentrations with a larger resistance than 
the bulk of the monolayer material.
Figure 1a shows a schematic of our typical devices: an MoS2 
monolayer flake is sandwiched between two insulating hex-
agonal Boron Nitride (hBN) flakes, and electrically connected 
to two surface contacts made of a 5nm layer of semi-metallic 
Bismuth, protected by 30nm gold. The actual contact areas 
are labeled “region I” in Fig. 1a. For fabrication reasons, these 
surface contacts overlap the top hBN layer by up to 100nm, 
which results in a different electron density in “region II” 
near the contact circumference, compared to “region III” 
far away from the contacts, as indicated by capacitor sym-
bols. Only in “region III” one obtains a large lever arm, i.e. a 
strong effect of the graphite backgate.
This picture is very well supported by our optical and trans-
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Effects of screened regions on the contact resistan-
ce to monolayer semiconductors

Fig 1 a) Schematic of a typical device with the discussed regions I, II and III. The MoS2 monolayer is shown in purple. While the µPL experiments 
necessarily probe a spot in region III, the current of a transport experiment necessarily passes through all regions sequentially. b) µPL intensity 
normalized to the maximum at each gate voltage, plotted as a function of the backgate voltage VBG and the detection wavelength lambda. The 
labels X0 and X- label the charge neutral and the negatively charged exciton emission lines, respectively. The laser wavelength was 633nm and 
all data were recorded at a temperature of ~1.8K.
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around 0.1 according to XPS, but the oxidation of the phos-
phorous before the measurement may have changed the 
quantification ratio. Thus, we need to find a method to pre-
vent exposure to air prior to the measurement.  The NMR, 
IR and HRMS results all showed a loss of ligand during the 
S-modification. 
Moreover, we noticed that heating as synthesized CoP to 80 
°C without S modification reagent can cause the loss of li-
gand and surface P species which was shown by the NMR and 
HRMS results (as shown in figure 3, we found the ligand peak 
in the washing mixture). With the addition of the S-modifi-
cation reagent, it seemed there was less surface P loss, which 
was verified by EDX measurement. The P/Co ratio decrease 
from 1.85:1 to 1.25:1 after the heat treatment. No obvious size 
change of the as-synthesized nanoparticles, heat-treated par-
ticles and S-modified particles can be observed using TEM.

Fig. 3: The HRMS result of the washing mixture of the CoP after heat 
treatment. 

We used hydrogenation of cinnamaldehyde as a probe reac-
tion to investigate the role of Sulfur. The comparison was 
made between the CoP after S-modification and CoP after 
heating to 80 °C. The result showed that within the first 
hour, the S-modified CoP showed 100% selectivity to the ther-
modynamic unfavorable product cinnamyl alcohol, while 
the heat treated CoP showed 100% selectivity to thermody-
namic favorable product, hydrocinnamaldehyde. This could 
be due to a changed electronic structure of Co sites through 
the S-modification of the surface of the nanoparticles, which 
may result in a favored adsorption of C=O bond to the sur-
face over the C=C bond. [7] We are currently testing whether 
these results are reproducible.

Conclusion and Outlook
This year, we successfully developed a new method to mod-
ify the surface of CoP nanoparticles with Sulfur and used 
different characterization methods to investigate the chem-
istry of the Sulfur-doped material. We first plan to use ex-situ 
K-alpha X-ray Emission Spectroscopy (XES) to investigate the 
electronic structure of the modified S. We also propose to 
measure Operando Co K-beta XES to test whether the S-mod-
ification enhances C=O bond adsorption.
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netic Resonance (NMR) showed the presence of the ligand in 
the particle, which was consistent with the XPS result.

Fig. 1: Elemental mapping of CoP nanoparticles showing Co(green) 
and P(orange). 

After successful synthesis of cobalt phosphide nanoparti-
cles, we tried to modify the surface of the CoP with Sulfur. 
In short, we mixed the Sulfur-modification reagent and the 
particles in d-benzene and monitored the reaction at 80 °C 
by NMR spectroscopy. After the reaction, the particles were 
separated, washed and dried. The NMR spectrum and the 
XPS result (figure 2) both showed the successful S doping 
into the CoP particles, and the surface P/Co ratio dropped. 
The EDX result also showed a P content decrease from 1.85:1 
to 1.5:1 after the modification. The surface S to Co ratio is

Fig. 2: The XPS result of the CoP after modification. 

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 H2, and more recently also for the hydrogenation 
of C=C and C=O bonds in organic substrates.[2]  Empirical 
studies have shown that the catalysis of water splitting by 
transition metal phosphides can be enhanced when a hete-
ro-element, especially sulfur, is incorporated in the catalytic 
material (e.g. by doping).[3] Interestingly, a similar effect has 
been observed in HDS applications of these materials. During 
HDS sulfur is incorporated at the surface of transition metal 
phosphides 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
We aim to develop a method for controlled sulfur doping 
of transition metal phosphide nanoparticles and understand 
the sulfur doping mechanism as well as Sulfur catalytic ef-
fect with operando X-ray-based spectroscopic analysis. We 
aim at constructing structure-activity/selectivity relation-
ships and provide clear roadmap for the rational design of  
next generation catalysts.

Result and Discussion
We adapted a previously reported method for the synthesis 
of cobalt phosphide nanoparticles.[5] Here cobalt chloride 
as Co-precursor, 10 equivalents of triphenyl phosphite as 
P-precursor, and 10 equivalents of hexadecylamine (HDA) as 
ligand were dissolved and mixed in hexadecane. 4 equiva-
lents of 1-octadecene were added as reductant. Hexadecane 
was chosen as solvent in order to avoid a possible oligom-
erization of the more typically used 1-octadecene solvent at 
280 degree celsius.[6] The thereby prepared particles were 
characterized by a range of physicochemical methods. Trans-
mission Electron Microscopy (TEM) showed the particles had 
quasi-spherical shapes with an average size of 4 ± 1 nm, while 
Energy Dispersive X-ray Spectroscopy (EDX) showed the bulk 
Co:P ratio is 1:1.5. The elemental mapping (figure 1) showed 
the Co and P signal matched each other. X-ray Photoelectron 
spectroscopy (XPS) showed the surface of particles contained 
more P than Co. Infrared spectroscopy (IR) and Nuclear Mag-

Project P2203: Towards Earth-Abundant Nanocatalysts for Hydrogenation Reactions: Under-
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Project Leaders: M. F. Delley and M. Nachtegaal
Collaborator: C. Yuan (SNI PhD Student)

Understanding the promoting role of sulfur in co-
balt phosphide nanocatalysts



50 51

its native state both inside the cells and inside reconstituted 
condensates. One example of such analysis is our result 
showing short range distribution patterns of Rubisco inside 
the pyrenoid. This spatial distribution analysis is based on 
nearest-neighbor (NN) distances, as shown in Figure 4. The 
short range distance distribution pattern is typical for a liq-
uid-like system. 
In the near future, we are expanding this analysis to the 
engineered sticker and spacer variants of EPYC1. This will 
allow us the link between tunable “material” properties, 
phase separation behavior of Rubisco, and ultrastructural or-
ganization of various linker type Rubisco condensates. 

Fig. 4: Rubisco tomography. Identified particles circled in green. NN 
distances showing short range distributions.
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Fig. 2: Top showing schematic model of EPYC1 “crosslinking” Ru-
bisco. Bottom showing fluorescent microscope image of the in vitro 
droplets.

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 IDRs, 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. We are keen to apply our mul-
tiscale techniques as well as an engineering approach to un-
derstand both the structural and biochemical mechanisms 
governing Rubisco phase separation in the Chlamydomonas 
pyrenoid.

Cryo-electron tomography and molecular ultrastructure 
of the Chlamydomonas pyrenoid
Rubisco is the most abundant protein in the world, and its 
copy number inside a single algal pyrenoid is high [4]. Addi-
tionally, the 550 kDa protein is big enough to be resolved by 
high-resolution cryo-electron tomography (cryo-ET, Fig. 3 & 
4). By combining cryo-ET with different biophysical methods 
to study biomolecular condensates – such as FRAP and light 
microscopy – we aim to bridge our understanding of LLPS 
across scales.

Fig. 3: Cryo-ET workflow: starting with thinning a vitreous cell 
(plunge frozen in liquid ethane) using a Focused Ion Beam (FIB). The 
~200 nm thin “lamella” is imaged in a Transmission Electron Micro-
scope (TEM), and the resulting 3D volume (tomogram) is analyzed 
by segmentation and/or subtomogram averaging. This can yield 
high-resolution native protein structures.

We developed a modular system based on golden gate clon-
ing to create and test several sticker and spacer variants of 
EPYC1 on the LLPS of Rubisco both in vitro and in vivo. By 
combining micrometer-scale measurements of condensate 
dynamics with nanometer-scale analysis of Rubisco organi-
zation, we aim to bridge the gap between the liquid-like fluid 
properties of the condensate and the ultrastructural arrange-
ment of its components. This would be a first in the field of 
phase separation, and would also provide new insights into 
the globally-important pyrenoid compartment.
The highly sophisticated cryo-ET workflow allows us to study 
ultrastructural organization of phase separated Rubisco in 

 
Fig. 1: Pyrenoid-containing algae are polyphyletic and found across 
the eukaryotic tree of life. Adapted from [2].

Intrinsically disordered proteins are key
In Chlamydomonas, it is known that an intrinsically disor-
dered protein called EPYC1 interacts with Rubisco and is es-
sential for the underlying phase separation that enables for-
mation of the pyrenoid [3]. Figure 2 shows a schematic model 
of EPYC1 interacting with Rubisco and the resulting phase 
separation of these two components into droplets.
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.
These biochemical properties of IDRs are crucial for LLPS 
and are considered essential traits for the formation and 
function of biomolecular condensates in general, extending 
beyond pyrenoids to other MLOs.
The Rubisco binding motifs are called “stickers”, and the 
amino acids between stickers are called “spacers”. EPYC1 has 
5 stickers and 5 spacers.

Small, dynamic, and liquid-like
Biomolecular condensation and liquid-liquid phase separa-
tion (LLPS) are now recognized as key processes driving the 
formation of membraneless organelles (MLOs) and organiz-
ing cellular architecture. These dynamic, membrane-free 
compartments enable essential biochemical functions like 
RNA processing and carbon fixation. LLPS is driven by weak, 
multivalent interactions, resulting in organelles that are 
highly dynamic, adaptable, and reversible. This versatility 
gives rise to a wide range of sizes, compositions, material 
properties, regulatory mechanisms, and functional roles [1].
Studies of biomolecular condensates, both reconstituted 
in vitro (Fig. 1) and observed in cells (Fig. 4), often use light 
microscopy methods like fluorescence recovery after photo-
bleaching (FRAP) and passive microrheology to explore their 
microscale behavior. Our research aims to delve into the 
mechanisms of phase separation across scales, from cellular 
dynamics to molecular nanostructures.

The pyrenoid – a membraneless organelle fixes CO2 in 
photosynthetic marine algae
Among the various biomolecular condensates, the pyrenoid 
[2] plays a critical role in Earth's carbon cycle. Located in al-
gal chloroplasts, it houses large quantities of Rubisco (Rib-
ulose-1,5-bisphosphate carboxylase/oxygenase), the enzyme 
responsible for photosynthetic CO2 assimilation.
As a cornerstone of marine ecosystems, algae contribute 
significantly to carbon fixation, oxygen production, and the 
foundation and stability of aquatic food webs. Understand-
ing the molecular basis of carbon fixation in algae—centered 
on the pyrenoid—can offer insights into natural carbon as-
similation and inform strategies to enhance CO2 fixation and 
biomass generation in natural and synthetic systems.

The model alga Chlamydomonas
Algae exhibit diverse pyrenoid morphologies (Fig. 1), yet 
only three essential Rubisco-condensing proteins, known as 
linkers, have been identified across species. These linkers 
are key drivers of Rubisco phase separation. The pyrenoid 
in Chlamydomonas, a unicellular green alga, is the most 
well-characterized system for detailed biophysical studies. 
This oraganism’s genetic accessibility, ease of cultivation, 
and utility in studying photosynthesis, cellular motility, and 
metabolic pathways make it an ideal model for fundamental 
and applied research.
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In the field of gratings fabrication, we created gratings with 
smaller feature sizes and higher aspect ratios than those of 
conventional methods. Currently, the issue is the scaling 
up to a larger area with a functional etching time and uni-
formity. The edge effect is still the main issue, as there is 
a visible etch speed difference across the sample with edge 
etching at twice the etching speed. Further investigations 
are required to model etchant consumption as a function of 
area, catalyst porosity, and etching depth. 
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wire to magnetic fields. 
With the novel patterning method developed in this project 
[3] and a good etching control, MacEtch allows for the cre-
ation of Si nanowires with a diameter of 200 nm and aspect 
ratios greater than 500:1 (figure 1). 
Compared with the more conventionally available wires for 
magnetic field microscopy, those produced by MacEtch are 
still connected to the substrate, allowing an easy handling 
and a complete control of their position.
Silicon gratings for X-ray Interferometry
X-ray grating interferometry relies on nanostructures to in-
duce a phase shift in light [5]. For these gratings, we rely on 
small feature sizes and high aspect ratios, as this improves 
the sensitivity and resolution and allows the use of higher 
energy X-rays. 
In the conventional method of deep reactive ion etching, we 
are limited to aspect ratios of 80:1 and feature sizes of 500 
nm. MacEtch can improve both these aspects. Indeed, we 
have already achieved results with aspect ratios greater than 
200:1 and feature sizes as small as 100 nm. A grating with 
similar features is shown in fig 2. It has a linewidth of 125 
nm and a depth of 13.6 µm, giving an aspect ratio of >100:1. 
The sample was etched for 30 min using a pattern realized 
by electron beam lithography. 
One limitation of vapor-MacEtch is the scaling up of the struc-
tured areas, which requires a larger amount of reactants. A 
larger grating area would allow a larger field of view in X-ray 
imaging applications. Using our new patterning method, we 
were able to increase the etched area and achieve gratings 
in the cm2 range with good central uniformity. The etched 
structures show no tapering in depth, in contrast to conven-
tional plasma etching. With this smooth and vertical grating 
sidewall, the performance of the grating-based X-ray inter-
ferometry can be improved. 
This makes MacEtch a suitable choice for the realization of 
gratings, which will be investigated later in this project.

Conclusions and outlook  
Progress has been made in the fabrication of nanostructures 
with high aspect ratios using vapor-MacEtch. Nanowires 
seem to be an ideal case for MacEtch, as they allow even and 
controlled etching. Thus, we successfully created nanowires 
in arrays with aspect ratios greater than 500:1. The final re-
quirement for force-sensing applications is the creation of a 
magnetic tip on top of the nanowires. 

Fig. 2: The catalyst pattern defines the type of structure created during the MacEtch process (right side). Therefore, with an appropriate litho-
graphic process, a multitude of structures can be created. As an example, we show an SEM image in cross section (right side) of a grating created 
with MacEtch. It has a linewidth of 120 nm, a pitch of 400 nm, and a depth of 13.6 µm. (scale bar 10 µm). 

Recently, we showed that a carpet of random Si nanowires 
with feature sizes of 10 nm and aspect ratios of over 10’000:1 
can be achieved [2] with smooth and straight sidewalls. This 
was achieved using a self-assembled pattern of the catalyst. 
However, several defects were observed in the etching of 
high-aspect-ratio patterned structures. Thus far, this has lim-
ited the use of MacEtch as a reliable silicon etching method. 
Controlling the etching quality of patterned structures in 
MacEtch is a key factor that allows for nano-structuring 
capabilities that go beyond the more conventional plasma 
etching. To address this issue, we developed new patterning 
methods for catalysts using microsphere and electron beam 
lithography [3]. This new method allows for a much cleaner 

process that improves the uniformity of the catalytic activity 
in the Pt pattern, resulting in more consistent Si etching and 
higher quality. This was applied to realize high aspect ratio 
nanowire arrays and gratings.

Nanowires as cantilever at nanoscale
In magnetic field microscopy, a nanowire with a magnetic 
tip can be used to detect magnetic fields [4]. If the magnet 
enters a field, it experiences a force that bends the wire. 
Two important parameters are the diameter and length of 
the wire: a smaller diameter and higher length lead to a 
higher displacement. Therefore, the smaller the wire and 
the higher the aspect ratio, the higher the sensitivity of the 

Introduction
Metal assisted chemical etching (MacEtch) [1,2] is push-
ing nanofabrication to new records. It is a nanofabrication 
method with great promise, and results in small feature 
sizes and high aspect ratios. Possible applications include 
solar cells, batteries, X-ray optics, and nanostructures for 
bio-compatible surfaces [1]. 
MacEtch consists of a local electrochemical reaction in the 
presence of an oxidant and etchant, causing the silicon sub-
strate to be removed at the interface with the catalyst. We re-
alized this process using oxygen and HF in vapor phase. Oxy-
gen is catalytically reduced on platinum, thereby extracting 
electrons from silicon at the interface with Pt and making Si 

susceptible to removal in HF. This causes the catalyst to sink 
into the substrate, leaving an etched path. Thanks to this 
localized effect and anisotropic removal, deep etching with 
straight sidewalls and precision at nano-scale is possible in 
MacEtch.
The vapor-based MacEtch utilized in this study has the ad-
vantage of being stiction-free. This solves the major issue 
of liquid MacEtch, i.e. nanostructures suffering of stiction 
during the drying after the etching because of capillary 
forces at liquid-solid interface. In vapor MacEtch, the reac-
tants and products are both in the gas phase; therefore, this 
is not an issue. This enables a much higher aspect ratio to 
be achieved.
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High aspect ratio arrays of silicon nanostructures 
by MacEtch in vapor phase

Fig. 1: Schematic of the microsphere lithography method and MacEtch in vapor. a) silicon substrate on which b) nanospheres are spread on the 
surface at a desired density. c) a  platinum catalyst is deposited, the spheres block the deposition of the catalyst. d) The spheres were then re-
moved, leaving a catalyst with holes. e) In the MacEtch step the catalyst sinks into the substrate. f ) Si wires are formed with same diameter of the 
spheres at the location where the spheres were located. g) SEM image in cross section of formed Si nanowires (scale bar 10 µm). With a properly 
chosen density, we can thus create spaced Si nanowires, as seen on the right, with a diameter of 265 nm and height of 100 µm. The Pt catalyst 
(bright contrast in SEM) is visible at the bottom of the nanowires. 
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Gold nanorods
We have synthesized AuNRs in two steps using the seed-me-
diated growth method. Synthesized AuNRs had plasmonic 
resonance wavelength of ~800 nm, obtained by UV-Vis-NIR 
spectroscopy, which could be slightly tuned by varying the 
nanoparticle growth time. Size and aspect ratio of the pre-
pared AuNRs were determined as 53.5 nm x 14.9 nm and 3.6 
by SEM (Fig. 5) and TEM. The AuNRs synthesized using this 
method are stabilized with CTAB and dispersed in water 
(hydrophilic AuNRs). They can be made hydrophobic by dis-
persing them in organic solvent with phase transfer through 
liquid-liquid interface, during which the stabilizing ligands 
are exchanged. We used alkanethiols to stabilize AuNRs in 
organic solvents.

Fig. 5: SEM micrograph of AuNRs synthesized from 2h-aged seeds 
(aspect ratio 3.6).

Outlook
We are currently working on conjugation strategies to ob-
tain polymer/AuNRs nanohybrids. In the next stage of the 
project, we will characterize such nanohybrids and use them 
for NIR-light triggered release studies. We will also synthe-
size gold nanorods with higher aspect ratios and higher LSPR 
wavelengths using different methodology. Finally, we will 
encapsulate polymer nanocompartments decorated with 
different AuNRs inside GUVs and test their selective release.
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Fig. 3: Characterization of self-assemblies formed by nanoprecipita-
tion of a) PDMS-b-PDEGA and b) PDMS-b-PTEGA using TEM (left) and 
DLS (right).

The thermoresponsive behaviour of PDMS-b-PDEGA and 
PDMS-b-PTEGA was evaluated through dynamic light scatter-
ing (DLS) and turbidimetry (cloud point) experiments con-
ducted in aqueous solutions in H2O, PBS, and in the presence 
of macromolecular crowders (sucrose and PEG). The cloud 
point determined using turbidimetry was 46 °C in H2O and 
32 °C in PBS (Fig. 4a) for PDMS-b-PDEGA (f=68%), while it was 
53 °C in PBS for PDMS-b-PTEGA (f=68%) (Fig. 4c). Analogous 
critical temperatures were obtained from DLS measure-
ments, defined as the temperatures where sudden increase 
in size occurs due to aggregation and where PDI>0.5 (Fig. 
4b and 4d). Block copolymers with longer PDMS blocks dis-
played lower LCST values due to increased hydrophobicity of 
copolymer. However, the main effect on LCST of copolymers 
was the length of hydrophilic PDEGA and PTEGA blocks, 
with longer block lengths resulting in higher LCST values. 
Furthermore, the end-group of the hydrophilic block signifi-
cantly influenced the LCST.

Fig. 4: Thermoresponsivity of PDMS-b-PDEGA and PDMS-b-PTEGA 
(f=68%) in aqueous solutions. 

Moreover, we performed preliminary experiments to inves-
tigate triggered drug release. Before the NIR-light triggering, 
we tested thermoresponsive release from PDMS-b-PDEGA 
(f=68%) micelles. For that, we encapsulated anticancer drug 
Doxorubicin (DOX) during the self-assembly process and 
quantified concentration of released drug. Upon heating 
above LCST, the micelles aggregated releasing 41% of the 
cargo after 24h.

Hybrid nanoassemblies comprising different AuNRs and 
cargo will be co-encapsulated within giant unilamellar 
vesicles to form compartmentalized nanofactories (Fig. 2). 
Each nanocompartment can be selectively triggered at cor-
responding excitation wavelengths to precisely control the 
duration and sequence of release.

Fig. 2: Schematic illustration of the ‘nanofactory’. Compartments 
with different AuNRs are triggered with light of different wave-
lengths.

Thermoresponsive block copolymers
We have synthesized libraries of thermoresponsive block 
copolymers based on hydrophobic polydimethylsiloxane 
(PDMS) and hydrophilic poly(di- and poly(triethylene glycol 
acrylate)s (PDEGA and PTEGA). The influence of block lengths 
on the LCST of resulting block copolymers and architecture 
of self-assembled structures was systematically investigated. 
We also explored different self-assembly methods for the fab-
rication of nanocompartments, prioritizing the formation of 
uniform nanoparticles, while ensuring high encapsulation 
efficiency for further experiments. The best control over 
size and size distribution of nanoassemblies was achieved 
with nanoprecipitation, where polymers are dissolved in an 
organic phase miscible with water, and then quickly added 
to aqueous phase under vigorous stirring, followed by evap-
oration of organic solvent. The resulting self-assemblies 
were characterized using dynamic light scattering (DLS) and 
transmission electron microscopy (TEM). For PDMS-b-PDEGA 
and PDMS-b-PTEGA with hydrophilic weight percentage of 
f=68%, we obtained uniform micelles (Fig. 3).

 

Introduction
Stimuli-responsive polymeric self-assemblies are promising 
drug delivery platforms offering on demand release with 
precise dose and spatiotemporal control over delivery. Ther-
moresponsive polymers with a lower critical solution tem-
perature (LCST) are particularly promising as building block 
for such drug delivery systems. Polymers with LCST have hy-
drated polymer chains below the critical temperature (cloud 
point), but once heated beyond the LCST they undergo entro-
py-driven hydrophilic collapse and aggregation [1]. However, 
temperature can be used as an endogenous stimulus only in 
exceptional cases, creating a need for an external heating 
source that would trigger the thermoresponsive polymer [2]. 
Inorganic nanoparticles exhibit unique optical, electrical, 
thermal and magnetic properties at the nanoscale, allow-
ing them to interact with various types of external stimuli 
and convert them to different physical, chemical, and me-
chanical forms, including heat. Inorganic nanoparticles can 
generate heat by various transduction mechanisms, one of 
the most studied being photothermal conversion of plas-
monic nanoparticles. Gold nanorods (AuNRs) exhibit local-
ized surface plasmon resonance (LSPR) and generate heat 
when excited with near-infrared (NIR) light. Furthermore, 
by modifying the size and aspect ratio of AuNRs, the LSPR 
peaks can be finely tuned to generate heat at specific NIR 
wavelengths.  NIR light is ideal for biomedical applications 
due to its biocompatibility, deep tissue penetration, and low 
phototoxicity [3]. 
In this project, we aim to develop AuNR-thermoresponsive 
polymer hybrid nanoassemblies that can be triggered by 
NIR light for cargo release (Fig. 1). We are synthesizing novel 
thermoresponsive block copolymers that self-assemble into 
different nanostructures, to which we covalently attach 
AuNRs through appropriate end-group functionalization of 
polymers.

Fig. 1: Schematic illustration of the NIR light triggered release from 
thermoresponsive assemblies. 
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appropriate ligand that will provide colloidal stability of the 
particles in a physiological environment. 
In the past, the De Roo lab has investigated the colloidal 
stability offered by a plethora of ligands including amongst 
others carboxylates, phosphonates and catecholates. Some 
of these ligands do not offer the desired colloidal stability in 
physiological conditions, while the catecholate ligand that 
has been proven to bind tightly on the surface of the parti-
cles is quenching the final luminescence, which is of impor-
tance for the final application [6]. 
Hence, we are expanding our ligand library by synthesiz-
ing bidentate bisphosphonic acids as an alternative ligand, 
since they provide better colloidal stability compared to 
their monodentane phosphonic acid analogues and they do 
not quench the luminescence. Bisphosphonates have been 
reported in the literature to bind tightly on different NPs 
used for bioapplications, such as Au, Fe3O4 and NaYF4, which 
is also another host matrix for Ln3+ [7]. Synthesized bisphos-
phonic acids with different ligand chains will be tested on 
the surface of non-doped HfO2 particles. Undoped particles 
are preferred for this study, since they are compatible with 
1H NMR spectroscopy and their surface chemistry is similar 
to that of the core-shell doped particles. Thus, we will deter-
mine whether bisphosphonates should be used to bio-func-
tionalize the surface of the particles and whether changing 
the organic ligand chain influences the final colloidal stabil-
ity at physiological conditions. 
In future, we will measure the radioluminescence of the 
SNPs with enhanced photoluminescence to verify whether 
this improvement is also achieved under X-ray irradiation. 
The bisphosphonate functionalized particles that are colloi-
dally stable in H2O will be end-functionalized with an ap-
propriate 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. Lastly, the NPs will 
be tested first in vitro in acute coronal slices of mouse brain, 
where the generated photocurrents will be monitored by 
electrophysiological recordings and finally in vivo in behav-
ing mice. 

Fig. 2: A) Increase of the hydrodynamic diameter of a core-shell SNPs (red line) compared to the core SNPs (black line) as indicated by DLS mea-
surements and B) Increase of lifetime measurements of the core-shell compared to the core after excitation at 235 nm and by monitoring the 
peak of interest at 545 nm. 

Fig. 1: A) Emission spectrum of HfO2:Tb SNPs after UV irradiation, 
where the four peaks of Tb are visible, B) Custom setup for radio lu-
minescence measurements which included an X-ray tube, a sample 
holder, an optical fiber with collecting lens and a spectrometer, C) 
Radio luminescence emission of  HfO2:Tb SNPs after X-ray irradia-
tion, with a weak but yet reproducible emission peak at 545 nm. 

Increase of the final photoluminescence was performed 
in two ways. Initially, the HfO2:Tb core particles were co-
doped with additional elements that serve as sensitizers. A 
sensitizer is an optically active element that can absorb a 
higher amount of energy, which can be further transferred 
to the activator for emission, which in this case is Tb. A sec-
ond attempt to increase the photoluminescence efficiency 
of the particles was by coating the previously synthesized 
cores with an additional thin layer of approximately 0.5 nm 
in thickness of optically inactive HfO2 shell (Figure 2A). The 
shell grows epitaxially on the surface of the particles and its 
main aim is to protect the quenching of Tb3+ luminescence 
from possible surface defects and surface molecules, such 
as the surface ligands or the solvent [5]. Both attempts led 
to a significant increase of photoluminescence as indicated 
by both the emission of the co-doped particles and the im-
proved lifetime measurements, indicating that the non-radi-
ative pathways due to surface phenomena were eliminated 
(Figure 2B). 

Biofunctionalization of HfO2 scintillating nanoparticles 
(SNPs) 
The as-synthetized 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 physio-
logical 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, particle 
aggregation, etc. Therefore, the carboxylate that is initially 
bound to the surface of the NPs will be exchanged with an 

In conventional optogenetics, optical tools are exploited in 
order to manipulate the activity and  function of neurons 
in the brain. This is typically achieved by the activation of 
light switchable transmembrane proteins, such as channel-
rhodopsin, halorhodopsin or archaerhodopsin, with the as-
sistance of visible light [1,2]. However, the visible light has 
a penetration depth limited to a few hundred micrometers 
and thus, to reach deeper brain structures, the light source 
has to be invasively implanted into the brain. This can lead 
to problems such as tissue damage and neuroinflammation. 
In this project, we are developing HfO2 scintillating nanopar-
ticles (SNPs) doped with Tb3+, as an alternative non-invasive 
means of optogenetics. Utilizing their property of absorbing 
X-ray radiation due to the high atomic number of Hf (Z= 72) 
and the subsequent conversion to visible light by Tb3+, we 
expect to achieve a non-invasive X-ray mediated optogenetic 
manipulation of brain cells [3].  

Synthesizing scintillating nanoparticles (SNPs) for X-ray 
mediated optogenetics
Initially, HfO2:Tb NPs of around 3 nm diameter were synthe-
sized using a typical solvothermal reaction. After synthesis, 
the particles were further functionalized with the appropri-
ate carboxylate ligand that makes them colloidally stable in 
non-polar solvents, so that they can be further studied [4]. 
Characterization of the particles was conducted by means 
of 1H NMR spectroscopy to verify the surface functionaliza-
tion, Dynamic Light Scattering (DLS) to confirm the hydro-
dynamic size, Transmission Electron Microscopy (TEM) to 
measure the diameter of the inorganic core and X-ray Pho-
toelectron Spectroscopy (XPS) to confirm the presence and 
oxidation state of the elements in the crystal lattice. 
The optical properties of the as-synthesized particles were 
initially measured using photoluminescence. In the exci-
tation spectrum, two peaks are observed with the maximum 
peak at 235 nm and a shoulder at 275 nm, while in the emis-
sion spectrum (after excitation at 235 nm) 4 characteristic 
peaks are measured which correspond to the 4 transitions of 
Tb3+ (Figure 1A). The maximum emission peak at 545 nm is 
the peak of interest as it matches with the excitation range 
of the opsin that we want to utilize in the final application 
– ChRmine, a red-shifted channelrhodopsin, with a peak re-
sponse at 520 nm. In addition, the lifetime measurements 
showed a decay time in the range of ms, which is character-
istic for Ln3+. After initial confirmation of the photolumines-
cence properties of the particles, the radioluminescence was 
measured using a custom setup with a tungsten X-ray tube, 
a sample holder, an optical fiber with collecting lenses and a 
spectrometer (Figue 1B). The SNPs exhibited a weak but yet 
reproducible signal at 545 nm (Figure 1C). Hence, it was cru-
cial to increase the luminescence outcome of the particles. 

Project P2207: Targeted scintillator nanoparticles for X-ray mediated optogenetics in behaving 
mice
Project Leaders: A. A. Wanner, J. De Roo and C. Padeste
Collaborator: E. Liari (SNI PhD Student)

Scintillating core/shell HfO2 nanoparticles for X-ray 
mediated optogenetics



58 59

Fig. 3: Experimental analysis of the designed 3D nanospheres. (a) 
Size-exclusion chromatogram confirming the correct size of the 
megadalton complex. (b) Cryo-EM micrograph showing the individ-
ual particles. (c, d) Preliminary 2D classes and 3D reconstructions 
reveal distinct features of the displayed small protein. techniques, 

this approach holds significant promise for advancing 
cryo-EM applications for small proteins and provid 
ing new insights into the function of small proteins, ligand 
binders, and biocatalysts.

References 

[1]  Saibil, H. R.: "Cryo-EM in molecular and cellular biology",. 

Molecular Cell 82, 274, (2022).

[2] Abramson J, Adler J, Dunger J, Evans R, Green T, Pritzel A, 

Ronneberger O, Willmore L, Ballard AJ, Bambrick J, et al.: "Ac-

curate structure prediction of biomolecular interactions with 

AlphaFold 3", Nature 630, 493 (2024).

[3]  Dauparas J, Anishchenko I, Bennett N, Bai H, Ragotte RJ, 

Milles LF, Wicky BIM, Courbet A, de Haas RJ, Bethel N, et al.: 

"Robust deep learning–based protein sequence design using 

ProteinMPNN." Science 378, 49 (2022).

f

attention was given to linking the small protein rigidly to 
the nanosphere while avoiding steric clashes. The developed 
design pipeline provides a strong foundation for future dis-
play of other proteins and a starting point for experimental 
validation of our approach.

Fig. 2: Computational design of 3D nanospheres. AlphaFold and Pro-
teinMPNN were used to genetically fuse a small protein (yellow) to 
3D nanospheres (blue) via a rigid linker (pink). The resulting nano-
sphere rigidly displays the small protein for cryo-EM structure elu-
cidation.

The designed 3D nanospheres were successfully produced 
and purified, with size exclusion chromatography confirm-
ing the correct size of the megadalton complex (Fig. 3). In-
dividual particles of the correct size and shape were clearly 
visible in cryo-EM. While high-resolution reconstruction is 
ongoing, preliminary 2D classes and 3D reconstructions of a 
small test dataset already reveal distinct features of the dis-
played small protein (Fig. 3c+d). These results demonstrate 
the feasibility of using nanospheres for cryo-EM imaging and 
lay the groundwork for high-resolution structure determi-
nation.

Outlook
The successful design, production, and preliminary struc-
tural analysis of 3D nanospheres demonstrate their poten-
tial as a platform for overcoming the size barrier in cryo-EM. 
Moving forward, high-resolution reconstruction will be a 
key focus to validate the capability of these nanospheres for 
precise protein structure determination. Efforts will also be 
directed toward improving the modularity and versatility of 
the nanosphere platform, enabling broader applicability to 
diverse small proteins and functional complexes. By combin-
ing advanced computational design tools with experimental  
 

grating experimental validation with cutting-edge computa-
tional design, our work bridges the gap between structural 
biology and advanced protein engineering.

Fig. 1: Protein structure determination. X-ray crystallography, NMR, 
and cryo-EM are common tools for experimental protein structure 
determination. X-ray crystallography requires protein crystals, 
which can be challenging to obtain. NMR is limited to small pro-
teins, while cryo-EM typically works for proteins >100  kDa. Here, 
nanoscale design of 3D nanospheres is used to overcome cryo-EM's 
size limitation.

Results
Since the start of the project 10 months ago, significant 
progress has been made in developing a design pipeline to 
decorate 3D nanospheres with small proteins. By combin-
ing protein design with structure prediction algorithms, we 
successfully created a proof-of-concept nanosphere. Our pro-
tein design pipeline relied on AlphaFold to predict the struc-
ture of a protein nanosphere genetically fused to a helical 
bundle protein and ProteinMPNN to optimize the resulting 
structure. The scaffold protein nanospheres is a homomeric 
60mer. After design, the nanosphere thus displays 60 copies 
of the small protein on its surface. During design, special 

Abstract
Cryo-electron microscopy (cryo-EM) enables reliable and 
straightforward structure determination for proteins with 
a molecular weight above 100  kDa. To overcome the size 
barrier in cryo-EM, we computationally design 3D protein 
nanospheres that display small proteins (<20 kDa) on their 
exterior. These oligomeric assemblies provide a robust plat-
form for the structural elucidation of the displayed proteins. 
Preliminary cryo-EM data confirm the feasibility of our ap-
proach in overcoming the cryo-EM size barrier for protein 
structure determination.

Introduction
Cryo-EM has revolutionized structural biology by enabling 
the visualization of macromolecular complexes up to atomic 
resolution.[1] However, the technique faces a significant lim-
itation when applied to small proteins, typically below 100 
kDa. These proteins lack sufficient contrast and structural 
features for high-resolution structural elucidation, creating 
a critical gap in the structural determination of small bio-
molecules with cryo-EM.
Traditionally, structural elucidation of small proteins has re-
lied on techniques such as X-ray crystallography and nuclear 
magnetic resonance spectroscopy (NMR, Fig. 1). While these 
methods have proven effective, they come with inherent lim-
itations. X-ray crystallography requires high-quality crystals, 
which can be challenging to obtain. NMR, on the other hand, 
is well-suited for small proteins in solution but is challeng-
ing for larger assemblies or weakly interacting complexes. 
Cryo-EM offers a powerful alternative by capturing proteins 
in their native state without the need for crystallization. 
However, cryo-EM has been largely restricted to larger com-
plexes due to the size barrier, necessitating innovative ap-
proaches to extend its application to smaller targets.
Computational protein design and structure prediction—
recognized with the Nobel Prize in Chemistry in 2024—is 
revolutionizing biology. Computational tools such as Alpha-
Fold[2] and ProteinMPNN[3] now enable the reliable predic-
tion of protein structures from amino acid sequences and 
the design of novel sequences that fold predictably into tar-
get structures. Nonetheless, computational structure predic-
tion remains limited in addressing key functional aspects of 
proteins and enzymes, such as substrate binding, different 
conformational states, and dynamic interactions critical for 
activity.
To address these limitations, we integrate cutting-edge 
computational tools with experimental methodologies to 
develop a powerful approach for cryo-EM structure determi-
nation of small proteins. To that end, small proteins weigh-
ing less than 20 kDa are designed into oligomeric megadal-
ton assemblies that can be readily detected by cryo-EM. To 
achieve this, we design 3D protein nanospheres that rigidly 
display the target small proteins on their exterior. By inte-
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Fig. 4: Photographs of A) hydrogels and B) an aerogel crosslinked at 
different SHC concentrations. 

Conclusions and Outlook
Saos-2 were shown to mature into mineralised osteoblasts 
under the established culture conditions. In future experi-
ments, we will exploit the regenerative potential of pro-
genitor cells and investigate how osteogenic hallmarks can 
be triggered by material properties. Based on the first data 
obtained from cells cultured on chitosan-based scaffolds, it 
is evident that functionalisation strategies are needed to en-
hance cell adhesion. While no indications for cytotoxic ef-
fects were observed, the round cell morphology is indicative 
for impaired cell adhesion. Furthermore, our preliminary 
studies demonstrated that non-toxic crosslinking agents 
such as SHC can be used to successfully crosslink CS. Further 
investigations will primarily focus on electrospinning dif-
ferent polymer blend systems and on establishing protocols 
to tether peptides that present specific adhesion motives to 
cells.   
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Biofabricated cell-polymer constructs offer a promising 
approach for the regeneration of bone, and, if designed 
in a custom-tailored approach, allow for the control of 
cell spreading and subsequent differentiation. Here, 
we used chitosan (CS), which is known for its antibac-
terial properties and bears hydroxyl and amino groups 
for covalent immobilisation of peptides, and poly(epsi-
lon-caprolactone) (PCL). In a first step, solutions at differ-
ent ratios were produced to a) assess their viscosities and  
thereby determine spinnability, b) produce 2D films for first-
line cell culture evaluation, and c) to explore hydrogels and 
aerogels as an alternative to electrospinning. 
Solutions of different concentrations of chitosan (CS) (2 wt% 
or 8 wt%), PCL (10 wt%) or a blend thereof were prepared. 
The materials were dissolved in a mixture of acetic acid and 
formic acid at a ratio of 30/70. All polymer solutions were 
prepared at room temperature with overnight stirring. The 
viscosities of the solutions were assessed via frequency 
sweep on a Rheometer. An increasing chitosan concentra-
tion raised the viscosity by a factor of 10 (2 wt%) or 300 (8 
wt%) compared to 10% PCL at a shear strain of 9.17%. The 
viscosity of the 2 wt% CS/10 wt% PCL blend (2467.8 mPa·s) 
was within the ideal range reported for electrospinning of 
chitosan composites, namely between 1000 – 7000mPa·s 
[3] and will thus be used in future experiments (Figure 3).  
 
2D films were produced by drop-casting the solutions onto 
glass microscopy slides. Cells cultured on the polymer films 
presented a rounded morphology (mean roundness = 0.74 ± 
0.15; mean circularity = 0.79, ± 0.15) compared to the control 
group on standard tissue culture plastic (mean roundness = 
0.56 ±0.24; mean circularity = 0.71 ± 0.3), and a small aver-
age cell size ranging from 327.11 μm2 (8 wt% CS/10 wt% PCL) 
to 1937.5 μm2 (10 wt% PCL) compared to the control group 
(4302.8 μm2).

Fig. 3: Viscosities of different polymer solutions based on Amplitude 
Sweep Measurements. 

To transition from 2D to 3D, Hydrogels were prepared by 
dissolving 2% CS in 2% acetic acid. The pH was adjusted to 5.5 
in order to crosslink with either 175 mM or 200 mM Sodium 
Hydrogen Carbonate (SHC). Aerogels were prepared using 
the same dissolving strategy without pH adjustment. They 
were crosslinked with 175mM SHC either before or after ly-
ophilizing for 24h. We observed that depending on the SHC 
concentration we were able change the degree of crosslink-
ing of the hydrogels and thereby the mechanical properties 
(Figure 4A). Different to hydrogels, aerogels presented a mac-
roporous structure, potentially allowing for cell migration 
and tissue formation (Figure 4B).

 

Fig. 1: Schematic representation of cells cultured on different sub-
strates. Seeded on top of materials, cells experience a 2D environ-
ment, which is very different to their native environment. In porous 
scaffolds or hydrogels, a 3D environment can be provided. 

Experimental setup and main research findings
During the first phase of the project, the aims have been 
to a) set up an electrospinner to process polymer solutions 
into fibrous scaffolds b) establish protocols for osteogenic 
differentiation and analysis thereof and c) develop scaffold 
production strategies that will allow for peptide immobili-
sation. 
Initial experiments were carried out with Saos-2 osteoblas-
tic cells as a model cell line. Saos-2 were cultured with dif-
ferentiation or control medium, respectively. Samples were 
harvested at D7, D14, and D21. We characterised the calcium 
content, (indicative for mineralisation and thereby a strong 
hallmark for osteogenesis) using a calcium assay kit and 
Alizarin Red staining. We observed that the calcium content 
was significantly increased over time for Saos-2 cultured in 
differentiation medium, reaching values of 0.157 μg/μL on 
D21. This was also confirmed by Alizarin Red staining (Figure 
2). 

Fig. 2: Alizarin red staining of Saos-2 cells after 21 days in culture. 
Bright red spots indicate mineralisation. In the control group (prolif-
eration) non-specific red colouration was observed.

Introduction
In this project, we aim to gain control over the nano-archi-
tectural properties of electrospun fibres and elucidate their 
effect on protein adsorption, peptide tethering, and concom-
itant cell fate. Our goal is to understand the influence of a 
complex three-dimensional nano-environment on the osteo-
genic differentiation of mesenchymal stromal cells. This will 
ultimately contribute to deciphering the interplay between 
cell adhesion and lineage commitment. Eventually, these 
findings will allow us to develop scaffolds for a) in situ bone 
augmentation or b) in vitro model systems to evaluate new 
treatment strategies in oral implantology. 
Dental implants provide excellent solutions to replace miss-
ing teeth. For long-term success, however, fast and perma-
nent osseointegration within the host tissue is paramount, 
requiring at times in situ bone augmentation by means of 
biomaterials or bone grafts prior to dental implant place-
ment. In both scenarios (material-based bone augmentation 
or implant osseointegration) surface topography, mechani-
cal properties, and (bio)chemical composition of the chosen 
materials act in concert on cell adhesion. Specifically, the 
importance of micro- to nano-topographical properties on 
material surfaces to steer osteogenic differentiation has long 
been appreciated [1]. Topographical cues induce specific pro-
tein adsorption schemes that control integrin binding, focal 
adhesion formation, cytoskeletal development, and further 
downstream signalling to steer osteogenic differentiation 
via pathways known as mechanotransduction and intracel-
lular tension. Understanding the first step of this cascade 
and gaining control over cell adhesion via specific peptide 
functionalisation routes on clearly defined substrates is 
thus suggested as a way forward to control differentiation. 
To date, most studies looking at surface topographies are 
performed on 2-dimensional solid substrates and disregard 
the importance of 3-dimensional, porous scaffolds during 
tissue formation. On 2 to 2.5-dimensional substrates, how-
ever, cells attain a state that is very different from their nat-
ural environment (Figure 1). Among other techniques, elec-
trospinning has been used for decades to produce fibrous 
matrices that mimic the extracellular matrix. The method 
allows high control over material choice, fibre diameter and 
orientation, and post functionalisation methods [2]. In this 
PhD project we aim to engineer electrospun scaffolds with 
controlled architecture to elucidate the interplay between 
surface topography and protein/peptide adsorption or im-
mobilisation on cell adhesion and osteogenic differentiation 
of mesenchymal stromal cells. 
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Fig. 2: Left: High-speed AFM image of the functionalized Octagon 
nanopore decorated with 150 nt long RNA sequences, showing dy-
namic fluctuations and a physical barrier within the pore. Scale bar: 
10 nm. Right: Transmission Electron Microscopy (TEM) image of the 
empty Octagon nanopore, providing structural confirmation of the 
pore architecture. Scale bar: 50 nm.

Overcoming challenges and broadening applications
Future experiments will focus on integrating these 
nanopores into lipid bilayers, as a means to selectively regu-
late transport into lipid vesicles. 
However, creating stable insertions of Octagons into lipid 
bilayers remains a challenge in the field. Although choles-
terol-based anchoring strategies facilitate the initial attach-
ment, they frequently prove ineffective in forming trans-
membrane channels with reliable stability (8).
To enhance integration, we are investigating the potential 
of pneumolysin-functionalized nanopores for robust and 
stable incorporation into membranes (9). Pneumolysin is a 
pore-forming protein derived from Streptococcus pneumoniae 
that naturally creates transmembrane channels by assem-
bling into ring-like structures, making it an ideal candidate 
for enhancing nanopore stability.

Fig. 3: Schematic representation of the Octagon DNA origami 
nanopore with 39 membrane anchors for stable insertion into lipid 
bilayers, illustrating its modular design and functionality.

In parallel, microfluidic approaches are being developed to 
enable high-throughput assembly and analysis of nanopores 
in lipid vesicles, enhancing the reproducibility and scalabil-
ity of transport studies. 

Concluding remarks
This project represents a significant step towards replicating 
the selective transport mechanisms of the NPC. Our program-
mable DNA origami-based platform exploits the nanoporous 
confinement of dynamic scaffold-client interactions to regu-
late selective transport in non-biological environments. This 
promises to pave the way for transformative applications in 
diagnostics, molecular sorting, and drug delivery. Continued 
refinement of scaffold design and bilayer integration will 
bring us closer to realizing these ambitious goals.

Fig. 1: A schematic representation of the Octagon DNA origami 
nanopore, featuring 64 scaffold anchors to enable functionalization 
with various scaffold types and 39 membrane anchors to ensure sta-
ble insertion into lipid bilayers, highlighting its modular design and 
functionality.

Unveiling inner pore dynamics by High-Speed AFM and 
interaction studies
High-speed atomic force microscopy (HS-AFM) revealed the 
dynamic fluctuations of RNA-scaffold molecules within in-
dividual Octagons in real time [7]. These fluctuations may 
reflect short-lived structural rearrangements or localized in-
teractions (Fig. 2). Such behaviour aligns with the properties 
of the NPC, where flexibility and transient binding are key 
to the speed and bidirectionality of selective transport.
Complementary insights were obtained through surface 
plasmon resonance (SPR) studies, which quantified the inter-
action kinetics of RNA scaffolds and FUS (fused in sarcoma). 
FUS was chosen as a client molecule due to its well-charac-
terized RNA-binding domain and its role in exerting multi-
valent, transient interactions within biomolecular conden-
sates.

Drawing inspiration from nature: The Nuclear Pore Com-
plex
The nuclear pore complex (NPC) is a remarkable molecular 
assembly, mediating macromolecular transport between the 
nucleus and cytoplasm with unmatched selectivity [1]. Intrin-
sically disordered proteins (IDPs) termed phenylalanine-gly-
cine nucleoporins (FG Nups) facilitate this process by engag-
ing in rapid, transient interactions with nuclear transport 
receptors (karyopherins or Kaps) to enhance NPC transport 
efficiency [2]. Non-specific cargoes are excluded by the NPC 
permeability barrier organized by a liquid dynamic nano-
cluster of FG Nups and Kaps known as the central plug [3]. 
More generally, RNA and proteins form phase-separated 
liquid-like biomolecular condensates (BMC) in vitro and 
membraneless organelles in vivo. Interestingly, BMCs also 
display enhanced selectivity towards specific molecules (cli-
ents) but can exclude non-specific molecules. Like the cen-
tral plug in NPCs, BMCs also contain localized, slow-moving 
nanodomains where RNA and proteins experience restricted 
diffusion. These nanodomains create distinct microenviron-
ments that influence residence times and biochemical inter-
actions [4].
Our objective is to engineer BMC-like selectivity in NPC-like 
DNA origami nanopores and explore how scaffold-client sys-
tems where specific molecules such as RNA or IDPs can func-
tion as “scaffolds”, generating a selective diffusion barrier 
for client molecules-of-interest. In this way, we aim to reveal 
a general principle that governs selective transport control 
in nanopores. 

From concept to structure: Engineering DNA origami 
nanopores
At the core of our work is the “Octagon,” a DNA origami 
nanopore designed as a modular platform for attaching a di-
verse range of scaffold molecules, including IDPs, RNA, and 
double-stranded DNA (dsDNA). DNA origami is a nanotech-
nology method that uses the programmed self-assembly of 
a long, single-stranded circular DNA molecule folded into 
precise shapes with the help of hundreds of short comple-
mentary "staple" strands [5,6]. This technique enables the 
creation of highly customizable nanoscale structures with 
defined geometries and functional properties.

To replicate the organization of FG Nups within the NPC, the 
Octagon channel incorporates up to 64 attachment sites, en-
suring precise positioning and functionalization of scaffold 
molecules (Fig. 1). 

Project P2304: Selective new-to-nature nanopores enabled by biomolecular condensation
Project Leaders: R.Y.H. Lim and M. Hondele
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 Since formation of polymeric by-products where observed 
in all cases, we next used more pre-organized starting ma-
terials. The previously described5 5,11,17,23-Tetrakis[4-hy-
droxybenzyl]-25,26,27,28-tetrapropoxycalix[4]arene 5 were 
synthesized and reacted with formaldehyde and its analogs 
to get n-Pr functionalized carcerand 6 (Fig. 4). During the 
screening of different conditions for the closure of 5, prod-
uct formation was detected by mass spectroscopy. However, 
under these conditions, cleavage of the propyl groups from 
the starting material was observed, and no product could be 
detected by NMR (Table 2).

 Fig. 4: Synthesis of carcerand from more pre-organized starting ma-
terial.

 1. Lewis acids tested: ZnCl2, AlCl3, BF3*OEt2, Mg(TfO)2, 
Sc(OTf)3, B(PhF5)3, MsOH, TFA, KHSO4, TMSOTf. 2. Forma-
tion of polymeric material no product observed. 3. Product 
detected by HR-MS. 4. Yield determined by NMR.
To overcome this issue, the same reaction was per-
formed starting from 5,11,17,23-Tetrakis[4-hydroxyben-
zyl]-25,26,27,28-tetrahydroxycalix[4]arene 7 yielding product 
in 3% yield. Further optimization gave closed carcerand 1 
containing DCM as guest with 8% yield (Fig. 4; Table 2).

Table 2. Conditions for synthesis of carcerands 1 and 6. 

Conclusion
In summary, the first successful synthesis and isolation of 
the novel carcerand 1 were achieved. Work is currently un-
derway to improve the reaction yield and to encapsulate var-
ious guests, including cations of potential radionuclides.
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Another approach to synthesizing carcerand 1 involved 
"stitching" two calix[4]arenes together. Lewis acid-cata-
lyzed condensation of unsubstituted calix[4]arenes 3 re-
sulted in polymeric material, with no detectable product. 
Similar results were observed in acid- and base-catalyz-
ed reactions of paramethylenechloridecalix[4]arene 4 
with unsubstituted calix[4]arene 3 (Fig. 3; Table 1.). 

Fig. 3: Initial approaches to carcerand 1 synthesis.

Table 1. Screened conditions for carcerand 1 synthesis. 

Introduction
Nuclear medicine demands efficient and durable methods 
for separating radionuclides. Traditional 44Ti/44Sc genera-
tors, which rely on adsorption-based separation techniques, 
face challenges such as limited chemical stability, radiolysis, 
and decreasing separation efficiency over time. To overcome 
these limitations, a novel molecular encapsulation/destruc-
tion method for radionuclide separation has been proposed. 
This strategy involves the irreversible encapsulation of ra-
dionuclides, followed by the breakdown of the molecular 
container (carcerand) during radionuclide decay, thereby 
releasing the daughter product (Fig. 1). The potential for en-
capsulating Cs cations in carcerands was previously demon-
strated by Cram D.J.1

Fig. 1: Proposed molecular encapsulation/destruction method for ra-
dionuclide separation.

Given the smaller radii of most radionuclide cations, includ-
ing Ti, our initial efforts have focused on synthesizing a novel 
calix[4]arene-based carcerand 1 (depicted in Fig. 2). Calix[4]
arene is widely recognized for its ability to bind metal ions2, 
and a carcerand formed by two calix[4]arene units offers a 
smaller internal cavity with narrower openings, potentially 
providing advantages for encapsulating smaller cations. Sim-
ilar structures have been theoretically calculated.3 However, 
despite synthesis attempts, they have yet to be isolated.4

Synthesis of carcerand 1
To obtain carcerand 1, several approaches were explored. 
Base-catalyzed tetramerization with formaldehyde is the 
standard approach for calixarene synthesis. The same condi-
tions were applied to bisphenol-F 2 in an attempt to directly 
access carcerand 1. Unfortunately, only insoluble polymer 
was obtained as a result of this reaction. Similarly, polymeric 
material was also observed in the reaction of bisphenol-F 2 
with formaldehyde catalyzed by TiCl4 under high-dilution 
conditions.

Project P2306: Enabling the challenging separation of radionuclides via the entrapment inside 
molecular containers
Project Leaders: K. Tiefenbacher and P. Steinegger
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Summary
During the 2nd year of the project a lead was identified out 
of several nanobody candidates. This candidate was radiola-
beled and tested on brain tumor cells in the 3rd year of the 
program (cost neutral prolongation). Further first coupling 
experiments with the polymer carrier were conducted but 
the process has to be optimized. The experiments revealed 
that the target binding may be affected by the used linkers 
as the binding to living cells was impaired. This could be a 
result of the lower target affinity of the candidate in the first 
run. CIS Biopharma therefore decided to initiate an affinity 
maturation separated from the project to support the pro-
gram. This ongoing process led to first nanobody candidates 
indicating higher affinity than the parent nanobody, which 
will be verified by surface plasmon resonance (SPR) to deter-
mine their KD. Also, these candidates could not be further 
tested due to time & budget constraints; the SNI program 
laid the foundation for an application for a 1.2 Mio CHF Inno-
suisse project which was granted recently. With this we aim 
to develop the product further giving patients with brain tu-
mors a new perspective. 
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Fig. 2: Binding &Internalization of Nanobody: Total cell uptake of 
the radiolabelled nanobody which is increasing from 1 to 24 h. The 
specific uptake was below <0,5 %.

Fig 3: Characterization of NB-polymer conjugates

 

Fig. 1: Concept of B7-H3-nanobody-polymer conjugate. 

First coupling experiment with model polymer carrier 
Model polymer carriers comprising biocompatible mono-
mers were synthesized by a controlled radical polymeriza-
tion technique (RAFT polymerization). Subsequently poly-
mer analog reactions for the attachment of 2 different active 
moieties were performed resulting in the model polymer 
carrier modified with 3 fluorophore tracers and 5 DOTA 
chelators for immobilization of radio nuclides. In the next 
step this model polymer carrier was functionalized success-
fully with a DBCO group at its headgroup for coupling to an 
azide-modified nanobody by a click reaction. Although this 
led to the formation of the desired nanobody-polymer con-
jugates the reaction suffered from low yields and the forma-
tion of nanobody dimers (Fig 3.). In the future this reaction 
will have to be optimized especially in regard to purification 
(= remove of non-reacted polymer carrier) which tends to 
elute similar to the conjugate in the SEC. Subsequently cell 
culture experiments, e.g. internalization, can be initiated 
using the purified conjugates. These experiments represent 
a good basis for future projects since critical process steps, 
such as polymer-nanobody coupling, were identified and 
optimization strategies, such as improved polymer purifica-
tion, determined.

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 antibod-
ies from Camelidae and are characterized by low molecular 
weight, high stability, low immunogenicity, excellent affin-
ity and specificity as well as high solubility. [2] Therefore, 
nanobodies represent ideal targeting moieties in the devel-
opment 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 (Fig 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. Following the optimization of the B7-H3 na-
nobody production in the first year, polymer synthesis and 
radiolabeling were subsequently performed and further op-
timized. In the last year, the coupling of the polymer to the 
nanobody and first functional test on brain cancer cells were 
conducted.

Cell culture experiment with radiolabeled Nanobody
The nanobody was modified in the first step with an azide 
group at a surface-exposed cysteine by maleimide DOTA 
chelator. This chelator modified conjugate was then radiola-
beled with 177Lu with approx. 64 % radiochemical yield. After 
purification by a PD-10 desalting column, a radio purity of 
approx. 90% was achieved, which was suitable for cell cul-
ture experiments. For this A-172 glioblastoma cells incubated 
with radiolabeled nanobody-conjugate to identify the cell 
uptake (Fig 2.) [3]. Unfortunately, specific binding to B7-H3 
expressing cells was low (<0,5 %) which might be a result of 
reduced affinity due to linker attachment. Further experi-
ments have to be conducted to optimize binding e.g. affinity 
maturation or alternative linker design.

Project A17.01: B7H3 Nanobody PC (CIS Biopharma AG, Bubendorf, FHNW Muttenz, Paul Scher-
rer Institut, Kinderspital Zürich)
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Fig. 4:  cryo-EM sample preparation for electron tomographical anal-
ysis of de-membranized cilia structures (axamers). The specimen 
thickness is crucial to maintaining sample integrity. Here, a section 
through the 3D reconstruction is shown. The cryoWriter allows the 
adjustment of the ice thickness, preserving the global cilia structure. 
The soft, blotting-free preparation additionally preserves the dynein 
motor proteins.

Fig. 5: Elaine Schneider (PhD student Biozentrum & cryoWrite AG) 
operating the new cryoWriter system. 
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into the cell for subsequent analysis by electron tomogra-
phy. We developed a platform for the miniaturized cultiva-
tion of adherent eukaryotic cells that is compatible with the 
semi-automated preparation by the cryoWriter system. For 
preparation, the surplus liquid is removed using the cryoW-
riter’s pump system, thinned with a temperature-controlled 
gas stream, and automatically withdrawn and plunged into 
liquified ethane.

Fig. 3: Whole cell vitrification platform workflow. a) Miniaturized 
platform for cell growth on the cryo-EM grid, the surplus liquid is 
gently removed by a microcapillary, followed by a controlled gas 
flow over the grid. Subsequently, the robotics withdraws the grid, 
flips it 90°, and vitrifies it by plunging it into liquid ethane. b) SEM 
overview of vitrified eukaryotic cells. Scalebar: 30 µm. c) Focused 
ion beam milled lamella. Scale bar: 1 µm. d) section through the 3D 
reconstruction of the lamella with visible membrane stacks. Scale 
bar: 100nm.

Functional Cryo-EM Sample Preparation for Flagellar Ax-
oneme
Eukaryotic flagella are complex and sensitive structures. 
They mainly consist of a bundle of microtubule pairs with 
attached dynein motor proteins. These axamers are natively 
surrounded by a biomembrane. Demembranization makes 
the structure accessible for ATP, allowing activity tests of 
the isolated examiners but further destabilizing the struc-
tural integrity of isolated cilia. Therefore, the preparation 
for cryo-EM is delicate; in particular, the paper blotting step 
used in classical preparation methods disturbs, flattens, or 
disrupts the ultra-structure. The cryoWriter system allows 
the systematic optimization of the layer thickness, as shown 
in Fig. 4.

Prototype of commercial cryoWriter

Importantly, we received the new commercial prototype of 
the cryoWriter system developed by the cryoWriter AG (Fig. 
5). Compared to our in-house developed system, the new de-
vice has significant advantages. First, a much larger sample 
area can be covered for electron microscopy. Second, the 
newly designed high-precision pump system allows the pre-
cise, virtually backlash-free uptake and dispensing of nL sam-
ple volumes. Third, the system is entirely automated, which 
is particularly interesting for automated whole-cell vitrifica-
tion. Lastly, a prototype of an interferometer was developed 
for the real-time monitoring of the layer thickness, which will 
be of great interest.

Fig. 1 shows that the method for single-cell lysis of adherent 
eukaryotic cells is fast (< 1 s) and maintains the integrity 
of surrounding cells. Furthermore, the microscopy informa-
tion (DIC and fluorescence channel) is essential for correlat-
ing the biological experiments with the EM and MS results.

Lysate analysis by MS and EM
Fig. 2 shows results from the single-cell experiments for me-
tabolite detection by MS (here: Glutamine and Dopamine, 
two neurotransmitters) and proteins by visual proteomics 
(here: uptaken seeds extracted from a single cell). During 
the FuncEM project, we produced high-quality cryo-EM grids 
with single-cell lysate suitable for high-resolution process-
ing.

Fig. 2:  Single-cell analysis by mass spectrometry (a) for metabolo-
mics and EM (b) for visual proteomics. a) MS spectra for targeted 
metabolomics of a single cell; the neurotransmitters Dopamine 
and Glutamate are detected simultaneously [4]. b) Single-cell visual 
proteomics. Cells were seeded with fluorescently labeled amyloid 
particles, and an individual cell was selected according to the fluo-
rescence signal in the light microscope, lysed, and prepared for EM  
(see Fig. 1).

Whole cell vitrification

Complete cells can be grown on cryo-EM carriers (grids), 
vitrified, and a thin lamella is milled by a focused ion beam 

Introduction
Sample preparation of minute amounts of sample, e.g., from 
single cells, is essential in biomedical experiments for basic 
and applied research. Here, we present the amended version 
of the cryoWriter system for sample preparation by com-
bining bottom-up (microfluidics) and top-down (robotics) 
approaches for the gentle preparation of biological samples 
for the subsequent analysis by electron microscopy (EM) [1,2] 
and mass spectrometry (MS) [3]. Notably, this system also al-
lows the visual characterization of the sample before prepa-
ration, enabling correlative analysis.

Single and few-cell lysis and uptake

We optimized our previous development for single-cell lysis 
and uptake [4]. We tested the amended system for the lysis 
of adherent eukaryotic cells, which were previously “infected” 
by fluorescently labeled amyloid nanoparticles (Fig. 1). Sub-
sequently, the lysate is prepared for EM (proteome ultra-
structure) or MS (metabolomics).

Fig. 1:  Monitoring effects of the single-cell electroporation of amy-
loid-infected cells on neighboring cells after lysis. An individual cell 
was electroporated (yellow circle) and aspirated into the microcapil-
lary. Afterward, the cell culture was placed in the incubator for an 
additional 12 h cell growth (recovery), and the same place was im-
aged again by light microscopy. The results show that (i) cells in 
proximity (>50 µm distance to the lysis center) are still able to divide 
and proliferate (yellow arrows), and (ii) the fluorescence-labeled am-
yloid particles remain in the cells. Figure adapted from Rima et al., 

2024 [4].
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Figure 5. Retardance in the function of wavelength. The plot illus-
trates 5 wafers with similar but slightly different thickness of etch-
ing mask and residual imprint layer The reference device is based on 
liquid crystal technology.

Simulation results predict lower chromatic dependence 
than measured, and stronger angular dependence with 
higher transmission values. This points to the role of defects 
in both increasing chromatic dependency and reducing an-
gular dependency.

Conclusions and outlook
In this project, we demonstrated that current technological 
solutions for phase retarders can be significantly enhanced, 
particularly by achieving a thickness reduction of at least an 
order of magnitude. Importantly, the incident angular de-
pendence of retardance shows excellent stability achieved 
with deep-subwavelength features. Further development of 
the fabrication process is envisioned to improve the chro-
matic stability and transmission and bring it to the level pre-
dicted by simulations.
Despite the demanding and challenging nature of the fabri-
cation process, we successfully stabilized it, creating a foun-
dation for further advancements. The positive outcome of 
this project opens up new possibilities for scaling up the pro-
duction and fabrication of these surfaces. For example, our 
initial high refractive index (HRI) foil-based solution could 
be further refined, and the current wafer-based thermal NIL 
approach could be replaced by UV NIL, offering greater ver-
satility, a broader choice of materials, enhanced process con-
trol, and potentially improved metasurface quality.
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of the master using a hybrid (ceramic-organic) UV-curable 
polymer. Master structures are realized via EBL patterning 
of PMMA and transfer of the pattern into the Si substrate via 
RIE (Fig.3, 4). 
As the final device is to be integrated into a demonstra-
tor with macroscopically visible effects of the metasurface 
phase retarder with a polarizer film the nanostructured mas-
ter surface  was chosen to be 1x1 inch. 

  

Figure 4: Fabrication and collaboration scheme.

A low-loss dielectric SiNx (deposited via PECVD) was chosen 
with a refractive index of 2.04 (Fig. 2, right). Achieving accu-
rate pattern transfer into SiNx required several steps, includ-
ing the deposition of a dual mask layer (metal and oxide), 
imprinting a NIL polymer with precisely tuned thickness of 
the residual layer, and adding a third mask layer on top of 
the imprint to ensure that pattern fidelity is not altered af-
ter residual layer etching. This step ensured proper pattern 
transfer while opening the NIL pattern via RIE.

After extensive optimization of the imprint and etching 
steps, including systematic iterations, we developed a pro-
cess flow that ensures a more stable and reproducible RIE 
process. This marks significant progress toward achieving 
the project's objectives.

Results and discussion.
Fig. 5 reports optical characterization of the fabricated wa-
fers. The plotted curves demonstrate a strong dependence 
on the etching time of residual layer after the NIL step. The 
distinct behavior of the red curve aligns well with changes 
in etching time. Conversely, the process outcome is quite ro-
bust with respect to variations in mask layer thickness, as 
all plotted curves correspond to different mask thicknesses.
Measurements closely follows the reference sample (orange 
curve, Fig. 5) in terms of phase retardation, achieving the 
predicted and desirable value of approximately 0.25 waves 
at 550 nm. However, transmission is generally lower than 
expected (~90%) and is wavelength-dependent, ranging be-
tween 44% and 78%. This reduction in transmission is most 
likely due to scattering caused by defects. However, the de-
pendence of retardance on the incident angle of light is min-
imal, with variations of only ~1% up to 20° and ~9% at 40°.
When compared to the reference sample, the results show 
a chromatic dependence comparable to the reference. The 
measured retardance values (0.18–0.39) exceed the target 
range specified in the project (0.2–0.3), as shown in Fig. 2 
(right). 

thin, flexible, transparent foil. Preliminary tests reveal chal-
lenges in sustaining the replication fidelity of high aspect 
ratio structures required for such metasurface designs.

Figure 2: Simulation of EM phase retardation with wavelength/angle 
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 acceptable. 
It should have a low angle and wavelength dependence.

The focus has thus been made on a wafer-based approach 
that would involve thermal NIL (Fig.2, right), which rep-
resents also a cost-effective approach potentially interesting 
for industrial applications.

Fabrication

The wafer scale process is based on thermal NIL with reac-
tive ion etching (RIE) pattern transfer. 

 

Figure 3: Scanning electron micrographs of 1x1 inch master structures fabri-
cated in Si, after RIE and EBL. On the left one can see the cross section of the 
35% duty cycle grating having the period of 200nm. On the right top view of 
the grating lines. 

The primary requirement for thermal NIL is a preparation of 
high-quality stamp, which is usually done as a double copy 

Introduction
The growing demand for thin, flexible, and foldable dis-
plays has driven the search for advanced fabrication tech-
nologies. To ensure flexibility, the displays thickness must 
be significantly reduced. In displays, suppressing the back 
reflection and enhancing the image contrast are of primor-
dial importance. This is usually realized by placing above 
the display emitter layer a polarizer and a phase-retarding 
layer (Fig. 1). Additionally, the suppression of ambient light 
reflection must be minimized for a broad range of angles, 
ensuring that contrast is maximized at any viewer position. 
The phase-retarding layer, a quarter waveplate, must also 
have high transmission to maximize the brightness of the 
OLED display.
Standard phase-retarding materials based on liquid crystal 
technology typically have thicknesses of a several microns. 
Metasurface-based layers have the potential to replace ex-
isting bulky phase-retarding plates, by achieving the same 
functionality within several hundred nanometers [1], [2].

Figure 1: Left, foldable screen illustration. Right, phase retardation 
stack with metasurface layer. Unpolarized light passes through a 
linear polarizer, becomes anticlockwise circularly polarized after 1/4 
waveplate. Reflection from LED backplane results in clockwise po-
larization, which is further transformed back to linear polarization 
but orthogonal to the initial linear polarization, thus preventing any 
light reflection.

Design
Phase retarders based on metasurfaces have been designed 
and simulated. Fig. 2 illustrates simulation results of phase 
retardation and their minimal dependence on the incident 
angle of light, meeting the target requirements. These sim-
ulations demonstrate the feasibility of implementing these 
structures in various materials and substrates, providing ad-
ditional flexibility.
A cost-effective and high-throughput approach involves UV 
nanoimprint lithography (UV-NIL) directly on the foil (Fig. 
2, left). This method allows for the transfer of metasurface 
structures onto high refractive index material coated on a 
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Fig. 3: AFM images and roughness analysis of linear slope: a-c) Sur-
face roughness measurements using a NTEGRA in tapping mode at 
a frequency of 0.5 Hz and analyzed by NOVA software (both by NT-
MDT). A 3rd-order polynomial subtraction was applied to the data 
using the to ensure proper flattening before analysis. Cantilever tips 
(RTSPA 150, Bruker) with a nominal resonance frequency of 150 kHz, 
a force constant of 5 N/m, and a tip radius of approximately 8 nm 
were employed for the measurements. The roughness values were 
calculated exclusively from the yellow-highlighted areas. The images 
with gray borders visually indicate the location and dimensions of 
the analyzed regions. For visualization purposes, images from one 
area (A5) are shown, while the roughness values were obtained by 
evaluating multiple images for each condition: a) 22 nm RMS on a 
50×50 μm² area, calculated over four images spanning two tiling 
gaps (distance between TS 28 μm) b) 8 nm RMS on a 20×20 μm² area, 
calculated within a tiling stripe (distance between GV 9.4 μm) c) 4 nm 
RMS on a 5 × 5 μm² area, calculated in the flat region between two 
steps. d) Comparison between RMS values of different surface areas.

This project allows XRnanotech to advance its X-ray optics 
technology through significant achievements in surface 
quality: “The CAPOFOX project has driven remarkable im-
provements in reducing surface roughness over the past 
year, enabling us to achieve very smooth surfaces that 
strongly enhance our product developments. This innova-
tive approach not only ensures high performance but also 
opens the door to impactful applications in the future. We 
are excited to be part of such transformative progress,” said 
Dr. Florian Döring, CEO and founder of XRnanotech.
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The new resist, although chemically similar, required the 
establishment of a modified process scheme. Thick resists 
are typically more prone to air inclusions and to mechanical 
stress during processing. Air bubbles are created by casting 
viscous resist and during the post-bake of the exposed resist 
and had to be eliminated by introducing long settling times 
and vacuum steps before exposure. Particular attention is 
required for the linearization of the slopes and the transfer 
of this knowledge from flat linear flat to concave slopes (Fig. 
2). Overall, the new resist, which goes to the limits of what 
is possible with novolak chemistries, is a huge progress for 
applications such as micro-optics and microfluidics that re-
quire channel sizes with depths over 50 µm.

Roughness measurement by SFM
Atomic force microscopy (AFM) allows for measuring nanor-
oughness essential for applications utilizing the 13.5 nm EUV 
wavelength. Currently, the steps generated by the discretiza-
tion of a 3D structure using 1’024 gray values are, however, 
found to be larger. In theory. a 10 mm long, 60 µm high lin-
ear slope would result in 10 µm long and 60 nm high steps. 
The step length is longer than the 1.4 µm beam width of the 
scanning laser, and the height is more than 4 times higher 
than the EUV wavelength. Instead, 10’000 GVs would result 
in 1 µm long steps that are 6 nm high. The laser beam would 
then overlap different steps and enable an inherent blurring. 
In addition, the generation of narrow, deeper, and steeper 
slopes are a challenge for high resolution AFM. Dr. Sina 
Saxer (FHNW) and her team managed this by using specific 
structures that enabled them to measure at different depths 
of the slope. Three distinct structural features caused by the 
laser writing were observed: a) vertical tiling stripes (TS), b) 
horizontal gray values (GV) and c) random roughness of the 
resist (Fig. 3). The TS roughness of 22 nm, constituted by all 
GVs within a long slope and stitching errors stemming from 
the 30 µm wide stripes generated by overlapping exposures 
due to the DWL writing strategy. Without such artifacts, i.e., 
an area of 20×20 µm2, the GV roughness reduces to 8 nm. 
Neglecting both, stitching lines and GVs (Fig. 3c), resulted in 
a promising 4 nm roughness caused by the resist properties.
After thorough analysis, we can now identify this value as 
a roughness inherent to the novolak resist, and different 
from design- and process-related limitations. Although 4 nm 
would be suitable roughness for many applications, the use 
of such a surface for reflecting EUV or even X-rays with min-
imized scattering requires a lower roughness of below 1 nm. 
Since it is not easy to switch to graytone resists with differ-
ent chemistry, a possible alternative is therefore to convert 
the novolak topography into the surface of a different poly-
meric material and use a smoothening process that is able 
to flatten the 4 nm locally. Such a process was established 
previously for polymethyl methacrylate (PMMA), a polymer 
with linear chains that can be reflown by selective thermal 
annealing (TASTE process) [2]. This could also flatten out sur-
face steps and artifacts without affecting the overall design 
of the slope.
As the next step, a concave reflective mirror for EUV will be 
fabricated using a higher number of GVs (Fig. 3) and tested 
with X-rays. 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 ul-
tra-smooth mirrors for focusing X-rays, which can be used in 
material processing, for example.

Arbitrary 3D shapes by gray-tone lithography 
Gray-tone lithography allows to reproduce a 3D surface to-
pography from a computer aided design and could create 
surfaces, e.g., with parabolic shapes in lateral (x-y) direc-
tion, that could focus light more precisely (Fig. 1). This can 
be done by exposing photosensitive materials (photoresists) 
with a scanning laser of rapidly varying laser intensity and 
then etching the exposed resist away, leading to a ready to 
use 3D structure. In CAPOFOX, the project team wants to 
establish methods that are a) capable of generating such ge-
ometries with a limited number of gray values and b) charac-
terize 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.
For the fabrication, the team at PSI led by Dr. Helmut Schift 
employed a novel resist from micro resist technology GmbH 
that could be patterned to more than 100 µm depth instead 
of the 20 µm so far [1]. This was a big step towards designs 
that would be closer to the capillaries used for curved focus-
ing mirrors. The actual glass capillaries used so far have di-
ameters of up to 1 mm but narrow down to a few 10’s of µm. 
Therefore, an inverted cylinder (“half-pipe”) of over 50 µm 
height would already allow to come close to such a setup.

Fig. 2: Confocal scanning laser microscope (Keyence VK-X3100) lon-
gitudinal (y) cross-sections of two slopes produced with direct laser 
lithography (Heidelberg Instruments DWL 66+) in 120 µm thick ma-P 
22_XP novolak resist with 1’024 GVs. Top: Linear flat slope. Bottom: 
Linear concave slope with 150 µm constant radius (in x), thus creat-
ing a taper along y starting from 5 µm at the top to 300 µm width 
at the bottom.

In the Nano Argovia project CAPillary Optics for FOcusing 
of X-rays (CAPOFOX), an interdisciplinary team is developing 
lithographic methods to produce micro-optical components 
with extreme low surface roughness. Researchers 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 capillary mirrors 
suitable for both ultraviolet and X-rays. Hollow glass tubes 
that are shaped like a funnel, or segments from such tubes 
that are shaped like ellipsoidal mirrors, can serve as focusing 
elements for X-ray beams (Fig 1) [1]. Yet, there is a restricted 
range of available geometrical shapes. In 2024, the differ-
ent partners were focusing on advancing both, fabrication 
and characterization methods. Progress has been made to-
wards the assessment of 4 nm roughness on laser-patterned 
three-dimensional (3D) resist structures. First designs of 10 
mm long and 80 µm deep slopes for capillary optics have 
been made.

 

 
Fig. 1: Top: Schematic setup of the scanning laser direct writing li-
thography (DWL) tool. Bottom left: Resist coated wafer (ma-P 1275 G). 
Right: Optical micrographs of 1 mm long, 100 µm wide and 15 µm 
deep linear flat slopes in 30 µm thick resist with different writing 
strategies and number of steps with different gray values (64, 128, 
256).
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Figure 4 a) advanced optical trap setup in biosafety lab; b-c) Single 
optical trap foci with a focal spot size of 3µm, four optical traps with 
1µm spot size; d-g) Consecutive trapping of microspheres (dotted 
lines are empty spots) 
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a pulse energy of 3.8 nJ and a peak power of 35 kW. 
We’ve also achieved much shorter, sub 50 fs pulses using 
Kerr-lens modelocking, but at a lower average output power 
of 110 mW. [3]
To project holograms for optical trapping foci, nano dif-
fractive optical elements (nDOE) were computed based on 
a kinoform addition algorithm. The previously developed 
phase mask algorithm has been improved and adapted for 
high precision two photon nano lithography able to project 
graduated intensities and force fields, compared to singe 
points (figures 3a-c). The 3d nDOE was computed and could 
be directly fabricated by 2-photon lithography (figure 3d). 
The pixel resolution could be increased form 10x10 µm2 to 
1x1 µm2. At the same time the division of a singular phase 
shift pixel has been improved from 128 to 256 discrete levels, 
according to a vertical precision of 5 nm. Also, the process 
was optimized to fabricate a relatively large 1x1cm2 nDOE 
with nanometric resolution and features. These refinements 
allow to achieve nDOE with finer details and allow to better 
shape the optical filed into smaller (figure 4c-d) and more 
complex traps such as vortex traps and trap fields.

Figure 3 Target intensity of the hologram projection of an example 
filed (SNI logo); b) Calculated phase masks with improved lateral and 
vertical resolution; c) Calculated intensity form phase mask b, show-
ing the improved quality of the nDOE; d) Snapshot of nano lithogra-
phy process of phase mask.

The basic optical tweezer setup was improved to allow easier 
and better alignment. The low power pilot laser was replaced 
by a 200mW 820nm laser to achieve stronger optical traps al-
lowing the manipulation of microbeads and ultimately cells. 
To permit the trap arrangement modulation, e.g., trap dis-
tance, several nDOEs were fabricated side by side to enable 
switching between different configurations by lateral shift-
ing of the nDOE plate. In addition. the nDOEs were mounted 
on a carousel to allow swift switching. The microscope cam-
era and illumination were improved to allow better moni-
toring of the trapping process. Finally, a dedicated sample 
stage holder was fabricated for mounting and translating 
glass bottom cell culture dishes. Microbeads with a diameter 
of 8µm were successfully trapped as cell surrogates (Figure 
4d-f ). The system is now ready for trapping and assembling 
neuron cells. Integration with a two-photon microscope will 
be evaluated as a remaining step. First components evalua-
tion is already completed in this regard.

tal is normal incidence and anti-reflection coated for the 
pump and lasing wavelengths. 

Figure 1: Scientific setup of the red diode pumped alexandrite os-
cillator. 

Results
An 84 MHz pulse repetition rate alexandrite laser oscillator 
was designed, and a scientific setup has been built, as shown 
in Figure 1.  The laser achieved 1.2 W of output power in 
CW mode at 8 W of pump power using a 1% output coupler. 
Using a SESAM as one of the end mirrors and incorporating 
GVD mirrors for dispersion compensation, we have achieved 
modelocked operation centered at 747 nm with a spectral 
width (FWHM) of 6.6 nm (see Figure 2a). Assuming a sech2-
shaped pulse, this corresponds to ~95 fs pulse width (FHWM) 
as can be deduced from the autocorrelation measurement in 

Figure 2: a) Spectrum of the modelocked alexandrite laser. b) Auto-
correlation measurement and inset the beam profile. Taken from [3]

Figure 2b. The output power was 315 mW, corresponding to 

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 pump the crystal directly. This pro-
vides multiple benefits to other pumping setups currently in 
use, such as 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 al-
exandrite lasers pumped by red laser diodes has already 
been demonstrated [1]. SESAM modelocked operation of al-
exandrite, which is a method used for achieving ultrashort 
pulses in the femto- and picosecond range, has so far only 
been demonstrated using green pump light from expensive 
frequency-doubled solid-state lasers [2]. Diode-pumped fem-
tosecond alexandrite could become a cost-effective and ef-
ficient alternative to the currently widely used ti:sapphire 
lasers for generating ultrashort pulses in the near-infrared 
spectrum.

Experimental Setup
The experimental setup consists of a scientific setup of the 
diode-pumped alexandrite oscillator (see Figure 1 and an 
optical tweezer setup (Fig. 4a). The alexandrite oscillator is 
pumped by a fiberized output laser diode module with 5 W 
of nominal optical output. The cavity design was adapted 
from ti:sapphire oscillators by considering the upper state 
lifetime and emission cross-section of alexandrite. The crys-
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Fig. 5: Measurement of a 500 Hz sine wave current in a wire at ± 10 
A. The second and third harmonics are visible. The signal is recon-
structed from the seven synchronous individual sensors measure-
ments.

Conclusion
Using newly developed MTJs presenting low coercive fields, 
associated with the dedicated reading circuitry, a high-band-
width magnetic sensing element could be demonstrated 
achieving a high bandwidth (100 kHz to 1 MHz) with a noise 
as low as a 2 μT/√Hz, while offering a low power consump-
tion (< 25 μW) combined with nanoscale diameters (50 up to 
100 nm). Thanks to these dimensions, an array of multiple 
MTJs can now be fully considered, allowing the resolution to 
be lowered down by the square root of the number N of sens-
ing elements (∝ 1/√N). Such array of sensing units will then 
be mounted and connected on the described ring-shaped 
PCB of the current probe to create the complete current sens-
ing probe, offering both high-bandwidth and low noise per-
formance. However, further different improvements are still 
required to obtain a lower noise, almost exclusively induced 
by the stochasticity of MTJs in the reversal events.
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Fig. 3: Ring-shaped PCB containing seven sensing units with a main 
microcontroller. The primary current conductor is placed at the cen-
ter of the device.

Results
Using the presented STT-MTJs combined with the condition-
ing electronics, sensitivities of the devices could be mea-
sured (i.e., output characteristics), up to 5 mV/mT with noise 
level as low as 2 to 5 µT/√Hz on a single MTJ presenting nomi-
nal diameter ranging from 50 to 100 nm (Fig. 4). Further tests 
and analysis are being conducted to assess the different ways 
of optimizing the electronics and the stack of the junction 
to enhance the performance of these sensing elements (i.e., 
reduce the noise and increase the dynamic range).

Fig. 4: Output characteristics of the proposed conditioning electron-
ics of a single MTJ.

Due to technological challenges to combine MTJs with the 
electronics at this stage of the project, MTJ-arrays were re-
placed with commercially available sensors (TMR sensors) 
as reference. Finally, measurements, performed at Camille 
Bauer Metrawatt facility, using the ring-shape PCB also 
showed successful results and working principle, by allow-
ing the detection of an ac current through a wire, positioned 
at the centre of the device (Fig. 5). Current consumption, 
when considering the sensing element only, remains typi-
cally in the µW range, making such technology significantly 
low power in comparison to existing technologies. This also 
makes the prototype and MTJs compatible for future arrays 
of multiple junctions, as the total power consumption of 
such array will remain in the order of 1-5 mW, easily man-
ageable in an integrated circuit. Typical dynamic range of 
such sensing devices are between ± 8 mT to ± 30 mT. How-
ever, these MTJs present a offset field that needs to be fur-
ther investigated.

ers combined with resistors, diodes and capacitors, making 
the design fully compatible with future CMOS monolithic 
integration. Since these MTJs were originally designed for 
memory applications, they remain also fully compatible 
with CMOS standard processes.

Fig. 2: Conditioning electronics for the magnetic sensing of STT-
MTJs.

On the other hand, the signal processing electronics consists 
in multiple larger sensing units, embedding microcontrol-
lers and memories, each capable of handling the measure-
ment of a sensing unit, creating the complete current probe 
prototype (Fig. 3). Each unit can measure the MTJs at a sam-
pling frequency of 250 kHz, offering a bandwidth of up to 
125 kHz, with synchronous measurements through all the 
other units. This results in seven synchronous data point 
from multiple sensing units, each of them resulting from 
an array of MTJs, allowing the noise to be substantially low-
ered. The eighth controller is in charge of reading and con-
trolling the entire system and does not include the eighth 
sensing unit at the moment. Consecutive sample points are 
then stored until the embedded memory of the microcon-
trollers is completely full, then quickly read-out, and sent 
to the computer for more advanced signal processing and 
analysis (e.g., FFT, averaging or digital filtering). The output 
of the entire system is therefore a single reconstructed sig-
nal proportional to the external field (i.e., current) with low 
noise and high bandwidth, allowing the assessment of high 
harmonics in the monitored power network.

Introduction
The measurement of electrical current at a high-frequency 
and low noise have recently received new quality standard 
requirements (e.g., IEC62020-1), requiring the measurement 
of high-frequency harmonics in electrical currents networks 
above 100 kHz. This becomes challenging to achieve with ex-
isting technologies. To overcome these difficulties the Nano-
HighSens project targets the use of new nanoscale devices 
called spin transfer torque magnetic tunnel junctions (STT-
MTJs) as nanoscale magnetic sensors combining both high 
bandwidth as well as high resolution.

Magnetic Tunnel Junctions
The innovative principle of using STT-MTJs as magnetic 
sensing units relies in the fact that the switching voltages 
are proportional to the external field. A low amplitude (± 
350 to 400 mV) triangular voltage signal at high frequency 
is then applied across the MTJ, typically at a frequency of 
100 kHz and above, leading to periodical reversal of the 
magnetization of the storage/free layer [1]. These reversals 
of the magnetization lead to a change in the resistance of 
the device, alternating from low resistive state to high resis-
tive state and inversely. Such alternating behaviour between 
the two resistive states, combined with the proper dedicated 
electronics, results in a signal proportional to the external 
magnetic field [2] (Fig. 1).f

Fig. 1: STT-MTJ magnetic sensing principle.

Electronics and Signal Processing Platform
Dedicated conditioning electronics have been developed, in-
cluding the MTJ reading electronics and a ring-shaped PCB 
(printed circuit board), for the measurements of multiple 
sensing units.
The conditioning electronics includes all the required analog 
hardware circuitry to operate the MTJ and to output a signal 
proportional to the magnetic field, as depicted in Fig. 2. This 
electronic circuit is based exclusively on operational amplifi-
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ment observed in the experimental data, thus we believe we 
can tie the enhancement observed in the light intensity to 
an improved extraction efficiency.  

4) Inferring Brain activity using Machine Learning
The AI for Life Science team of CSEM has developed machine 
learning algorithms to achieve non-invasive, 3D localization 
of neuronal brain activity using MEG (magnetoencephalog-
raphy) sensors. To lay the foundation, we built a physical 
model that translates electromagnetic currents within the 
brain into their corresponding sensor readouts in the MEG 
system. This model allowed us to generate realistic simu-
lated data, enabling early progress without depending on 
actual sensor data while the next-generation MEG sensors 
are being developed. Building on this groundwork, we devel-
oped machine learning algorithms capable of interpreting 
sensor readouts to localize active regions of the brain cortex. 
Our approach explored a variety of advanced methods tai-
lored specifically to MEG data, including deep learning archi-
tectures such as Bidirectional Long Short-Term Memory net-
works (BiLSTMs) and Convolutional Neural Networks (CNNs), 
alongside specialized mathematical models. To validate our 
methods, we evaluated their performance using both sim-
ulated and semi-realistic datasets. The latter employed a 
"phantom head," a device equipped with magnetic dipoles 
to generate controlled, artificial brain signals, allowing for 
the precise knowledge of signal locations. Our benchmark-
ing showed that the top-performing approach was a mathe-
matical model called FLEX-MUSIC [2]. This algorithm, excels 
in identifying signal sources while accounting for spatially 
extended neuronal activity—a common feature in MEG data. 
These developments resulted in a computational pipeline to 
produce highly accurate 3D maps of brain activity, a crucial 
component in many downstream applications. For example, 
these tools could improve epilepsy detection, where precise 
localization of abnormal activity is critical, or functional 
brain mapping, supporting and improving our understand-
ing of the dynamics of our brain.

Conclusion
In order to develop a sensor compatible with MEG appli-
cation, we investigated different design approaches by 
simulation and measured qualitatively an enhancement of 
PL emission. Our findings in the computational analyses 
demonstrate that state-of-the-art machine learning algo-
rithms outperform currently used methods in reconstruct-
ing 3D brain activity maps with high fidelity. Looking ahead, 
these algorithms can be used to improve the signal-to-noise 
ratio of next-generation MEG sensors and enable precise, 
non-invasive analyses of brain activity. 
We also found that nanopatterning of the diamond surface 
can enhance the light extraction by up to 35%, but that the 
degree of enhancement or depression of the signal is highly 
dependent on the periodicity of the nanofeatures. Altogether 
we believe that we have successfully achieved the objectives 
of the QSBI project, by proving the applicability of the dif-
ferent concepts.  
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Fig, 2 (a) illustration 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) illustration 
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)  Optical characterization of the effect of nanopattern-
ing of the diamond surface
In the first phase PSI  developed an optical set-up  and test 
methodology which was used to assess the impact of nano 
patterning of the diamond surface [1]. In 2024 we evaluated a 
number of different designs, including heights of the nano-
pillars and explored the effects of the size of nanopillars and 
the photonic crystal lattice periodicity, defined by the pa-
rameter “a”.  The results are shown in Fig. 3.

Fig. 3. (a) intensity read-out of the lightemitted from the NV centers 
as a function of wavelength. (b) enhancement of the signal at 690 nm 
compared to a flat surface as a function of the periodicity a.  

As illustrated in Fig. 3.a a clear difference can be observed 
between nanopatterned and flat regions of the diamond sur-
face, in that particular image it appears brighter as more 
light escapes from the surface. Form figures 3.c and 3.b it 
can be observed that the degree of enhancement or depres-
sion of the collected NV signal compared to a flat surface 
strongly depends on the periodicity of the photonic crystal 
lattice. For the maximum wavelength around d690 nm and 
a fairly tight lattice with a periodicity of 225 nm we observe 
an enhancement of the collected signal of up to 35% - in line 
with the goals of the QSBI project. Whereas for larger lat-
tice spacings exceeding 300 nm we observe a reduction of 
the collected light compared to a flat surface. It is clear that 
nanopatterning can act as an important enhancement factor 
for improving the sensitivity of sensors based on NV centers 
in diamond.
What we could not establish from these results alone is 
whether the improved sensitivity stems from an improved 
activation efficiency (better at keeping the green laser light 
inside the structure to experience multiple passes within the 
diamond medium) or an improved extraction efficiency of 
the red light emitted from the NV centers. Most likely it is a 
combination of both factors.
To further elucidate the mechanisms behind the enhance-
ment PSI carried out simulations of the transmission of the 
periodic structures Maximum transmission occurred around 
240-250 nm periodicity, roughly similar to the peak enhance-

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%.

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 in-
tensity 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. 

Introduction
Our goal in the QSBI project was to develop a new genera-
tion of MEG system, combining quantum sensors (NV cen-
tres) and artificial intelligence (AI). Such systems would en-
able measurements of brain activity in noisy environments 
and may be integrated into nano-probes for brain or cardiac 
endoscopy. 
We focused on two key components. The first component 
is the development of a new quantum sensor based on op-
tically addressable atomic defects in diamond 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 enable measurements outside 
of magnetically shielded rooms. Further, the sensors could be 
mounted on a headcap and adjusted to patient’s head shape. 
However, the high refractive index of diamond, as well as the 
low absorption cross section of NV-centers means that get-
ting enough light out of the crystal is a challenge. The conver-
sion efficiency from excitation photons to detected readout 
photons is typically 1-3%. Ultimately this is one significant 
factor currently limiting sensitivity, and both excitation ef-
ficiency and photon collection efficiency needs to improve to 
reach the sensitivity needed to detect magnetic signals from 
the brain. 
The second key focus involved advancing AI algorithms to 
reconstruct 3D brain activity maps with high fidelity and 
robustness to noise. This task poses a significant challenge: 
decoding tiny (picotesla) brainwave signals from MEG data, 
despite interference from much larger ambient fields (mi-
cro-teslas) generated by the earth as well as environmental 
noise from nearby instrumentation and vehicles. To over-
come these challenges, we employ a two-step approach using 
machine learning. First, we enhance the signal quality using 
tailored algorithms to improve the signal-to-noise ratio of 
raw sensor data, delivering cleaner readouts for subsequent 
analysis. We then localize brain activity using advanced ma-
chine learning methods to decode the sensor signals and 
accurately localize their origins within the brain. Through 
benchmarking experiments, we systematically evaluate and 
identify the best-performing methods for achieving high fi-
delity and reliability in brain activity reconstruction.

Results & discussion
1) Design an optical assembly structure 
Qnami finished the design of a light collection system com-
patible with sensor packaging and miniaturization. The de-
sign 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 index 
of diamond ensures that the majority of the photolumines-
cence from the crystal is guided towards the 2 square fac-
ets. Second, contacted with one of the facets is a parabolic 

Project A18.07: QSBI (Paul Scherrer Institut, CSEM SA, Qnami AG, Muttenz)
Project Leader: K. Moselund 
Collaborators: S. Kim, J. Meirer, M. Munsch

Quantum sensors for brain imaging



80 81

might be due to the lack of high affinity binding but may also be due 
to poor cell membrane permeability or slow release of siRNA once 
the complex reaches the cytoplasm. 

Outlook 
Drug delivery of RNA-based therapeutic molecules remains 
a major challenge for the pharmaceutical industry. Pep-
tide-based shuttles hold promises to provide siRNA protec-
tion and targeting. We have established a robust engine to 
design, express, and purify such shuttles, combined with 
biophysical and in vitro cellular assays for structural and func-
tional characterization.  More data from more constructs are 
necessary to understand how eventually biophysical data 
could guide construct design in a way to achieve functional 
efficacy in cellular assays and ultimately in patients. 

Figure 5: Inhibition of cell proliferation by oncogene knock-down. 
SKOV-3 cells were plated at t= -24h before incubation with 4 siRNAs 
targeting different oncogenes (siRNA1-4) Phase contrast images were 
taken daily at 2 timepoints and cells counted automatically. While 
Lipofectamine (L) or siRNAs alone did not change cell growth com-
pared to untreated (UT) controls, L+siRNA1-4 mixtures significantly 
reduced proliferation (mean ± SEM , n=4)  
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This low “transfection efficiency” may be the main reason 
why we were not able to see any functional gene knock-
down efficiency using an oncogene-targeting siRNA aggre-
gated with the newer SmartCoat generation (“SC3” in Figure 
4). While lipofectamine-mediated siRNA transfections (“L” in 
Figure 4) consistently showed target knock-down of about 
80%, no significant knock-down was detected in the SC3-siR-
NA-treated SKOV-3 cell cultures. In fact, lipofectamine-trans-
fected siRNA could already induce similar knock-down levels 
at 5 nM concentrations, again about 30-fold lower than those 
necessary to detect any cell signals of labeled peptide con-
structs (compare Fig. 3). 

Figure 4: Target oncogene knock-down by siRNA incubated with 
standard lipofectamine (L) or newer generation SmartCoat (SC3). 
qPCR data was normalized to untransfected controls (UT) and shown 
as mean data from 2 biological and 3 technical replicates. SKOV-3 
cells were plated 24h prior to transfection, incubated with siRNA for 
5h in serum-free OptiMem conditions, then re-supplied with RPMI 
medium with serum for further 20h, lysed and processed for qPCR 
quantification. Similar data was obtained from experiments with 
48h incubation. 

Consequently, we could not observe any functional anti-pro-
liferative efficacy of SmartCoat-shuttled siRNA (Figure 5). For 
this experiment, we had to combine four different siRNAs 
targeting different oncogenes as single oncogene knock-
down was insufficient to reduce SKOV-3 growth rates. 

In summary, we generated peptidic siRNA shuttles combining mod-
ules for binding, protection and cell targeting. We have been able 
to improve structural and binding properties, as well as serum sta-
bility. Still, we have neither been able to reach binding affinities of 
published reference constructs (see e.g. Liu et al., 2014), nor could we 
show siRNA-mediated knock-down with our current construct. This 

Figure 3: Cell targeting of newer generation SmartCoat to SKOV-3 cells. Upper panels: Fluorescent signals from elGFP-tagged SmartCoats (named 
SC) at increasing concentrations after 24h incubation to cultured SKOV-3 cells. Lower panels: Super-imposed confocal images showing DAPI 
(blue; nuclei), phalloidin (red; f-actin in the cytoplasm) and SmartCoat (green) from same experiment as upper panel. Image size 0.12x0.12 mm.

chemical and biophysical properties, represented in a clear 
main peak in the SEC spectrum (Figure 2B), and exhibited 
significantly improved siRNA-binding affinity (Figure 2C). 
Notably, these carriers did not aggregate, as determined 
through dynamic light scattering and analytical gel filtra-
tion chromatography (not shown). Furthermore, Smart-
Coat-siRNA complexes were shown to stay associated in the 
presence of serum whereas naked siRNA rapidly degraded 
(data not shown). 

Figure 2: Newer-generation SmartCoats can be efficiently produced 
and purified (A), are monodisperse (B) and tightly bind siRNA (C).

Using a modified GFP-tagged SmartCoat construct, we could 
show in confocal imaging experiments that the peptide was 
able to attach to or enter SKOV-3 cells, an ovarian cancer cell 
line expressing specific surface markers that the SmartCoat 
construct targets (Figure 3). After 24 hours incubation, still 
quite high concentrations were needed to show SmartCoat 
signals in the majority of cells (Figure 3: upper panels for SC 
400 nM and 800 nM). Compared to standard in vitro transfec-
tion agents like lipofectamine, we estimated that we need 
about 30-fold higher concentrations when using our current 
constructs as siRNA shuttles. 

The challenge
The efficient and targeted delivery of nucleotide-based thera-
peutics (NBTs) to diseased cells remains an unresolved chal-
lenge. Small NBTs like antisense oligomers or siRNAs are 
rapidly degraded, do not readily penetrate biological barriers 
and can cause side-effects when accumulating in non-dis-
eased tissue. 
Development of improved SmartCoats 
Palto Therapeutics is developing a novel approach to over-
come these issues using so-called SmartCoatsTM which are 
protein-based carriers comprising modules for siRNA bind-
ing, protection, and targeting (Figure 1). The team therefore 
aimed to design and produce SmartCoats capable of binding 
to and protecting siRNA, targeting siRNAs to specific cancer 
cells where they release the siRNA into the cytoplasm for 
robust target gene knock-down.  

Figure 1: Chemically unmodified therapeutic siRNA (left) is encap-
sulated in a single protective layer that protects the RNA (middle, 
SmartCoatTM) and shuttles the RNA to specific surface epitopes on 
target cells (right).

In the first year, we generated three versions of peptidic 
siRNA binders with increasing complexity, developed bio-
physical assays like size exclusion chromatography (SEC), 
Fluorescence Polarization Anisotropy (FPA) and Dynamic 
Light Scattering (DLS) for molecular characterization, as well 
as functional experiments to show serum stability, cell tar-
geting, target gene knock-down and anti-proliferative effi-
cacy in cancer cell lines. 
The best of the three versions showed siRNA binding affinity 
of 150-300 nM which was far higher than anticipated. While 
the construct provided a decent siRNA serum stability, no 
target gene knock-down could be detected.  
Building up on results from the first year, we optimized the 
initial design of fusion protein constructs using in silico struc-
tural modeling. We incorporated additional siRNA-binding 
modules and improved the linker regions between these 
modules. The newer-generation SmartCoats showed a single 
band in the SDS-PAGE (Figure 2A), had more predictable bio-
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Fig. 3: Galvanostatic cycling performance at different current density 
of all-solid-state anode-less full cell using NCM811 as a cathode and 
2D Cu as anode (a) bare Cu and (b) 100 nm Ag/130 nm LiF coated Cu. 
(c) long cycling performance of the best coated Cu at 0.5 mA/cm2 and 
1 mAh/cm2. (d) SEM of the 3D Cu current collector. (e) Simulation of 
horizontal normal stress during charging at the interface between 
3D CC and solid electrolyte (red: tension; blue: compression).

Conclusions
As mentioned above, the 1st year of the BatCoat was very 
fruitful in acquiring scientific knowledge and technically 
very successful where most of the planned experiments have 
been performed without major problems. Moreover, all the 
challenges have been overcome thanks to the excellent col-
laborative efforts between PSI, FHNW and OM, and the regu-
lar meetings, discussions, and the exchanged ideas. 
For the 2nd year, PSI will further improve the electrochemical 
performance by additional optimization of the nucleation 
and barrier layers and evaluate them on the 3D CC. FHNW 
will finalize the strain and current density distribution sim-
ulation on the 3D CC and manufacture the best optimized 
3D CC morphology for the final electrochemical testing to 
achieve the exceptional KPIs. Lastly, knowledge transfer to 
OM regarding the best nucleation and barrier layers to be 
reproduced and optimized at large scale.    
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just dividing the current collector specific area by the cy-
cling current applied on the cathode. As a matter of fact, 
already a surface area around 1 m2/cm3 is enough to reduce 
the current density by a factor of 30. Finally, 3D CC is ex-
pected to help reducing the interface strain induced by the 
large volume change of the plated Li, and when is combined 
with a nanoscale nucleation and barrier layers coating, the 
Li wettability, surface diffusivity will improve and prevent 
the reactivity of the Li with the electrolyte which is essential 
to increase the coulombic efficiency of the plated/stripped Li 
and the cycle life.

BatCoat 1st year achievements 
The milestones of the 1st year have been achieved and some 
obtained results even outperformed the promised mile-
stones. A summary of the main achievements is presented in 
the Fig. 3. PSI explored and tested the nucleation and barrier 
layers on the 2D current collector (CC). From the first screen-
ing 100 nm Ag as a nucleation layer provided the best cycling 
performance in terms of critical current density achieving 
0.8 mA/cm2. When adding 130 nm LiF as barrier layer on top 
of the Ag the critical current density was doubled achiev-
ing 1.5 mA/cm2. Based on those promising results, a first 
full ASSB cell assembly were tested, composed of NCM811 
as cathodes, LPSCl as solid electrolyte combined either with 
(i) bare Cu (Fig 3.a) or (ii) 100 nm Ag/130 nm LiF deposited 
on Cu (Fig 3.b) as CCs. The cycling protocol of the cells was 
the following: progressive increase of the current density or 
also so-called cycling rate (C) from 0.075 mA/cm2 (C/20) up 
to 1.5 mA/cm2 (1C), and for each cycling rate, 3 cycles were 
performed. The cells were cycled in galvanostatic mode, (Fig 
3.a and 3.b) providing excellent capacity at C/20 rate between 
160 and 180 mAh/g. It is obvious that the cell with the bare 
Cu CC shorted at C/3 or at 0.5 mA/cm2 (Fig 3.a) while the cell 
with modified Cu surface with Ag and LiF (Fig 3.b) survived 
the 1C rate (1.5 mA/cm2) which is beyond the desirable KPIs 
(Table 1). Furthermore, the long cycling performance of the 
Ag/LiF modified Cu was tested at a current density of 0.5 mA/
cm2 and areal capacity of 1 mAh/cm2 presented in Fig 3.c. At 
those cycling conditions the cell survived 200 cycles before 
achieving 80% capacity retention which is also beyond the 
desirable KPIs (Table 1) in terms of areal capacity and num-
ber of cycles. Those achievements are the best reported up 
to this day, without yet optimization of the nucleation and 
barrier layers thicknesses and cathode surface coating. Thus, 
thanks to those results PSI has fully achieved the milestones 
promised for the 1st year. 
Moreover, FHNW succeed to manufacture a series of 3D Cu 
current collectors (CC) with sinusoidal shape (Fig 3.d), by em-
ploying pulsed laser surface structuring. Those 3D Cu CCs 
are currently under final optimization (e.g., improving sur-
face roughness, surface cleaning), afterward early next year 
will be sent to PSI for applying the Ag and LiF nucleation and 
barrier layers and for the electrochemical testing as well as 
for comparison with the results obtained on the 2D Cu CC. 
Additionally, FHNW performed simulation of the current 
density and strain distribution at the interface between 3D 
CC and the solid electrolyte (Fig 3.e).
Since the coating on Cu is not currently modeled in the sim-
ulation, this effect cannot be computationally captured now. 
However, computational modeling of the battery system is 
paramount in further optimization.[3] The coating therefore 
needs to be accounted for in the simulation; this shall be 
additionally undertaken by FHNW in the 2nd year.[4] 

Project goals 
We list below the major challenges to overcome for achiev-
ing the BatCoat KPIs (Exceptional according to in Table 1) 
considered as a minimum requirement of commercial bat-
tery for car industry: 
(i) Reduce the local current density at the anode, because 
higher current favors the Li dendrite growth. 
(ii) Suppress the formation of inactive Li caused by the plated 
Li reaction with the SE.
(iii) Mitigate the large volume change (~15 μm of Li equiv-
alent thickness) during plating and stripping leading to an 
important strain accumulation at the interface with the SE 
and causing cracks formation. 

Table 1: BatCoat technological key performance indicator (KPIs) 
target at different success levels. 

The novelty of BatCoat in addressing those challenges is the 
use of a 3D current collector with the appropriate coating of 
nucleation and barrier layers. This is the gap that Oerlikon 
Metco (OM) our industrial partner also would like to fill, by 
developing, and commercializing technical and economi-
cally compelling high throughput nucleation, and barrier 
coater thereby enabling the Gen 4 anode-less technology.

Fig. 2: BatCoat approaches to enable the anode-less concept for Gen4 
ASSBs. 1st by exploring the role of the CC morphology (2D vs. 3D), 2nd 
thin films nucleation and barrier layers and 3rd thin film deposition 
employed techniques. 

The 3D CC will help to reduce drastically the local current 
density which is proportional to the surface area. Fig. 2 
shows the local current density drop as a function of the 
surface area increase, using a very simplistic calculation by 

Project motivation
Following the EU approval of an effective ban on new fos-
sil-fuel cars from 2035, there is an urgent need to develop 
a safe, efficient and eco-friendly electric mobility solution. 
Recent investigations show that for both passenger cars and 
heavy-duty trucks, battery-powered vehicles are the most ef-
ficient solutions to achieve the targets of net zero CO2 emis-
sions.
However, the current generation 2 and 3 of Li-ion battery 
technology using graphite or silicon-graphite composite as 
an anode (Fig. 1) and liquid-based electrolyte cannot meet the 
user requirements in terms of range, price, safety and more 
importantly sovereign, and sustainable supply chain. There 
is a consensus, indicating that by replacing the conventional 
anodes with anode-less lithium metal batteries (AL-LMB)[1] 
in Gen4 cells, using solid electrolytes (SE)[2], and just Cu as 
anode current collector (CC) an energy density of 500 Wh/kg 
(Fig. 1) could be achieved, simultaneously reducing the cost 
to < 80-100 CHF/kWh at cell level with an improved safety. 
As a result, AL-LMB technology is considered the holy grail 
for rechargeable batteries. Yet, the current limitations to re-
alize AL-LMB cells are related to the ability to plate and strip 
metallic lithium for more than 500 cycles at an efficiency of 
more than 99%.
The BatCoat project aims to solve this challenge by using 
nanoscale functional layers (10 to 100 nm) deposited on the 
surface of the Cu CC to be tested in all-solid-state (ASSB) 
cells. First, a lithiophilic material called nucleation layer, 
is deposited directly on top of the Cu, allowing a uniform 
Li plating/stripping by improving the Li wettability. This 
is then followed by a second layer, having good ionic con-
ductivity but being electrically insulating, which acts as a 
barrier layer between deposited Li and the solid electrolyte, 
preventing them to react with each other (Fig 1). Finally, a 
three-dimensional (3D) Cu CC will be designed (Fig. 2) and 
optimized with aspect ratio features in the 100s of nm scale 
to reduce the local current density at high charging rates.     

Fig. 1: Energy density comparison of the AL-LMB with their predeces-
sor technologies, and sketch of the current Gen2, Gen3 compared 
to Gen4 cells. 
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Fig. 3: X-ray image of a phantom with tapered lead lines to determine 
the spatial resolution. The black numbers on top are an indication of 
the spatial separation of the besom lines below. (top) Image with the 
native 75 μm pixel pitch (bottom) Interpolated image with a virtual 
pixel pitch of 25 μm

Fig. 4 Histograms showing the distribution of pixel cluster sizes for 
300 keV electrons in both GaAs :Cr and silicon sensors. Each dataset 
consisted of ~ 5 ×105 clusters.
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Fig. 2: Photo of the mechanics for testing different detectors installed 
on the JEOL JEM F200 (S)TEM. 

Results

The results of the initial characterization with photons con-
firm the high quality and good uniformity of the GaAs:Cr 
sensors provided by DECTRIS. The relevant performance pa-
rameters such as the charge transport properties (μ×τ prod-
uct) of the electrons of 4×10-4 cm²/V meet or even exceed the 
values of state-of-the-art GaAs:Cr from other suppliers [5].
Interpolation tests with photons with GaAs  :Cr were suc-
cessful and the improvement in spatial resolution is clearly 
visible when comparing the imaging results measured at a 
microfocus X-ray tube (Fig. 3). The phantom is a lead besom 
consisting of 0.02 mm thick lead with open tapered lines 
transparent to X-ray photons. The upper part of Fig. 3 shows 
the image with the physical 75 μm pixel pitch while in the 
lower part the same image with a virtual pixel pitch of 25 
μm is seen. The Nyquist frequency is the spatial frequency 
above which aliasing sets in and it is 1/(2×pixel pitch) or 6.67 
lp per mm for a 75 μm pixel pitch. As predicted by theory, 
the besom lines cannot be resolved for spatial frequencies 
above the Nyquist frequency (indicated by black numbers 
above the besom), while for the virtual pixel pitch of 25 μm 
the resolution is clearly pushed to higher spatial frequencies 
above the physical Nyquist frequency.  

In addition to the work at PSI, GaAs:Cr and silicon sensors 
were installed on a TECNAI F30 TEM at the Johannes Guten-
berg University in Mainz to characterize their response to 
300 keV electrons. Comparing the sizes of the pixel clusters 
due to individual, isolated 300 keV electrons (Fig. 4), it can 
be seen that the size of the average pixel cluster for GaAs:Cr 
is over 30 % smaller than that of silicon.  

Fig. 1: Picture of a full GaAs:Cr module (8x4 cm²) mounted on eight 
JUNGFRAU readout chips.

One of the open research questions with GaAs:Cr is whether 
it is possible to make use of the defined charge spread within 
the sensor which results in different signal amplitudes in 
adjacent pixels depending (most dominantly) on the lateral 
absorption position of incident quanta (both photons and 
electrons). In silicon sensors it has been successfully demon-
strated that spatial resolutions of few microns can be ob-
tained via interpolation when using photons. However, the 
lateral scatter of high-energy electrons means that to local-
ize the entry point of electrons in silicon sensors requires ad-
vanced machine learning based methods [4]. If the reduced 
lateral scatter of electrons in GaAs:Cr means interpolation 
can be applied to localize  the electron entry point in GaAs-
:Cr sensor, then this would be far more computationally effi-
cient than current methods used with silicon sensors. 
However, CI detectors rely on short acquisition times when 
localizing incident electrons to be sure that the electron 
tracks are clearly separated in space, limiting their suitability 
for many experiments. The second part of the project will aim 
to transfer interpolation techniques to a SPC multiple energy 
thresholds to obtain an electron detector that combines high 
spatial resolution with their high count and frame rates.

Introduction
Hybrid pixel detectors (HPD) caused a revolution in photon 
science when they were first used at light sources almost 
two decades ago [1].  More recently, they have been widely 
adopted in electron microscopy for diffraction-based exper-
imental modalities thanks to their high dynamic range, fast 
frames rates (>kHz), and good radiation hardness compared 
to the current state-of-the-art CMOS cameras. However, their 
spatial resolution is limited by the multiple scattering of 
primary electrons in their thick (≥ 300 μm) silicon sensors, 
necessary to ensure their radiation hardness [2].  
The aim of this project is to replace the relatively light silicon 
sensors (atomic number Z=14) with heavier sensors, which 
have greater stopping power due to their increased electron 
density. Using such sensors should improve the image qual-
ity by reducing the range of incident electrons and there-
fore image blurring. Well understood high-Z sensor materi-
als are chromium-compensated GaAs (Z=31/33) and CdZnTe 
(Z=48/30/52). Another point that can negatively impact the 
detector efficiency is backscattering of the primary electron 
out of the sensor which probability increases for heavier el-
ements. GaAs:Cr is therefore a particularly promising sensor 
material as its average atomic number is sufficiently high to 
reduce the range of incident electrons but not so high as to 
cause a significant reduction in  detector efficiency due to 
increased  electron backscattering.  

Materials and Methods
Broadly speaking, there are two different categories of HPDs 
available: Charge-integrating (CI) and single photon count-
ing (SPC) readout chips. CI readout chips provide a precise 
measurement of the deposited energy per pixel, making it 
possible to clearly see how a single electron has deposited its 
energy along its trajectory in the sensor. This gives us precise 
information about the shape and length of the primary elec-
trons’ tracks. SPC readout chips increment a digital counter 
if the deposited energy in a single pixel exceeds a predefined 
energy threshold. If the energy threshold is properly set, sin-
gle photon counters operate effectively noise free and are 
capable of extremely high (> MHz) count rates. 
This project consists of two parts which are largely char-
acterized by the readout chip used: In the first stage of the 
project, GaAs:Cr sensors were bonded to the CI readout chip 
JUNGFRAU1.0 [3], which has a pixel size of 75 x 75 μm². 
During this phase, the sensors were initially characterized 
with photons to determine their detector properties and with 
electrons to study their charge release during the absorption 
process in detail (Fig. 1). To test the sensors’ response to elec-
trons with energies up to 200 keV, dedicated mechanics were 
constructed for installing devices on the JEOLJEMF200 (S)
TEM located at the Paul Scherrer Institut and operated by the 
University of Basel (Fig. 2).
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Fig. 3: SEM images of PET particles from Low intrinsic viscosity PET 
and bottle grade PET (B).

(PET46), and Humicola insolens cutinase (HiC). Those enzymes 
were immobilized and shielded using the synthetic strat-
egy shown in Fig. 2. Among the enzymes tested, Lip9 and 
PET46 yielded nanobiocatalysts with the highest activity re-
tention, reaching 100% after shielding. LCC was immobilized 
with 60% activity retention. Immobilization of HiC and CalB 
posed challenges, but approximately 30% activity retention 
was achieved for both enzymes. Despite these variations, 
HiC and LCC demonstrated the highest PET degradation effi-
ciency. Consequently, optimizations for immobilization and 
shielding were initially prioritized for the LCC enzyme, fol-
lowed by the HiC enzyme. Additionally, we investigated the 
incorporation of hydrophobic organosilica building blocks 
into the protective layer—namely octyl-, propyl-, and ben-
zyl-triethoxysilanes—to enhance interactions between na-
nobiocatalysts and hydrophobic PET materials, particularly 
PET foils. This approach aimed to further improve PET deg-
radation efficiency.
The next step involved conducting PET degradation tests 
using two types of PET substrates: PET particles with a di-
ameter of 70 nm (Fig. 3) and commercial PET foils. The PET 
particles were prepared by dissolving various PET materials 

Fig. 4: Production of TPA (A) and MHET (B) fragments of PET parti-
cles with soluble enzymes (FE), or enzymes shielded with TEOS and 
APTES (TA), CD-TES alpha-,beta-, and gamma-CD), benzylsilane (TB), 
propylsilane (TP), and octylsilane (TO).

in hexafluoropropanol, followed by precipitation in water to 
achieve the desired size.
PET particles' degradation was investigated by incubating 
PET nanoparticles with 2 U of biocatalysts (either soluble or 
shielded LCC enzymes) for 3 days at 50 °C in buffer (pH 8.0). 
The degradation efficiency was evaluated by quantifying the 
main degradation fragments—TPA, MHET, and BHET—us-
ing HPLC (Fig. 4). The results revealed that after 72 hours, 
alpha-CD- and gamma-CD-supported nanobiocatalysts out-
performed the soluble enzyme in total fragmentation (TPA 
and MHET), achieving a degradation level 15% higher than 
the soluble enzyme. The hydrophobic nanobiocatalysts (TB; 
shielded with benzylethoxy silane and TP; shielded with pro-
pylethoxy silane) demonstrated degradation efficacy compa-
rable to the soluble enzyme. A clear trend emerged across 
all biocatalyst types: TPA content increased steadily, while 
MHET content gradually decreased after the first 24 hours. 
This suggests that biocatalysts shifted to converting oligo-
mers into monomers after the initial phase of PET particle 

degradation, achieving an overall degradation of 80%. The 
termination of degradation may be attributed to retroinhi-
bition, wherein degradation fragments restrict substrate 
accessibility. Optimization efforts are ongoing to achieve 
complete PET degradation. Noteworthy is that activity reten-
tion studies showed that nanobiocatalysts maintained 70% 
of their initial activity after 5 days under degradation con-
ditions. They also retained full activity for 4 days of storage. 
The soluble enzyme was less stable with activity retention of 
60% after the same treatment.
We also studied PET foil degradation at different crystallinity 
levels (7% and 40%, as determined by differential scanning 
calorimetry). Foils were incubated with a soluble LCC en

Fig. 5: SEM micrographs of PET foils with 7% (A) and 40% (B) crystal-
linity after treatment with shielded LCC enzyme within a hydropho-
bic organosilica layer (TP).

zyme or TP nanobiocatalyst at 50 °C (Figure 5). HPLC analyses 
revealed that PET foils with 7% crystallinity were degraded 
equally well by both biocatalysts, achieving a degradation 
efficiency of 22% after 3 days. However, for PET foils with 40% 
crystallinity, significant differences were observed. The sol-
uble enzyme showed no measurable degradation, whereas 
the hydrophobic TP nanobiocatalyst exhibited significant 
degradation levels. This suggests that the enhanced interac-
tion between the nanobiocatalyst and the hydrophobic PET 
surface favors degradation. This is facilitated by nanobio-
catalyst tailored hydrophobic properties. The hydrophobic 
interaction between the nanobiocatalyst and PET foils was 
confirmed by SEM analysis after degradation, followed by 
thorough washing with water (Fig. 5). On 7 % crystalline foils, 
the affected and degraded areas were clearly visible. On 40  
% crystalline foil, the particles remained attached to the PET 
foil even after washing.
In summary, the first phase of NANOdePET allowed im-
proved PET degradation using nano-engineered enzymes. 
Work is underway to improve degradation rates and bench-
mark the technology with currently established methods. 
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Introduction
Despite growing public awareness and stricter policies, plas-
tic use continues to rise. Beyond significant fossil fuel con-
sumption and greenhouse gas emissions, plastics present a 
major environmental challenge. Low cost, lightweight, and 
excellent mechanical properties make polyethylene tere-
phthalate (PET) a polymer of choice for packaging applica-
tions. Industrialized countries recycle PET mechanically, 
but recycled materials' quality declines with every recycling 
round, limiting reuse. This highlights the need for better 
PET recycling solutions.

NANOdePET scope

The NANOdePET project builds upon INOFEA's propri-
etary enzyme protection technology, which encapsulates en-
zymes within a soft and porous organosilica layer [1]. This 
protective layer shields enzymes from chemical and physical 
stressors but also preserves their activity by allowing efficient 
substrate diffusion. Furthermore, it enables straightforward 
recovery and reuse of the nanobiocatalyst. A recent break-
through in this technology was the integration of an artifi-
cial chaperone building block, β-cyclodextrin (β-CD), into 
the protective layer [2]. This significantly improved enzyme 
stability under various conditions. In the NANOdePET proj-
ect—a collaboration between HLS, HT, and INOFEA—the 
primary objective is to further refine and advance the en-
zyme engineering approach to develop next-generation na-
nobiocatalysts designedspecifically to degrade PET materials 
into their monomeric components, namely terephthalic acid 
(TPA), mono(2-hydroxyethyl) terephthalate (MHET), and 
bis(2-hydroxyethyl) terephthalate (BHET). Beyond optimiz-
ing enzyme performance, the project seeks to benchmark this 
technology with current standard recycling methods.

Project A19.05: NANOdePET (FHNW Muttenz, FHNW Windisch, INOFEA AG, Muttenz)
Project Leader: P. Shahgaldian
Collaborators: M. Grob, R. Correro

Nanobiocatalysts for PET recycling

Fig. 1: Synthesis pathway of CD-based (alpha, beta, and gamma; n = 6, 
7, and 8, respectively) building block of the organosilica layer.

Results
To produce stable nanobiocatalysts capable of degrading 
PET, we first focused on improving the building blocks 
composing the protective layer. We further developed our 
chaperone-based engineering approach to simultaneously 
achieve high productivity, selectivity in reaction products, 
enzyme stability and recycling.  We produced a series of 
novel cyclodextrin derivatives bearing triethoxysilane build-
ing blocks (Fig. 1). To assess the effect of CD macrocycle size, 
we used alpha, beta, and gamma- derivatives composed of 6, 
7 and 8 glucose units, respectively. Native CDs were reacted 
with 3-isocyanatopropyl-tri-methoxysilane to yield CD-TES. 
Characterization results (1H NMR and elemental analysis) re-
vealed an average of 1.02, 1.23 and 1.08 substituents for alpha, 
beta, and gamma- CD, respectively.
Next, we selected five esterase enzymes known to have PET 
hydrolytic activity, namely leaf compost cutinase (LCC), Li-
pase 9 from the Bacillus genus (Lip9), Candida antarctica lipase 
B (CalB), hydrolase from Candidatus bathyarchaeota 

Fig. 2: Principle of enzyme protection with CD (shown in red) embedded in an organosilica layer. The amine functions introduced by the reac-
tion of bare silica particles (i) with aminopropyltriethoxysilane (APTES) are utilized to form imine bonds with glutaraldehyde (ii). Free aldehyde 
functions of this crosslinker further react with primary amine functions of lysine residues of the protein to covalently conjugate the protein 
on the surface of the particles (iii). The protective organosilica shield is grown using tetraethyl orthosilicate (TEOS), APTES and CD-TES (iv). The 
insert shows SEM images of a core SNP, and a shielded SNP obtained after immobilization and layer growth (step iv); scale bars represent 100 nm.
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Fig. 2: Electron diffraction images of protein crystals measured at the 
F200 electron microscope and picture showing the protein crystals 
(inset) prior to dimension optimization.
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ferred as [3]: one partner from academia (UniBas) and the 
other from industry (ELDICO Scientific, AG). The goal is to 
test protein nanocrystals on both 1) the ED-set-up of a JEOL 
F-200 Transmission Electron Microscope (TEM) located at the 
PSI, and 2) a dedicated Electron Diffractometer of radical 
new design (lens, stage, tilt, no distortion, cryo) belonging 
to the ELDICO industrial partner. ELDICO was the first com-
pany to produce commercially available devices that are ded-
icated to ED crystallography.

Since half a year, the role of the Nano-Argovia postdoc, expert 
in crystallography, has been to optimize crystals quality and 
dimensions for her ED -measurements at very high resolu-
tion and dataset collection on small proteins and later, phar-
maceutically relevant targets. First ED measurements have 
been conducted on the ED setup, based on a JEOL F-200 
Transmission Electron Microscope (TEM), that is owned by 
Basel University and housed in the BIO department of the 
PSI. Micron-sized crystals, achieving resolutions up to 1.6Å 
(X-ray diffraction data collected by us at the European Syn-
chrotron Research Facility, ESRF), were used for initial ED 
experiments with minimal basic preparation methods aimed 
at reducing the crystals size to sub-micron. The crystals dif-
fracted electrons to a higher resolution than X-rays, up to 1.2 
Å when assessed on the TEM (Fig 2). The next step towards 
collecting a complete dataset requires now the generation 
of optimized nanocrystal(s) in order to achieve a size of low 
hundreds of nanometers. However, many different improve-
ments will also be necessary at the electron microscope, 
tuning the electron beam shape, testing different energies, 
ensure a stable location of the sample, testing different detec-
tors and automatizing data collection. 

Summary and Outlook
ED has the potential to deliver diffraction signals at very 
high resolution, with enhanced contrast of  light elements 
- most importantly for hydrogen. In our consortium, we col-
laborate, exchange experience, and collect data from crys-
tals that may have to be precisely nano-shaped by the pri-
mary academic partner (PSI) using cryo- FIB milling. In the 
next phase, we will also engage with and acquire data from 
specific proteins of interest from the drug discovery indus-
trial partner LeadXpro, AG.
Monthly knowledge transfer is promoted by exchanges 
within the network from ED-measurements of protein nano-
crystals with electron microscopes to the electron diffrac-
tometer team and the pharma partner. This collaborative 
approach is aimed at broadening the expertise across both 
academia and industry, driving forward our understanding 
and capabilities in ED and protein crystallography in Swit-
zerland.
The postdoc G. Fiorini is being trained to independently 
acquire data on the JEOL F-200 at the PSI and is gaining 
experience on data collection and processing with other 
ED-devices from abroad. Partially disordered crystals will be 
scanned with a narrower parallel electron beam to tackle lo-
cal disorder and imperfections. 
SNI is thereby supporting forefront ED methods devel-
opment and research in structural biology, following the 
successful use of it in material science and small drug com-
pounds.

Fig. 1: Comparison of electron density from ED- and X-ray datasets 
recorded on lysozyme. Upper left : electron density of the catalytic 
site of lysozyme at a resolution of 1.2Å, obtained with microED 
(pdb-8E54). The yellow arrows highlight electron density that cor-
respond to a hydrogen atom. Lower left: the same view from a mea-
surement with X-ray diffraction (pdb- 1V7S) at a resolution of 1.14 Å. 
Right panel: highest resolution data until today (0.87 Å) obtained for 
lysozyme using microED (pdb-7SKW).

Beyond the ability to collect data on many small crystals, op-
timizing the settings for serial crystallography, another sig-
nificant advantage of 3D-ED is the high signal-to-noise ratio 
and the capability to detect hydrogen atoms [2-5]. Fig. 1 il-
lustrates a few published electron densities from X-ray ver-
sus ED data on lysozyme: the right panel displays density for 
hydrogen atoms from a lysozyme crystal, with a resolution 
reaching 0.87 Å.
Compared to the electron density of the 2Fo-Fc map ob-
tained with X-ray diffraction (lower left), which primarily 
displays the electron density around the larger atoms like 
carbon, oxygen, and nitrogen, the upper left panel shows 
additional electron density signals at the presumed hydro-
gen locations.

Challenging the ED method for proteins
The larger dimensions of proteins, as opposed to small mol-
ecules, makes the use of Electron Diffraction for protein 
structural studies challenging[2]. In addition, protein crys-
tals are fragile and need a cryo-environment. In the ProtE-
DinNanoxtals consortium, two out of the four partners are 
specializing in ED and already collaborators in the study re-

Introduction & aim
Hydrogen atoms and protons are crucial in biological chem-
ical reactions. However, visualizing them in proteins is chal-
lenging. Spectroscopy struggles due to background noise 
and difficulties in interpretations of spectroscopic shifts, 
X-ray and conventional electron crystallography need per-
fect microcrystals and do not reveal the exact positions of 
very light elements like the hydrogen atoms, and neutron 
crystallography requires large crystals. In this Nano-Argo-
via project, we aim to enhance electron diffraction (ED) for 
studying hydrogen roles in protein-ligand interactions, es-
pecially in important membrane proteins. A first milestone 
was reached with diffraction up to 1.2 Å.
Electron diffraction is ideal because electrons interact 
strongly with matter, offer a high signal-to-noise ratio, and 
scatter at hydrogen atoms effectively. ED was already em-
ployed in the 1970s, showcasing for the first time the seven 
tilted alpha-helices of the membrane protein bacteriorho-
dopsin within the purple membrane of archaebacteria at a 
resolution of 7Å [1]. Shortly thereafter, X-ray crystallography 
for proteins gained attraction, overshadowing ED. In con-
trast to ED, single particle electron microscopy has recently 
carved out a niche within structural biology for examining 
large macromolecular complex structures (https://www.ebi.
ac.uk/emdb/), and its usage has been growing for approxi-
mately the last decade. ED of organic compounds saw a re-
surgence since 2015 and is now widely utilized in chemistry 
and pharmacology for analyzing small compounds, espe-
cially active pharmaceutical ingredients [2].

State of the art of Electron Diffraction
With recent developments of detectors, sample preparation 
and general improvements in system and data collection 
pipelines [3], ED has been demonstrated at average resolu-
tion for a few small protein prototypes such as lysozyme and 
insulin [4, 5], paving the way for measurements on other pro-
tein targets. However, the challenge in protein structural de-
termination using 3D-ED lies in both optimizing the sample 
and the device. The crystals need to be thin enough, in the 
order of hundreds of nanometers, to reduce multiple scatter-
ing events [2]. On the other hand, many scientists and indus-
tries harvest already showers of tiny submicron crystals that 
are too small for X-ray diffraction. Especially for these very 
small crystals and to overcome beam damage and gaining a 
high resolution per frame, serial 3D-ED crystallography ap-
pears ideal [2].

Project A19.07: ProtEDinNanoxtals (Paul Scherrer Institut, University of Basel, ELDICO 
Scientific AG, Allschwil, and leadXpro AG, Villigen)
Project Leader: V. Panneels
Collaborators: G. Fiorini, R. Cheng, J.P. Abrahams, E. van Genderen, G. Steinfeld, M. Hennig
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hydrogen atoms in protein-ligand interactions 
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on the culture of osteogenic precursor cells to gain a first 
understanding of the osseointegration potential of these ma-
terials.

Fig. 5: Scanning electron microscope images of HGF-1 cells fixed after 
4 hours on zirconia with varying in yttria content.

In summary, our first-year results indicate a strong depen-
dence of surface topography on yttria content and process 
parameters, allowing to control the interface for cell or tis-
sue adhesion upon implantation. Combined, these results 
underpin our initial hypothesis that cell response can be 
controlled by distinct zirconia chemical composition and 
heat-treatment. This paves the way towards industrial trans-
lation of heat-treated zirconia implants and restorations to 
achieve tight hard and soft tissue adhesion. As main targets 
in 2025, we will investigate the immune response and fur-
ther exploit injection-molding as a new avenue for zirconia 
implant production, as this is currently the most promising 
technique to lower costs and increase efficiency. The applica-
bility of the “best” surface topography found in this project 
to injection-molded specimens will be targeted in the second 
year.
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 By characterizing the chemical, topographical, mechanical 
and crystallographic properties of the materials with the dif-
ferent surface treatments, we were able to gain an in-depth 
understanding of the effects of surface treatments and initial 
material composition on nanostructured zirconia surfaces. 
Specimens that were polished and subsequently heat-treated 
displayed a smooth surface with varying nanostructures (Sa 
in the range of ~5 to 15 nm) due to the re-appearance of the 
crystal grains (Fig. 3) as observed in atomic force microscope 
(AFM) images. A positive correlation was observed between 
grain size and yttria content, with increasing yttria concen-
trations yielding progressively larger grains.

Fig. 3: AFM images showing larger grain sizes for zirconia with 
higher yttria content. A) and B) are zirconia materials containing 3 
mol% yttria, while C) contains 4 mol% and D) 5 mol%.

By analyzing the crystal phase composition with X-ray dif-
fraction (XRD), a higher tetragonal phase (80%) was observed 
in 3 mol% yttria-doped zirconia, compared to 4 or 5 mol% 
yttria-doped zirconia (70%). The yttria-content as well as the 
different surface treatments also affected mechanical prop-
erties of the materials. When conducting scratch testing, 
chipping of the 4-5 mol% yttria materials occurred (Fig. 4), 
which was not observed on the other materials.

Fig. 4: Scanning electron microscope image of zirconia surfaces af-
ter scratch-testing, revealing chipping for the 5 mol% yttria material 
next to the scratch, while the 3 mol% material remained intact.

The polishing procedure increased biaxial flexural strength, 
while it was again slightly reduced after heat-treatment. 
Weibull analysis revealed that highest strength and reliabil-
ity is achieved for materials with 3 mol% yttria. Surprisingly, 
hardness HV1 was not affected by the yttria content and the 
heat-treatment. 
Subsequently, those surfaces were evaluated in cell culture 
using human gingival fibroblasts (HGF-1). Initial cell spread-
ing observed after 4 hours did not reveal contact guidance 
by the grain structure (Fig.  5). Ongoing experiments focus 

strength and significantly increase the final costs for zirco-
nia implants. Therefore, it is of high interest to simplify the 
production steps without loss of function and performance.
Zirconia is a polymorphic material as it appears in three 
crystal phases: monoclinic, tetragonal, and cubic. The pres-
ence of each crystal phase is mainly influenced by the par-
ticle size of the un-sintered material, thermal treatment 
and dopants added to the material. Crystal phases of zirco-
nia are metastable, therefore stress induction by thermal, 
hydrothermal or mechanical loading can result in sponta-
neous phase transformations [2]. The most common dopant 
used with zirconia in dentistry is yttria (Y2O3). The addition 
of 3 mol% yttria stabilizes zirconia mainly in the tetragonal 
phase. The addition of 4 mol% or 5 mol% to zirconia has been 
introduced to increase the grain size and thus the translu-
cency, and therefore improve the aesthetical appearance in 
the oral cavity. An increase in yttria concentration however 
reduces the tetragonal phase ratio and increases the cubic 
proportion, reducing strength. Additionally, the existing 
crystallographic phase also influences the nanostructure, 
which in turn affects the surface topography after heat treat-
ment: The growth of grains is equipping the material sur-
face with a defined nano- (20 nm) to microstructure (3 µm) 
without the need for hazardous treatment protocols. 

Fig. 2: Effect of polishing and heat-treatment on grain- and sur-
face-structure of zirconia. 

Controlling the surface topography and evaluate the effect 
on mechanical and biological properties is of high interest to 
find the optimal surface finish for zirconia and its wide ap-
plications in dentistry. Hence, the aim of the ZIRYT project 
is to understand the underlying mechanisms of how crystal-
linity, yttria dopant concentration and heat-treatment affect 
the nanostructure, and ultimately osteogenesis, soft tissue 
integration and immune reaction.
Within the first year of the ZIRYT project we produced disk-
shaped specimens out of four different zirconia materials 
with varying yttria contents. Three different surfaces were 
created by sintering, subsequent polishing, or polishing and 
heat-treatment (Fig. 2).

Nanostructures on zirconia dental implants
For dental and orthopaedic implants, titanium-based ma-
terials are considered gold standard with successful osse-
ointegration and minimal failure rates. Promising ceramic 
solutions have emerged to meet patient-specific demands 
for improved aesthetics or to avoid aversions to metallic im-
plants. Zirconia (ZrO2) is a high-strength oxide ceramic that 
is used as implant material as well as for patient-specific res-
torations on dental implants and natural teeth. 
Once inserted to the oral cavity, the material is in direct 
contact with human hard and soft tissue and exposed to 
thermal, (bio)chemical, and mechanical loads. This com-
plex environment imposes significant biological demands 
on the design of dental implant materials, with surfaces of 
zirconia to be structured to a) provide an ideal environment 
to promote cell growth and attachment of fibroblasts and 
keratinocytes in the gingival region, b) induce differentia-
tion of bone progenitor cells and facilitate osseointegration 
in the endosseous part without pronounced inflammatory 
response, and c) to potentially inhibit bacterial attachment 
along the entire implant surface (Fig. 1).

Fig. 1: The surface of zirconia dental implants is in direct contact 
with the bone and soft tissue, hence the material-cell interaction is 
crucial for long-term integration.

To achieve optimal biological interaction, major emphasis 
has been placed on the topographical surface characteris-
tics of ceramic implants. Traditional structuring approaches 
used by dental implant manufacturers are sandblasting, 
acid-etching, laser-ablation or by additive sintering of a ce-
ramic slurry  [1]. However, those production steps are haz-
ardous due to the high acid concentration and temperatures 
needed to etch zirconia, labor intense, reduce mechanical 
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Protein Partnerships
Protein-protein interactions in human thyroid epi-
thelial cells are visualized using an innovative flu-
orescence technique (BiFC) (green). This approach 
highlights the precise cellular localization of the 
interactions and emphasizes the dynamic com-
plexity of protein partnerships in mammalian 
cells, bridging the gap between nanotechnology 
and molecular biology. F-actin (red), DNA (blue).
(Image: Ahmed H.H.H. Mahmoud, Biozentrum 
University of Basel)
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