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Monitoring β-barrel membrane protein folding

Project P1304: Folding mechanisms of  β-barrel outer membrane proteins and their catalysis by natural 
holdases and foldases
Project Leader: S. Hiller and D. J. Müller
Collaborators: N. Ritzmann (SNI PhD Student), P. Rios Flores, T. Raschle, J. Thoma

β-barrel membrane proteins are essential functional com-
ponents of the outer membrane of Gram-negative bacteria, 
mitochondria and chloroplasts. Membrane proteins have 
highly interesting folding properties, since they fold in an 
external environ-ment that comprises hydrophobic and hy-
drophilic phases. The biogenesis of these outer membrane 
proteins (Omps) poses a complex biophysical challenge to 
the pro- and eukaryotic cell, because the Omps are synthe-
sized at locations distant from their target membrane. The 
overall essential biological function of Omp biogenesis is ac-
complished by molecular chaperones that pass the unfolded 
substrates from the ribosome to the destination membrane 
[1]. In the Gram-negative bacterium E. coli, the periplasmic 
chaperones SurA and Skp transport the substrate to the Bam 
complex, which folds and inserts them into the outer mem-
brane [2]. The in vitro and the in vivo folding mechanisms of 
β-barrel Omps from mitochondria or Gram-negative bacte-
ria are so far not understood at atomic resolution. The same 
polypeptide chains can refold in vitro in the absence of chap-
erones and other proteins, resulting in the same three-di-
mensional β-barrel structures. In this project, we employ 
structural biological and nanotechnological approaches to 
characterize the folding process of complex Omps at atomic 
resolution. In the following we report on recent papers, 
which we published since starting our project and thereaf-
ter provide an overview of the following challenges in this 
project. 

Monitoring Backbone Hydrogen Bond Formation
The three-dimensional structure of a β-barrel membrane 
protein is defined by backbone hydrogen bonds between 
adjacent strands. The biogenesis pathways of β-barrel mem-
brane proteins are essential, but the underlying mechanism 
is still unclear. To obtain insight into this process, we char-
acterized folding of the 8-stranded OmpX from E. coli as a 
model system and found that the residue-specific kinetics 
of interstrand hydrogen-bond formation are uniform in the 
entire β-barrel and synchronized to formation of the tertiary 
structure [3]. OmpX folding thus propagates via a long-lived 
conformational ensemble state in which all backbone amide 
protons engage in hydrogen bonds only transiently. Stable 
formation of the entire OmpX hydrogen bond network oc-
curs downhill of the rate-limiting transition state and thus 
appears cooperative on the overall folding time scale.

Chaperone Assisted Insertion and Folding
The correct insertion and folding of membrane proteins is 
essential to function in living cells. Whereas in living cells 
molecular chaperones increase the folding yields of soluble 
proteins by suppressing misfolding and aggregation, it is not 
understood how they modulate the insertion and folding of 
integral membrane proteins into membranes. To study this 
process, we used single-molecule force spectroscopy (SMFS) 

and NMR spectroscopy to characterize how periplasmic hol-
dase chaperones SurA and Skp shape the folding trajectory 
of the large β-barrel Omp FhuA from E. coli [4]. After having 
unfolded and extracted a single FhuA from the lipid mem-
brane by SMFS, we thus monitored how the unfolded poly-
peptide inserts and folds back into the membrane. The pres-
ence of either of the two periplasmic chaperones SurA or 
Skp prevented misfolding of FhuA by stabilizing a dynamic, 
unfolded state. Thereby SurA allowed the unfolded substrate 
to stepwise insert and fold the unfolded FhuA polypeptide 
towards its native structure.

 
Fig. 1 Folding pathways and free-energy landscape of FhuA recep-
tors. a) Insertion and folding pathways of FhuA in the absence of 
chaperones and in the presence of SurA (orange). Without chaper-
ones, the majority of unfolded FhuA receptors misfold. SurA stabi-
lizes the unfolded state of FhuA and promotes stepwise insertion 
and folding of β-hairpins in the lipid membrane. This stepwise in-
sertion of secondary structures proceeds until the receptor com-
pleted folding. b) Hypothetical folding free-energy landscape of 
FhuA in the presence of SurA. SurA (orange) is spatially excluded 
from the lipid membrane (blue). Each β-hairpin inserted into the 
lipid membrane is stabilized by a free-energy well. c) Modulation of 
the folding free-energy landscape by chaperones. The free-energy 
barriers separating the unfolded (U) from the misfolded (M) and 
folded (F) states, are determined from the observed folding proba-
bilities. Image taken from ref [4].

Directed Insertion of Membrane Proteins
To study whether we could apply the knowledge gained in 
this proposal and guide the insertion of membrane proteins, 
we engineered light-driven proton pumps having either a 
red (RFP) or green (GFP) fluorescent protein fused to its N- or 
C-terminus [5]. The hydrophilic fluorescent proteins allowed 
the directed insertion of proton pumps into liposomes and 
to select the liposomes depending on fluorescence. The 
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thus manufactured nanoreactors were used to generate pro-
ton gradients by light, which is a prerequisite to power a 
broad variety biomolecular processes [6]. In the future, this 
side project will enable to supply nanoscopic factories with 
energy and to translocate polypeptides or other molecules 
across membranes.

Maltoporin Unfolding Pathways
The next challenge in this project was to study whether 
Omps generally unfold and fold similarly to FhuA. We hence 
first unfolded maltoporin LamB from E. coli by SMFS [7]. It 
was observed that also maltoporin stepwise unfolds β-hair-
pins until the β-barrel has been completely unfolded and ex-
tracted from the membrane. Thereby the folding probability 
of a β-hairpin was found to be correlated to its mechanical 
stability. The study was fundamental to characterize at later 
stage the insertion and folding of other Omps by BAM.

BamA Unfolding Pathways
The next challenge in this project was to characterize the 
unfolding pathways of BamA. These unfolding pathways 
can then later be used as fingerprint to study the folding of 
BamA. To approach as native as possible conditions for the 
unfolding and later for the unfolding process we developed 
the utilization of outer membrane vesicles (OMVs) released 
from E. coli to study Omps in the native membrane environ-
ment [8]. Enriched in the native membrane of the OMV we 
characterize the assembly, folding, and structure of OmpG, 
FhuA, Tsx, and BamA. Comparing Omps in OMVs to those 
reconstituted into artificial lipid membranes, we observe dif-
ferent unfolding pathways for some Omps. The observation 
highlights the importance of the native membrane environ-
ment to maintain the native structure and function relation-
ship of Omps. 
Next we studied the unfolding pathways of BamA in OMV in 
detail [9]. It was observed that the core component of BamA 
adopts several conformations, which are thought to facili-
tate the insertion and folding of β barrel proteins into the 
bacterial outer membrane. Which factors alter the stability 
of these conformations remains to be quantified. We thus 
applied SMFS to characterize the mechanical properties of 
BamA from E. coli. In contrast to the N-terminal periplasmic 
polypeptide-transport-associated (POTRA) domains, it was 
found that the C-terminal transmembrane β-barrel domain 
of BamA is mechanically much more stable. Exposed to me-
chanical stress this β-barrel stepwise unfolds β-hairpins un-
til unfolding has been completed. Thereby, the mechanical 
stabilities of β-barrel and β-hairpins are modulated by the 
POTRA domains, the membrane composition and the ex-
tracellular lid closing the β-barrel. We anticipate that these 
differences in stability, which are caused by factors contrib-
uting to BAM function, promote conformations of the BamA 
β-barrel required to insert and fold outer membrane pro-
teins.
In a concluding project, to better understand the struc-
ture-function relationship of BamA, we monitored how the 
natural antibiotic compound darobactin inhibits BamA by 
dynamic single-molecule force spectroscopy (SMFS) [10]. The 
data quantifies how the antibiotic darobactin modulates the 
mechanical, kinetic, and energetic properties of the POTRA 
domains, the linker domain, and the β-hairpins of the trans-
membrane β-barrel of BamA. The the insights gained in this 
project are helpful to better understanding the insertion and 
folding mechanism of BamA and how these activities can be 
inhibited by novel antibiotics.
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Filming biological factories

Project P1503: Watching giant multienzymes at work using high-speed AFM 
Project Leader: T. Maier and R. H. Y. Lim
Collaborators: S. Singh (SNI PhD Student), Y. Sakiyama, F. Benning

Biological Factories are dynamic assemblies
Living organisms require numerous chemical reactions to 
transform nutrients into biological structures, and to main-
tain the dynamics of cells and organisms. Altogether these 
reactions build the metabolism of a cell. Most reactions re-
quire catalysis for efficient turnover and the principal cata-
lysts of cells are proteins known as enzymes. 
Simple enzymes carry a single active site. Freely diffusing 
substrates bind to the active site, are turned over, and re-
leased into the cellular environment. However, many met-
abolic pathways require more elaborate solution to prevent 
unwanted side reactions, to protect unstable or insoluble 
intermediates and to achieve the required specificity. Mul-
tienzymes address this problem by integrating two or more 
active sites into one enzyme combined with facilitated trans-
fer of intermediates between the active sites. Bringing active 
sites into spatial proximity is a simple method for improv-
ing substrate transfer, however, it doesn’t prevent substrates 
from diffusing away or from interacting with unwanted 
partners. Substrate tunneling through channels between 
two active sites fully abolishes such risks, but is not a versa-
tile solution to connect several active sites and to transport 
diverse intermediates. Substrate shuttling via specific carrier 
proteins, which covalently tether substrates, is the most ver-
satile option of protected substrate transfer. It is used in ace-
tyl-CoA carboxylase [1] to transfer a carboxy-group linked to 
biotin between just two active sites, or in fatty acid synthase 
[2] to shuttle growing intermediates between six active sites. 
We are studying the functional architecture of multien-
zymes by obtaining high-resolution structural snapshots by 
X-ray crystallography and cryo electron microscopy single 
particle analysis. However, analyzing the dynamic behavior 
of individual multienzyme molecules in solution and in cells 
is essential for understanding their function. We have suc-
cessfully employed high-speed atomic force microscopy to 
film individual molecules of fatty acid synthase with sub-sec-
ond frame rate to spatially resolve large conformational 
re-arrangements. Still, for a comprehensive analysis of mul-
tienzyme function, we further require to measure faster and 
more subtle events. An ideal and well-established technique 
for this purpose is single-molecule fluorescence microscopy. 
The key prerequisite for application of this method is to at-
tach fluorescent labels to a molecule of interest in defined 
positions and without interfering with function. Chemical 
methods of labeling are not suited for multienzymes, as they 
commonly interfere with function. 

Genetic code expansion for fluorescent labeling 
Genetic code expansion (GCE) for translational incorpora-
tion of unnatural amino acids (UAA) into proteins circum-
vents issues observed in chemical labeling. This method 
has been well established in bacterial systems and major 
advances have recently been made for more complex label-

ing schemes or higher efficiency in eukaryotic cells [3]. Still, 
successful labeling of giant multienzymes in eukaryotic cells 
is a major challenge. In this project we aim to establish tools 
and methods for efficient single- and dual-site labeling of 
multienzymes in human cell lines. 

Fig. 1: Approach for screening unnatural amino acid (UAA) in-
corporation. A. Plasmids pTEST (1) and UCAP (2) are transiently 
transfected into cells. pTEST codes for red fluorescent protein 
(RFP) and for green FP (GFP) with an engineered stop codon (3), 
UCAP produces an orthogonal tRNA-synthetase (4) and the cog-
nate tRNA suppressing a stop codon (5). After addition of UAA (6), 
the cellular machinery (7) incorporates the UAA in GFP (8), in 
response to the stop codon signal present on the GFP gene of pT-
EST.  B. RFP & GFP genes are expressed from the same promotor, 
so when no stop codon is present in the GFP gene, equal amounts 
of RFP and wild-type GFP are produced (1). When a stop codon 
signal is present in the GFP gene, in absence of either UAA or 
UCAP, no intact GFP is produced (2). When both UAA and UCAP 
are present (3 to 5), the relative amount of GFP produced with re-
spect to RFP provides a measure of the efficiency of any given UAA 
incorporation system.
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Earlier in this project, we have established an approach to 
screen UAA incorporation based on a collection of genetic 
tools for different tRNA synthetase/tRNA and UAAs combina-
tions (Fig. 1). We have implemented the screening procedure 
on an automated robotic setup to perform efficient screen-
ing to identify the best tRNA synthetase-tRNA-UAA combina-
tions for labeling different individual single sites in a protein 
target (Fig. 2).

Fig. 2: Automated screening and data analysis pipeline. Cells are 
grown in adherent culture (1). Liquid handling robot (2) is used 
for cell seeding in multi-well plates (3), transient transfection is 
performed manually (4). When cells start expressing fluorescent 
proteins (5), cells are automatically imaged daily for 3-5 days (6). 
Acquired images (7) are analyzed computationally (8). Quality con-
trol is performed manually on a subset of images (9). After 3-5 days 
(10), cells are lysed using liquid handling robot (11) and endpoint 
fluorescence is measured (12). Data generated from single-cell 
analysis) (13) and ensemble endpoint fluorescence (14) is statisti-
cally analyzed (15) with graphics generation (16).

Towards dual-site labeling in eukaryotes
We have validated the approach by screening for optimal UAA 
incorporation in different sites of GFP. This screen yielded 15 
conditions that provided more than 25% percent of the ex-
pression of wild-type (wt) GFP, while the baseline expectation 
was to obtain at least 10% of wt-GFP expression (Fig. 3). 

Fig. 3: Screening of unnatural amino acid incorporation efficiency 
of different genetic code expansion systems. 450 conditions were 
screened. 15 of those (on Y axis) provided higher than 25% incor-
poration efficiency. Colors represent different kinds of unnatural 
amino acids. Solid circles represent mean, boxplots the spread and 
median, and  diamonds individual values.

Encouraged by this success, we entered the final stage of 
establishing this UAA-labelling system, the screening for 
dual-site incorporation. We have selected successful com-
binations of genetic code expansion systems and insertion 
sites from the single-site insertion screen. Based on these 
conditions we have set up and run a large scale screen using 
an expansion of the screening procedure for single site inser-
tion. Substantial expression of dual-site labeled protein was 
observed, final data evaluation is currently ongoing. After 
completion of data evaluation and eventual validation ex-
periments we expect to publish the results and to make the 
full collection of tools and protocols available for re-use and 
further development in the scientific community.  
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Electron phase modulation with five-layer Boersch 
phase shifter device

Project P1505: A programmable e-beam shaper for diffractive imaging of biological structures at Å resolution 
Project Leader: S. Tsujino and J. P. Abrahams
Collaborator: P. Thakkar (SNI PhD Student)

Abstract
In our previous work, we reported on fabrication and 
demonstration of a three-layer Boersch phase shifter device 
in a transmission electron microscope. However, the anal-
ysis of experimental results showed parasitic crosstalk be-
tween neighboring phase shifting elements due to exposed 
contact wires. To minimize such effects, we further devel-
oped an improved device design and fabrication protocol, 
and after careful optimization, we successfully fabricated a 
Boersch device with top and bottom shielding electrodes – a 
five-layer Boersch phase shifter device on a suspended thin 
silicon nitride membrane. With the voltage-controlled elec-
tron-beam interference experiment performed in a transmis-
sion electron microscope, we demonstrate that our device is 
scalable for multiple such elements and is programmable for 
a sophisticated synthesis of electron waves in two- and three- 
dimensions for various applications in the field of electron 
microscopy.

Introduction
A Boersch phase shifter device can alter the phase of elec-
tron wavefront proportional to the applied voltage to the de-
vice. A hexagonal interference pattern is obtained in far-field 
with three-element Boersch phase shifter device when inci-
dent with a coherent electron wavefront. A bright central 
spot is formed by the constructive interference of three in-
phase electron beams. When a voltage corresponding to the 
π phase shift is applied to one of the phase shifter elements, 
the central spot of the interference pattern becomes dark 
due to destructive interference. We demonstrated the volt-
age-controlled three-electron-beam interference with three-
layer Boersch phase shifter device in our previous work [1]. 
In this work, we report on the upgrade on the fabrication 
of five-layer Boersch phase shifter device. We also discuss 
the experimental confirmation of significant suppression 
of electron beam deflection compared to the previously re-
ported results.

Fabrication of five-layer Boersch Phase Shifter Device
We fabricated the five-layer device in continuation to the 
three-layer Boersch device on a suspended low-stress 200-nm-
thin silicon nitride membrane. First, we fabricate the three-
layer Boersch device with a bottom shielding metal layer, 
silicon nitride insulating layer and the central ring elec-
trodes-metal layer [1] (Fig. 1a). After fabricating the three-cen-
tral ring electrodes, the sample is cleaned in oxygen plasma 
at about 100 W for about 10 min to remove solvent residues 
before further processing. In the following step, we spin-
coat ~220-nm-thin negative tone resist (HSQ). We pattern 
the HSQ resist with electron beam lithography. The exposed 
regions attain insulating properties like silicon dioxide and 
after development, the unexposed resist is washed away. Af-
ter few cycles of rinsing the sample in isopropanol and wa-

ter, the sample is ready for the last lithography step for the 
top shielding electrode. The top metal electrode is patterned 
in PMMA that covers the insulator layer and which is elec-
trically insulated from the central ring electrodes (Fig. 2c). 
The gold metal is evaporated on the developed PMMA resist. 
During the resist removal process in acetone, the unexposed 
PMMA is removed along with the metal on top of it, leav-
ing with the desired metal electrodes and we finally achieve 
the five-layer Boersch device with three-elements (see Fig. 1b 
(schematic) and Fig. 2b (fabricated device)).

Fig. 1: Schematic explaining the fabrication process steps for ra 
five-layer Boersch phase shifter device. The omitted steps 1-4 are 
for the fabrication of three-layer device that are explained in the 
published article [1]. a) shows the process steps to further fabri-
cate two more layers on top of the MIM device structure: Steps 
- 5. A 200-nm-thin negative e-beam resist HSQ is spin-coated on 
top of the three-layer device. The hatched region is exposed in an 
e-beam tool, 6. The exposed device is then developed removing the 
unexposed areas, 7. PMMA is spin-coated on top surface and the 
hatched areas are exposed in an e-beam tool, 8. The sample is de-
veloped removing the exposed resist. Gold metal layer is the evap-
orated on the developed resist, 9. The resist layer is then stripped 
off leaving the metal layer on the developed areas and removing 
elsewhere. b) A perspective view of the five-layer Boersch phase 
shifter device with three elements along with contact wires and a 
contact wire for grounding the top metal layer is shown. 
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Voltage-controlled three-beam Interference
The fabricated five-layer device is tested in a transmission 
electron microscope at an energy of 200 keV. We collect the 
far-field interference pattern of our device kept at sample 
position in the microscope. First, initial offset voltages are 
applied to each element to compensate for the probable in-
trinsic charging and achieve the reference constructive in-
terference pattern with the central bright spot (Fig. 3a). We 
then increase the voltage to only one phase shifting element 
to observe the destructive interference pattern correspond-
ing to π phase shift (Fig. 3b). For the five-layer device, we 
applied ~1.5 V voltage bias for π phase shift of the electron 
wave. The comparison of the relative position of the two 
cases (black circle in Fig. 3a and b) demonstrates that the 
beam deflection caused by the voltage bias to the phase shift-
ing element for π phase shift is suppressed in the five-layer 
device. This deflection was significant for the previously 
reported three-layer device. We also compared the experi-
mental results with the finite-element simulation model and 
found that both the results agree within 20% margin.

Fig. 3: Voltage-controlled three-beam interference of electrons for 
five-layer Boersch phase shifter elements. The voltages applied to 
the three-phase shifting elements are shown on the top-right corner 
of the images. a) shows the reference constructive interference pat-
tern with (0.8 V,0 V,1.0 V) voltage bias to the three elements and b) 
shows the destructive interference pattern with +1.5 V additional 
voltage bias to the phase shifting element 1 relative to the case a). 
The circle in the center is used as a reference to evaluate the beam 
deflection.

Conclusion
Multi-element Boersch phase shifter device with the five-
layer structure fabricated with scalable methods is demon-
strated. With the proposed MIMIM structure, the crosstalk 
between elements by parasitic beam deflection is mini-
mized. This is an important step forward to realize an ar-
ray of programmable phase shifter with many elements to 
arbitrary manipulate electron wavefront for aberration cor-
rection, massively parallel electron beam lithography, and 
novel imaging applications.
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Fig. 2: a) A false-colored optical image of the five-layer device. The square in the center is the silicon 
nitride membrane.  b) SEM image of the central part of the membrane showing top metal electrode 
layer (~80 µm big circle in bright gray). c) SEM image showing the contact wire in the central metal 
layer is insulated from the top metal layer.
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Optical enhancement in water-splitting photo-
electrodes with nanoparticles 

Project P1601: Optical plasmonic nanostructures for enhanced photochemistry
Project Leader: E. C. Constable and S. Fricke
Collaborators:  L. Driencourt (SNI PhD Student), B. Gallinet, C. E. Housecroft

The increased energy demand related to the economic 
growth and demographic explosion, and the current ecolog-
ical crisis poses a massive challenge. In addition to emitting 
CO2, fossil resources are not unlimited, and their extraction 
peak has already been or is soon to be reached. Therefore, 
they need progressively to be replaced. Sustainable, low 
carbon technologies for electricity production such as solar 
cells and wind turbines have significantly improved over the 
last years, but large-scale storage remains problematic with 
the current battery technologies, because of the increased 
system cost and large amounts of materials needed. Nuclear 
energy is carbon free but not sustainable, and a significant 
proportion of the waste remains radioactive for extremely 
long periods of time; appropriate storage is also essential. 
Hydrogen has a high potential as a solar fuel, in industries 
such as agriculture and metallurgy. Most hydrogen is cur-
rently generated with steam reforming of methane (gray hy-
drogen) which emits CO2. For this reason hydrogen cars have 
a similar carbon footprint as gasoline cars. This is because 
green hydrogen technologies (water electrolysis) are not yet 
competitive, because they suffer from high complexity and 
require significant amounts of noble metal catalysts. Real-
istic scenarios for the future of the world involve energetic 
efficiency, sustainability, and reduced consumption. There-
fore, we have investigated an approach to produce hydrogen 
from sunlight called photo-electrochemical water splitting 
that involves a simple, integrated system immersed in wa-
ter and we choose to use mostly earth abundant materials, 
cheap and not energy demanding to extract and transport.
Some metal oxide semiconductors such as hematite (α-Fe2O3) 
can be used to harvest the energy from sunlight and they are 
meeting the above criteria. The main challenge is their poor 
charge transport properties, making the light-to-electricity 
conversion extremely inefficient. This is also the reason 
those materials are not massively used in the semiconductor 
industry. Only charge carriers that are transported over very 
short distances can be extracted. On the other hand, a very 
thin layer absorbs light poorly limiting the efficiency. Thus, 
electrode morphologies which extremely small feature sizes 
(nm) and high surface to volume ratio have shown the high-
est performances. However, this is still limited to about 50% 
of the theoretical maximum (considering perfect below 
bandgap absorption and 100% internal quantum efficiency).
For this reason, we developed a multi-physics theoretical 
approach that models the performances of a single photo-
electrode and can be used to optimize the geometry [1]. We 
showed that this method can quantitatively be compared 
to experimental results. It can also be used to study other 
strategies to enhance the absorption in the active material, 
such as thin film effects (e.g using reflective films).  Several 
reported nanostructuring techniques rely on expensive and/
or non-scalable fabrication procedure. Therefore, we have 
investigated deposition of nanoparticles on metal oxide pho-

toelectrodes as an alternative or complementary approach 
to enhance light absorption in the active material, which 
can be achieved with cheap and up-scalable processes. It has 
been mostly reported for plasmonic nanoparticles, which 
are made of noble metals containing a lot of free electrons 
(Au, Ag, Cu). These free electrons can be resonantly coupled 
to incident light, at a wavelength much larger compared 
to the nanoparticle dimension in contrast to a classical an-
tenna. Plasmonic nanoparticles can confine high light inten-
sities at the nanoscale and are therefore interesting to study 
as an enhancement strategy. Noble metals are of course rare 
and expensive, however this is not the limiting factor if they 
are used in very small quantities. We investigated plasmonic 
nanoparticles for photoelectrode performances enhance-
ment by first validating the model experimentally and then 
unveiling the factor affecting the performances such as the 
choice of plasmonic material for a given active material, the 
illumination direction, position of nanoparticles with re-
spect to the active material, etc [1, 2]. 

Fig. 1: a) Scheme of a PEC tandem cell with a n-type and a p-type 
semiconductor and EG,n>EG,p. b) Some reported strategies to en-
hance the absorption in the active material.

 



9

Fig. 2: a) Simulations with our model (plain curves) are compared 
to experimental results (dashed curves) for the analysis of perfor-
mance enhancement by nanostructuring. Electric field distribution 
for a photoelectrode where plasmonic nanoparticles are deposited 
b) on  active material grains (BiVO4 ) and c) inside the grooves.

We concluded that gold is poorly efficient for optical en-
hancement compared to silver, in combination with he-
matite or bismuth vanadate. However, silver nanoparticles 
need to be protected from contact with water otherwise they 
rapidly oxidize in typical operating conditions. Core-shell sil-
ver nanoparticles cannot achieve comparable near field en-
hancements than nanoparticles without shell but can still 
enhance the active material absorption via interference ef-
fects from the light scattered by the nanoparticles. 
We have finally investigated the effect of high refractive in-
dex nanoparticles deposited on metal oxide electrodes [3]. 
High refractive index materials such as TiO2 and ZrO2 have 
the advantage of being much cheaper/chemically resistant 
than gold/silver. We showed experimentally that metal ox-
ide photoelectrodes decorated with TiO2 nanoparticles show 
enhanced performances under front illumination compared 
to bare photoelectrodes. It was suggested that high refrac-
tive index nanoparticles function as anti-reflective nano-
structures, increasing the amount of light reaching the ac-
tive material. In particular, the performance enhancement 
correlates strongly with the decrease in reflectance. The 
effect was experimentally demonstrated for hematite and 
bismuth vanadate (BiVO4) photoelectrodes, and simulation 
suggested that a constant enhancement, correlated with the 
decrease in reflectance, can be expected irrespective of the 
charge transport and electricity to fuel conversion proper-
ties of the bare electrode. 

 
Fig. 3: TiO2 nanoparticles deposited on a photoanode (here BiVO4 
/Co-Pi) can enhance the performances under front illumination by 
reducing the reflection losses.

The tools developed in this project are expected to improve 
the design of photoelectrodes based on nanostructuring and 
optical nanoparticles, with the goal of decreasing the cost of 
hydrogen produced.
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XMCD reveals magnetic frustration of spin and angu-
lar moments in Fe atom containing kagome networks

Project P1602: Self-assembly and magnetic order of 2D spin lattices on surfaces 
Project Leader: T. A. Jung and J. Dreiser
Collaborators: M. Heydari (SNI PhD Student), M. Hua, N. Lin

Geometrically frustrated magnets have been intensely stud-
ied in both theoretical and experimental efforts for the past 
decades [1,2]. Among different magnetic systems which 
show geometrical frustration, kagome antiferromagnets are 
known as promising systems to study magnetic frustration 
due to their smaller coordination number compared to e.g. 
triangular systems [3]. The small number of natural mate-
rials with kagome antiferromagnetic configurations has 
limited experimental studies of these system [4]. 2D-metal 
organic frameworks (2D-MOFs) offer a rich platform to en-
gineer kagome structure and have been shown to exhibit 
exotic magnetic phases. In this work we synthesize an iron 
based two dimensional metal organic network on Au(111).  
After characterizing the sample by scanning tunneling mi-
croscopy, we investigated its magnetic properties by means 
of X-ray absorption spectroscopy and X-ray magnetic circular 
dichroism. 
Two-component networks were prepared on Au(111) sub-
strates at room temperature under UHV conditions (p = 10-
10 mbar). Subsequent to deposition of benzenehexol and Fe, 
samples were annealed at T = 160°C for 10 min and character-
ized by room temperature scanning tunneling microscopy 
(Fig. 1a). In the specific example given, the coordination net-
work covered approximately 30% of the surface area.

Fig. 1: Morphology of the Fe-benzenehexol containing Kagome 
network. STM micrograph (T = 300 K) of the coordination network. 
(U = 1 V,  I = 100 pA)

Figure 2a shows the normalized X-ray absorption spectra 
(XAS) taken with circularly (+/-) polarized light at T = 2.5 K 
and B = 6.8 T at the Fe L2,3 edges. All spectra were recorded 
in total electron yield mode, and they were normalized to 
the difference between edge and pre-edge in the sum of the 
spectra with the two circular polarizations at the L3 edge. 

 

Fig. 2: XAS/XMCD spectra recorded at the Fe L2,3 edges with T 
= 2.5 K and B = 6.8 T. a) Circularly polarized X-ray absorption 
spectra, b) X-ray magnetic circular dichroism spectra all recorded 
in grazing angle and c) angle dependent X-ray magnetic circular 
dichroism spectra for the two incident angles of ϴ = 0° and 60°.

Both Fe absorption spectra as shown in figure 2a exhibit two 
absorption peaks at the Fe L3 edge with an energy difference 
of about 0.7 eV at 706.1 and 706.8 eV. Assigning the peaks to 
the specific transitions/oxidation states of the ions is not eas-
ily possible without proper simulations, because XAS spectra 
are highly dependent on changes in the ligand field. It is 
that spin-orbit and electron-electron interactions are of the 
same order of magnitude with ligand field effects for Fe and 
most of the transition metal ions. In the present case, earlier 
DFT work evidences the presence of Fe(II) in high spin (S=2) 
state [4].
X-ray magnetic circular dichroism (XMCD) for both normal 
and grazing incidence of the x-raysis shown in figure 2c. The 
very similar absorption spectra for the two different circu-
lar polarizations corresponds to a weak XMCD signal. This 
indicates a weak magnetic response of the system, which, 
according to the sum rule analysis (Table 1), suggests a small 
value for the total magnetic moment of the Fe atoms in the 
coordinated network of a fraction of a Bohr magneton for 
both normal and grazing incident angles. 

Table 1. Expectation values of orbital (Lz) and spin (Sz) angular 
momentum operators obtained from sum rule analysis of XMCD 
data at T = 2.5 K and H = 6.8 T.

θ	=	0	° θ	=	60	°

<Szeff>	[ℏ] 0.06 (0.1) 0.06 (0.1)

<Lz>	[ℏ] 0.02 (0.2) 0.05 (0.2)

<Lz/Szeff> 0.33 0.83

<M> [µB] 0.11	(o.3) 0.18	(0.3)
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The weak magnetic response of the Fe atoms on the surface 
can be explained by antiferromagnetic (AFM) coupling of the 
Fe atoms in the network and implies the frustration of a sig-
nificant share of the magnetic moments in the kagome lat-
tice. Another possibility is that the magnetic moments of the 
Fe atoms have slightly deviated from their staggered, AFM 
coupled configuration in favor of aligning with the magnetic 
field. This would be expected for a Fe-Fe exchange coupling 
of moderate strength, which is still largely dominating the 
Zeeman interaction.
XMCD recorded at grazing incidence angle (ϴ = 60°) plotted 
in (Fig. 2d) shows a considerable change in the peak shape 
compared to the one taken at normal incidence (ϴ = 0°). For 
grazing incidence, the spectra show a broadened peak with 
a shoulder at lower energy. The difference between normal 
and grazing incidence spectra is a manifestation of linear 
dichroism, which in turn can have a magnetic origin as well 
as a structural origin. 

Fig. 3. XMCD/XLD spectra recorded at grazing incidence at the Fe 
L2,3 edges and at T = 2.5 K. Field dependent a) XMCD signal and 
b) XLD signal.

Figure 3b shows x-ray linear dichroism spectra at the Fe L2,3 
edges, calculated by subtracting intensities of linear hori-
zontal and vertical polarized lights. The observation of the 
linear dichroism recorded at grazing incidence of the x-rays 
at the Fe L2,3 edges indicates an anisotropic charge distribu-
tion around the Fe atoms caused by the interaction of the 
Fe atoms with the benzenehexol ligands and the Au surface.
The field-dependent XMCD and XLD signals for three differ-
ent magnetic fields B =  0, 3.4 and 6.8 T has been shown in 
figure 3a and b respectively. The XMCD signal is increasing 
by applying a higher magnetic field, which is in agreement 
with expectation. At zero magnetic field (B = 0 T), there is vir-
tually no dichroism, indicating that the net Fe magnetic mo-
ment along the magnetic field direction is zero within the 
detection limit and there is no remanence. The XLD signal is 
independent of the magnetic field for all three B-values. This 
reflects the fact that the linear dichroism is originating from 
charge distribution anisotropy and does not have a magnetic 
origin.
In summary, we have synthesized an Fe-based 2D metal-or-
ganic framework with high spin configuration of Fe(II) at-
oms and characterized it using scanning tunneling micros-
copy. We have investigated its magnetic properties by means 
of XMCD and XLD show that even at a temperature of 2.5 
K, the system has a very weak magnetic response, much 
weaker than what is expected for free Fe(II) ions. We have 
also evaluated quantitatively the total magnetic moment in 
fractional value of a Bohr magneton per Fe atom using sum 
rule analysis. The low magnetic moment is assigned to the 
geometric frustration occurring in the kagome antiferro-
magnetic spin system.  
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Mesoscale dynamics of the nuclear pore complex 
transport channel

Project P1603: A mechano-optical microscope for studying force transduction in living cells
Project Leader: R. H. Y. Lim and E. Meyer
Collaborator:  T. Kozai (SNI PhD Student)

Introduction 
The nuclear pore complex (NPC) is the sole gateway between 
the cytoplasm and nucleus in eukaryotic cells. Each NPC 
possesses numerous intrinsically disordered proteins that 
contain Phe-Gly repeats (also termed FG nucleoporins or 
FG Nups) that regulate biomolecular exchange. Collectively, 
the FG Nups function as a permeability barrier within the 
central channel of the NPC. However, structural characteri-
zation of the NPC interior has remained challenging. Here, 
we have resolved the dynamic behavior of the permeability 
barrier inside the central channel of isolated S. cerevisiae 
NPCs at millisecond timescales by high-speed atomic force 
microscopy (HS-AFM). Importantly, HS-AFM serves to capture 
dynamic FG Nup behavior with 2-3 nm lateral and 0.15 nm 
vertical spatial resolution [1]. 

Structural characterization of isolated yeast NPCs 
The entire structure of the isolated yeast S. cerevisiae NPC 
has been determined at sub-nanometre precision [2]. How-
ever, the dynamic behavior of FG Nups within the NPC chan-
nel remains elusive. In collaboration with Prof. Mike Rout 
(Rockefeller University), we have now visualized FG Nup dy-
namics inside isolated yeast NPCs for the first time. HS-AFM 
reveals isolated NPCs without and with cargoes “caught” 
in transit (known as central plugs, or CP) [3] (Fig. 1a-d), as 
also verified by cryo-electron microscopy (cryo-EM). Corre-
sponding cross-sectional profiles reveal 8 protrusions that 
correspond eight distinct sub-complexes (or “spokes”) that 
enclose the central channel. Further analysis (Fig. 1e) shows 
that pore depths corresponds to the absence of presence of 
CPs (Fig. 1g). However, the diameter of the isolated NPC does 
not vary significantly between NPCs with and without CPs 
(Fig. 1f ). 

Resolving FG Nup dynamic behavior within NPCs
We next focused on resolving FG Nup behavior within the 
NPC central channel. In vacant NPCs, the FG Nups were ob-
served to dynamically and repeatedly extend into and retract 
from the pore interior (Fig. 2a). Nevertheless, the FG Nups oc-
casionally bound to each other and formed transient entan-
glements.	In	order	to	quantify	the	dynamics	of	the	FG	Nups	
within	the	NPC,	we	first	generated	kymographs	of	HS-AFM	
data	orientated	radially	around	the	central	axis	of	the	image	
(Fig.	2b).	The	kymographs	were	taken	at	intervals	of	one	pixel	
from	 the	 radius	 of	 0	 nm	 (Fig.	 2c).	 Second,	 autocorrelation	
functions	(ACF)	were	computed	from	the	kymographs	(Fig.	
2d),	averaged	and	assembled	into	a	single	plot	(Fig.	2e).	

Short or a lack of correlation suggest fast/random move-
ments, whereas long correlations suggest slow movements. 
Averaged ACF plots were fitted with exponential linear 
decay functions to estimate the average decay rates for all 
NPCs. The result of this analysis carried out over 17 NPCs is 

shown in figure 2f. This so-called onion map indicates that 
FG Nups dynamics is most rapid within the central region of 
the pore and slower near the periphery.

Fig. 1: Representative Cryo-EM (a-b) and HS-AFM (c-d) images 
of isolated NPCs without (a and c) and with (b and d) CPs (red 
triangles). Eight spokes (numbered) can be resolved from the cor-
responding cross-sectional profiles (black lines). Scale bars, 50 
nm. (e) NPC diameter was calculated by averaging over 4 different 
rotations (dashed-lines). Outer, peak-peak and inner diameters are 
given by o.d., pp.d. and i.d., respectively. Pore depth was measured 
from the NPC rim. These parameters correspond to the cross-sec-
tional profile shown on the right panel. (f and g) Dimensional anal-
ysis summary. 



13

Fig. 2: a) FG Nup dynamics within vacant NPCs. The white and 
red arrows point to individual FG Nups and entanglement, respec-
tively. Scale bar, 10 nm. b) Euclidean xy coordinate is assigned to 
each pixel placing the origin at the exact center of the image and 
the kymograph is taken along a circle with the center of the image. 
The circle has radius r and angle θ. c) Kymographs taken at differ-
ent radii at intervals of 1 pixel. The x- and y- axis represent time 
and radial angle, respectively. d) Autocorrelation function (ACF) 
maps computed from the kymographs. e) Reassembled ACF map 
after averaging over all ACF maps along the column. f) Averaged 
onion map of the decay rates estimated from all the reassembled 
ACF maps (n = 17).

Dynamic behavior of the central plug
Furthermore, we explored the dynamic behaviors of the CP 
and FG Nups within NPCs. FG Nups can be resolved in the 
non-obscured gaps between the CP and the NPC walls (Fig. 
3a). Interestingly, the FG Nups show to interact with the 
CP dynamically and intermittently. The averaged ACF plots 
show long correlations in the gaps between the center of 
the CP and the inner walls (Fig. 3b). As in figure 2f, the on-
ion map represents the decay rates averaged over the 9 NPC 
pores and indicates that the dynamics is faster in the central 
region and slower at the periphery (Fig. 3c). 

  

Fig. 3 a) Dynamic behavior of CP and FG Nups. The white, red 
and black arrows point to FG Nups, entanglement and central plug, 
respectively. Scale bar, 10 nm. b) Reassembled ACF map after aver-
aging over all ACF maps. c) Averaged onion map of the decay rates 
estimated from all the reassembled ACF maps (n = 9).

Summary
We have used HS-AFM to investigate the dynamic behavior 
of FG Nups within isolated yeast NPCs to reveal the molec-
ular basis of the NPC permeability barrier. These findings 
have been further substantiated by HS-AFM analysis of NPCs 
isolated from ΔFG mutant strains and Brownian dynamics 
(BD) simulations of the FG Nup dynamics in collaboration 
with Prof. Andrej Sali (UCSF) (data not shown).
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Hybrid biomimetic platforms based on amphiphilic 
block copolymers

Project P1604: Selective reconstitution of biomolecules in polymer-lipid membranes 
Project Leader: W. Meier and U. Pieles
Collaborator:  S. Di Leone (SNI PhD Student)

Introduction
Artificial membranes, as materials with biomimetic prop-
erties, can be applied in various fields, such as DNA se-
quencing, screening and bio-sensing [1]. The solvent-assisted 
method (SA) represents a straightforward method to pre-
pare lipid solid-supported membranes [2]. The SA method 
involves three basic steps: i) the deposition of amphiphilic 
molecules dissolved in a water-miscible organic solvent (e.g. 
ethanol, isopropanol) onto a solid surface, ii) the exchange 
of the organic phase into aqueous phase, which triggers the 
self-assembly process and iii) the planar membrane forma-
tion once the system reaches equilibrium. SA is versatile, 
rapid and allows for real-time monitoring. However, it has 
not yet been applied to create artificial membranes based 
on amphiphilic block-copolymers, which possess enhanced 
mechanical stability and chemical versatility compared to 
lipid- based membranes and bio-compatible properties. 
In the first part of this project, we applied the SA method 
for the first time on different amphiphilic di- and triblock 
poly(dimethylsiloxane)-block-poly(2-methyl-2-oxazoline) 
(PDMS-b-PMOXA) copolymers (Fig. 1). 

Fig. 1: Schematic representation of polymer membrane formation 
through SA method and selective combination with biomolecules 
for the development of bio-active surfaces.

We optimized the conditions to prepare polymer mem-
branes on a solid support. Then, we inserted into the polymer 
membrane a biotin end-group functionalization to improve 
the chemical versatility of the system. More specifically, 
the membrane is amenable to anchor biomolecules by the 
specific biotin/streptavidin interactions. An artificial metal-

lo-enzyme (ADAse) and a DNA strand were parallel combined 
with the polymer membranes to create a bio-active platform. 
To prove the accessibility of the ADAse after the anchoring, 
its catalytic activity was monitored over time [3]. 
The second part of the project focuses on the application 
of SA method on hybrid mixture for preparing hybrid sup-
ported membranes. The term hybrid in this case refers to 
the blending of PDMS-b-PMOXA copolymers and phos-
pholipids commonly found in cell membranes (e.g. 1,2-di-
hexadecanoyl-sn-glycero-3-phosphocholine (DPPC), 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 
Sphingomyelin (SM), and 1,2-dioleoyl-sn-glycero-3-phosphoe-
thanolamine-N-(glutaryl) (NGPE)). Poly(butylene ox-
ide)-block-poly(glycidol) (PBO-b-PG) was also employed for 
the preparation of polymer-lipid hybrid membranes, due to 
its higher hydrophilicity compared to PDMS-b-PMOXA. With 
this study we wanted to evaluate the determining factors for 
the formation of a hybrid membrane onto a solid support 
and then optimize the conditions for various polymer-lipid 
hybrid mixtures.

Materials and Methods
Quartz crystal microbalance with dissipation (QCM-D) was 
utilized to monitor the real-time kinetics of membrane for-
mation depending on concentration and polymer compo-
sition and then to estimate the membrane quality via BSA 
adsorption. Atomic force microscopy (AFM) and force spec-
troscopy (FS) were employed to characterize the morphol-
ogy and viscoelastic properties of polymer and hybrid mem-
branes. Fluorimetry was used to evaluate the activity of the 
enzymes after the combination with the membrane.

Result and discussion
QCM-D measurements showed that the SA method was able 
to form membranes when polymer of different PDMS block 
length were employed, and those membrane presented 
a thickness in accordance with the results reported in lit-
erature [4]. AFM and FS were crucial for determining the 
membranes morphology and mechanical properties. It was 
found that the membranes had high roughness due to the 
presence of island structures on the adlayer. Those islands 
represent inverted micelles and worm-like assembly embed-
ded in the polymer membrane matrix and characterized by 
a higher softness and dimension dependent from the PDMS 
block length. The anchoring of ADAse with the membrane 
was quantified with QCM-D and optimized in order to ob-
tain the maximum amount of enzyme. Then, we evaluated 
the catalytic activity of the enzyme after the combination, 
by observing the conversion of a coumarine substrate into 
a fluorescent species. In this specific case, we evaluated and 
compared the activity of two different ADAses: the wild type 
(WT) and the mutant (YR). The fluorescence that was de-
tected for either WT or YR, anchored on the polymer mem-
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brane, correlated well with the trends observed in solution. 
YR displayed a higher catalytic activity compared to wild type 
both in solution and when attached to the membrane. The 
values of the converted substrate after 48 hours for the exper-
iments reported was estimated at 5 and 7 ng for the YR mu-
tant (for the membrane- and in solution-ADAse respectively) 
compared to 2 and 4 ng for the wild type ADAse (Fig. 2).   

Fig. 2: Schematic representation of the ruthenium-cofactor (A) and 
deallylation reaction (B); bar chart of the substrate converted with 
the catalysis performed by the ADAse. Wild type (WT) and mutant 
(YR) ADAse over time comparison in bulk or attached onto func-
tional membrane (C). 

For the second part of the project, AFM characterization pro-
vided information on the hybrid membrane formation by 
SA method (Fig. 3). A comparison between a good quality 
membrane (high membrane coverage and clear phase sepa-
ration) and a poor-quality (defective-containing membrane) 
indicated significant differences in the morphological char-
acteristics and assembly for the two polymer-lipid mixtures. 
In PMOXA89-PDMS10:NGPE hybrid membranes a clear phase 
domain separation was visible, with darker areas represent-
ing clusters of lipids entrapped within a polymer matrix. On 
the contrary, when POPE was mixed with PDMS-PMOXA or 
PBO-PG block copolymers we observed defects and big pro-
trusions membrane components which in our case are the 
copolymer parts. We observed incomplete membrane for-
mation and presence of several islands or “fused vesicles” 
with height values between 15 and 30 nm. Thus, POPE is 
an insufficient candidate for the preparation of biomimetic 
membrane platforms via SA method.

Conclusions
The combination of artificial membranes with biomolecules 
has high potential for the development of bio-interfaces 
with desired properties, given by the specificity of the bio-
molecules. We applied for the first time the solvent-assisted 
method to PDMS-b-PMOXA diblock and triblock copolymers 
to form polymer porous membranes highly reproducible, re-
gardless of the hydrophobic block length or the structure of 
the polymer used. Polymer membranes obtained in this way 
present biocompatibility and good mechanical resistance, 
and can be employed as biomimetic platforms in different 
fields of application. In the first specific case, the biotin func-
tionalization of the polymer increased the versatility of the 
system. Then we extended the SA method on the preparation 
of solid-supported hybrid membranes composed of polymer 
and lipids. Particularly, we looked at lipid-polymer domain 
separation, average thickness and characteristic assemblies 
of the hybrid membrane. This takes us one-step further to-
wards the understanding of the molecular parameters and 
the appropriate conditions for the fabrication of advanced 
hybrid membranes with dual functionality with specificity 
for the lipidic and the polymeric domains.
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Smart peptide nanoparticles for efficient and safe 
gene therapy
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Introduction 
Gene delivery systems encounter several membrane barriers 
on their way to successful gene therapy. Hence, non-specific 
uptake, insufficient targeting, inability to escape endosomes, 
and inefficient nuclear delivery of non-viral delivery systems 
hinder their application [1,2]. As the nucleus is a key target in 
diseases derived from gene mutations, crossing the nuclear 
membrane is vital non-viral vectors need for delivering DNA 
to the final destination [1]. 
Nuclear localization signals (NLS) allow nuclear targeting 
of non-viral delivery systems and facilitate translocation of 
cargo through the nuclear pore complex (NPC). This mech-
anism involves complex formation of NLS with karyopher-
ins (kaps), predominantly kapβ and kapα which acts as 
import receptor for NLS and lead to multivalent binding 
interactions with phenylalanine-glycine-rich nucleoporins 
(FG-Nups).  Once the ternary import complex importin β/α/
NLS interact with the FG-repeats of Nups, nuclear transport 
occurs in a RanGTP-regulated manner [3]. 
To overcome cellular barriers and translocate therapeutic 
DNA to the nucleus, we developed a novel nuclear target-
ing platform based on the self-assembly of an amphiphilic 
peptide comprising an NLS. The NLS-peptide (Fig. 1) was 
produced by introducing KRKR residues at the amino-termi-
nus of HR)3gT, a recently reported nonNLS-peptide  [4]. To 
achieve self-assembled multicompartment micelles (MCMs) 
similar to those observed for nonNLS-peptide, we preserved 
the hydrophilic to hydrophobic weight ratio in the NLS-pep-
tide. 

Fig. 1: Sequences of the amphiphilic NLS-peptide and schematic 
representation of DNA entrapped in NLS multicompartment mi-
celles (NLS-MCMs).

Material and methods
NLS-peptide comprising 23 amino acids was synthesized on 
a rink amide resin, purified, and analysed by time-of-flight 
mass spectrometer (MALDI-TOF-MS) in the positive mode. 
The self-assembly of DNA loaded NLS-MCMs was achieved 
via the solvent exchange method [4]. 

To study nuclear translocation mechanism of NLS-MCMs, we 
measured the binding of Kapβ1•Kapα• NLS-MCM complexes 
to a phenylalanine-glycine-rich nucleoporin (FG-Nup)  layer 
on a sensor chip by surface plasmon resonance (SPR). To re-
veal the fate of MCMs inside the cell at the ultra-structural 
level, ultra-thin serial sections of cell pellets were examined 
by transmission electron microscopy. Moreover, cells treated 
with NLS-MCMs were examined by confocal microscopy and 
the intracellular fate of the platform statistically analyzed by 
Imaris software.

Results
SPR sensograms (Fig. 2) and consecutive langmuir iso-
therm analyses using a two-component fit  demonstrated 
that Kapα•Kapβ1•NLS-MCMs increased the maximal bind-
ing responses to Nup214 (Rmax1 and Rmax2) compared to 
standalone Kapα•Kapβ1 (Table 1). Notably, the binding of 
Kapα•Kapβ1•NLS-MCMs to Nup62 led to a much bigger in-
crease in the maximal binding responses.

Fig. 2: SPR sensograms resolve the binding interactions of 
Kapα•Kapβ•NLS-MCMs, Kapα•Kapβ1•nonNLS-MCMs, and stand-
alone Kapα•Kapβ1 to Nup214 and Nup62. 
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Table 1. Maximal SPR response signals and equilibrium dissoci-
ation constants of nanocarrier/karyopherin complexes binding to 
Nups.

To reveal the fate of NLS-MCMs inside the cell, ultra-thin 
serial sections of cell pellets were prepared from HeLa-GFP 
treated with NLS-MCMs, and investigated by electron micros-
copy (Fig 3). NLS-MCMs accumulated at the cytoplasmic face 
of the nuclear envelope, often in association with NPCs and 
localized inside the nucleus. 

Fig. 3: Ultra-structural localization of DNA-loaded NLS-MCMs  in 
cells. Electron micrographs reveal NLS-MCM accumulation at the 
nuclear envelope, associated with NPCs, and inside the nucleus. 
Scale bars, 1µm.

This data confirmed that KRKR residues function as NLS se-
quence and trigger the passage of NLS-MCMs through the 
nuclear pore complex into the nucleus. 
Next, we statistically evaluated the nuclear accumulation 
of NLS-MCMs by treating HeLa-GFP cells with fluorescently 
labeled 22nt ssDNA-loaded NLS-MCMs. After 24 h of incuba-
tion, multiple z-stacks of cells were recorded by confocal mi-
croscopy and used for 3D reconstruction (Fig. 4A). 
Subsequently, the number of NLS-MCMs associated with the 
nuclear membrane and inside the nuclei were determined 
(Fig. 4B). Statistical analysis revealed that there is a signifi-
cant difference in nuclear localization of DNA-loaded NLS-
MCMs compared to nonNLS-MCMs. The average number of 
DNA-loaded NLS-MCMs at the nuclear envelope and more 
importantly inside the nucleus was double the number of 
nonNLS-MCMs. Statistical analysis of MCMs in individual cell 
nuclei confirmed that NLS-MCMs move inside the nucleus 
over time. Our data suggest that NLS-MCMs are a promising 
platform for ferrying oligonucleotides to the nucleus.

Conclusion
We developed DNA-loaded peptidic nano assemblies to di-
rect DNA delivery to the cell nucleus. To this end, we inte-
grated KRKR amino acid residues as NLS targeting moieties 
in the design of the amphiphilic (KR)2(HR)2gT peptide. Our 
SPR results confirmed that Kapα•Kapβ1 authenticates and 
binds NLS-MCMs and thereby enables binding of the result-
ing complex to specific FG Nups in order to efficiently trans-
port particles through the NPC. Moreover, cellular studies 
demonstrated that KRKR residues are vital for trafficking 
multimicellar particles to the nucleus. The ease of produc-
ing peptide-based vectors through one-step self-assembly 

besides the propensity for nuclear translocation of cargo, 
makes our platform an attractive candidate for delivering 
diverse genetic payloads. 

Fig. 4: A) Imaris 3D reconstructions from multiple confocal sec-
tions of HeLa-GFP cells treated for 24 h with DNA-loaded NLS-
MCMs. NLS-MCMs are represented by red dots and the nuclear 
boundaries as green ‘surfaces’, based upon the fluorescence of the 
corresponding dyes. B) Statistical evaluation of NLS- compared 
to nonNLS-MCMs localized inside the nucleus and at the nuclear 
membrane after 24h by Imaris. Bars represent number of MCMs 
per nucleus.
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Understanding phonon propagation in 
nanodevices

Project P1607: Understanding and engineering of phonon propagation in nanodevices by employing ener-
gy resolved phonon emission and adsorption spectroscopy
Project Leader: I. Zardo and C. Schönenberger
Collaborators:  L. Gubser (SNI PhD Student)

Introduction
During the last few decades, research has improved our 
knowledge and control over electrons and photons, enabling 
impressing advances for electronic and optoelectronic ap-
plications. The same degree of control is still lacking for 
phonons. The ability to manipulate phonons and phonon 
transport on a quantum level would lead to full control over 
heat flow in nanodevices. This could be used in the form 
of phonon transistors [1] or is also proposed as a building 
block for logic gates [2]. The main issue so far is that no pho-
non detectors exist that are comparably efficient to those 
for electrons. This is mostly due to the discrepancy between 
thermal and electrical insulators. The effectiveness of charge 
detection is based on low loss capacitors, where current can 
be accumulated to a measurable amount. The availability of 
very good electrical conductors as well as insulators makes 
this possible. For heat transport (i.e. phonons) this is very dif-
ferent. The range of thermal conductivity is much narrower, 
providing no good thermal insulators.

The goal of the project is twofold. First, efficient phonon 
emitters and detectors have to be developed. Those can then 
be used to investigate and engineer phonon band structure. 
To realize this, the tunneling through a double quantum dot 
will be modulated using bottom gates or inbuilt barriers.

DQD phonon emitter/detector
The aim of this project is the realization of local phonon 
spectroscopy on the nanometer scale, using inelastic tunnel-
ing through the discrete energy levels of double quantum 
dots (DQD), converting electrons to phonons, or vice-versa, 
to investigate and thereby enable the engineering of phonon 
dispersions (Fig. 1). Inelastic tunneling takes place if the en-
ergy levels are detuned (ϵ1≠ϵ2). The electron will then tunnel 
through the DQD emitting/absorbing a particle (a photon or 
a phonon) able to account for the energy difference. When 
ϵ1>ϵ2, tunneling from QD1 to QD2 can only take place if such 
a particle is emitted. Hence, the device acts as a photon or 
phonon emitter (Fig. 1a). Analogously, when ϵ2>ϵ1, tunneling 
from QD1 to QD2 can only take place if a particle is simulta-
neously absorbed. The device now acts as a detector (Fig. 1b).

Within the scope of this project we focus on a single DQD, 
configured as a phonon detector. The upper detection limit 
for phonon energies is given by the charging energy of each 
QD. 

To move as close as possible to an ideal 1D system the diame-
ter of the NWs should be as small as possible, as long as they 
can still be used for low temperature measurements. For this 
reason, the group of Lucia Sorba (NCR Nano, Pisa) provided 
InAs NWs with a diameter of 40 nm.

Fig. 1: a) Schematic illustration of a phonon emitter and detector 
b) using a double quantum dot system. Driven by a finite applied 
bias inelastic tunneling between the dots is used to either generate 
or detect phonons. c) Schematic of the aimed at final device. In-
side the semiconducting nanowire (blue) two double quantum dots 
(light blue) are defined by local bottom gates (red). Phonons are 
then generated by an applied bias through source drain contacts 
(brown) in one DQD system, and detected by measuring the voltage 
in the second DQD system. 

Results
In order to perform phonon assisted transport experiments 
in a DQD, we have fabricated devices with implemented 
Joule heaters (Fig. 2). The heterostructure NW is electrically 
contacted by two Ti/Au electrodes (S/D), in order to enable 
electrical measurements of the DQD system. In addition to 
the S/D contacts, two side gates (SG1, SG2) and a Joule heater 
line are placed on opposite sides of the NW. Furthermore, we 
also fabricated devices covered by a HfO2 layer, employed to 
improve the thermal conductance between the Joule heater 
and DQD.

With these devices we could investigate the transport char-
acteristics of a DQD formed in InAs/InP heterostructure 
NWs. Due to the large confinement provided by the in-situ 
grown InP barrier segments, the DQD confinement is pre-
served up to ≈ 10 K. 

Figure 3a displays a DQD charge stability diagram at the 
(N,M) → (N+1, M+1) transition, where N(M) describes the 
number of electrons occupying the left (right) QD, ϵ the 
charge transfer axis, and Δ the detuning axis. Coloured ar-
eas indicate regions, where a net current may be driven by 
an external heat source. Here the system is heated using a 
Joule heater electrode, driving an electrical current through 
the NW through either phonon assisted transport (PAT) or 
the thermoelectric effect (TE).
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Fig. 2: False coloured SEM micrograph of a characteristic DQD 
device consisting of an InAs NW with three in-situ grown InP bar-
riers that are connected to metallic contacts (S/D). Two side gates 
(SG1/SG2) in combination with the global back gate (BG) are em-
ployed to tune the QD energy levels. A constricted metal line is used 
as a Joule heater in an effort to locally heat the DQD. The inset 
shows a TEM image of such a three barrier heterostructure NW. 
Two QDs form in the InAs segments (length s ≈ 17.5 nm) which are 
encapsulated by the InP barrier segments (length l1 ≈ 5.5 nm and l2 
≈ 6.8 nm), due to a conduction band offset between the materials of 
V0 ≈ 400 meV, as schematically overlaid on the TEM micrograph. 

In an effort to isolate inelastic transport across the DQD, all 
measurements were executed at zero bias across the device. 
Measurements of ISD for different Joule heating powers are 
displayed in figure 3d and e using a device covered by an 
ALD HfO2 layer. With the increased thermal conductance, a 
higher local phonon temperature (at the DQD region) is ex-
pected for similar heating powers. For the investigated triple 
point, as denoted by ϵ and Δ, signatures of TE transport are 
almost absent. The PAT signal for the indicated triple point 
in figure 3e shows almost a discontinuity along Δ, with sig-
nificant current only at large detuning values. This supports 
the importance of the excited state spectrum, modulating 
the PAT current, as the onset of PAT agrees well with excited 
state resonance, seen in bias spectroscopy measurement. 
We compared these measurements with those obtained 
with devices without HfO2 layer. By increasing the thermal 
conductance between the heater and the NW, thereby in-
creasing the local phonon bath temperature Tph, the heating 
power necessary to allow inelastic transport at Δ ≈ 1 meV 
reduces by more than one order of magnitude. This clear 
dependence on Tph within the NW DQD region clearly indi-
cates phonon absorption as the dominant inelastic process. 
To further investigate the dependence of PAT on the applied 
heating power, an additional device (without oxide layer) is 
measured for a larger range of heating powers. In the de-
tected ISD we observe a sharp increase for a specific heating 
power. We attributed this increase to a sort of resonance 
with the flattening of the dispersion of the acoustic phonon 
modes, related also to the decrease of the sound velocity for 
these modes. 

Outlook
Progressing the project to its next stage would include the 
departure from a broad phonon source. While a second DQD 
within the same NW would perform well as phonon emitter, 
operating it would require two metal electrodes in contact 
to the NW, within the path of any emitted phonon. Using a 
superlattice excited by a pulsed laser as phonon transducer 
seems the more convenient approach.

Fig. 3: Heat induced transport processes. a) Schematic illustrating 
heat induced current through the DQD system in absence of an ex-
ternal bias voltage, illustrated on a schematic of the DQD charge 
stability diagram at VSD = 0. The charge on the left (right) QD are 
denoted by N(M) within each charge domain. Current may be in-
duced through inelastic tunneling processes presenting themselves 
along the detuning axis Δ or through thermoelectric transport 
which presents itself along the DQD charging axis ϵ. b) Schematic 
illustration of inelastic transport along Δ, where the QD energy 
levels are symmetrically detuned from the electrochemical potential 
in source (drain) (μS(D)). Electron transport from the occupied lower 
level to the unoccupied higher level is facilitated by absorption of 
either a phonon or a photon with the energy Δ. Passing the triple 
point along Δ inverts the QD level detuning and the current direc-
tion. c) Schematic illustration of thermoelectric transport through 
the DQD due to a temperature gradient between S and D. Charge 
polarity reverses as the QD energy levels pass μS(D) along ϵ. d) PAT 
in a DQD device covered with HfO2. ISD as a function of the two side 
gates voltages (VSG1, VSG2) at a constant BG voltage of 0 V, TBath = 
1.7 K, and VSD = 0 for different Joule heating powers: d) no applied 
heating power and e) PH = 42 nW. 
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Subgap quantum interference effects in mono-layer 
semiconductors with superconducting contacts

Project P1701: Van der Waals 2D semiconductor nanostructures with superconducting contacts
Project Leader: A. Baumgartner and C. Schönenberger
Collaborators: M. Ramezani (SNI PhD Student), I. Correa Sampaio, K. Watanabe, T. Taniguchi

Introduction
The aim of this project is to establish two-dimensional lay-
ered semiconductors with superconducting contacts as a 
platform to investigate various new phenomena based on 
the interplay of superconducting electron pairing, electri-
cally tunable electron densities, large spin-orbit and elec-
tron-electron interactions, or unique bandstructures and 
band topologies. In addition, one might gain more control 
over phenomena like Cooper pair splitting for entanglement 
generation, coherent transport in quantum dots, or Majo-
rana bound states. Currently, one of the most promising 
examples of such layered semiconductors is molybdenum 
di-sulfide (MoS2) [1], for which we have recently developed 
superconducting MoRe vertical interconnect access (VIA) 
contacts with clear evidence of a superconducting energy 
gap and a weak to intermediate coupling strength between 
the superconductor and the semiconductor, which we exten-
sively characterised at cryogenic temperatures and in large 
magnetic fields [2].
In	this	reporting	period,	we	have	developed	superconducting	
contacts to InSe, another layered semiconductor, and have 
performed	 first	 optical	 experiments	 on	 single	 layer	 MoS2 
(both	not	shown	here).	In	addition,	we	have	significantly	im-
proved	 the	 contact	quality	 and	yield	 in	MoS2 electronic de-
vices,	which	now	allows	us	to	investigate	more	interesting	ef-
fects.	In	this	report	we	focus	on	quantum	interference	effects	
specific	to	such	superconductor	hybrid	structures.

Materials and Methods
Figure	1a	shows	an	optical	microscopy	 image	of	an	 investi-
gated	device.	The	basic	fabrication	technique	is	described	in	
Ref.	[2]	and	results	in	a	single	layer	MoS2	flake,	sandwiched	
between	 two	 hexagonal	 boron	 nitride	 (hBN)	 layers,	 with	 a	
multilayer	graphene	below	serving	as	a	backgate.	In	addition	
to	the	recipe	given	in	Ref.	[2],	we	take	special	care	to	avoid,	
and	in	the	worst	case	remove	metal	residues	from	the	lift-off	
procedure,	which	 results	 in	 a	 significantly	 improved	 repro-
ducibility	and	a	larger	yield	in	the	VIA	contacts.

We	have	characterized	this	and	similar	devices	in	a	dilution	
refrigerator	with	a	base	temperature	of	60	mK,	and	in	mag-
netic	 fields	 up	 to	 8	 T	 applied	 perpendicular	 to	 the	 sample	
plane. 

Results and discussion
Figure	 1b	 shows	 the	differential	 conductance	G12 measured 
between	contacts	1	and	2	as	a	function	of	the	bias	voltage	VSD, 
at	 the	backgate	voltage	VBG	=8	V,	while	figure	1c	shows	the	
conductance	in	a	colorscale	plot	as	a	function	of	VBG	and	VSD. 
Both	figures	show	a	strong	increase	in	G	for	e|VSD|>2.3	meV,	
which	corresponds	well	to	twice	the	superconducting	energy	
gap	Δ of MoRe [2]. In contrast to earlier experiments [2], 
this	finding	suggests	quasi-particle	tunneling	across	two	very	

similar	normal	metal	/	superconductor	 (N/S)	 interfaces,	 il-
lustrating	a	much	better	reproducibility	of	the	individual	VIA	
contact characteristics. Most importantly, in contrast to the 
previous	report,	we	do	not	find	Coulomb	blockade	character-
istics	anymore.	Here,	we	now	focus	on	quantum	interference	
phenomena	between	two	contacts	at	a	distance	of	~300	nm.	
In	figure	1c,	we	find	a	regular	pattern	of	narrow	resonances	
with	an	enhanced	conductance.	For	biases	much	larger	than	
2Δ/e,	these	resonances	can	be	well	understood	as	construc-
tive	interference	of	the	electron	wave	function	propagating	in	
opposite	directions	 in	a	cavity,	similar	 to	Fabry-Pérot	reso-
nances in optics, with a slope (not shown) consistent with an 
effective	mass	of	m*~0.6	mfree,	only	slightly	smaller	than	re-
ported	before	[1].	The	spacing	in	bias	between	the	resonances	
is	plotted	in	figure	1d	as	a	function	of	VBG, extracted in three 
bias	ranges,	two	for	|VSD|>2Δ/e	(red	and	blue),	and	one	for	
the	resonances	around	zero	bias	(black),	well	 in	the	subgap	
regime	 |VSD|<Δ/e.	 In	 spite	 of	 large	 variations,	we	find	 that	
the	average	spacing	at	low	bias	is	roughly	half	of	the	spacing	
at	large	biases.	In	a	single	particle	picture,	this	would	suggest	

Fig. 1: a) Optical microscopy image of a MoS2 monolayer flake 
(shape outlined by the dotted black lines), fully encapsulated by 
two hBN layers and contacted by MoRe vertical interconnect ac-
cess (VIA) contacts. b) Differential conductance G, measured in 
a two-terminal configuration between two contacts, plotted vs the 
bias voltage VSD at a backgate voltage VBG=8 V (position iii in Fig. 
1c). Clearly visible is an increase in G for |VSD|>2Δ/e. c) G vs VSD 
and VBG at B=0. The roman numerals indicate the gate voltages 
where the data in figure 2 were recorded. d) The spacing in bias 
between sequential resonances visible in Fig. 1c, plotted as a func-
tion of VBG as extracted in the indicated bias voltage ranges. The 
black symbols correspond to subgap resonances, the blue and red 
to biases larger than the superconducting energy gap.
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a	doubling	 of	 the	 cavity	 length	 for	 low	biases.	 This	 finding	
is easily understood if we assume that this cavity is coupled 
directly	to	one	superconducting	contact	and	that	the	incom-
ing	electrons	are	reflected	as	holes	in	an	Andreev	reflection	
(AR) process. The hole needs to traverse the cavity, too, and 
to	undergo	another	Andreev	reflection	into	an	electron,	be-
fore	 constructive	 interference	 can	 occur	 with	 the	 original	
electron	wave	function.	This	process	can	be	seen	as	doubling	
of	 the	 effective	 cavity	 length,	 or	 better	 as	 the	 formation	 of	
(non-interacting)	Andreev	bound	states	due	to	constructive	
interference of the electron and hole wave functions in the 
same	cavity	[3].

Fig. 2: a) Differential conductance G̅ averaged over a backgate 
voltage range of 0.4 V around VBG=7 V, plotted vs the bias VSD for 
a series of magnetic fields between zero and 4T. b)-d) G (not aver-
aged) vs VBG and B at the gate voltages indicated in figure 1c.

In	figure	2,	we	zoom	into	the	low-bias	regimes	and	find	that	
at	zero	magnetic	field,	the	conductance	shows	peaks	around	
|eVSD|~140	µeV,	clearly	not	related	to	the	energy	gap	of	bulk	
MoRe.	With	increasing	magnetic	fields,	these	peaks	seem	to	
split	in	energy,	with	two	peaks	merging	at	zero	bias	around	
B~2	T	to	form	a	single	maximum	that	“sticks”	to	VSD≈0	for	
an	extended	magnetic	field	 range.	As	 shown	 in	figure	2b-c,	
the	overall	field	dependence	is	relatively	independent	of	the	
gate	 voltage,	 reminiscent	of	 the	 strongly	debated	Majorana	
bound	states	[4].	In	our	case,	however,	we	can	resolve	a	large	
number of resonances that are modulated in amplitude, 
constituting	the	observed	broad	peaks.	The	individual	reso-
nances	 are	 clearly	not	 the	 same	 for	 different	 gate	 voltages.	
Similar	zero-bias	peaks	were	found	before	at	zero	magnetic	
field,	and	 later	 interpreted	as	 “reflectionless	 tunneling”	 [5],	
in which constructive interference of a multitude of poten-
tial	Andreev	processes	due	to	backscattering	at	disorder	near	
the	superconducting	contact	results	in	a	large	total	probabil-
ity	for	AR.	The	process	can	be	thought	of	as	an	electron/hole	
analogon	of	weak	localization,	which	enhances	the	Andreev	
reflection	at	 the	end	of	 the	cavity	near	 the	superconductor.	
This constructive interference is lost when a bias or an ex-
ternal	magnetic	field	are	applied	[5],	which	we	indeed	find	in	
InSe devices (not shown). In contrast, in MoS2,	we	find	the	
maximum	conductance	at	finite	biases	for	B=0,	and	zero-bias	
peaks	only	at	large	fields.	This	finding	we	tentatively	attribute	
to the spin-orbit split bandstructure in MoS2,	 in	analogy	 to	
weak	anti-localization,	in	which	a	strong	spin-orbit	coupling	
results	 in	 the	destructive	 interference	of	 the	single	electron	
spin	 wave	 function	 at	 zero	 magnetic	 fields,	 lifted	 with	 in-
creasing	fields.

In	 conclusion,	we	have	 further	 improved	 the	quality	 of	 the	
superconducting	contacts	to	MoS2, which allows us to inves-
tigate	non-interacting	Andreev	bound	states	due	to	Andreev	
reflection,	and	a	series	of	subgap	features,	most	prominently	
zero	bias	peaks	that	occur	around	magnetic	fields	of	2T,	rem-
iniscent	of	Majorana	bound	states	-	which,	however,	we	at-
tribute	to	reflectionless	tunneling	[5]	and	a	strong	spin-orbit	
interaction.
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A 3D nanofluidic device for rapid and multiplexed 
diagnosis: SARS-CoV-2 and Influenza antibody 
detection
Project P1702: Single organelle size sorting by a nanofluidic device 
Project Leader: Y. Ekinci and R. H. Y. Lim
Collaborators: T. Mortelmans (SNI PhD Student), X. Li, T. Braun

Research context
In 2019, a previously unknown pathogen, SARS-CoV2, in-
fected numerous people in Wuhan, China, giving rise to 
the severe respiratory syndrome COVID-19 and sending the 
world into a medical and economic crisis [1,2]. In various 
fields, research developments went ahead at an unprece-
dented rate and scale to develop scientific solutions to fight 
the pandemic. 
Currently, accurate diagnostic testing is primarily performed 
in a clinical setting, where either a nasal swab or blood sam-
ple is taken by a clinician and sent for further testing in a 
biosafety level 2 facility. Here, trained medical personnel 
characterizes the biospecimen mostly with respect to either 
COVID-19 related genetic material or COVID-19 associated an-
tibodies with a PCR or ELISA-test, respectively [3]. In light of 
this cumbersome procedure, there are clear benefits to the 
development of a device that can provide this information 
rapidly and cost-effectively without the need for specialized 
laboratories. The proposed sensor uses fluorescence as a 
readout mechanism, rendering it highly sensitive and, be-
cause of advances in mobile microscopy, could in the future 
be compatible with smartphone-based read-out systems [4]. 
This makes it applicable in resource-limited environments. 
Innovative testing solutions are even more needed taking 
into account that 30.8% of all COVID-19 infections are asymp-
tomatic [5] and previously commercialized lateral flow-based 
rapid tests have limited sensitivity and only provide binary 
information (yes/no) on a possible previous infection [6,7].

Results and discussion
To address the aforementioned shortcomings of alternative 
antibody tests, we introduce a three-dimensional (3D) nano-
fluidic sensor that can size-dependently immobilize nanopar-
ticles at predefined locations enabling pre-concentration and 
multiplexed detection of antibodies. The fabricated nanoflu-
idic device was designed to contain only passive capillary 
microfluidic components to control the fluid flow without 
the need for external loading mechanisms, such as syringe 
or pressure pumps. This makes the device easy in operation 
and versatile in applications. As a proof-of-principle experi-
ment to demonstrate the trapping capabilities of the device, 
a particle mixture consisting out of five different fluorescent 
polystyrene calibration grade particles was loaded into the 
device solely through capillary forces. Due to the 3D wedge 
profile in the device, particles are immobilized at different 
positions along the wedge depending on their size, giving 
rise to distinct trapping lines (Fig. 1). We show that it’s possi-
ble to trap particles down to sub-micron size ranges.  

As a next step, we have used the immobilization proper-
ties of our nanofluidic device to trap particles which were 
functionalized with the receptor binding domain of the 
spike-protein of SARS-CoV-2. Prior to device loading, these 

particles were firstly mixed with varying concentrations of 
anti-spike antibodies. These will bind to the spike protein 
on the bio-functionalized particles. To visualize this binding, 
we have added fluorescent detection antibodies. As such, the 
larger the bead’s fluorescence, the larger the concentration 
of SARS-CoV-2 antibodies on top of the beads’ surface. Here-
after, the particles were loaded into the 3D device and im-
aged with fluorescence microscopy (Fig. 2). It was seen that 
the fluorescence of the particles correlated very well with 
the concentration of anti-spike antibodies. It was estimated 
that the limit-of-detection (LOD) of the developed assay is 
0.8 nM. As a comparison, recent literature has shown that 
the average COVID-19 patient will produce between 9.6 – 28 
880 nM of this specific antibody, showing that the developed 
sensor operates within the relevant physiological concentra-
tions [8].

Fig. 1: Size-dependent particle trapping of fluorescent polystyrene 
calibration beads in a capillary-driven 3D nanofluidic device.  

It should be mentioned that the LOD experiments were per-
formed with immunoglobulin G-antibodies, which are rep-
resentative of the late-stage immune responses upon disease 
infection. However, during the early stages, the immune 
response is primarily dominated by antibodies of the im-
munoglobulin M sub-type. Therefore, it is of importance to 
perform concurrent detection of both antibody types. To do 
so, we have developed color-based multiplexed detection to 
enable detection of both antibody types on a single particle, 
while simultaneously evaluating device function with cali-
bration bead particles (Fig. 3).
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Fig. 2: Limit-of-detection of COVID-19 IgG antibodies in the nano-
fluidic device. 

Fig. 3: On-bead color multiplexed detection of different COVID-19 
antibody subtypes. The scale bar represents a length of 10 µm.

In addition to on-particle multiplexed detection of different 
antibody subtypes against the same disease, we have lev-
eraged the size-sorting properties of the device to perform 
disease-specific antibody detection on different particle sizes 
(results not shown). To do so, we have used smaller nanopar-
ticles which were functionalized with an Influenza A sur-
face protein. This disease is symptomatically very similar to 
COVID-19 but requires different treatment. It is therefore of 
importance to rapidly make the correct disease diagnosis to 
ensure proper patient care [9]. We have used these smaller 
particles in conjunction with the larger SARS-CoV-2 func-
tionalized particles to rapidly distinguish between antibody 
types in a proof-of-principle setting. 

In conclusion, we have introduced a novel and innovative 
approach towards multiplexed antibody and disease testing 
by using a unique 3D PMMA-based nanofluidic device. The 
presented results pave the way for the device to be applied in 
the point-of-care diagnostics setting, but also in the research 
lab setting where in-depth qualitative immunological char-
acterization of human serum is needed. For future research, 
we aim to make the device compatible with more complex 
bio-fluids, such as whole blood, to further increase its versa-
tility and applicability. Moreover, we aim to adapt the device 
operation principle to decrease the time needed for signal 
readout, while maintaining the same degree of specificity 
and sensitivity. Also, we plan to perform device fabrication 
in a foundry facility to increase its cost-effectiveness and 
scalability, enabling possible commercialization of the de-
veloped technology. 
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Engineering mechanical properties of protein 
binders

Project P1704: Evolving protease enzymes with new sequence specificity using peptide-hydrogel cell en-
capsulation
Project Leader: M. Nash and S. Reddy
Collaborator: J. López Morales (SNI PhD Student)

Rational design of proteins coupled to artificial directed evo-
lution can adjust the course of natural evolution to obtain 
the desired properties in a protein. Binding to targets of clin-
ical interest is one of the most needed properties. In this 
project, we selected a cell receptor called programmed death 
ligand 1 (PDL1 or CD274) as the bait to the engineered binder. 
This receptor is overexpressed in cells from different types 
of cancer and helps them to evade the immune system from 
eliminating spreading cancer cells [1]. PDL1 is an essential 
target for immunotherapy against aggressive cancers. The 
most important binders to PDL1 in such therapy are anti 
PDL1 antibodies. These, however, can suffer from induced 
dissociation from metastatic cancer cells if subjected to me-
chanical stresses in the bloodstream. Currently, there is no 
antibody or scaffold that can alleviate this need. 

Therefore, we are studying the evolvability of an alternative 
scaffold to develop mechanostable antibody mimics that 
bind to PDL1 under shear stress. These antibody mimics are 
based on a bacterial cohesin domain (Coh7) that is highly 
resistant to chemical, thermal and mechanical denaturing 
forces. We are rationally engineering the scaffold by a bio-
informatic- and biophysics-guided approach to select and 
engineer a pair of loops in Coh7 that is amenable to ran-
dom mutagenesis for a synthetic library of scaffolds with po-
tential binding to PDL1. As a first step, a Solvent Accessible 
Surface Area (SASA) scan was carried out through the crys-
tal structure of Coh7 (PDB ID: 1AOH) using a model sphere 
of water with a solvent radius = 1.4 Å on the ProtSA server 
[2]. The SASA of every residue was ranked across the whole 
protein sequence and focused on the loops across the pro-
tein structure (Fig. 1a). Four loops were selected and under-
went structural analysis. Two opposing loops in the same 
region of Coh7 were selected based on proximity. The loops 
are at least 6 AAs long and contain at least 5 highly SASA 
ranked residues. The residues 86GTGAY90 in Loop 6-7 and 
126NNDLV130 in Loop 8-9 create a cavity amenable to mu-
tagenesis and form overall a clamp-like surface that seems 
suitable for conferring binding ability (Fig. 1b).

Once the loops were selected and target residues were iden-
tified, a deeper analysis of the residues was applied to de-
termine the mutational tolerance of the scaffold. The anal-
ysis was run on the PredictSNP server, which is a consensus 
classifier of computational tools for predicting the effects of 
amino acid substitution. It predicts whether a particular sub-
stitution is neutral or deleterious for protein function based 
on various parameters derived from the evolutionary, physi-
cochemical, or structural characteristics [3].

The amino acid sequence of Coh7 WT was fed to the server, 
the 10 positions of interest in the identified loops were se-
lected and in silico mutated into all 20 available amino ac-

ids. A mutational tolerance scan was run on the consensus 
classifier PredictSNP server on the target residues in loops 1 
and 2. The mutational scanning heatmap shows deleterious 
mutations in red and neutral mutations in blue. In loop1, 
4/5 positions tolerate mutations well (except G88). Loop 2 is 
more sensitive to mutations, especially to hydrophobic res-
idues. 3 /5 positions tolerate mutations in Loop 2 (N126 and 
L129 are restrictive) (Fig. 1c). 

The second step of the construction of an AntiPDL1 binder is 
to analyze the effect of mutations on the desired properties 
of the scaffold. To do so, ten positions in Loops 1 and 2 from 
Coh7 were mutated to Ala to scan the biophysical effects of 
mutations. Point mutants were cloned, expressed, and pu-
rified from E. coli. The purity and functionality of the Coh7 
point mutants were observed and validated by SDS PAGE 
analysis (Fig. 1d). The influence of point mutations on the 
thermal stability was analyzed by nano-differential scanning 
fluorimetry, with a melting range of temperature from 20 
to 95°C. Overall, the selected single mutations do not affect 
the thermal stability (Fig. 1e). Particularly, G88 sensitivity 
correlates with the predicted thermal instability; L129 sen-
sitivity does not correlate with the prediction. Mutations in 
D128 affects the thermal stability more than L129. Finally, 
G88 is the most sensitive position to temperature. Besides, 
the effect of mechanical unfolding forces was assessed by 
single molecule force spectroscopy using a pulling speed of 
800 nm/s and previously reported chemistry [4]. The gen-
eral observed effect was that single mutations do not affect 
the mechanical stability. Mutations in G88 have no impact. 
Interestingly, Y90 and N126 sensitivities correlate with the 
prediction. While single mutations in L129 do not affect the 
mechanical stability, the opposite occurred for mutations in 
Y90, which had the largest effect (Fig. 1f ).

The next stage involves the library design of the scaffold to 
be engineered, considering the simulation and the experi-
mental data. To preserve the mechanical properties of the 
scaffold, only six positions were considered an allowing 
consensus for randomization. Degenerated codons were em-
ployed to create four libraries with different amino acid con-
tent and to contain bias towards residues that play a role in 
binding interactions.

We envision that the outcome of this project will ease the 
development of diagnostic and therapeutic solutions for can-
cer malignancies, and an efficient platform for directed evo-
lution of proteins within the rising field of mechanobiology.
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Fig. 1: Strategy for engineering mechanical properties of scaffold domains. a) Solvent Accessible Surface Area (SASA) scan showing loops of 
interest using a model sphere of water with a solvent radius = 1.4 Å on the ProtSA server. b) Structural correlation and identification of tar-
get loops 1 and 2. c) Mutational tolerance scan using the consensus classifier PredictSNP server on the target residues in loops 1 and 2. The 
mutational scanning heatmap shows deleterious mutations in red and neutral mutations in blue. d) SDS PAGE analysis of the identified Coh7 
single mutants. Bioconjugation was performed using the Spy system to validate the functionality. PDFL1-Spytag (27 kDa); GFP-Spycatcher (43 
kDa); conjugated PDL1-GFP (70 kDa). e) Thermal stability analysis of point mutants by differential scanning fluorimetry. f) Single molecule 
force spectroscopy analysis of point mutants by AFM. Mutations are well tolerated in the selected loops. *(empty columns were not determined).
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Towards label-free HTS in enzyme engineering

Project P1705: Genetic selection of nanocatalysts
Project Leader: S. Panke, P. S. Dittrich, and T. R. Ward
Collaborator: E. Rousounelou (SNI PhD Student)

Introduction
Homogeneous catalysis plays a crucial role in the produc-
tion of chemicals but designing and optimizing catalysts 
with high activity and selectivity rank among the most chal-
lenging tasks in synthetic chemistry [1]. In this respect, the 
catalytic proficiency of enzymes acting on native substrates 
has inspired a range of approaches to engineer enzymes for 
chemical synthesis, whilst expanding their reaction scope 
[2]. Although proteins can be engineered via rational design 
[3], this is tricky when there is only limited biochemical and/
or structural data available, as it is often the case. In that 
context, protein engineering often mimics natural evolution 
and creates large variant libraries which are then screened 
to identify those with desired properties [4]. Consequently, 
there is a need for genotype-to-phenotype linkage which is 
often respected by compartmentalization to spatially sepa-
rate the library members, while miniaturizing the compart-
ments and accelerating the screening [5]. Moreover, screen-
ing efforts require an assay where the enzymatic activity of 
the variants is coupled to a readout, which is often a change 
in optical properties (e.g., fluorescence or absorbance), usu-
ally via either substrate depletion or product formation [6]. 
Hence, it is typically required to either label the analyte or 
use an indicator reaction. However, an indicator reaction is 
usually of no industrial importance, 
as few biotechnologically relevant 
substrates carry fluorophores or chro-
mophores, while, an optical readout is 
not always or easily related to a chem-
ical reaction, thus making quantifica-
tion of the reaction challenging [5]. 
This problem could be tackled by us-
ing label-free analysis methods, such 
as mass spectrometry (MS). MS reports 
the mass of the molecule and can ob-
serve each of the species present in a 
reaction, including the enzyme’s sub-
strate, the intended products, and the 
unintended side-products. Although, 
that leads to a more complete assess-
ment of an enzyme’s activity, the 
throughput of MS methods is cur-
rently low when compared to label-de-
pendent methods. Furthermore, ow-
ing to the destructive process of mass 
determination, it is associated with 
loss of the genetic information [7]. 
To overcome these fundamental 
problems, we are developing a novel 
high-throughput screening (HTS) 
methods that [i] addresses the speed 
issue by coupling microfluidics with 
MALDI MS and [ii] compensates the de-

structiveness of MS analysis by co-analyzing the product or 
side-products of the reaction with unique peptide barcodes 
that maintain the genotype-phenotype linkage. In figure 1, 
an overview of the method is illustrated.  Firstly, a library 
of unique DNA and peptide barcode combinations is gen-
erated, which is identified via next generation sequencing. 
The enzyme variant library is then cloned into the barcoded 
vectors so that every variant is associated with a unique 
combination of a DNA and a peptide barcode. The barcoded 
enzyme library is transformed into E. coli competent cells, 
followed by single cell spotting onto a picolitre array and 
cell lysis (Fig. 1.1). After enzyme/peptide barcode expression, 
each sample is incubated with candidate substrate(s) and co-
factor(s) (Fig. 1.1) and the reaction is analyzed by MALDI-TOF 
MS. The mass spectrum of each sample delivers informa-
tion about the product amount or distribution, but also its 
unique identity via the peptide barcode (Fig. 1.2). The latter 
is uniquely linked to the variant, but also to a DNA barcode 
and thus, after designing DNA primers specific to the DNA 
barcode, the desired variant can be retrieved by PCR, from a 
large pool of variants, and the genotype can be determined 
by sequencing (Fig. 1.3).

Fig. 1: Simplified overview of the proposed HTS method. For further information, refer to text. 
SP: side-product; P: product; PB: peptide barcode; db: DNA barcode; pb: peptide barcode gene 
template.
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Co-expression of peptide barcode & enzyme 
The proposed method depends on the detection of the pep-
tide barcode and the reaction product(s) during MALDI-MS 
analysis. Consequently, we need to ensure that both the 
peptide barcode and the enzyme variant are expressed suf-
ficiently. 

For that reason, each clone is transformed with two plas-
mids. The first plasmid, which is the “barcoded” plasmid, 
carries an enzyme variant fused at the N-terminal with the 
SpyTag. Moreover, each variant is under the control of an 
inducible promoter (PT7) and is flanked with a unique set of 
DNA barcodes and a unique peptide barcode. 

The second plasmid, which is called the “lysis” plasmid, car-
ries the gene template of protein E under the influence of 
synthetic promoter that depends on the alternative sigma 
factor sS. This protein is a coliphage protein that forms pores 
perforating the cell membrane and wall of E. coli leading to 
a release of cytosolic proteins and eventually complete cell 
lysis in the late exponential to stationary growth phases.

In autoinduction medium the two plasmids lead to an au-
tonomous protein production and release system. The au-
toinduction medium that is used is ZYM-5052. The principle 
behind that medium is based on carbon sources present in 
the medium that are metabolized differentially to promote 
high density cell growth and automatically induce protein 
expression driven by lac promoters.

Peptide barcode library for unique MS identification of 
the enzyme variant 
As discussed above, the peptide barcodes are encoded on 
the same plasmid that encodes the enzyme variant and 
they serve as the unique identifiers of the variant they are 
associated with during MALDI-MS analysis. For that reason, 
each barcode is composed of genetically encoded peptide 
sequences designed to produce a unique and detectable MS 
signal. 

The peptide barcode library was initially designed in silico 
using a python script. Subsequently, 50 peptides from the 
library were randomly selected, synthesized and analyzed 
in MALDI-MS. All the peptides showed high ionization effi-
ciency and were detectable even at low concentrations (0.006 
µM). The peptides are now being tested for their ability to be 
expressed efficiently in E. coli cells and analyzed in a more 
complex background (lysate).
Although recombinant protein synthesis in E. coli is a stan-
dard method of genetic engineering, the synthesis of short 
peptides is not. One of the central reasons for that might be 
that short peptides are an important nutrient source in E. 
coli and therefore might be difficult to accumulate in the 
cytoplasm. This problem will be tackled by ensuring that 
peptide production is as efficient as possible and by com-
bining three peptides through protease recognition sites 
that together will compose one bigger peptide barcode. Each 
peptide barcode will be enzymatically digested right before 
MS analysis, producing a characteristic peptide fingerprint 
during MALDI-MS. 

DNA barcode library for selective retrieval of desired 
variants
Although we can uniquely identify each clone during MAL-
DI-MS analysis based on the MS signal of each peptide bar-
code, the sample and with it the enzyme variant is still 
destroyed in the process due to the destructive nature of 
ionization. To keep the genotype-phenotype linkage and 
retrieve the sequence of the enzyme, we need to map the 

peptide barcode information back to the specific plasmid 
from which it originated, and which is still available from 
a duplicate of the plasmid library. This mapping is achieved 
via barcoded plasmids that are “tagged” with a unique pep-
tide barcode sequence and a unique set of DNA barcode se-
quences that flank each enzyme variant present in the pool 
(see Fig. 1.3). The unique set of DNA barcodes can then be 
used to design PCR primers and selectively retrieve the gene 
in question from the duplicate library. 

Picoliter well array for bacterial growth, protein produc-
tion and reaction analysis
To address the speed issue, a picoliter (pl) well array was de-
signed and manufactured by Dr Todd Duncombe, from the 
Dittrich lab. Each well has a 50 µm diameter and a volume 
of 29 pl.

The picoliter wells of the array are coated with SpyCatcher 
protein before single cells are trapped inside the wells and 
let grown to a high-density culture. During cell growth, en-
zyme expression is induced via the autoinduction medium 
ZYM-5052. When enough target enzyme variants and peptide 
barcodes are produced and nutrients become scarce, protein 
E is expressed leading to cell lysis.  Next, the enzyme variant 
and the peptide barcode are released into the extracellular 
space and are immobilized at the surface of the picoliter well 
array via the SpyCatcher/Spytag system. 

The next step will be to develop a system for bulk reagent 
exchange and addition of the substrate to perform the enzy-
matic reaction inside the picoliter wells of the array.
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Fiber-based cavity optomechanics

Project P1706: Ultrasensitive force microscopy and cavity optomechanics using nanowire cantilevers
Project Leader: M. Poggio and F. Braakman
Collaborator: D. Jäger (SNI PhD Student)

Introduction
Nanoscale mechanical resonators such as thin membranes 
or nanowire crystals have the potential to uniquely enrich 
the capabilities of force microscopy. Currently, force micros-
copy techniques rely heavily on micron-sized cantilevers as 
force transducing elements, such as silicon beams or quartz 
tuning forks. In recent years, a new direction has emerged 
that replaces these conventional cantilevers with bottom-up 
grown nanoscale structures, such as carbon nanotubes or 
nanowires. Their small size and nearly defect-free crystal 
structures leads to potentially record force sensitivities, low 
mechanical losses and high operation frequencies. Several 
experiments have recently demonstrated the potential and 
versatility of this approach. In our own lab, we have demon-
strated a new type of force microscopy using nanowires, in 
which we have shown sensitivity not only to the magnitude 
of forces, but also their direction [1].

Furthermore, nanomechanical resonators enable funda-
mental studies into the hybridization of different physi-
cal quantities, such as light and mechanical motion. Such 
hybrid systems form a promising platform to implement 
measurements operating at the limits imposed by quantum 
uncertainty and quantum non-demolition measurements. 
They may also allow investigation of quantum decoherence 
mechanisms, entanglement, and ultimately the transition 
from quantum to classical physics. We focus on two types of 
hybrid structures: nanowire heterostructures and 2D mem-
branes with defects. Both systems combine excellent me-
chanical properties with the possibility of hosting optically 
active qubits in the form of embedded quantum dots or crys-
tal defects. These qubits themselves already form interesting 
objects of study, as they can be used to sensitively measure 
electric and strain fields [2]. Moreover, when coupled to a 
mechanical degree of freedom, qubits can – through their 
nonlinear character – generate a large enhancement of the 
radiation pressure interaction between light and matter, as 
well as boost optical cooling of the mechanical resonator [3]. 
Our aim is to enable operation of such hybrid systems in 
regimes dominated by quantum effects, by improving opti-
cal excitation and detection of the mechanical resonator and 
embedded quantum emitters. To reach this goal, we will:

1: Integrate such hybrid systems into high-finesse optical cav-
ities. Read-out of both the mechanical motion and of the pho-
tons emitted by embedded quantum emitters can be much 
improved by placing the system inside an optical cavity. 
Moreover, such a cavity allows to strongly couple the motion 
as well as quantum emitters to the cavity light field. In partic-
ular, this provides a straightforward path to the realization of 
a tri-partite hybrid system [3]. Such a tri-partite system allows 
to significantly enhance optical cooling and will allow the 
observation and utilization of quantum states of motion.

2: Implement resonant excitation of quantum emitters in 
a force microscopy setup. This will significantly reduce the 
optical linewidth of the qubits and should allow for mechan-
ical displacement sensitivity reaching the Heisenberg uncer-
tainty limit. 

Optical Setup and Cavity
We have constructed a table top optical setup that serves as 
the basic platform for our experiments. The setup allows to 
insert two beams of light with tunable frequency difference 
into an optical Fiber Fabry-Perot cavity (FFPC). The cavity can 
be measured through reflection or transmission and can be 
stabilized using a Pound-Drever-Hall scheme. This will en-
able optomechanical experiments, such as optical cooling of 
a mechanical oscillator, as well as cavity QED experiments, 
allowing the measurement of a tri-partite hybrid system.

Fig. 1: Photograph of fiber Fabry-Perot cavity mounted in a probe 
operating in vacuum and low temperature (4K).

Previously, we have adapted this setup to work in a cryostat 
at 4K (Fig. 1). We have constructed a probe that allows us to 
control the alignment and length of our cavity in situ using 
piezoelectric actuators, while also improving its stability. 
Using this new probe, we were able to cool down the cav-
ity and retain its optical properties that we measured with 
our table top setup. We achieved a stable lock of the cavity 
length within a few percent of the cavity linewidth (Fig. 2) 
both at room temperature and at 4K. Until now this was only 
possible with FFPC's that were severely limited in finesse or 
tunability. We are currently preparing a manuscript regard-
ing this stabilization setup. 

In addition, we have implemented a white light spectros-
copy technique to characterize the mode spectrum of our 
cavity in a single shot, giving us information about the cavity 
length and sample position even while inside the cryostat.
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Fig. 2: Normalized cavity transmission signal as a function of time, 
showing long term stability.

hBN drum resonators
As a first step towards creating a tri-partite system, we focus 
on drums of hexagonal boron nitride (hBN), which has been 
shown to contain crystal defects that can serve as quantum 
emitters. These emitters are ultra-bright, highly stable and 
can be observed at room temperature [4]. In addition, hBN 
drums are mechanical oscillators with favorable frequencies 
(MHz regime), low mass, and small mode volume. 
We have successfully used high temperature annealing reci-
pes to create emitters located at edges of hBN flakes, and we 
were able to observe several such emitters in spectroscopy 
measurements.

Fig. 3: Spectrum of an emitter found in an exfoliated and subse-
quently annealed hBN flake.

To use these flakes as mechanical resonators that can be po-
sitioned inside our cavity, we have developed a wet transfer 
technique that allows us to place them on top of a silicon 
nitride (SiN) hole grid membrane, resulting in hBN drum 
resonators (Fig. 4). To optimize the properties of our drums 
and to ensure sufficient separation between the resonance 
frequencies of the hBN drums and the silicon nitride mem-
brane, we designed custom SiN membranes (manufactured 
by Norcada) as basis for our devices. 

Fig. 4: Optical microscope im-
age of an hBN drum resonator 
on a custom Norcada SiN mem-
brane. More recently, we have 
integrated these devices into 
our cavity to characterize their 
mechanical properties and the 
resulting optomechanical inter-
action. As a first step, we have 

measured the dispersive and dissipative optomechanical coupling 
by displacing the hBN drum in the cavity field. 

Fig. 5: Cavity resonance length modulated by the position of the 
hBN drum along the cavity axis.

The observed dispersive coupling of 5.9 GHz/nm in our ex-
periment compares favorably to state of the art systems [5] 
and underlines the potential of our setup. 

Outlook
In the immediate future, we will finalize the characteriza-
tion of the mechanical properties of our hBN drums. We 
plan to further explore the optomechanical interaction by 
performing optomechanically induced transparency exper-
iments. In parallel, we are working on a way to determinis-
tically position quantum emitters within hBN flakes, paving 
the way towards a fully coupled tripartite system. Moreover, 
we want to use our highly versatile experimental platform 
to investigate the interaction of other samples with our cav-
ity, such as nanowires, carbon nanotubes or 2D magnets.

References

[1]	 N.	Rossi,	F.	R.	Braakman,	D.	Cadeddu,	D.	Vasyukov,	
G.	Tütüncüoglu,	A.	Fontcuberta	i	Morral,	M.	Poggio,	
Vectorial	scanning	force	microscopy	using	a	nanowire	
sensor, Nat. Nanotechnol. 12, 150 (2017)

[2]	 M.	Montinaro,	G.	Wüst,	M.	Munsch,	Y.	Fontana,	E.	
Russo-Averchi,	M.	Heiss,	A.	Fontcuberta	i	Morral,	R.	J.	
Warburton,	M.	Poggio,	Quantum	dot	opto-mechanics	
in	a	fully	self-assembled	nanowire,	Nano	Lett.	14,	4454	
(2014)

[3]	 J.	Restrepo,	C.	Ciuti,	and	I.	Favero,	Single-Polariton	
Optomechanics,	Phys.	Rev.	Lett.	112,	013601	(2014)

[4]	 T.	Tran,	K.	Bray,	M.	Fordet	al.,	Quantum	emission	from	
hexagonal	boron	nitride,	Nat.	Nanotechnol.	11,	37–41	
(2016)

[5]	 F.	Rochau,	I.	Sanchez	Arribas,	A.	Brieussel,		SS.	tapfner,	
D.	Hunger,	E.	M.	Weig,		Dynamical	Backaction	in	an	
Ultrahigh-Finesse	Fiber-Based	Microcavity,	Phys.	Rev.	
Applied	16,	014013	(2021)



30

Project P1707: Nano-photonics with van der Waals heterostructures
Project Leader: R. J. Warburton and I. Zardo
Collaborators: L. Sponfeldner (SNI PhD Student) and N. Leisgang

Capacitively-coupled and inductively-coupled exci-
tons in bilayer MoS2

Exciton-exciton interactions in semiconductors lead to a 
plethora of phenomena such as nonlinear optical effects and 
quantum condensation. These effects have been studied us-
ing quantum wells. Two-dimensional (2D) semiconductors 
provide fresh impetus and new possibilities. On the one 
hand, excitons are very robust in these materials – they are 
stable even at room temperature. On the other hand, the 
interactions can be engineered in a rich way by exploiting 
the spin, valley and layer quantum numbers. 

We focus on bilayer MoS2, a material in the transition-metal 
dichalcogenide (TMD) family. Each layer hosts the so-called 
A- and B-excitons. In addition, an interlayer exciton (IE) was 
very recently discovered. The IE lies energetically between 
the A- and B-excitons and couples strongly to light [1]. The en-
ergy of the IE can be tuned into resonance with both A- and 
B-excitons via an applied electric field [2]. Here, we probe the 
IE-A and IE-B couplings. We present an experiment which is 
sensitive to the sign of the coupling, not just its magnitude. 

Fig. 1: a) Schematic of the van der Waals heterostructure consisting 
of homobilayer MoS2 embedded in h-BN. b) Sketch of two coupled 
excitons in a 2D semiconductor both driven by an external light 
field.

Our main result is that the IE-A and IE-B couplings have op-
posite signs [3].

The structure of our sample is shown in figure 1a. An elec-
trically grounded homobilayer MoS2 is encapsulated in h-BN. 
The electric field Fz across the device is controlled by apply-
ing voltages to the top and bottom few-layer graphene (FLG) 
gates.

The excitonic transitions are probed optically with absorp-
tion spectroscopy. Figure 2a shows the measured absorption 
of bilayer MoS2 as a function of the applied electric field Fz. 
At Fz = 0, the absorption shows three peaks: the intralayer A- 
and B-excitons at 1.93 eV and 2.10 eV, respectively, and in be-
tween, the interlayer exciton IE. Increasing the electric field 
leads to a splitting of the IE into two resonances that shift in 
opposite directions. At high Fz, the IE is tuned into resonance 
with the A- and B-excitons. There is a clear avoided crossing 
between the upper IE branch and the B-exciton, while in-
teraction of the lower IE branch and the A-exciton shows a 
weak avoided crossing [2,3]. In both cases, excitons are cou-
pling to each other. However, the intensity evolution is quite 
different for the IE-B and IE-A interactions. Our goal is to 
understand the different coupling behaviors.

The excitonic interaction is well described by a classical 
model as sketched in figure 1b. Each exciton is modeled as 
an optical dipole driven by an external field E with a certain 
coupling strength F1,2. The dipoles are coupled to each other 
through the coupling constant κ. Solving the equations of 
motion of the system yields analytic equations for the ei-
genenergy and the absorption strength for each excitonic 
resonance.

Applying the model to the measured data reveals not just 
the magnitude but also the sign of the excitonic coupling. 
The coupling constant of the IE-B (IE-A) interaction is κ = 
+35.8 meV (κ = -3.5 meV). The full FZ- dependence of the ab-
sorption spectra of bilayer MoS2 is calculated and plotted in 
figure 2b. The classical model reproduces very closely the 
experiments (Fig. 2a). This model unearths a crucial result: 
the IE-A coupling constant is of opposite sign to the IE-B cou-
pling constant.

By making an analogy to coupled electrical circuits, we de-
scribe these couplings as capacitive (positive κ) in one case, 
inductive (negative κ) in the other. Capacitive coupling is 
well known – microscopically, it arises via hole tunneling 
from one layer to the other (red arrow in Fig. 3a). In contrast, 
inductive coupling is new – it has a different origin. With 
the help of microscopic calculations (taking into account the 
complex band structure and the Coulomb interaction within 
the excitons) we show that the inductive coupling arises via 
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spin, specifically an A-B exchange interaction (blue ∞-symbol 
in Fig. 3b). As a consequence, our results show that the A- 
and B-excitons, nominally with opposite spin, are coupled.

We state two main conclusions. First, our work uncovers the 
importance of exciton-exciton interactions not just in a TMD 
bilayer but also in the constituent TMD monolayers. We find 
that spin is an imperfect quantum number even for the low-
est energy excitons. This conclusion is reached using the IE 
as a tunable probe to quantify the A-B intravalley exchange 
coupling. We find -16.6 meV. Second, a measurement of the 
optical susceptibility enables not just the magnitude but also 
the sign of the exciton-exciton couplings to be determined.
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Fig. 2: a) Measured absorption of gated bilayer MoS2 as a function 
of applied electric field Fz. b) Calculated absorption Im(χ) with pa-
rameters extracted from model fits to the measured data.

Fig. 3: Sketch of the microscopic origin of the a) IE-B and b) IE-A 
interaction. Hole tunneling is sketched as the red arrow. A and B 
are coupled through intralayer and intravalley exchange interac-
tion (blue ∞-symbol).
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Free-form micro-optical arrays

The potential for free-form micro-optical arrays (FMOAs) 
has been demonstrated in applications such as automotive 
lighting, aerospace, augmented reality, and precision engi-
neering. As a result of their asymmetric shapes, FMOAs can 
overcome several limitations of the more standard spherical 
and aspherical (symmetrical) microlenses [1]. For example, 
they can reduce optical aberrations more effectively and can 
produce asymmetric light distributions. Oftentimes these 
performance improvements come together with a system 
simplification by reduction in the number of required opti-
cal components. 
Recent advances in precision manufacturing have enabled 
the realization of complex microstructuring at industrially 
relevant volumes triggering industrial interest in FMOAs [2]. 
Prominent precision microstructuring technologies are for 
example, ultra-fast laser ablation, grayscale laser photoli-
thography, two-photon polymerization and ultra-precision 
micromachining. 
As a flip side, the more complex surface topography of FMOAs 
poses challenging demands on surface representation and 
sample characterization [3]. The lack of efficient and reliable 
inspection processes will hinder further progress in manu-
facturing, discourage optical designers from using them and 
ultimately make the future of the FMOAs uncertain. 

Reverse engineering of free-form surfaces
Manufacturing deviations with respect to the nominal de-
signs, often translate in performance degradation. The abil-
ity to quantify is fundamental to identify which deviations 
need to be corrected and which ones have only a negligible 
(or at least acceptable) impact. In contrast to the more stan-
dard symmetric microlenses, characterized by relatively few 
and well-understood parameters (sag, radius of curvature, 
etc.), the description of free-form surfaces typically requires 
a much larger parameter space or even non-parametric rep-
resentations. 
The experimental testing of the (typically) small area FMOA 
prototypes is difficult or often simply unfeasible. The quality 
is commonly assessed by measurement of the surface form 
of FMOAs which is compared to the nominal design. This in-
formation of manufacturing deviation provides though little 
or no insight into their impact on optical performance.
We have demonstrated a method to accurately predict the 
optical functionality from experimentally measured surface 
topography [4]. 

Firstly, the measured profile, given in the form of point 
clouds, is fitted to a NURBS surface (Fig. 1). This representa-
tion has the following advantages:

•	 It	can	represent	complex	surfaces	using	a	manageable	
low amount of data

•	 it	is	widely	implemented	in	CAD	and	optical	simulation	
software tools 

•	 it	enables	(contrary	to	e.g.,	analytical	expressions)	the	
representation of local deformations (i.e., manufactur-
ing	deviations).

  

Fig. 1: Left: Form characterization of a free-form micro-optical 
array with confocal laser microscope. Right: NURBS surface rep-
resentation based on measured metrology data. 

In a second step, the NURBS surface is used to build a 3D 
ray-traceable CAD model whose performance can therefore 
be predicted through optical simulations (Fig. 2).  

Fig. 2: Raytracing of the 3D CAD-model. The simulations were 
perfumed using LightTools. The rays are shown in black. The inset 
shows the collimated light source.

This approach to convert measured surface topography into 
a 3D CAD model, widely applied in the field of mechanical 
engineering (reverse engineering), is however, much less ex-
ploited for optical applications. 
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Fig. 3: The selected area (orange rectangle) on the observation 
plane is linked to the responsible geometry of the free-form sur-
face. It shows that the edges of the surface redirect the light to the 
selected part on the observation plane.

As mentioned earlier, the ultimate objective is to identify, 
and subsequently correct, the problematic deviations; in our 
example, those responsible for the light between the (hex-
agonally distributed) hotspots (orange rectangle in Fig. 3). 
Simulations indicate that the edges of the micropyramids 
are responsible for the light redirection to the selected area. 
This is a valuable information to improve manufacturing if 
the observed broadening needs to be minimized.   

Design for manufacturing CAD-tools 
A further challenge for FMOAs is to analyze designs upon 
their manufacturability. The fabrication process of FMOAs 
is complex and typically includes multiple steps such as de-
sign, mastering, tooling, up-scaling, and replication; all with 
certain (different) limits. It is often  underestimated  how  
challenging is to design FMOAs compatible with all the steps 
involved in their manufacturing.  
We implemented design for manufacturing tools that en-
able optical designers to implement these limitations at the 
design phase in order to avoid costly and time-consuming 
trial and error steps.  Tools for evaluating local surface slope 
(angle between the vertical direction and the surface nor-
mal) and height (the distance between the upper and lower 
z-coordinates) were developed to identify critical areas [5]. 
Figure 4 which shows a script programmed to automatically 
visualize areas of a FMOA which don’t fulfill the maximum 
surface slope constraint.

Fig. 4: Left: Optical design with user specified surface slope anal-
ysis. Right: Interface of implemented algorithm in visual program-
ming language Grasshopper.

Conclusion 
We have presented and validated an effective method that 
exploits the recent advances in surface topography to rap-
idly identify problematic manufacturing deviations of fabri-
cated prototypes and therefore allow speeding-up the man-
ufacturing of FMOAs. The described method can accurately 
simulate and successfully predict the optical performance of 
manufactured free-form microstructures without confront-
ing the limitations of experimental optical setups. 
Furthermore CAD tools were implemented that automati-
cally check designs for limitations of different manufactur-

ing technologies. The results can help designers to compare 
different manufacturing technologies and the potentially 
critical parameters, thus facilitating the mastering technol-
ogy selection and reduce risk.

Outlook
The  reverse  engineering  approach  to  create  a  virtual  3D  
model  of  a measured surface (in point cloud representation) 
using the NURBS surface representation has also the poten-
tial to be used in other fields. CAD modeling for simulation 
is used in many other fields, such as microfluidics, where 
smooth models are required for flow simulations. 
Further geometric manufacturing constraints need to be de-
scribed mathematically and implemented in the CAD-based 
algorithms. There is a great potential in general for using 
CAD tools to speed up processes through automation and 
to develop more custom solutions for specific FMOA designs 
that are not possible with general commercial software. 
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Plasma membrane vesicles as an alternative to 
exosomes

Project P1801: Bioinspired nanoscale drug delivery systems for efficient targeting and safe in vivo application
Project Leader: J. Huwyler and C. Palivan
Collaborator: C. Alter (SNI PhD Student)

Introduction
Extracellular vesicles (EV) can be used for therapeutic appli-
cations [1]. EVs, which are secreted by eukaryotic cells, are 
hollow sphere lipid vesicles which can carry cell specific 
lipids, proteins such as enzymes, cell adhesion molecules, 
or cluster of differentiation proteins, nucleic acids (i.e., RNA 
and DNA), metabolites, and even organelles [2]. EVs are clas-
sified into three main categories: exosomes, microvesicles, 
and apoptotic bodies. Therapeutic nucleic acids, proteins or 
small molecular weight drugs were loaded into EVs and suc-
cessfully delivered to cells in vitro and in vivo, but only few 
EV technologies have progressed into clinical trials. One of 
the major drawbacks for clinical translation is the EV pro-
duction [3]. Typical EV secretion rates range between 60–170 
exosomes/cell/hour, depending on the cell line [4]. 
To overcome this hurdle, we have developed an efficient and 
scalable EV production protocol, which can be applied to cell 
lines as well as primary cells. It is based on chemical stimula-
tion of donor cells to generate giant plasma membrane vesi-
cles (GPMVs). They are harvested and processed by homoge-
nization into nano-sized plasma membrane vesicles (nPMVs). 
It was the aim of the present work to study the cellular inter-
action of nPMVs with Huh7 cells.

Material and methods
Chemical vesiculation agents (paraformaldehyde and dithio-
threitol) were used to induce cellular injury and membrane 
blebbing in Huh7 cells. The vesiculation started few minutes 
after incubation (37°C and 5% CO2) and the produced GPMVs 
(red arrows) were harvested from donor cells after 6 hours 
(Fig. 1A). 

GPMVs were stained with a lipophilic dye (DiI) and homog-
enized by filter extrusion in order to produce nPMVs (Fig. 
1B). DiI labeled DOPC and DOPC:PS liposomal formulations, 
serving as negative and positive controls, were produced by 
thin-film hydration method [5].

Results and discussion
DiI labeled Huh7 nPMVs and control liposomes (DOPC and 
DOPC:PS) were incubated with Huh7 cells for 15 minutes, 
1, 4, and 24 hours. Uptake was analyzed by flow cytometry. 
We observed a time-dependent strong uptake (relative fluo-
rescence unit (RFU)) in Huh7 cells for all particles containing 
phosphatidylserine (PS) (Fig. 2A). Uptake was fast in the first 
4 hours, then started to saturate and reached the highest 
value after 24 hours. Huh7 nPMVs had a 5-fold higher uptake 
compared to DOPC:PS liposomes. Uptake of control-DOPC 
liposomes was negligible. Additionally, we visualized cellu-
lar uptake of Huh7 nPMVs in Huh7 cells by confocal laser 
scanning microscopy (Fig. 2B). These results indicate, that 
nPMVs are rapidly internalized by Huh7 cells, presumably by 
endocytosis. In a next series of experiments, we measured 

the EV production rate. Huh7 cells produce 1500 nPMVs/cell/
hour. This exceeds the natural production rate of exosomes 
by more than an order of magnitude. 

Conclusion
We were able to produce with high yield nPMVs. They were 
obtained from Huh7 cells using an optimized EV production 
protocol. We observed a fast and efficient uptake of nPMVs 
by cultured cells. These results will be used as a starting 
point for the design of novel EV based therapeutic systems.
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Fig. 1: A) Induced blebbing of Huh7 cells is used to produce giant Plasma Membrane Vesicles (giant PMVs; red arrows). 
Scale bar: 10 µm. B) Cryo-TEM image of a Huh7 derived nano-sized PMV. These nPMVs are decorated with proteins. 
Scale bar: 100 nm. 

Fig. 2: Interaction of DiI labeled particles with Huh7 cells. A) Time-dependent uptake of Huh7 nPMVs (green), DOPC:PS 
(yellow), and DOPC (blue) liposomes. B) Uptake of Huh7 nPMVs (red) by Huh7 cells (blue: cytosol, green: plasma mem-
brane) as imaged using confocal laser scanning microscopy. Scale bar: 10 µm.
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Deep learning enhanced direct evolution

Project P1802: From Schrödinger’s equation to biology: Unsupervised quantum machine learning for 
directed evolution of anti-adhesive peptides
Project Leader: M. Nash and A. von Lilienfeld
Collaborator: V. Doffini (SNI PhD Student)

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

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

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

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

rected evolution, where mutations are screened and ranked 
based on a fitness function. In our case, the fitness function 
would be a measure of the binding strength between the 
adhesin protein and the peptide. After this first screening, 
the best mutations are selected, fixed and millions of new 
variants are produced changing the amino acids on the 
other positions. Afterwards, the new variants are screened 
and ranked again and the procedure is repeated for many 
iterations until an optimum is reached. Unfortunately, such 
protocol is not exempt from criticism; firstly, by exploring 
just single point mutations it is likely to get stuck on a local 
optimum instead of finding the global one; and secondly, 
since the presented protocol needs to be repeated multiple 
times, the burden of experiments needed is still high and it 
impacts negatively the time, resources and costs involved. 

Fig. 2: Schematic representation of deep learning enhanced direct 
evolution. Starting from upper left, a library containing many mu-
tants is synthesized (A). Then, the different variants are sequenced 
and sorted by a chosen output (B). After that, a neural network is 
trained in order to connect the specific sequences to the fitness vari-
able (C). Finally, the model is used to perform in-silico screening 
of new variants. The best candidates are synthesized in the lab (D) 
and, eventually, added to the library for a new iteration.

In order to increase the efficiency as well as the accuracy 
of directed evolution, we propose a deep learning assisted 
approach (see Fig. 2). Such a methodology is still based on 
screening and ranking peptides, but in this case a deep 
neural network is fitted to connect the specific amino acid 
residues to the corresponding fitness function value. If suc-
cessful, the deep neural network can be used to screen in-sil-
ico many more variants than are available experimentally, 
giving the possibility to efficiently find a new maximum of 
the fitness function without the need of many iterations as 
in the “classical” directed evolution approach. Moreover, 
since we are not anymore constrained by fixing the single 
best mutations found in the previous screening, the fitness 
maximum we reach using metaheuristic techniques will be 
theoretically better than the previous one.
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Material and methods
In the first part of the project, we focused on the synthesis 
and fluorescent labeling of one of the binding proteins of 
a pathogenic organism as well as the production of an E. 
Coli library. This library contains millions of bacteria, where 
each of the individual cells displays on its surface a specific 
peptide of defined length with up to four different muta-
tions. Such library was obtained via multiple polymerase 
chain reactions using various tailed primers. This library 
was then screened using the bacterial adhesin labeled with 
a fluorescent dye molecule (see Fig. 3). Peptides that strongly 
bind the adhesin will keep the fluorescent label after wash-
ing. The fluorescent intensity is detected by flow cytometry 
analysis and the cells are sorted, isolated and enriched for 
positive binders.

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

Results and discussion
Here we present one of the preliminary screens of our li-
brary. Flowcytometry analysis clearly shows a good binding 
of a consistent part of the peptides (Fig. 4, right upper quad-
rant). One additional sign of the binding activity is the cor-
relation trend shown in the plot. In fact, if the expression 
level of a surface displayed peptide variant that binds to the 
label protein increases, one should expect a higher signal 
coming from the adhesin.
Another interesting aspect coming from the analysis of fig-
ure 4 is the presence of binders in the upper left quadrant. 
In an ideal scenario, the peptides should not be present at 
the cells surface in that region, since the expression level 
measured is low. This phenomenon could be explained by 
the existence of unspecific binders between the labeled ad-
hesin and the bacterial cell itself. To back up this hypothesis, 
one can notice as well the events apparently randomly dis-
tributed in the upper quartile of the plot. Such behavior is 
a valuable advice regarding the need of screening different 
washing protocols before carrying out any sorting experi-
ment.

Fig. 4: Screening plot of the binding between the peptide library 
and the labeled protein of the pathogenic organism. Each point 
corresponds to one distinct peptide. On the abscissa is shown the 
binding strength while on the ordinate is the expression level or, in 
other words, how many peptides are displayed on the cell surface 
of the E. Coli.

Outlook
The following part of this project has to be divided in two 
parallel studies. On one hand, it will be necessary to opti-
mize the experimental protocol, to minimize any variability 
in the flowcytometry analysis, and to synthesize a reliable 
peptide library. On the other hand, we will focus our re-
sources in the study of the application of different machine 
learning techniques to predict in-silico simulated properties 
of biological systems. We believe this controlled step will be 
crucial to develop solid insights on the topic before switch-
ing on experimental, and noisier, data.

References

[1]	 R.	Vanella,	D.	Tien	Ta,	M.	A.	Nash,	Enzyme-mediated	
hydrogel	encapsulation	of	single	cells	for	high-through-
put	screening	and	directed	evolution	of	oxidoreductases,	
Biotechnol.	Bioeng.,	116(8),	1878–1886	(2019)

[2]	 K.	Yang,	Z.	Wu,	F.	Arnold,	Machine-learning-guided	di-
rected	evolution	for	protein	engineering,	Nat.	Methods	
16(8),	687-694	(2019)

[3]	 Z.	Wu	et	al.,	Machine	learning-assisted	directed	protein	
evolution	with	combinatorial	libraries,	PNAS,	116	(18),	
8852-8858	(2019)	



38

Giant energy dissipation on twisted bilayer 
graphene at the magic angle twist

Project P1803:  Nanoscale mechanical energy dissipation in quantum systems and 2D-materials
Project Leader: E. Meyer and M. Poggio
Collaborator: A. Ollier (SNI PhD Student)

Introduction
Twisted bilayer graphene (TBG) at the magic angle twist (θ = 
1.08°) has gained a lot of interest due to the presence of flat 
bands at the Fermi energy and strongly correlated insulat-
ing phases [1]. Here, we report on energy dissipation mea-
surements on the TBG sample with a twist angle of 1.1°. The 
sample is composed of a silicon substrate with 300 nm thick 
silicon oxide layer followed by the TBG which is capped on 
top by 10 nm thick hexagonal boron nitride layer (Fig. 1a). 
The measured dissipation over the sample exhibits a series 
of peaks that can be attributed to the different filling fac-
tors. Our measurement confirmed that the presence of twist 
angle between the two sheets of graphene creates a super-
lattice structure that modulates the electronic properties by 
inducing a mini-Brillouin zone [1]. The mini-Brillouin zone is 
fully filled with four electrons and experiment demonstrates 
that the peaks on the dissipation are corresponding to every 
electron entering the mini-Brillouin zone, which leads to ap-
pearance of different filling factors. This effect is detectable 
using an Atomic Force Microscope where the tip is oscillat-
ing like a tiny pendulum over the sample surface (p-AFM). 
This geometry avoids the snapping of the tip into contact 
with the sample and enables to use very soft cantilevers 
making it more sensitive than conventional AFM sensor [2].

Single electron charging and quantum capacitance 
model
The detection of single electron charging using AFM is a 
well-established phenomenon [3]. The system is described 
using a two-capacitance model (Fig. 1b), where Ctip is refer-
ring to the tip-sample capacitance and Csub to the substrate. 
The first term is a geometric capacitance of a sphere and a 
plane. The second term is more complex, it can be described 
as follow: 

Csub
-1=Cpar

-1	+	CQ
-1           (1)                                                                   

where Cpar is a ‘parasitic’ capacitance that represents the tip 
coupled to anything different than TBG (back gate, gold con-
tact electrodes, etc.). The later capacitance CQ is the so-called 
quantum capacitance and it is proportional to the electronic 
density of states as follow [4]: 

where q is the electron charge, ρ(η) is the density of state. 
The reduced energy η	= EF/kT, where EF is the Fermi energy, 
k is the Boltzmann constant and T = 5K is the temperature. 

The capacitance model is used to simulate the force. The 
measured frequency shift versus voltage (Δf(V)) exhibits fre-
quency drops characteristic for single electron charging and 
is related to the dissipation peaks. Figure 1d shows the typ-
ical Δf curve (blue curve) recorded over the sample surface. 
The spectrum is characterized by a double parabolic shape 
due to capacitive forces between the tip and the sample. The 
double parabola shape is presumably related to the presence 
of two capacitance Cpar and CQ. In addition to that, several 
jumps are visible at various biases and get attributed to sin-
gle electron charging (see inset on Fig. 1d). The jumps in 
the Δf are followed by peaks in the dissipation curve (black 
curve) characteristic for single electron charging of TBG. 

Fig. 1: a) Schematic of the side view of the TBG device with the tip 
in the pendulum geometry. b) Capacitance model. c) p-AFM topo-
graphic image with in yellow the high features and blue the low 
features. The cross line is referring to the different measurement 
places. The dimensions are 200 nm x 1.2 µm d) is the characteristic 
dissipation and Δf spectrum that were recorded. The backgate volt-
age was changed into doping and the colors sections indicates the 
different filling factors. The inset indicate a zoom on the frequency 
drops that appears for every dissipation peaks. 
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Angle detection
The experiment was performed by applying a backgate volt-
age (VBG) sweep from -40 V to 65 V to the silicon backgate 
and simultaneously recorded the dissipation and the Δf. The 
data were analyzed by converting the backgate voltage into 
doping (n) using this formula [1]:

where Cox = εε/tSiO2 is the capacitance of the oxide layer. The 
position of the peaks with respect to the doping allows to 
resolve the angle and identify filling factor of every peak (see 
Fig. 1d) [1]:

where ns is the density needs to fully fill the mini-Brillouin 
zone, a = 0.246 nm is the graphene lattice constant and θ is 
the twist angle. The identification of every peak is noted on 
figure 1d. 

Fig. 2: Angle distribution a) is the number of counts versus the 
different angles. 50 graphs are taken in consideration. The red dash 
line is the Gaussian fit. b) and c) are excitation images over the 
sample surface at ¼ and 2/4 fillings respectively. The images di-
mensions are 200 nm x 1 µm. The dashed lines are delimitations the 
different angle domains.

Angle distribution
p-AFM has the advantage to be a local probe and thus probe 
electronic properties at arbitrary surface spot. Figure 1c 
shows an AFM topographic image where the crosses on the 
line represent a different measurement place. A dissipation 
measurement at the different tip locations allows to deter-
mine the angle distribution over the sample surface. The 
corresponding distribution is presented on figure 2a, where 
a Gaussian fitting was made and revealed an average angle 
of 1.06° with a distribution of 4% over the sample surface. A 
complementary method to investigate the angle distribution 
is the recording of excitation image at a specific filling fac-
tor. Figures 2b and c show the dissipation maps for ¼ filling 
and 2/4 fillings, respectively. Clearly visible concentric lines 
stand for Coulomb rings that are related to some defects in 
TBG [3]. Another feature that can be noted is the presence of 
non-concentric lines (marked by dashed lines) that suggest 
the existence of domains of slightly different tilt angle. The 
maps are validating the presence of different angles over the 
sample surface due to slight twist angle relaxation. 

Conclusion
In conclusion, our measurements on TBG exhibit dissipation 
peaks. They can be attributed to the different filling fac-
tors of the mini-Brillouin zone. In addition to that, we were 
able to perform angle distribution measurements that are 
showing a rather homogeneous angle distribution centered 
around 1.06°. The excitation maps revealed the presence of 
twist angle domains as well as Coulomb rings.
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Quantifying bacterial responses to antibiotics at 
the single-cell level

Project P1805: High-throughput multiplexed microfluidics for antimicrobial drug discovery 
Project Leader: E. van Nimwegen and V. Guzenko
Collaborator: M.-E. Alaball Pujol (SNI PhD Student)

Introduction
Without effective antimicrobials, the success of modern 
medicine would be at risk, for treating infections including 
during major surgery and cancer chemotherapy. Misuse and 
overuse of antimicrobials are 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 var-
ies from cell to cell, even in an isogenic population. In par-
ticular, some cells are in physiological states that allow them 
to survive antibiotic treatment without any resistance muta-
tions [1]. Slow growing cells have been reported to be more 
tolerant to antibiotics, and this increased tolerance can facil-
itate the subsequent fixation of resistance mutations [2]. Yet, 
in vitro assays used to discover antimicrobial compounds are 
based on liquid cultures in which bacterial cells grow ex-
ponentially so that slow-growing bacteria are outcompeted, 
making it impossible to assess the effects of the compounds 
on slow growing cells. Moreover, the determinants of sen-
sitivity to antibiotics are only poorly understood at the sin-
gle-cell level due to the lack of quantitative data. 
In recent years, powerful methods have been developed to 
quantitatively measure behavior and responses in single 
bacterial cells. By combining microfluidics with time-lapse 
microscopy, it is possible to track growth, gene expression, 
division, and death within lineages of single cells. An espe-
cially attractive microfluidic design is the so-called Mother 
Machine, where bacteria grow within narrow growth chan-
nels that are perpendicularly connected to a main flow chan-
nel, which supplies nutrients and washes away cells growing 
out of the growth channels. In this field, our lab has devel-
oped an integrated microfluidic and computational setup to 
study the response of single bacteria to controlled environ-
mental changes [3]: the dual-input Mother Machine (DIMM) 
allows arbitrary time-varying mixtures of two input media, 
such that cells can be exposed to a precisely controlled set 
of varying external conditions. The companion image anal-
ysis software MoMA segments and tracks cell lineages from 
phase-contrast images with high-throughput and high accu-
racy.
In the present project we use this integrated setup to quan-
tify how the response of individual bacteria to treatment 
with antibiotics depends on their physiological state before 
the treatment. For this, we focus on treating Escherichia coli 
(E. coli) with a variety of clinically relevant antibiotics at clin-
ically relevant concentrations. Moreover, we aim to develop 
new microfluidic designs that enable the study of multiple 
antibiotics and strains in parallel. On the long-term, this 
should allow us to identify compounds that specifically tar-
get non-growing subpopulations of pathogenic bacteria.

Designing microfluidic devices to study bacterial re-
sponses to complex treatments at the single-cell level
Designing microfluidic chips that enable to multiplex the 

testing of different strains and media requires improving 
two aspects: the loading of the cells into the device and the 
multiplexing of the media reservoirs. For the former, we 
want to design a modified version of the standard Mother 
Machine where the closed end of growth channels is re-
placed by filters. This allows to inoculate growth channels 
by simply “filtering” a diluted bacterial culture through 
the chip. In addition, with these filters, there is no nutrient 
gradient inside the chip and the addition or the removal of 
chemicals of interest is immediate. Last, the flow through 
the growth channels can help retaining motile cells by me-
chanically pushing them toward the filter end. These “fil-
tering” channels have already been produced using a lateral 
constriction [4]. Given the size of these structures, it is very 
challenging to manufacture, and they require e-beam lithog-
raphy which is not widely available.

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

The multiplexed design has eight inlets and outlets (Fig. 1A) 
and to establish the production of the filtering channels we 
have pursued two strategies (Fig. 1B). On the one hand, to-
gether with Dr. Vitaly Guzenko at PSI using different direct 
writing lithography techniques to microfabricate lateral 
constrictions. The strategy consists of two layers of different 
thicknesses, one for the main flow channels (20 µm wide 
and 10 µm deep), connected to the narrow (<1 µm) and shal-
low (900 nm deep) growth channels. This lateral constriction 
reduces the width of the channels to 250 nm. Fabrication 
of the growth channels and testing various constriction 
designs was initially done using the direct laser writer Hei-
delberg DWL66+. However, after several design and process 
parameters iterations, we concluded that the resolution of 
the laser writer is not sufficient to reliably define 250-300 
nm wide features in the 900 nm thick resist layer. We then 
decided to start using e-beam lithography system Raith EBPG 
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5000Plus. The alternative strategy evaluated and validated 
by Dr. Thomas Julou is based on a 3-layer design, where the 
third layer is shallow enough to produce a vertical constric-
tion, reducing the channel height by 250 nm.

Using deep-learning to analyze Mother Machine experi-
ments with antibiotic treatments
In our lab, the postdoc Dr. Michael Mell has developed Deep-
MoMA, a new version of the MoMA software, that integrates 
the U-Net convolutional neural network. In the beginning 
of the project, DeepMoMA was only capable to track cells 
with standard morphologies, but cells that were treated with 
antibiotic, which generally exhibit perturbed morphologies. 
Therefore, we were initially unable to analyse the experi-
ments with antibiotic treatment. To get DeepMoMA to an-
alyze treated cells, we have produced curated training data 
for U-Net from the different antibiotic treatments. We added 
new cell morphologies to the training data such as filament-
ing cells, lysing cells, and contrast-fading cells. We also intro-
duced a new lysis assignment in the DeepMoMA software, to 
allow manually terminating lineages for dying cells whose 
remains stay in the channel. This enables tracking of cells re-
growing after the treatment, while labeling dead cells at the 
time of death. All in all, we are now able to quantitatively 
analyze datasets in which E. coli is exposed to different an-
tibiotics and different treatment protocols, although further 
improvements to increase throughput are needed. 

Mother Machine experiments to characterize bacterial 
responses to antibiotic treatment
We chose five antibiotics from different classes that are on 
the list of essential medicines: Ciprofloxacin (CIP), Ceftriax-
one (CEF), Gentamicin (GEN), Trimethoprim (TMP) and Sul-
famethoxazole (SMX). The experiments consist of treating 
repeatedly bacteria with clinically relevant concentrations 
of each antibiotic. We first performed a Minimum Inhibitory 
Concentration (MIC) study to ensure that the concentrations 
used in the media were consistent with peak serum concen-
trations. We performed Mother Machine experiments under 
two regimens: the first treatment lasts either 6 min or 2 
hours, and the second treatment 2 hours. After each treat-
ment, survival is assessed by exposing bacteria to fresh me-
dia for at least 10 hours. While all cells stop growing during 
the treatment, we find a small percentage of regrowing cells 
for every antibiotic treatment. The fact that we observe both 
death and regrowth indicate that the chosen concentrations 
are appropriate to study how the fate of individual bacteria 
during treatment depends on their physiological state be-
fore the treatment.
We obtained preliminary quantitative data from the analysis 
with DeepMoMA (Fig. 2) which support direct observations 
from the microscopy images. For the 6 min treatment in 
CEF the lysis rate is low and there are a small number of 
cells filamenting, while in the 2 hours treatment most cells 
lyse, and some can regrow. In CIP we see filamentation and 
death in both treatments, but in the 2 hours regime, cells 
exhibit a higher concentration of the expression of a GFP 
reporter of a constitutive promoter when they are exposed 
to the antibiotic. From the observations of the experiments, 
we know that cells in CIP treatment must go through fila-
mentation to regrow while for CEF they do not have to. In 
GEN cells stop growing and start decreasing in contrast for 
both treatments. Finally, in TMP, cells stop growing during 
the time of the treatment but virtually all cells regrow right 
after it stops.
In future work, we plan to adapt our conditions to the study 
of UPEC strains in urine, together with testing how growth 
rate and gene expression are related to cell viability after 
treatment.

Fig. 2: Time series for cell length during the 2 h treatment. The red 
lines indicate the duration of the treatment. Traces are colored by 
concentration of GFP (GFP number of molecules divided by the 
length of the cell).
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Image the twist!

Project P1806: Image the twist!
Project Leader: V. Scagnoli and P. Maletinsky
Collaborators: S. Treves (SNI PhD Student), J. White, V. Ukleev

Introduction and motivation
Recent discoveries of topological magnetic textures in cen-
trosymmetric, rare-earth based materials have opened new 
perspectives for technological applications. Proposed from 
transport measurements and Lorentz transmission electron 
microscopy (LTEM), it is thought that NdMn2Ge2 is a new 
room-temperature skyrmion host [1, 2]. A shortfall of LTEM 
is that it is only sensitive to the in-plane component of mag-
netization, which can be misleading for identification of 
the true topological charge [3]. Using x-rays to probe such 
a system should allow for a clear distinction between two 
skyrmionic structures (Fig. 1) to be visible. This is due to its 
sensitivity to the out-of-plane component of the magnetiza-
tion. This sensitivity could allow us to observe the switching 
of the skyrmion lattice polarity using applied external mag-
netic field. Another potential investigation is the difference 
in response of the lattice to a field parallel or antiparallel to 
the skyrmion cores. Such observations were recently simu-
lated for infinitely thin films with and without defects [4].
X-rays experiments are based on a modified tomographic 
setup, the so-called laminography geometry. This setup 
combines a scanning transmission x-ray microscopy (STXM) 
and a rotating sample stage, which is tilted at a predeter-
mined angle (usually 30 degrees from the sample axis). X-ray 
magnetic circular dichroism (XMCD) projections are taken 
at angular intervals until at least one full sample rotation 
has been accomplished. Datasets such as these are passed 
through a reconstruction algorithm and result in a three-di-
mensional magnetic reconstruction [5]. These could provide 
further information on the skyrmion lattice and formation/
annihilation events. Such information is critical if these to-
pological structures are to be used for future magnetic mem-
ory storage devices [6]

Fig. 1: Magnetic moment configuration for a) Skyrmion and b) Sky-
rmionium. The coloured arrows represent magnetic moment orien-
tation. Black and white represents the negative and positive out-of-
plane orientations respectively. Figure adapted from Ref. [7].

In the second year of this project, we have successfully estab-
lished and imaged a metastable skyrmion lattice in two di-
mensions in a NdMn2Ge2 sample. This material is interesting 
as our bulk measurements suggest the presence of different 
metastable magnetic textures stabilized by the high- and low-

field cooling protocols. Moreover, by taking advantage of the 
possibility to chemical substituting Nd by the non-magnetic 
La ion we would like to explore the role of the rare-earth 
element in determining the magnetic configuration in this 
family of compounds. Specifically, we expect that skyrmion/
bubble lattice parameter in LaMn2Ge2 will differ compared 
to NdMn2Ge2 due to the interplay between d and f orbitals. 
Our preliminary measurements, supporting the presence 
of a skyrmion lattice, provide us with the basis to conduct 
laminography experiments at room temperature with zero 
field, in order to obtain a 3D magnetic dataset. Simulations 
of this material are being conducted with a similar approach 
as found in [4]. This will allow us to know whether to expect 
the switching behavior in our material that was seen in the 
simulations. These simulations can also provide stray field 
information which can be used to see if Nitrogen-vacancy 
(NV) magnetometry measurements of the system are pos-
sible. This could then be used to reconstruct the magnetic 
components quantitatively

Key experimental results:
During the second year of this project, new opportunities 
presented themselves. One exciting development was the 
successful beamtime using scanning transmission x-ray mi-
croscopy at the Pollux beamline of the Swiss Light Source. 
This experiment used a lamella of NdMn2Ge2 cut from a sin-
gle crystal. 
The initial milestone accomplished was to obtain the sky-
rmion phase from the as grown helical magnetic state of 
the sample (Fig. 2). This was achieved using a field cooling 
method, a small magnetic field (50 mT) is applied to the sam-
ple whilst cooling from above the Tc (330 K) temperature. 
The resulting skyrmion lattice remained unchanged once 
the field was removed at room temperature (RT). This meta-
stable property is vital if laminography experiments are to 
be conducted as the sample will have to be imaged over a 
period of several days, without a magnetic field. 
A further observation made involved increasing the system’s 
temperature from 300 K (RT) to 330 K. Loss of the skyrmion 
lattice occurred around 325 K, where a helical phase was re-
covered. The skyrmion lattice remained unchanged in size 
and shape up until this point.
In order to fully characterize the phase diagram of the 
lamella (which could differ from the bulk crystal one due to 
magnetostatic effect) we have imaged the magnetic configu-
ration of the sample as a function of applied magnetic field. 
Increasing the magnetic field from 50 mT to 200 mT caused 
a gradual breakup of the skyrmion lattice into individual 
skyrmions and the final state was a fully ferromagnetic (FM) 
state. When decreasing from 50 mT to -200 mT, skyrmions 
expand in size, gradually enveloping neighbouring skyrmi-
ons. This continues until large bubble domains eventually 
develop into a negative FM state. 
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Fig. 2: Skyrmion lattice imaged in a thin lamella of NdMn2Ge2 us-
ing STXM at room temperature with no magnetic field applied. The 
black scale bar represents 500 nm.

An interesting topological change occurs if the field is swept 
from 50 mT to -140 mT and then back to 200 mT (Fig. 3). 
Here we observe the skyrmion lattice expand in size ini-
tially, the magnetic structures then begin to elongate. These 
elongations then become thinner until we recover skyrmi-
ons closer to 200 mT. However, there are fewer skyrmions in 
this final configuration with greater spacing than the initial 
skyrmion lattice. 

Fig. 3: Top row, left to right: Starting directly after the field cooling 
from 330 K to 300 K with a 50 mT field. The skyrmions in the lattice 
then expand in size as the field is taken from 0 to -140 mT. They 
then elongate as the field is stepped to -70 mT. Bottom row, left to 
right: The elongation and shrinking of the skyrmions continues as 
the field passes through 0 mT and reaches 70 mT. The long struc-
tures then start to break apart and a skyrmion lattice is regained as 
the field reaches 140 mT. The skyrmion number in this final lattice 
is reduced when compared with the starting state. The field of view 
of each image is 3 x 3 µm2.

Our observations have a different outcome to the predic-
tions of Pierobon et al [4]. Here it is predicted that the skyr-
mions will expand in size to form a hexagonal lattice as the 
applied magnetic fields direction is reversed. Then this state 
will undergo a first order phase transition to either a fully 

FM state or a skyrmion lattice with a polarity that has the 
reverse polarity of the starting skyrmion lattice. This meta-
magnetic-like transition is characterized by a discontinuous 
change in the total magnetization and skyrmion radius. To 
understand why our measurements differ from these predic-
tions simulations of our system will need to be conducted.

Outlook
The results obtained from this beamtime demonstrate the 
highly interesting nature of the NdMn2Ge2 system. The ca-
pability of hosting a metastable skyrmion lattice at room 
temperature, without application of external magnetic field 
make it an ideal candidate for future laminography experi-
ments and NV experiments. Simulations will also assist in 
the understanding of this system’s behavior with changing 
external stimuli. 
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Interactions between a high-impedance resonator 
and semiconducting nanowires
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High-impedance resonators for investigation of semi-
conducting nanowires
The realization of quantum computers promises an enor-
mous impact on many crucial parts of society [1]. Working 
prototypes of quantum computers that host a few qubits 
have been demonstrated, but in order to be able to perform 
useful calculations on, it is necessary to increase the number 
of qubits. However, scaling these system turns out to be very 
challenging. Currently, among the most promising contend-
ers for the realization of scalable quantum computers are 
Josephson-junction based superconducting qubits and spins 
of confined particles in semiconductors and superconduct-
ing circuits. In both cases superconducting resonators can be 
used for qubit manipulation and readout.
Here we explore a hybrid approach by coupling a supercon-
ducting resonator to a semiconducting nanowire (NW). NWs 
are of particular interest, because of their large, intrinsic 
spin-orbit interaction (SOI). NWs can act as hosts of spin qu-
bits or in combination with superconducting leads as hosts 
of Andreev levels or Majorana bound states. 

Coupling a high-impedance resonator to a double-quan-
tum dot formed in a NW
For our project, we have realized high-quality, high-im-
pedance, magnetic-field resilient superconducting resona-
tors based on thin NbTiN films (see previous report). We 
have coupled these resonators to both, a gate-defined dou-
ble-quantum dot (DQD) in a Ge/Si core/shell NW [2] and to 
a DQD formed by crystal-phase defined barriers in an InAs 
NW [3]. For the sake of brevity, we focus in this report on 
the implementation of an InAs DQD as a model system for 
a spin qubit. Although III-V semiconductors carry nuclear 
spins that can decohere the spin qubit, we use InAs NWs, 
because in this system the three barriers defining the DQD 
can be realized “in-situ” during growth. This has two advan-
tages: i) one obtains a stronger and engineer-able barrier 
down to the atomic scale, and ii) potentially a more robust 
confinement that is less prone to charge-noise compared to 
gate-controlled DQDs. 
In the InAs NWs, each QD is formed by a zincblende InAs 
segment of length ~300 nm. Zincblende InAs NWs are of par-
ticular interest, because of their large Dresselhaus SOI. The 
SOI combined with the large length of the QDs maximize 
the spin-photon coupling when coupled to a high-imped-
ance resonator. 
A large interaction is furthermore ensured by galvanically 
connecting the resonator to the source contact of the NW 
(see inset of figure 1 as this contact has a large lever arm to 
one of the two QDs. In the false-colored scanning electron 
micrograph shown in the inset of figure 1, one can identify 
the two QDs which are separated by an InAs wurzite seg-
ment of ~30 nm length acting as tunnel barrier. Two further 
tunnel barriers separate each QD from its respective lead 

contact and the gate electrodes with voltages VL and VR are 
used for tuning the electro-chemical potential in either QD.

Fig. 1: Schematic of the circuit-QED architecture. NbTiN is shown 
in blue, Si in white, gold in yellow. Inset: False-colored scanning 
electron micrograph of the InAs homoepitaxial structure. Zinc-
blende InAs is shown green, wurzite red. The gold contacts are yel-
low. The contact that is labeled ‘res.’ is galvanically connected to 
the center conductor of the resonator. 

We identify the half-wave mode of the resonator at a fre-
quency of f0 ≈ 3.543 GHz and extract its coupling Q factor Qc 
≈ 2’600 and loss Q factor, Qloss≈ 2’400 by performing a circu-
lar fit [4] (see red data in Fig. 2). 

Fig. 2: Feedline transmission as function of probe frequency. Red 
data reflects the bare resonance. The blue data is acquired at a 
dot-dot detuning of ε/2π = 17 GHz. Solid lines are the amplitudes 
of circular fits.
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We then perform continuous resonator spectroscopy at a 
frequency close to the resonance frequency and tune the 
electrostatic potential of the two QDs by changing the gate 
voltages (Fig. 3a). Whenever one of the QDs’ electro-chem-
ical potentials is degenerate with the electro-chemical po-
tential of the lead or, if the potentials of both QDs are de-
generate with each other, the microwave admittance of the 
DQD changes. As a consequence, the resonator responds by a 
change in magnitude and phase. In figure 3a, we recover the 
characteristic honeycomb pattern outlining the charge-sta-
bility diagram of the DQD.

Fig. 3: a) Spectroscopy signal of the resonator as a function of 
gate voltages. One can clearly identify the characteristic honey-
comb-pattern of the DQD charge-stability diagram. b) Resonator 
spectroscopy (phase shift) as a function of probe-frequency and 
electrostatic detuning from inter-dot degeneracy exhibiting a dis-
persive shift of the resonator due to a finite charge-photon cou-
pling. The black line is a fit to the Hamiltonian model. c) Extracted 
charge-photon coupling strengths vs. inter-dot tunnel rate for dif-
ferent inter-dot configurations. The data point corresponding to b) 
is highlighted in green and the bare resonance frequency of the res-
onator is indicated by a red line.

Because of the tunnel coupling between the two QDs, a 
charge qubit forms which is interacting with the resonator. 
Figure 3b shows the resonator spectroscopy as a function 
of electro-static detuning between the two dots. As the de-
tuning decreases, the charge-qubit transition frequency ap-
proaches the resonator, and the latter is dispersively shifted. 
To extract the resonance frequency, we perform a circular 
fit to the resonance for each detuning value. An exemplary 
line trace for a detuning is shown as blue curve in figure 2, 
where the shift with respect to the bare resonance is visible. 
Then, we fit a Jaynes-Cummings Hamiltonian model (solid, 
black line in Fig. 3b) and extract the tunnel rate 2t/2π ≈ 5 
GHz and the charge-photon coupling strength g ≈ 170 MHz. 
We note that the large charge-photon coupling strength, due 
to the large resonator impedance and large dipole moment 
of this DQD system, is the current world record for a NW 
DQD. We perform similar analyses at several DQD configu-
rations and plot all tunnel rates and charge-photon coupling 
strengths against each other in figure 3c. The large spread of 
tunnel rates for different configurations allows to ‘tune’ the 
charge-qubit transition frequency and eventually bring it in 
resonance with the resonator. In the shown experiments, 
the charge qubit line width was large, ɣ > 1 GHz and inhib-
ited the observation of an avoided crossing between qubit 

and resonator. We hope to reduce the qubit line width in 
future experiments by reducing the coupling with the leads.

Nanowire Josephson Junctions
Besides the focus on DQDs in NWs, we have also worked on 
InAs NW Josephson junctions. These junctions host Andreev 
qubits [5]. In our project, we have used a new type of ma-
terial where the Al/InAs/Al Josephson junctions are in-situ 
defined by means of shadow epitaxy [6]. We have coupled 
these junctions to microwave resonators with the goal to in-
vestigate the dynamics of the junction.
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Quantum control of a trapped ion coupled to a 
nanomechanical oscillator

Project P1808: Quantum dynamics of an ultracold ion coupled to an nanomechanical oscillator
Project Leader: S. Willitsch and M. Poggio
Collaborator: M. Weegen (SNI PhD Student) 

Introduction
Ions stored in linear radio frequency traps are well-estab-
lished quantum systems in which a high degree of control 
over their quantum states and dynamics can be obtained 
paving the way for many applications in the fields of physics 
and chemistry, e.g., mass spectrometry, precision measure-
ments and quantum computing and technologies [1]. Nano-
mechanical oscillators, on the other hand, can be used as 
highly sensitive sensors interfaced with different quantum 
devices and hybrid systems [2]. One famous application is 
atomic force microscopy. Their nanoscopic size allows for 
their implementation in miniaturized devices.
The goal of the present project is to combine both platforms 
in an ion-nanowire hybrid system offering new ways for the 
control and manipulation of the motional quantum state 
of the ion. Coupling of the two systems is achieved via the 
Coulomb interaction by putting an effective charge on the 
nanowire. By driving oscillations of the nanowire, the ion’s 
motional state is mechanically excited and manipulated [3]. 
The mechanical manipulation of the ion’s motional quan-
tum state is dependent on several parameters, such as the 
relative ion-nanowire position, the effective charge and the 
detuning between the ion’s oscillation frequency and the 
nanowire’s resonance frequency. The ion-nanowire inter-
action may also be used to manipulate the quantum state 
of the nanowire provided it can be cooled to the quantum 
regime of its motion [3, 4].
Because the conducting nanowire acts as an additional elec-
trode in the ion trap, it will contribute to the total effective 
trapping potential. As such, we view the nanowire as a flex-
ible addition to the trap that can be used for fine-tuning the 
trapping parameters and shaping trap potentials, e.g., by in-
troducing anharmonicities and generating different poten-
tial topologies like double wells.
Here, we report progress on the experimental implementa-
tion of the ion-nanowire hybrid system consisting of a 40Ca+ 
ion and a metallic Ag2Ga nanowire, showing the trapping of 
single ions as well as a characterization of the setup and the 
nanowire’s impact on the trapping potentials.

Experimental Setup
The heart of the experimental setup is a miniaturized, 
gold-coated-alumina-wafer radio frequency ion trap com-
bined with a metallic Ag2Ga nanowire. The nanowire is sit-
uated below the trap center and can flexibly be positioned 
in all three dimensions with nanopositioners. The setup is 
shown in figure 1.

 

Fig. 1: Left: Photograph o the f gold-coated alumina-wafer ion 
trap. Right: Schematic of the trap center with the nanowire [3].

Single 40Ca atoms are introduced into the trap via an evapo-
rative calcium source and ionized in two steps using a com-
bination of 423 nm and 375 nm lasers. The resulting 40Ca+ 
ions are Doppler cooled with a 397 nm cooling and 866 nm 
repumping laser and confined in the trap by a combination 
of static and dynamic electric fields. Single ions as well as 
large Coulomb crystals consisting of several ions can be 
stored in the trap. Their trapping frequency can be adjusted 
by varying the static and dynamic voltages of the trap. The 
ions can be observed by collecting the scattered 397 nm light 
on a CCD camera (Fig. 2).

Fig. 2: CCD camera image of a single ion obtained by collecting 
the light scattering during Doppler laser cooling.

Trapping Potential Characterization
The metallic nanowire in the trap acts as an additional elec-
trode, changing the effective trapping potential of the ions. 
Since we aim for a full control over the ions’ trap frequency 
to match it with the resonance frequency of the nanowire, 
we characterized the impact of the nanowire on the trap-
ping potential.
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Fig. 3: Example for the determination of the motional frequencies 
of the ions in the trap. By applying an AC voltage to one of the trap 
electrodes and sweeping its frequency, the motion of the trapped 
ions is resonantly excited. The position of the minimum of the fluo-
rescence yield indicates the motional frequency of the ion (here of 
the axial mode of motion).

The motional frequencies of the ion in the trap potential 
were determined by applying a small AC voltage on one 
of the trap electrodes. A decrease in the ion fluorescence 
signal can be observed due to motional heating when the 
frequency of the applied voltage matches the motional fre-
quency of the ion, see figure 3.

Fig. 4: Dependence of the axial motional frequency of the ions on 
the nanowire applied voltages (a) and position (b). The fit functions 
are a direct result from our theoretical model [3]. f0 is the initial 
(unperturbed) axial ion frequency. The parameters εr and εV de-
scribe the strength of the ion-nanowire interaction as a function of 
r and V, respectively.

The ion-nanowire interaction is mainly dictated by two pa-
rameters: the effective charge (or voltage) on the nanowire 
and the relative ion-nanowire position. In a recently devel-
oped theoretical model, the interaction is described in terms 
of a Coulomb interaction between two-point charges [3]. 
Figure 4 shows the change in trap frequencies for different 
nanowire voltages and positions relative to the ion. Those 
results show the impact of a static voltage applied to the 
nanowire, but do not yet include any dynamic mechanical 
drive.
The experimental data are well described by our theoreti-
cal model [3] for relatively large ion-nanowire distances. For 
very small distances in the range of a few 10 micrometers, 
the nanowire’s presence leads to stronger distortions of the 
electric fields, leading to an increase of anharmonic terms 
and, potentially, the generation of double well potentials.

Summary & Outlook
During the reporting period, the experimental setup was 
completed and successfully commissioned. Ions were suc-
cessfully trapped and laser cooled. The effect of the nanowire 
on the trapping fields and thus on the motional frequencies 
of the ion could be characterized and analyzed in terms of 
a recently developed theoretical model for the interaction. 
As a next step, we will explore the ion-nanowire interaction 
in the classical regime by exciting the ion motion with the 
mechanical drive and studying the resulting classical mo-
tional dynamics. This will be the basis for an investigation 
of the ion motion in the quantum regime under the action 
of the mechanical drive. For this purpose, resolved sideband 
cooling of the ions to their motional ground state of the trap 
will be implemented.
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Whole cell vitrification to study neurodegenera-
tive disorders

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

Introduction
Developing and understanding of high-resolution structural 
information is essential to elucidate the protein’s working 
mechanisms. In recent years, cryogenic electron micros-
copy (cryo-EM) has become a convincing method to deter-
mine macromolecules’ architecture at atomic resolution. 
However, cryo-EM is still rapidly developing; a particular re-
search focus is the development of new sample preparation 
methods and expanding the application of EM as an analyt-
ical tool.
During recent years, we have developed a system of micro-
fluidic modules for cryo-EM sample preparation. The differ-
ent modules can be combined specifically for an experiment. 
Typical examples are (i) the microfluidic isolation, cryo-EM 
preparation,  high-resolution cryo-EM, and building of an 
atomic model from less than 1 μL cell lysate [1, 2, 3], or (ii) 
the single-cell analysis by visual proteomics by combining 
microfluidic cell-lysis and EM sample preparation [3, 4]. The 
latter allows the proteome-wide detection of the structural 
rearrangement of protein complexes of single cells by a 
method we called “differential visual proteomics”. Unfortu-
nately, this method does not allow investigating the social 
context of proteins in the cell. However, new work-flows 
were developed, allowing us to “mill” a lamella into the 
cell, which is thin enough to investigate the proteins at high 
resolution by cryo-EM tomography. This allows the in situ 
investigation of the proteins in a small part of the cell. Un-
fortunately, classical preparation methods for whole-cell vit-
rification use extensive filter paper blotting or are extremely 
slow, disturbing thin cellular structures and exhibiting sig-
nificant intra-cellular stress.
Here we aim at developing a new preparation protocol for 
the vitrification of adherent eukaryotic cells. The method 
avoids filter-paper blotting entirely and can be performed in 
less than half a minute. Furthermore, the cell's environment 
is controlled throughout the preparation, and the workflow 
should allow monitoring of the cellular structures by light 
microscopy immediately before vitrification. This whole-cell 
cryogenic module will provide (i) correlative light and elec-
tron microscopy information, (ii) full integration with the 
current cryoWriter toolchain, and (iii) the microfluidic as-
piration and withdrawal of solution for controlled fluid dy-
namics. This new cryoWriter module will be combined with 
microfluidic chips in the future, controlling the geometrical 
rearrangement of neurons.

Whole cell vitrification module integration with the 
cryoWriter setup
The cryoWriter keeps the EM-sample carrier (“grid”) hor-
izontally until the final vitrification step (Fig. 1), allowing 
the semi-automation of all actions and keeping the cells in 
a physiological state. However, the grid must be accessible 
for grid-gripping tweezers [4]. Therefore, a new grid holder 

(Fig. 2A) was designed (i) allowing in situ cell culturing for 
several days to grow eukaryotic cells directly on EM grids, 
(ii) enabling light microscopy during the culturing and im-
mediately before plunge-freezing, and (iii) efficient microflu-
idic introduction and removal of fluids for vitrification. We 
designed a 10 mm by 10 mm by 6 mm device that contains a 
small sealed chamber to allow for temperature control (Fig. 
1A). The top allows for integrating a 100 µm thick polydimeth-
ylsiloxane (PDMS) membrane enabling the non-permanent 
binding of gold EM grids to the surface.

Fig. 1: A) A schematic top overview representation of a correlative 
light and electron compatible growth platform. B) A schematic side 
overview representation of a correlative light and electron compat-
ible growth platform. Neuronal cells are grown on a functionalized 
gold EM grid (6) which is placed on thin PDMS membrane (4) 
that allows for correlative light electron microscopy. The growth 
device (2) contains a chamber that allows for heat retention (3) and 
a tweezers grip placed at the top for easy handling. This device is 
placed on a temperature-controlled platform (1). The gold grid is 
gripped by a temperature-cooled tweezer (8) before being plunge 
frozen in liquid nitrogen (8) after flipping the grid in a vertical posi-
tion. Fluid dynamics are controlled via a microfluidic capillary (5).

Preliminary tests showed that eukaryotic cells grow homo-
geneously on functionalized cryo-EM grids when mounted 
in our device (Fig. 2E). Furthermore, the new device allows 
direct vitrification using the cryoWriter setup with good 
preservation of the overall cell structures (Fig. 2B). How-
ever, when withdrawn only via microfluidic capillaries, the 
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removal of the remaining buffer fluid left a thick ~20 μm 
layer of liquid behind. This obscured any neurons for the 
Focused ion beam (FIB) milling of a lamella. Therefore, we 
developed a directed climate-control device to reduce the 
amount of remaining fluids alongside microfluidic with-
drawal (Fig. 2C and D). These developments now enable a 
two-step whole-cell preparation: Firstly, most of the excess 
fluid is removed via the microfluidic capillary, and secondly, 
a directed “climate-jet” to remove the remaining liquid on 
the EM grid (Fig. 2E). The preparation platform is now ready 
for the vitrification of adherent eukaryotic cells and subse-
quent FIB-milling of a lamella for cryo-EM tomography.

Fig. 2: A) Stainless steel 3D printed correlative light and electron 
compatible growth platform with PDMS membrane. B) Whole 
vitrified neuroblastoma cells on a gold EM grid. C) Directed 
climate-controlled device to deliver humidified temperature con-
trolled gas stream to A) growth device. D) Excess fluid removed in 
a controlled fashion by the climate control device. E) Whole vitri-
fied neuroblastoma cells on a gold EM grid. 

Outlook
We will now aim to integrate the whole-cell vitrification de-
vice with microfluidic chips containing multi-chamber inter-
faces to observe geometrically controlled axon and dendrite 
outgrowth. We will use this new method to study the ste-
reotypical spreading of prion-like seeds through the nervous 
system, which is a hallmark of many neurodegenerative dis-
orders like Huntington’s disease.
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Dual scale approach using conductive nanofibers 
towards enhanced cardiac tissue engineering

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

Introduction
Cardiovascular	diseases	are	one	of	the	most	common	causes	
of	hospitalization	or	death	in	the	industrialized	world	and	are	
becoming	a	leading	global	threat	of	the	21st	century.	An	im-
pairment of heart functionality, after a myocardial infarction 
combined	with	a	low	intrinsic	regenerative	capability	of	car-
diomyocytes	(CMs)	leads	to	a	loss	of	cardiac	tissue.	Replacing	
affected	tissue	urges	the	need	for	novel	biofabrication	meth-
ods	to	counter	this	challenge	[1,	2].

Fig. 1: Schematic representation of a typical workflow of a biofab-
rication process to produce cardiac or neural constructs. Custom 
architecture is designed with a specific software and sent to the 
3D-printing machine. The nanocomposite doped printed hydrogel, 
either already including cells or seeded on it after the printing pro-
cess, is matured using electrical or magnetic cues and can be im-
planted into damaged or diseased cardiac or neural tissue.

Using	biofabrication	techniques	to	mimic	and	replicate	nat-
ural tissue as well as cell environment is a very capable way 
to	achieve	physiologically	 relevant	 conditions.	Especially	 in	
electrophysiological	human	tissue	like	cardiac	tissue,	proper	
signal	 transduction	 is	 of	 paramount	 importance	 for	 appro-
priate	function	and	cell	maturation	as	well	as	differentiation.	
Precisely,	these	conductive	properties	are	challenging	to	en-
gineer.	In	human	cardiac	tissue	the	conductance	within	the	
whole	myocardium	is	provided	by	specialized	cells	(Purkinje	
fibers)	with	a	high	conductivity,	capable	to	propagate	timely	
the	electrical	signal.	These	cells	forming	the	so	called	syncy-
tium	[3].	To	rebuilt	this	natural	properties	current	research	
tries to exploit the intrinsic characteristics of conductive 
nanocomposites,	 like	 metal	 nanocomposites	 (NPs),	 carbon	
nanotube	(CNTs)	or	graphene	and	integrate	them	into	non-
conductive	 hydrogels.	 In	 our	 project	 conductive	 nanofibers	
are	being	biofabricated	to	mimic	this	conductive	system	and	
make	electrical	stimulation	possible.	Together	with	our	dual	

scale	 approach	 in	 which	 3D-printed	micrometer	 scale	 and	
electrospun nanometer scale structures are combined, elec-
trophysiological	 conditions	 should	 be	 possible	 to	 achieve.	
This approach to mimic the cardiac conductive system by 
means	 of	 conductive	 nanofibers	 has	 the	 potential	 to	 be	 a	
promising	implementation	in	3D-biofabricated	human	tissue	
substitutes	and	regenerative	medical	applications.	

Dual scale scaffolds
Increasing	 the	 resemblance	 of	 our	 biofabricated	 construct	
to	extracellular	matrix	(ECM),	in	which	the	cardiac	cells	are	
embedded,	 is	 a	 key	 factor	 in	 tissue	 engineering.	Therefore,	
by	 successful	 combination	 of	 3D-bioprinting	 and	 electro-
spinning	(ES)	first	dual	scale	constructs	could	be	fabricated,	
mimicking	the	different	 length	scales	of	ECM	more	closely.	
As	 shown	 in	 figure	 2,	 a	microscale	 construct	 is	 fabricated,	
layered	with	(conductive)	nanoscale	fibers	on	top	of	 it.	The	
microscale	construct	is	fabricated	out	of	a	PCL	ES	solution.	
PCL	 is	 extruded	 using	 a	 RegenHU	 bioprinting	 apparatus	
with	optimized	 sets	of	parameters	 for	optimal	3D-printing.	
The	parameters	 in	question	among	others,	are	 feeding	 rate	
(8	 mm/s),	 applied	 pressure	 (550	 kPa)	 and	 extrusion	 tem-
perature	 (90°C).	After	 the	 construct	was	produced,	nanofi-
bers	were	spun	on	 top	of	 it	using	a	 lab-built	ES	apparatus.	
Continuous	and	reproducible	spinning	was	achieved	through	
optimization	of	several	important	parameters	including	volt-
age	(11.4	kV),	feeding	rate	(1.1	mL/h),	polymer	concentration	
(35%	w/v)	and	working	distance	(110	mm).	The	used	ES	solu-
tion	was	35%	(w/v)	polycaprolactone	(PCL)	dissolved	in	an	
acetic	acid/acetone	mixture.	First	trials	of	nonconductive	NF	
were	followed	by	the	development	of	conductive	NF	electro-
spinning.	To	induce	conductivity	in	the	solution,	CNTs	were	
added and dispersed. 

Fig. 2: A) and B) Image of a 3D-printed dual scale construct. Red 
arrow indicates the 3D printed micro scale construct, while the 
blue arrow indicates the electrospun biocompatible, nanofibers in 
an aligned fashion; Scale bar = 100 µm.

Cell experiments
To	study	the	influence	of	the	aforementioned	construct	neo-
natal	rat	fibroblasts	(NRFBs)	were	seeded	and	cultured	on	it	
(Fig.	3).	The	NRFBs	as	well	as	the	cardiomyocytes	(NRCMs)	
were obtained in collaboration with Dr. Anna Marsano’s lab 
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(DBM,	University	of	Basel)	by	a	 lab	own	isolation	protocol.	
The cells were isolated from two to three days old rat pups in 
a	 two-step	process	over	 two	days.	NRFBs	were	first	 seeded	
into a culture dish layered with electrospun non-conductive 
nanofibers	and	cultured	for	three	days.	Subsequent	fluores-
cence	microscopy	of	the	cultured	cells	grown	on	nanofibers	
indicate	an	alignment	of	the	fibers	along	the	given	topogra-
phy,	compared	to	the	control,	where	the	fibers	spread	out	into	
every	 direction	 (Fig.	 3a/3b).	 After	 optimization,	 successful	
seeding	of	 cells	on	 the	non-conductive	dual	 scale	 construct	
was	achieved	showing	an	alignment	as	well	of	NRFBs	along	
the	given	directionality	of	the	fibers	(Fig.	3c).	

Next steps
Since	 proper	myogenesis	 of	 the	 isolated	NRCMs	 is	 an	 im-
portant	key	for	engineering	mature	and	implantable	cardiac	
substitutes, conductive materials are of paramount impor-
tance.	Not	only	do	they	facilitate	the	propagation	of	electri-
cal	signals,	they	as	well	make	electrical	stimulation	possible,	
which	 is	 a	major	 factor	 for	 enhancing	 functional	 assembly	
of	cardiac	cells	 into	synchronously	contracting	patches,	 i.e.,	
become	mature	 tissue	 [4].	Hence,	 currently	 the	 conductiv-
ity	of	the	nanofibers,	their	biocompatibility,	and	their	use	in	
cell	experiments	is	being	assessed.	The	stability	and	quality	
of	CNTs	dispersion	will	be	investigated	using	a	different	dis-
persion	approach	and	quantified	by	Dynamic	Light	Scatter-
ing.	Furthermore,	cardiac	cells	will	be	seeded	on	conductive	
PCL-CNT	nanofiber	meshes	and	dual	scale	constructs.	Their	
proliferation	as	well	as	maturation	will	be	investigated.	Ad-
ditionally,	further	optimization	of	these	dual	scale	construct	
will	be	studied	by	embedding	them	into	optimized	hydrogels	
to	ensure	proper	physiological	cell	environment.	Specialized	
hydrogels	must	be	developed	and	studied.
   

Fig. 3: Top left: NRFBs on aligned CNT-PCL NF after 3 days in 
culture appear to align along the given NF direction; top right: 
NRFBs without any topological cues after 3 days in culture spread 
out without any preferred direction; bottom: ‘free standing’ NRFBs 
on dual scale construct after 3 days in culture. Scale bar = 100 µm.

Review
While	 consolidating	 the	 acquired	 knowledge	 and	 overview	
over	the	3D-biofabrication	field,	a	review	on	nanocomposites	
and	their	use	in	physiological	mimicking	electro-conductive	
hydrogels	for	3D-printing	was	published	in	December	2021	
in the Advanced NanoBiomed Research Journal.
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Magnetic nano-sensors for fuel cells

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

Introduction
A precise temperature measurement at the very heart of 
fuel cells constitutes valuable information for understand-
ing performance and durability limitations, as well as for 
the validation of modeling studies. In this project, a novel 
approach using magnetic nano-sensors in combination with 
depolarization neutron imaging is developed. The proposed 
concept uses the temperature dependence of the neutron 
beam depolarization by magnetic materials integrated into 
the fuel cell structure – allowing a contactless and fully 
non-invasive measurement.

Neutron depolarization characteristics of bulk and nano-
metric materials
One of the key reasons for using nanometric size materials 
is the known effect of the particle size on the Curie tempera-
ture [1]. To this purpose, the depolarization of the neutron 
beam by Nickel and Iron powders was measured. Besides 
coarse powders considered as being representative of the 
bulk material, two commercial nanoparticle powders (Ni 
and Fe) and one in house synthesized nanopowder (Ni) were 
analyzed. Additionally, commercial Neodynium-Iron-Boron 
(NdFeB, Newland Magnetics) alloys were measured, as coarse 
powders only. The commercial Ni powder has a specified 
size in the order of magnitude of 100 nm while the pow-
der synthesized in house using the polyol method [2] has 
an estimated size of 22 nm (measured by XRD using the 
Debye-Scherrer relation). The commercial Fe powder has a 
specified size of 25 nm and is coated with carbon. All sam-
ples were mixed with PTFE powder, the weight fraction of 
the magnetic particles being 10%, except for the particles 
synthesized in house where the weight fraction was set to 
50% due to their low contrast. 

Fig. 1: Neutron depolarization image of three cuvettes containing 
bulk and nanometric Ni powders.

In figure 1, a neutron depolarization image of the three Ni 
samples is shown. As can be observed, all three samples re-
sult in a partial depolarization of the beam, though with 
different intensities. To analyze this depolarization quanti-
tatively, a depolarization coefficient is introduced, which is 
computed as follows:

where p and p0 are the polarization of the beam with and 
without the sample, respectively, and δ is the effective thick-
ness of the magnetic powder, taking into account the mixing 
with PTFE and assuming a packing density of 50%.

Fig. 2: Depolarization coefficient measured for different materials.

As summarized in figure 2, the particle size has an important 
impact on the depolarization coefficient, with the nanomet-
ric materials resulting in a significantly lower depolarization 
and thus requiring more material for obtaining a measure-
able signal. This has important practical implications, be-
cause the non-invasive integration into a fuel cell structure 
requires occupying as little volume as possible.

Impact of temperature on the depolarization coefficient
In figure 3, the evolution of the depolarization coefficient 
as a function of temperature is shown. Due to its high Curie 
temperature, the depolarization by bulk Iron samples does 
not show any dependence, while the bulk Ni (Curie tempera-
ture of 354°C) already shows a temperature dependence in 
the measurement range of 30°C – 100°C. An impact of the 
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particle size on the temperature dependence is clearly vis-
ible, with the smallest particles being the most sensitive to 
temperature. However, it must be reminded that the tem-
perature dependence alone is not sufficient to make a good 
nano-sensor, as a sufficient depolarization coefficient is also 
required.

Fig. 3: Depolarization coefficient of a) Ni and b) Fe materials nor-
malized to their value at 30°C.

Three types of commercial Neodynium based alloys were 
measured. While the precise composition is not specified by 
the manufacturer, the three types differ by their maximum 
rated temperature (type A: 120°C, type C: 150°C, type ES: 
100°C) and by their Curie temperature (type A: 310°C, type C: 
470°C, type ES: 400°C).

Fig. 4: Depolarization coefficient of Neodynium alloy materials 
normalized to their value at 30°C.

As shown in figure 4, all measured Neodynium based materi-
als show an important temperature dependence of their de-
polarization coefficient. The combination of this strong de-
pendence with a sufficiently high depolarization coefficient 
make these materials a very interesting candidate for our 
application, even with their bulk characteristics. However, it 
is still required to synthesize such materials in nanometric 
sizes in order to integrate them non-invasively into fuel cell 
structures.

Towards integration in fuel cells
The use of the characterized nanoparticles as temperature 
sensors require them to be integrated in fuel cell materials 
in the least invasive way. First trials were realized where Ni 
and Fe nanoparticles were dispersed into the fluoropolymer 
coating commonly used in fuel cell gas diffusion layer mate-
rials (a porous carbon based material used for the fine distri-
bution of the reactants) to help them repel water.

Fig. 5: a) SEM image of a fuel cell gas diffusion layer (Freudenberg 
H23) with Ni nanoparticles. b) Neutron depolarization image of 
GDLs (stack of 10 layers) with and without Fe nanoparticles.

As illustrated in figure 5, the integration of nanoparticles in 
the GDL materials result in a clearly observable beam depo-
larization, in comparison to the blank GDL without nanopar-
ticles. Although the homogeneity of the nanoparticles distri-
bution still needs to be improved, this constitutes a promising 
step towards in situ measurements in operating fuel cells.
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Development of fixed targets for protein-dynamic 
studies at SwissFEL

Project P1904: Revealing protein binding dynamics using time-resolved diffraction experiments at SwissFEL 
Project Leader: C. Padeste and T. Ward
Collaborators: M. Carrillo (SNI PhD Student), T. Weinert, J. H. Beale

X-ray Free Electron Lasers (XFELs) such as SwissFEL, the new 
large-scale facility at the Paul Scherrer Institute (PSI), allow 
for the creation of molecular movies of biomolecules “in ac-
tion” based on time-resolved diffraction experiments. The 
goal of this project is the development of a fixed-target sam-
ple delivery system for XFELs. The binding of a photo-cleav-
able biotin derivatives to streptavidin will be used as a model 
system to demonstrate the utility of these fixed-targets and 
to study the streptavidin-biotin binding dynamics.    

Background
XFELs are a new generation of light sources that provide 
novel experimental capabilities to study structure and dy-
namics in biology, chemistry and material sciences based 
on their ultra-brilliant, highly coherent, femtosecond X-ray 
pulses [1]. They allow high-resolution structure-determi-
nation at room temperature using crystals of smaller sizes 
than used in conventional diffraction studies. The special 
feature of the ultra-high pulse intensity, i.e. is the complete 
destruction of the probed crystal sample by X-ray laser pulse. 
This feature has led to the development of serial femtosec-
ond crystallography (SFX) providing the ability of collecting 
many thousands of diffraction patterns from individual pro-
tein micro-crystals prior to radiation damage and at near 
physiological temperatures. The serial approach has also 
opened the door for time resolved measurements (TR-SFX) at 
femtosecond temporal resolutions, in order to study protein 
dynamics, in particular for proteins that react on light stimu-
lation resulting in a conformal change. Important examples 
include proteins of the rhodopsin family, where triggering 
conformational changes by lasers followed by probing with 
X-rays at different time-points has been demonstrated [2]. 
Various design aspects have contributed to the advancement 
of TR-SFX. Developments such as X-ray light sources, X-ray 
detectors, sample delivery methods and data evaluation pro-
cedures have played a strong role in the success of these ex-
periments. Ideal sample delivery systems allow for fast data 
collection, low consumption of crystalline sample, low back-
ground noise and short data collection time [3]. To deliver the 
protein crystals at high frequency to the probing X-ray beam, 
liquid jet and viscous media injection technologies, as well as 
the so-called fixed target technologies have been developed [4]. 
When using fixed targets, the crystalline samples are de-
posited on a chip prior to data collection. Fixed-target SFX 
sample delivery methods have mostly focused on chips mi-
crofabricated from silicon wafers that offer an inert support 
for the immobilized crystals and a precise aperture array for 
rapid alignment strategies [5, 6]. These chips are reusable but 
brittle and they can give strong Bragg reflections along the 
Si(111) axis when misaligned; potentially damaging x-ray de-
tectors.

The main objective of this project is to design and fabricate 
polymer-based fixed-targets for SwissMX, the new end sta-
tion dedicated to fixed-target SFX at SwissFEL (Fig. 1). The 
polymer-based film will provide a low x-ray absorption and 
scattering background, high design flexibility and the poten-
tial for mass-fabrication at low cost. 

Fig. 1: Left: SwissMX, the fixed target endstation at SwissFEL. 
Right: First-generation polymer-based fixed target for serial pro-
tein crystallography at room temperature currently being devel-
oped at PSI. The inverted pyramidal wells serve for single crystals 
to funnel into predefined positions, optimizing the hit-rate of the 
probing X-ray beam. It also allows for reduction of preferential ori-
entation of crystals and efficient blotting of the mother liquor of 
the deposited protein crystal suspension in order to minimize X-ray 
scattering background. 

Fixed Target Development 
After establishing polymer-based fixed targets for appli-
cation at cryo-conditions [7, 8] we are now focusing on 
room-temperature versions suitable for TR measurements. 
Here, we use hot embossing to imprint arrays of cavities 
into polymer films. Openings at the bottom of the cavities 
allow blotting of the solution containing micro-crystals. This 
produces a draft that should eventually drag individual crys-
tals to the center of the cavities. Currently, various polymer 
film types and thicknesses, ranging from 25 μm to 55 μm, 
are being tested in order to optimize the chip parameters 
(Fig. 2). The relationship between the pyramid heights, film 
thicknesses and resulting sizes of the funnel openings will 
be accessed experimentally and will be further optimized for 
loading efficiency for crystals of different proteins such as 
lysozyme, rubisco and streptavidin. Furthermore, we expect 
minimized preferential orientation of the deposited crystals 
compared to flat substrates. 
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Fig. 2: Well cavities are being designed as inverted pyramids where 
optimization of side length, film thickness, top distance and total 
stamp height is currently being optimized. Bottom openings and 
film thickness are adjusted for appropriate crystal sizes.

For the current project, the holders need to be optimized 
in the dimensions and arrangements of the cavities to yield 
optimum crystal distribution. Furthermore, the in coupling 
of an optical laser beam triggering the photo-reaction has 
to be foreseen and planned in a way to guarantee activation 
of crystals exclusively in the probed cavity. Finally, a simple 
form of fixed-target enclosure will be created by sandwich-
ing the chip between two polymer films, in order to preserve 
the loaded sample from dehydration.    

The streptavidin model system
Streptavidin is a highly symmetrical tetrameric β-barrel pro-
tein with a wide range of biotechnological applications. The 
most prominent feature is its very high affinity for biotin, 
which is among the highest known for small molecule–pro-
tein interactions. By enzymatic or chemical means, biotin 
can be easily linked to a very diverse array of targets includ-
ing protein surfaces, fluorogenic probes, drug molecules 
or catalytically competent metal complexes, resulting in a 
wealth divere of accessible properties and functionalities. 
More recently, evolved variants of streptavidin have been 
shown to bind peptides with high affinity (up to nanomolar 
dissociation constant). Strep-tag II, as used in this project as 
an alternative binder to biotin, consists of eight amino-acids 
(Trp-Ser-His-Pro-Gln-Phe-Glu-Lys). Photocaged derivatives of 
both, biotin and Step-tag II, will be employed in this study. 
Exposure of streptavidin co-crystallized with these caged 
compounds with 250-350 nm photons induces uncaging and 
binding to streptavidin at a defined time point.
Optimization of streptavidin crystallization is ongoing.  The 
aim is to obtain various crystal morphologies and sizes suit-
able for serial experiments and fitting to the dimensions of 
our fixed targets. 
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Fig. 3: One of the proposed systems to investigate protein-binding 
dynamics: The photo-caged biotin is not binding to streptavidin. 
Exposure with 266 nm photons induces uncaging and binding of 
this derivative co-crystallized with streptavidin.
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Applying nanowire MFM to 2D materials

Project P1905: Magnetic force microscopy with nanowire transducers
Project Leader: M. Poggio and E. Meyer
Collaborator: L. Schneider (SNI PhD Student)

Introduction
Recent years have seen rapid progress in nanometer-scale 
magnetic imaging technology, with scanning probe mi-
croscopy driving remarkable improvements in both sensi-
tivity and resolution. Among the most successful tools are 
magnetic force microscopy (MFM), spin-polarized scanning 
tunneling microscopy, as well as scanning magnetometers 
based on nitrogen-vacancy centers in diamond, Hall-bars, 
and superconducting quantum interference devices. Over 
the past two years, we have been using nanowire (NW) force 
sensors as ultra-sensitive MFM probes. Using NWs function-
alized with magnetic tips, we strive to map magnetic fields 
and dissipation with enhanced sensitivity and resolution 
compared to the state of the art. With these new capabilities, 
we intend to study magnetization in 2D materials.
The key component in any force microscope is the force 
sensor, which consists of a mechanical transducer, used to 
convert 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 research 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 direction of weak tip-sample interactions. NWs have 
been demonstrated 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 nanome-
ter-scale magnetic resonance imaging and in the measure-
ment of tiny optical and electrical forces. In a proof-of-prin-
ciple microscopy experiment 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 gradi-
ent produced by a few tens of Bohr magnetons or a few nA 

of flowing current at a distance of a few hundred nanome-
ters [2].  Such sensitivity compares favorably to that of other 
magnetic microscopies, including scanning Hall microscopy, 
scanning SQUID microscopy, 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. 

Results
In the second year of work, we can report progress on two 
fronts. 
First, because we are convinced that our unique nanome-
ter-scale magnetic field imaging technique has much to re-
veal about the behavior of newly discovered 2D magnets, we 
are working on producing 2D magnets that we can image 
with our NW MFM. This effort consists mostly of exfoliating 
few or single layer 2D magnetic materials near the edge of a 
Si chip, where the flakes are accessible to our scanning NW 
microscope (the microscope works only within ~100 of mi-
crometers from an edge due to the constraints imposed by 
the optical detection of the NW motion). As a first sample, 
we are starting with layered PtSe2, which can be purchased 
from HQ Graphene and is stable in air [5]. This material is 
particularly interesting to study, since it displays a layer-de-
pendent magnetism, which – unlike previously studied 2D 
magnets – is induced by defects. Once we are able to produce 
mono- and few-layer samples of sufficient lateral size (sev-
eral micrometers on a side) outside an inert atmosphere and 
without encapsulation, we will move to more demanding 
samples, which require greater care due to their tendency 
to corrode. The list of possible samples includes some which 
have already been studied by other techniques: Fe3GeTe2, 
Cr2Ge2Te6, MnPS3, CrI3, CrB3, CrCl3, and VI3. Crystals of these 
samples are commercially available. Particularly intriguing 
samples, which have not yet been studied in few-layer form 
are non-collinear magnetic structures such as the helimag-
nets MnCl2 and FeCl3, and multiferroic MnI2, CoI2, NiI2, and 
NiBr2.
In studying all of these samples, we aim to first characterize 
their static magnetism, i.e. to determine the magnetic state 
and its dependence on the number of layers, anisotropy, as 
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well as the presence of spatially modulated states, domains, 
defects, and inhomogeneities. Thereafter, we will move to 
study phase transitions and magnetic reversal: measuring 
the stability of magnetic phases, the nature of phase tran-
sitions, the process of magnetic reversal, and the role of do-
mains and inhomogeneity therein.
Second, our collaborators from the De Teresa Group at the 
University of Zaragoza have functionalized GaAs NWs with 
nanometer-scale Co magnetic tips deposited via focused-elec-
tron-beam-induced deposition (FEBID). These highly sensi-
tive NW MFM transducers, shown in figure 1, have superior 
magnetic and mechanical properties to any previous NW-
based sensors. For this reason, we are now using them as 
MFM transducers to investigate a potentially spin-polarized 

Fig. 1: SEM of the tip of a 15-µm-long GaAs NW with a magnetic 
tip made from Co deposited via FEBID by the De Teresa Group 
from University of Zaragoza.

electron state in monolayer MoS2. This work is a collabo-
ration with the Warburton Group here in Basel, who has 
found evidence of this state in optical measurements [6]. 
Their measurements support a first-order magnetic phase 
transition in a gated sample of MoS2. The phase boundary 
separates a ferromagnetic phase at low electron density and 
a paramagnetic phase at high electron density. The magnetic 
order is thereby controlled via the voltage applied to the gate 
electrode of the device. We now seek to use our extremely 
sensitive scanning magnetic probe, to find direct evidence of 
this magnetic state.
In collaboration with the Warburton Group, we have pro-
duced a gated monolayer MoS2 sample, which can be ap-
proached using our NW MFM probe. This involved a compli-
cated process designed to place the sample within a few tens 
of µm from the chip edge (see Fig. 2). The sample was then 
characterized optically and was confirmed to show the same 
optical signatures of spin polarization. Then, the sample 
was loaded into our custom-built scanning NW microscope, 
which is capable of running at temperatures down to 4.2 K 
and in magnetic fields up to 8 T. The sample was mounted 
together with already tested and calibrated NW MFM probes 
made by our collaborators at the University of Zaragoza. The 
experiments on MoS2 are currently on-going. 
Although conventional MFM is already applied to a wide 
array of samples for its ability to work at various tempera-
tures, some experiments remain out of reach because of lim-
itations in magnetic field sensitivity. The extreme sensitivity 
to subtle magnetic field patterns offered by NW MFM bring 
experiments like the one on MoS2 back within the realm of 
possibility. We hope that these measurements in MoS2 will 

serve to open a door to a large number of 2D magnets and 
other 2D materials with unexplored nanometer-scale mag-
netic contrast.   

Fig. 2: MoS2 Sample. Right: The sample is fabricated near the edge 
of an undoped Si chip. Left: Frequency shift signal from NW MFM 
of the scanning window shown on the right. Topographic features, 
down to single layers appear due to electrostatic interactions be-
tween the sample and NW tip.
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Screening for heteromeric nm-sized self-assem-
bled molecular containers 

Project P1906: Machine learning assisted design of heteromeric self-assembled molecular capsules
Project Leader: K. Tiefenbacher and A. von Lilienfeld
Collaborator: I. Martyn (SNI PhD Student) 

Introduction
Self-assembled supramolecular capsules have exhibited 
promising behavior as catalysts, due to their ability to mimic 
the binding site of an enzyme. These molecular containers 
can encapsulate guests within their rigid internal cavity 
and stabilize reactive intermediates with non-covalent in-
teractions, providing a lower energy pathway for reactions 
such as terpene cyclization[1]. However, most known hydro-
gen-bonded capsules, such as the resorcinarene hexamer, 
are homomeric (assembled from only one building block). 
Homomeric capsules are limited in their ability to impose 
specific conformations on the encapsulated guest, due to the 
high symmetry of the internal cavity (depicted in Fig. 1)[2]. 
The resulting lack of product selectivity limits the scope of 
the catalyzed reactions. The aim of this project is to discover 
novel heteromeric capsules with an asymmetric cavity, 
which will allow for design principles of heteromeric cap-
sules to be developed, to inform future synthetic strategies.  

Fig. 1: a) Homomeric assembly of the resorcinarene capsule;         
b) Homomeric and heteromeric assembly of resorcinarene-based 
building blocks. The capsule remains symmetric even in the homo-
meric assembly of modified building blocks; symmetry is only re-
duced in the heteromeric assembly. 

As there are no general synthetic routes to follow, the ap-
proach taken towards the discovery of novel heteromeric 
assemblies consists of a broad screening of a library of build-
ing blocks. This library contains a range of building blocks 
derived from resorcinarene, in addition to building blocks 
of literature-known assemblies and organic molecules with 
hydrogen bonding motifs. 

Screening 
Screening of heteromeric assemblies is conducted by 1H 
NMR. New, broadened, shifted, or missing peaks are all po-
tentially indicative of heteromeric self-assembly. Further 
analysis of these assemblies is conducted by 2D NMR, DOSY, 
and other techniques as relevant. In order to quantify the 
experimental results, combinations of building blocks are 
graded from 0-4 (see Table 1). 

Table 1: Scale of screening results

Results 
The synthesis of the library of building blocks is nearing 
completion, with the library currently consisting of 43 build-
ing blocks (Fig. 2). 
The results of the binary screening are visualized in figure 
3. One clear example of a binary heteromeric assembly was 
discovered by 1H NMR. The assembly was found to consist 
of one resorcinarene derivative building block and another 
building block of similar size, in a 2:1 ratio. DOSY NMR anal-
ysis yielded a value similar to that of the hexameric resorc-
inarene capsule. 
In many cases, resorcinarene-based building blocks encap-
sulated smaller building blocks as a guest, rather than form 
a heteromeric assembly. This indicates that not only are fac-
tors such as the matching of hydrogen bonding motifs im-
portant in the formation of heteromeric assemblies [3], but 
that size complementarity may also play an important role 

Screening 
experiment 
result

Definition

0 Solubility issue of one or 
more components.

1 Superposition of individual 
spectra; no interaction.

2 Encapsulation of one or more building 
blocks by a homomeric assembly.

3 Some interaction between building blocks; 
no single defined heteromeric assembly.

4 Defined heteromeric assembly.
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in determining which building blocks will form heteromeric 
assemblies. 

Fig. 2: Examples of building blocks from the heteromeric assembly 
screening library.

Conclusion and Further Work 
The novel assembly is still undergoing characterization by 
means of guest uptake experiments and X-ray crystallogra-
phy. The latter method poses a challenge due to the diffi-
culty of crystallizing the complete assembly, especially con-
sidering the differing solubilities of the building blocks. 

Fig. 3: Results of binary combinations of building blocks.

In conclusion, although a promising novel heteromeric as-
sembly has been discovered, the screening process did not 
yield a large number of new heteromeric assemblies. This 
hinders the development of a machine learning model, as a 
small training dataset would result in a poorly performing 
model.
One solution to this lack of high-quality data would be to 
make use of STK (Supramolecular Toolkit), a Python library 
which constructs supramolecular structures from molecular 
building blocks [4]. This software makes use of an evolution-
ary algorithm for the discovery of new supramolecular as-
semblies with user-defined properties. Challenges associated 
with this approach include the design of a topology graph 
to represent the shape of the resulting assembly, and the 
definition of a fitness function to evaluate the real-world fea-
sibility of the machine-generated solutions. 
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Coherent feedback cooling of a nano-mechanical 
membrane with atomic spins

Project P1907: Spin-opto-nanomechanics
Project Leader: P. Treutlein and P. Maletinsky
Collaborators: G.-L. Schmid (SNI PhD Student), C.T. Ngai, M. Ernzer, M. Bosch, T. Karg

We use a spin-mechanical hybrid system to study the intrigu-
ing concept of coherent feedback [1]. In coherent feedback a 
quantum system is controlled through its interaction with 
another one, in such a way that quantum coherence is pre-
served. In contrast to measurement-based feedback, coher-
ent feedback does not rely on measurements, thus avoiding 
the quantum backaction inherent to them. Coherent feed-
back can outperform measurement-based feedback in cer-
tain tasks such as cooling of an oscillator. Here, we employ 
optical coherent feedback to remotely cool a nanomechan-
ical membrane by two orders of magnitude in temperature 
using atomic spins as a controller. 

Setup
Our hybrid system consists of a mechanical oscillator and 
a collective atomic spin coupled by a laser light over a dis-
tance of one meter in a looped geometry (Fig. 1). The me-
chanical oscillator is placed in a single-sided optical cavity 
which enhances the optomechanical coupling to external 
fields. The cavity is driven by an auxiliary laser beam that is 
red-detuned from the cavity resonance, providing some ini-
tial cavity optomechanical cooling of the membrane. In pres-
ence of this auxiliary laser beam and the coupling laser the 
membrane is cooled to nm̅,bath = 2.0 × 104 phonons and its line-
width is broadened to γm = 2π × 262 Hz. The collective spin 
is realized with an ensemble of 1.3 × 107 ultracold 87Rb atoms 
confined in an optical dipole trap. The atoms are optically 
pumped into the hyperfine ground state |F = 2, mF= -2⟩ with 
respect to a static magnetic field. The Larmor frequency Ωs 
is tuned into resonance with the membrane frequency Ωm= 
2π × 1.957 MHz. A coupling laser interacts first with the spin, 
then with the membrane and once again with the spin as 
sketched in figure 1 and detailed in [2]. Tracing out the light 
field and neglecting the propagation delay, the resonant part 
of the effective spin-membrane interaction is described by a 
beam splitter Hamiltonian HBS=ℏg(bs

†bm + bm
† bs), where bm 

(bs) is the annihilation operator of the membrane (spin) os-
cillator and g is the effective spin-membrane coupling [3].

Continuous Cooling
Strong coupling of spin and membrane [2] is manifested by 
the hybridization of the membrane and the spin modes, 
which leads to a normal mode splitting as shown in figure 
2b). In figure 2a we show the time evolution of the mem-
brane occupation number after switching on the coupling 
beam. For 2g > γs, state swaps between membrane in a room 
temperature environment and ground state cooled spin are 
observed. These state swaps decrease the phonon number of 
the membrane due to the damping that occurs in the spin 
system, whose initial occupation is much smaller and whose 
damping rate is larger than that of the membrane. The os-
cillations dephase after approximately 1 ms and a steady 
state with a membrane occupation of nm̄,ss≈ 2.3 × 103 pho-

nons is reached, corresponding to a temperature decrease 
by two orders of magnitude compared to the initial state. 
In this process the membrane is predominantly cooled via 
its coupling to the cold and damped spin, reaching a tem-
perature one order of magnitude lower than in the presence 
of the optomechanical cooling beams alone. Increasing the 
spin damping rate γs  first enhances the membrane cool-
ing, until the overdamped regime γs ≫ 2g is reached where 
the membrane couples incoherently to a quasi-continuum 
of cold spin fluctuations. The membrane decay is then gov-
erned by Fermi's golden rule, with the occupation number 
decreasing at the sympathetic cooling rate γsym≈ 4g2/γs, i.e., 
the cooling becomes less effective as γs is increased further. 
In this weak-coupling regime, the modes decouple and the 
membrane spectrum shows a single Lorentzian peak, broad-
ened by the interaction with the spin (Fig. 2b).

 

Fig. 1: Sketch of the light-mediated spin-membrane coupling. Light 
interacts first with the spin, then with the membrane, and then again 
with the spin. On the way back from the membrane to the spin, a 
π-phase is imprinted on the light, rendering the spin-membrane in-
teraction effectively Hamiltonian for zero delay τ=0. The systems 
can be approximated by harmonic oscillators of frequencies Ωm and 
Ωs with damping rates γm and γs coupling them to a bath with n̄m,bath 
and n̄s,bath phonons, respectively. The oscillators are coupled at a 
rate g. The spin damping rate can be increased by applying a σ-- 
polarized pumping laser. 
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Fig. 2: a) Time traces of the membrane occupation number after 
turning on the coupling to the atoms. The different traces show 
measurements with different spin damping rates γs. The dashed 
lines correspond to the simulation. The dotted line shows the mem-
brane dynamics without atoms but with the coupling beam turned 
on. b) Power spectral density of the membrane displacement. The 
dashed lines show a global fit to the data.

Stroboscopic Cooling
We can combine strong coupling and strong spin damping 
in a stroboscopic fashion to cool the membrane much faster 
than in the continuous cooling case discussed above. In 
figure 3, we show a comparison between stroboscopic and 
continuous cooling, where time traces for (a) the membrane 
occupation number and (b) the spin occupation number are 
shown. In the stroboscopic sequence we perform a coherent 
π-pulse to swap membrane and spin states. Afterwards, we 
apply an optical pumping pulse of 10 µs which increases the 
spin damping rate to γs≈ 60 g, depleting the spin occupation 
on a timescale much shorter than the state swap (gray pulses 
in Fig. 2b). Since the spin is reinitialized close to the ground 
state, the next coherent state swap does not transfer thermal 
energy back to the membrane but only cools it further. It 
takes two to three cycles of a coherent π-pulse followed by a 
spin pumping pulse to reach the steady state. Using this sim-
ple sequence, we can reach the membrane steady state tem-
perature of 216 mK (n̄m,ss= 2.3 × 103  phonons) in around 200 
µs, approximately a factor of two faster than for continuous 
cooling. This exemplarily shows the advantage of a coherent 
feedback controller, which enables faster cooling than if the 
membrane is coupled with a similar rate to an incoherent, 
overdamped system.

 

Fig. 3: a) Membrane and b) spin occupation numbers for contin-
uous cooling at γs=2 g and stroboscopic cooling at γs=0.6 g. The 
gray shaded areas indicate the spin pumping pulses (where γs≈60 
g). 

Outlook
In our experiment, the cooling rate of the membrane due to 
its coupling to the spin exceeds the cavity-optomechanical 
cooling rate by more than one order of magnitude. Apply-
ing the same cooling technique to a soft-clamped membrane 
with a higher quality factor (of around 50 × 106 instead of 1.4 
× 106) would allow us to prepare the mechanical oscillator 
close to its ground state in a 4 K environment. 
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How to tune molecular stacking towards func-
tional nanowires

Project P1908: Chiral Recognition in Molecular Nanowires from Square-Planar Platinum(II) Complexes
Project Leader: O. Wenger and C. Sparr
Collaborator: A. Huber (SNI PhD Student)

To date, the fundamental functioning principles of chiral 
recognition of volatile organic compounds (VOCs) with nano-
structured materials are somewhat poorly understood, and 
their applications seem underexplored [1,2]. In this context, 
we designed new nanostructured “chiral nose” -type mate-
rials to selectively sense chiral VOCs. Controlled helical su-
perstructures composed of stacked square planar platinum 
(II) complexes are of key interest to us (Scheme 1). Interac-
tions of small chiral molecules with the crystal lattice ideally 
provoke changes in photoluminescence, vapochromism[3], 
or electrical conductance, thus leading to sensing behavior 
(Scheme 1). 

Scheme 1: Helical superstructure from stacked Pt-complexes show-
ing VOC sensing behavior.

Ideally, stereosisomers of specific VOC analytes could in-
teract with the nanowire crystal lattice by intercalation, or 
through π-π interactions directly at the atropisomeric moi-
eties of the complexes. The preference of square planar Pt(II) 
complexes to form stacked aggregates arises from weak met-
al-metal interactions between the 5dz2 orbitals upon close 
contact (<3.5 Å)[4].

Stereogenic Pt(II) isocyanide complexes
In this project, we prepare new chiral Pt(II) complexes by in-
troducing an atropisomeric moiety at the periphery of bi- or 
tri-dentate isocyanide ligands.
Taking advantage of the Sparr group`s expertise on atro-
poselective oligo-naphthylene synthesis [5,6], the selective 
formation of (Ra)- or (Sa)- atropisomeric oligo-naphthylenes 
was achieved by the iterative addition of building blocks 
to aromatic aldehydes and a subsequent enantioselective 
arene-forming aldol-condensation (Scheme 2a)[6]. The atro-
pisomeric scaffold was then coupled to isocyanide chelate li-
gands, which were developed in the Wenger group (Scheme 
2b)[7]. 

  

Scheme 2: a) Iterative formation of atropisomeric scaffold. b) Syn-
thesis of bidentate isocyanide ligand coupled to the chiral moiety.

The sterically demanding ligand was introduced to per-
turb the intermolecular stacking in order to induce a heli-
cal supramolecular arrangement. On the other hand, the 
metal-metal interactions stabilize the oligomeric nanowire 
structures [3,4].

Anticipating controlled nanowire formation
The isocyanide ligand incorporating a naphthylene back-
bone was successfully synthesized. We tried to crystallize 
different Pt(II) complexes, yet so far most of our attempts 
were unsuccessful  (Fig. 1).
Next, we decided to simulate the scaffolds computationally. 
Various models of stacked Pt complex units were designed. 
Our recent findings however showed that the spatial distri-
bution of the naphthyl units around the ligand prevented 
sufficiently short metal-metal distances between adjacent 
complexes.
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Fig. 1: The devil is in the details – colorless crystals without Pt , 
while the desired Pt complexes remained in the red droplets.

Fig. 2: Illustration of a calculated double salt stacking motif.

Additionally, we increased the scope of our envisaged ma-
terials with the formation of double-salt structures (Fig. 2). 
Electrostatic interactions between cationic and anionic Pt(II) 
complexes stabilized stacked arrangements, thus incorpo-
rating the key atropisomeric elements. At the same time, 
small ligands at the anionic units would allow for more 
space around the positive core complexes.
Besides, we started a second project where we investigated 
interaction-induced stereoselective chromium (III) complex 
formation. One key goal is to generate circularly polarized 
luminescence [8,9]. These parallel investigations also help 
training the photo-physical characterization techniques and 
analysis.

Outlook
Guided by computational studies, we will now synthesize 
new Pt complexes and double salts. Physical characteriza-
tion will focus on UV-Vis absorbance, photoluminescence, 
circular dichroism, and circularly polarized luminescence. 
The complexes and final nanostructures will be studied by 
X-ray or electron diffraction. Finally, we envisage changes 
of the aforementioned physical properties upon exposure 
to chiral VOC analytes. Further investigations and optimi-
zation of synthesis, complexations, and crystallizations are 
ongoing.
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Synthesis of hafnium oxide nanocrystals and 
their contrast in X-ray phase contrast CT

Project P2001: Imaging cardiovascular macro- and micro-structure using HfO2 nanocrystals as X-ray to-
mography
Project Leader: J. De Roo and A. Bonnin
Collaborators: R. Lortzing MartÍnez (SNI PhD Student)

Introduction
In 2016, cardiovascular diseases were responsible for 31% 
of all global deaths (WHO). They alter the cardiac structure 
and impact the mechanical properties of the heart. To de-
velop personalized treatment, it is essential to analyze the 
structural organization of the heart. Synchrotron Radiation 
X-ray Phase Contrast Imaging (SR X-PCI) is a non-destructive 
tomography technique, providing 3D information: from full 
heart morphology down to cellular level microstructure [1]. 
We have recently customized a Perfused Isolated Heart Sys-
tem (PIHS) to study a beating rat heart during its cardiac cycle 
using SR X-PCI (Fig. 1). While this appears promising to study 
the heart’s dynamic macrostructure, the use of a contrast 
agent is necessary to enable a high acquisition speed for vas-
culature visualization. On the other hand, 2D histology (mi-
croscopic analysis of tissue) is the conventional technique to 
clinically assess the microstructure of cardiac tissue. For ex-
ample, patients with a heart transplant regularly undergo an 
endo-myocardial biopsy (EMB). The removed cardiac tissue is 
then analyzed for early signs of transplant rejection. While 
SR X-PCI measurements can provide 3D virtual histology, it 
is currently difficult to automatically identify early stages of 
rejection. Furthermore, for clinical implementation, X-PCI 
should be compatible with laboratory-source X-rays (having 
lower sensitivity). Contrast agents would both improve cell 
differentiation and increase sensitivity. In this project, we 
aim to develop hafnium oxide (Z=72) nanocrystals as novel 
contrast agents [2].

Fig. 1: A) Beating heart in a tomography compatible PIHS. B) 
Reconstructed slice of a rat heart with indian ink stained vessels 
(static measurement).

Nanocrystal synthesis
Hafnium oxide nanocrystals were synthesized according to 
a microwave assisted process, based on pioneering work of 
Buha et al.[3] and further developed by us [4, 5]. The tetrahy-
drofuran complex of hafnium chloride is dissolved in ben-

zylalcohol and heated in 100 mL vessels in a large microwave 
reactor (MARS model of CEM). After synthesis, the nanocrys-
tals are isolated, purified and stabilized with fatty acids to 
impart colloidal stability. We achieved multigram scale syn-
thesis, a prerequisite for the large scale application as con-
trast agent.  Figure 2a shows the reaction equation while a 
transmission electron microscopy image is shown in figure 
2b. The nanocrystals are hybrid organic-inorganic objects, as 
illustrated in figures 2c-d.  

Fig. 2: a) Standard reaction to prepare HfO2 nanocrystals. b) TEM 
image of the nanocrystals. c) Representation of a nanocrystal with 
its ligand shell. d) Example of a HRTEM of a nanocrystal.

Ligand exchange and stabilization in water
The hafnia nanocrystal stabilized with fatty acids are stable 
in nonpolar solvents such as hexane, toluene or dichloro-
methane. However, to impart solubility in aqueous buffer 
as required for biological contrast agents, we performed a 
ligand exchange with polar phosphonic acids, see figure 3. 
The short ethyleneglycol oligomer conveniently provided 
solubility in water, while the phosphonate binding group 
provides a strong interaction with the nanocrystal surface 
[6, 7]. We track the ligand exchange with nuclear magnetic 
resonance and while the original solution shows the finger-
print of oleic acid ligands, after exchange, the ethyleneglycol 
moieties are detected (Fig. 3b). 
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Fig. 3: a) Ligand exchange of carboxylic acids for phosphonic ac-
ids. b) Example of NMR spectra of that ligand exchange. 

Preliminary data on CT contrast
Aqueous solution of hafnia nanocrystals with different 
loading were prepared and compared with other types of 
contrast agents; iodine based or indian ink. The contrast-to-
noise ratio (CNR) was determined at the synchrotron in PSI 
(TOMCAT beamline) at 20 keV. It is clear from figure 4 that 
hafnia nanocrystals are superior contrast agents and hold 
promise for further applications in medical computed to-
mography. Hafnium oxide is nontoxic and hafnia nanocrys-
tals are currently developed as a enhancer for radiotherapy 
and thus one of the few nanocrystals that made it to clinical 
translation [8]. 

Fig. 4: Comparison of contrast-to-noise ratio (normalized to 1 at 
0 mg/mL concentration) at 20 keV for hafnia nanocrystals, iodine 
and Indian ink. Linear fits are also included. 

Conclusion and outlook
We managed to scale up the nanocrystals synthesis from 
80 mg per batch to several grams per batch. We success-
fully transferred the hafnia nanocrystals to water and have 
proven their superior contrast to noise ratio in comparison 
with other contrast agents. We will further implement these 
contrast agents in vitro in the coming year. 
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A death-dealing nanomachine

Project P2002: A death-dealing nanomachine
Project Leader: R. H. Y. Lim and M. Basler
Collaborators: M. Brüderlin (SNI PhD Student), P. Cedro (MSc Nanoscience student)

Introduction
The type 6 secretion system (T6SS) in Pseudomonas aerugi-
nosa (PA) is a highly complex protein machinery that is used 
as a self-defense mechanism in interbacterial competition 
[1]. Its harpoon-like structure is well resolved and examined 
[2]. However, the mechanism behind its activation and the 
signals that allow PA to sense neighboring cells and target 
them is largely unknown. In this project, we investigate the 
reaction of PA to mechanical stress using atomic force mi-
croscopy (AFM) along with live-cell fluorescence microscopy 
(FM). Additionally, we are developing an AFM-based method 
to assess and understand the mechanobiological properties 
of the T6SS spike that facilitate membrane puncture.

T6SS is pressure sensitive in P. aeruginosa
In the first part of the project, we developed a method to 
exert localized pressure on PA cells with constant force. To 
achieve this goal, we developed protocols to optimize both 
our sample as well as the AFM/FM set-up. This includes (1) 
knocking out the flagellum protein FliC in all examined PA 
strains, and (2) increasing the overall activity of the T6SS by 
adding ΔretS to our PA strain, which leads to higher expres-
sion of the T6SS components. To visualize the cells in FM 
we labelled the T6SS sheath protein VipA with neongreen 
fluorescence tag.
Initial pressure experiments were performed using a stiff 
tipless wedged AFM cantilever with a spring constant of 58 
N/m. As shown in figure 1, compressing the cells leads to an 
increase in firing events. This indicates that PA is capable of 
sensing mechanical force and reacts to it by assembling the 
T6SS.

Fig. 1: Pressure response test of Pseudomonas aeruginosa ΔretS, 
ΔFliC, Vipa-mneongreen. Fluorescence images show T6SS activa-
tion before and after (red arrows) engaging the cells with a wedged 
cantilever using 4.0 V of applied force. Scale bar, 15 µm.

Subsequently, the AFM experiment was further fine-tuned 
to study how force impacts on individual cells. Instead of 

tipless cantilevers, HMX-10 cantilevers (Bruker) exposing tips 
with nominal radii of 20-50 nm per tip were used in AFM 
force mapping mode. This allowed for more precise applica-
tion of specific forces onto individual cells instead of pres-
suring biofilms of PA cells at the same time.
A summary of both wedged and tip-based experiments is 
shown in figure 2. Our results suggest that the number of 
T6SS firings per cell correlates with an increase in applied 
force, reaching an eightfold increase in firing rate in the low 
nN range. Indeed, force mapping indicated that indentation 
by an approaching AFM tip suitably mimics the attack of a 
neighboring cell. This was evident given that each PA cell 
exhibited a 10s delay after contact by the AFM tip to fire off 
a T6SS response. This time delay was previously seen in in-
vestigations of the dueling phenotype of pseudomonas aeru-
ginosa [3].

Fig. 2: Number of firing events per cell as a function of the applied 
pressure. All experiments were done in triplicate and the errors 
displayed correspond to the standard deviation of the experiments. 
The results of the force mapping experiments are separated from 
the wedged cantilever experiments by the red dotted line. 

Modification of the AFM cantilever for physiological 
conditions.
To further improve on our set-up, we decided to modify the 
AFM cantilever used for the force mapping experiments. 
As shown in figure 3, this involved using focused ion beam 
(FIB) metal deposition to create a high aspect ratio Pt spike 
on top of a flattened tip. This Pt spike mimics the thin long 
sheath of a T6SS and should allow us to penetrate the cell 
wall of pseudomonas in future experiments. Additionally, 
we cloned, expressed, and purified a mutated version of the 
VgrG protein that constitutes the T6SS spike. By mutating 
the base of this protein with additional cysteine residues, we 
will attempt to attach it to the produced platinum spike. In 
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future, this will allow us to use AFM as a means of mimick-
ing a controlled T6SS attack while quantifying the mecha-
nobiological properties of the T6SS spike during membrane 
puncture. Furthermore, we will be able to investigate if and 
how the presence of effector proteins might additionally in-
fluence these processes. 
Thus far, we have verified that the expressed spike protein 
folds properly outside of the cell and is not impaired by 
the cysteine mutations. Indeed, negative stain electron mi-
croscopy reveals that the VgrGs self-assemble into trimeric 
“spikes” (figure 3B). Moreover, EM and also other spectro-
scopic means verify that trimer formation proceeds without 
forming larger inviable aggregates. It is noteworthy that the 
presence of cysteines at the base of each trimer might facili-
tate the formation of disulphide bonds that link neighboring 
VgrG pairs in a back-to-back orientation. This is a good first 
indication that the introduced mutations are accessible in 
vitro and present as viable functional groups to link them to 
Pt in future experiments.

Fig. 3: A) Scanning electron microscopy (SEM) images of a modi-
fied AFM tip. The base cantilever was an MLCT triangular tipped 
cantilever with a spring constant of 0.5 N/m. Its tip was cut at an 
angle of 10 degrees to account for the tilt of the cantilever holder. Pt 
spike was grown using FIB deposition and grown to a length of 524 
nm. B) Negative stain EM images displaying VgrG spike protein 
correctly formed as trimers. Highlighting the possible formation of 
cysteine disulfide bonds between two spike complexes at the bases 
of the proteins.

Conclusion and Outlook
Our results show that PA responds to physical force by T6SS 
assembly and provide a strong basis to understand the un-
derlying mechanisms behind bacterial mechano-sensing cas-
cades. Additionally, mimicking bacterial attack by use of the 
VgrG spike protein provides a minimal system to investigate 
whether the examined signaling cascade is purely reliant on 
physical stress or if the stress response of pseudomonas de-
pends on other biochemical triggers as well. 
The next steps in this project will be to test if certain muta-
tions within the T6SS can lead to different phenotypic bacte-
rial responses. This could help to identity the exact proteins 
that are involved in bacterial mechano-sensing. 
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Towards all-optical single-spin scanning magne-
tometry

Project P2003: Nanoscale quantum sensing of complex spin systems in extreme environments
Project Leader: P. Maletinsky and M. Poggio
Collaborators: J. Zuber (SNI PhD Student), M. Li, J. Happacher, M. Grimau, B. Shields

Introduction
This project aims at further advancing the field of quantum 
sensing by pushing the functionality and performance of a 
promising alternative to the nitrogen vacancy (NV) center 
in single spin magnetometry: the negatively charged silicon 
vacancy (SiV) center in diamond. While the NV center is 
widely established as a versatile magnetometer in the tem-
perature range from 4 K - 300 K [1,2], ultra-low temperatures 
and strong magnetic fields have proved to be largely inac-
cessible due to the intrinsic properties of the NV defect. This 
regime however is home to exotic physics such as topolog-
ically non-trivial spin textures known as Skyrmions, which 
have attracted considerable recent attention in the field of 
nano-magnetism. In addition to its exceptional optical prop-
erties, the SiV is inherently less susceptible to its charge 
environment [3] and all-optical coherent control has been 
demonstrated down to 40 mK [4], presenting it as a viable 
candidate for applications unsuitable for the NV center. The 
goal of this project is, therefore, to establish the SiV center 
as a novel quantum sensor in our reliable scanning probe 
geometry. 

Key experimental results

1. Towards coherent single silicon vacancy centers in 
diamond
Last year we have successfully implemented shallow (~50 
nm from the diamond surface) SiV centers into diamond 
nanopillars all while retaining the excellent optical coher-
ence the defect exhibits in bulk diamond [5].
Our conventional approach to creating SiV centers in dia-
mond micropillars consists of preparing a pristine diamond 
bulk sample, which is subsequently implanted with Si ions. 
In addition to introducing Si into the diamond lattice, this 
process also generates lattice vacancies. During a high-tem-
perature (>1200°C) vacuum anneal the vacancies become 
mobile and may combine with Si ad-atoms to form a stable 
defect complex – the SiV center. Upon confirmation that 
implantation and anneal have been successful (i.e. that SiV 
emission can be detected) we fabricate parabolic diamond 
nanopillars by electron lithography and reactive ion etching. 
Such parabolic pillars enhance light-extraction efficiencies 
by at least one order of magnitude over the bulk, and we em-
ploy the resulting cylinders as scanning probes for nanoscale 
magnetometry [6]. 
To assess the optical coherence of the SiV centers in the pil-
lars, we employ a resonant 737 nm laser, sweeping across 
one of the optical transitions and collecting the phonon side 
band (PSB) emission.

Fig. 1: a) Photoluminescence excitation (PLE) spectrum of a pillar 
containing SiV- before after fabrication. A Gaussian fit (in mint) re-
veals a line width of 16 GHz. b) Second order correlation function 
g(2) after fabrication (fit in mint). The dotted orange line denotes 
the single emitter regime, indicating a single SiV in this pillar. c) 
PLE spectrum of a pillar after the second anneal. Gaussian fits (in 
mint) reveal line widths of 172 MHz and 197 MHz, close to the life-
time limit of 100 MHz. The two lines indicate there are at least two 
separate SiVs in present in this pillar. d) Second order correlation 
function g(2) after a second high-temperature vacuum anneal (fit in 
mint), indicating a significant increase in the number of emitters 
per pillar.

Examples of such resulting “Photoluminescence excitation 
(PLE) spectrum” obtained this way are depicted in figure 1a 
and 1c. It has been shown that a second high-temperature 
anneal of the diamond sample increases the quality of emis-
sion, and inspired by the notion that annealing diminishes 
damage introduced to the diamond lattice [7], we measured 
PLE spectra before and after the second annealing step, in 
addition to second order correlation function g(2) measure-
ments. The result of these experiments was striking: Before 
the second annealing step, we observe broad emission of the 
order of several GHz line widths in PLE, whereas after the an-
nealing step, SiVs in pillars exhibit close to lifetime limited 
(100 MHz) line widths with the narrowest being 172 MHz (Fig. 
1c). These are the first near-surface SiV centers with such 
narrow line widths which have been reported in diamond 
nanostructures and these results constitute a significant step 
towards the goal of this PhD project. 
Unfortunately, the second annealing step introduces a com-
plication: g(2) measurements reveal that the second anneal 
increases the number of emitters in a single pillar. Before 
the second annealing step, we operate in the single emit-
ter regime as indicated in figure 1b, after the anneal, the 
number of emitters increases significantly as indicated by 
the almost non-existent dip in the g(2) function in figure 1d. 
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To counteract the increased yield in SiV centers, we plan on 
further reducing the Si implantation dose in future runs. We 
estimate that a dose of 1 x 1010 ions/cm² will result in one SiV 
per pillar (of around 300 nm diameter) on average. 
Once we have established single shallow coherent SiVs in 
our diamond nanopillars we will investigate all-optical co-
herent control of the defect center’s spin states, paving the 
way towards all-optical single spin magnetometry. 

2. Charge state control of silicon vacancy centers in dia-
mond nanopillars
Hydrogen-terminated surfaces result in a band-bending 
within the diamond, which typically leads to de-ionization 
(from negative to neutral or positive) of color centers [7]. 
While this charge conversion is undesired in many cases, 
recent results [7] showed that it can be highly beneficial for 
SiV centers. Remarkably, the resulting neutral SiV centers 
(SiV0) have recently been shown to exhibit excellent coher-
ence properties and could therefore be very well suited for 
quantum sensing [8]. A key difficulty there, however, is the 
required charge state control to favor SiV0 over the normally 
prevalent SiV- state.

Fig. 2: Controlled, all-optical charge-state conversion of an indi-
vidual SiV center. The data shows the photoluminescence intensity 
in the spectral window of SiV- for a single SiV center over time. The 
center is initially in charge state of SiV0 (leading to no detected PL 
signal) and gradually transitions to SiV- during our process,

Building upon previous work in our group, we are explor-
ing ways to deterministically stabilize the SiV0 charge state 
in diamond nanopillars. Indeed, hydrogen terminating the 
diamond leads to complete disappearance of SiV- emission 
in the sample and SiV0 could also not be detected, but there 
is indication of a third charge state that appears in a freshly 
hydrogen terminated sample, possibly SiV+. We found a way 
to revert this charge-state in an all-optical way on the level 
of individual and thereby gradually return to SiV- emission 
over time. We currently explore the parameter space of this 
process to controllably stabilize individual SiV0 in nanopil-
lars for quantum sensing.
When subjecting a single SiV to our charge-conversion pro-
cedure, while monitoring the zero-phonon-line intensity 
with an APD as seen in figure 2, we observe an exponential 
increase in luminescence. This is assigned to a controlled 
transition from SiV0 to SiV- which happens over a slow (and 
therefore controllable) timescale of several minutes. As a 
next step, we will expose an array of pillars with various 
charge-conversion parameters the find the optimal conver-
sion conditions to stabilize SiV0. This will pave the way to-

wards deterministic charge state control of SiV centers in 
diamond nanopillars for nanoscale quantum sensing.

Summary
Project P2003 has reached significant milestones in the last 
year including the coherent optical emission from SiV cen-
ters in diamond nanopillars. Upon reducing the number of 
emitters per pillar and establishing coherent optical control 
of the defect centers’ spin, this will ultimately enable all-op-
tical single spin magnetometry in ultra-low temperatures 
and tesla-range magnetic fields.
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Surface preparation of multiferroic GeTe

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

Introduction
Multiferroics are materials exhibiting multiple ferroic orders 
such as ferromagnetism, ferroelectricity and ferroelasticity. 
Often, the orders are coupled whereby, for example, the spin 
polarization responds to an external electric field (magne-
toelectric coupling), or an electric polarization is induced 
by applied strain (piezoelectric effect) [1]. The magnetoelec-
tric coupling offers new possibilities for future information 
technology devices such as spin field-effect transistors (FETs) 
where a multiferroic material could be used to flip the spins 
of a spin-polarized current via an applied electric field at a 
gate electrode circumventing the need for energy consum-
ing high magnetic fields [2]. The realization of such devices 
on the micro- and nanometer scale depends immensely on 
a thorough understanding of the atomic and electronic sur-
face structure of these materials.

Project goals
This project aims at studying multiferroic effects in GeTe 
and Ge(1-x)MnxTe on the nanometer scale by scanning probe 
techniques. Pristine GeTe is a well-known ferroelectric semi-
conductor with a built-in electric polarization and a strong 
Rashba splitting of the electronic bands. Upon doping with 
Mn, the material becomes ferromagnetic. Previous studies 
show that the ferroelectric and ferromagnetic polarizations 
are coupled, and that the susceptibility to external fields 
may be localized at the surface of ultrathin films [3].
Therefore we study the surface structure using complemen-
tary synchrotron based photoelectron spectroscopy and 
diffraction techniques (ARPES, XPD) as well as scanning 
tunneling techniques (STM, STS) at the PEARL beamline of 
the Paul Scherrer Institut [4]. To probe the multiferroic be-
haviour in STM, the sample shall be polarized locally by an 
applied electric field and consequently read-out by probing 
the spin-resolved local density of states (LDOS) via spin-re-
solved scanning tunneling microscopy and spectroscopy (SP-
STM, SP-STS).

Results
The project started in July 2021. In a first step, particular 
attention was given to the preparation of clean GeTe and 
GeMnTe surfaces. Samples were prepared by a project part-
ner in Linz, Austria [5], and were sent to us with a protective 
selenium capping layer. The removal of this capping layer by 
annealing the sample and the cleanliness of the sample after-
wards were investigated. XPS spectra before (red) and after 
(blue) this decapping process are depicted in figure 1 show-
ing that the Se peaks disappeared while Te and Ge peaks ap-
pear. Figure 2 (a) shows the low energy electron diffraction 
(LEED) picture of a decapped GeTe sample on InP(111) clearly 
depicting the expected hexagonal surface symmetry while 
(b) depicts an STM image taken on the same sample. The 
inset illustrates the observed hexagonal surface structure.

Fig. 1: Survey XPS spectra of a GeTe sample before (red) decap-
ping the protective Se layer and after (blue) the decapping process. 
It is clearly visible that the Se peaks disappear while Te and Ge 
peaks appear meaning that the decapping process was successful.

The decapping study showed though that a systematic and 
repeatable removal of the capping layer leading to a clean 
sample surface is hard to achieve as the evaporation tem-
peratures of the capping layer and the GeTe film are not 
clearly distinct. STM and STS are particularly sensitive to re-
mainders of the capping layer or surface defects induced by 
excessive annealing. Good quality STM pictures like those in 
figure 2 were obtained in few locations on the sample.
Hence we conclude that uncapped samples brought via vac-
uum suitcase or the direct preparation on site, if possible, 
should be favored in the future.

Outlook
In the next steps of this project, the possibility of a direct 
preparation of samples in our lab will be tested to avoid 
regular time-consuming trips to Austria and having a quick 
and direct access to clean and well prepared samples. This 
task involves finding the right parameters in a multi evapo-
ration source setup for a stoichiometric growth of GeTe  and 
GeMnTe.
Also, the surface atomic and domain structure as well as the 
surface electronic structure of GeTe and GeMnTe samples 
will be further probed via STM and STS. Our STM will then 
undergo an upgrade, including a magnet, to be able to per-
form spin-resolved STM and STS in the future. The prepara-
tion of adequate magnetic tips will be an important prereq-
uisite to perform such measurements.

At the synchrotron light source photoelectron diffraction 
measurements and corresponding simulations are in prog-
ress and shall bring a complementary understanding of 
the underlying atomic surface structure. Angular resolved 
photoemission spectroscopy measurements will give insight 
into the band structure of our samples.
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Fig. 2: a) Low energy electron diffraction picture at 87 eV of a 
decapped GeTe sample showing a hexagonal surface symmetry.      
b) STM (-1 V, 20 pA) taken on the same sample with an inset 
demonstrating the expected hexagonal surface structure. 
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Harnessing polymer compartments with bacte-
rial toxins

Project P2005: Transmembrane protein-mediated loading of synthetic compartments
Project Leader: C. Palivan and R. A. Kammerer
Collaborators: P. Jaśko (SNI PhD Student)

Compartmentalization, a prerequisite for the spatiotempo-
ral control of biochemical pathways in cells, is an emerg-
ing concept in designing new materials for medical and 
technological applications. Synthetic nano- and micro-com-
partments (NCs, MCs) with their chemical versatility and 
superior stability provide the basis for developing catalytic 
compartments, artificial organelles, or cell mimics that are 
furnished with specific biomolecules to drive desired reac-
tions or deliver therapeutic payloads [1][2]. However, a higher 
compartment loading efficiency and better permeability of 
the synthetic membrane remain hurdles that need to be 
overcome to increase the efficacy of in situ reactions. Tools 
that already exist in living organisms, such as pore-forming 
toxins that can translocate protein cargo, provide inspira-
tion to tackle these hurdles [3]. Transmembrane proteins 
have evolved to function within the lipidic bilayers of liv-
ing cells. Little is known how this class of proteins behaves 
within artificial membranes made of polymers, in particular, 
whether they retain their native function in biomedical and 
industrial applications of such biohybrid systems [4].
In this interdisciplinary project, we set out to develop 
next-generation functional artificial compartments com-
prising specific pore-forming transmembrane proteins. Be-
sides using these biohybrid model membranes to explore 
the structural and functional features of the pore-forming 
proteins, we plan to engineer the system such that protein 
cargo can translocate to the compartment interior or that 
specific molecular flow across the membrane can take place.

Fig. 1: Schematic representation of the architecture common to the 
toxins. Our recombinant toxins are devoid of the receptor-binding 
domain (R). An additional enzyme (E) can be fused to the catalytic 
domain or directly to the translocation domain.   

For membrane insertion, we selected a set of bacterial AB 
toxins (referred to as toxin X and Y) with a similar three-do-

main architecture (Fig. 1; Fig. 2A): a catalytic domain (C), 
translocation domain (T), and receptor-binding domain 
(R), the latter being absent in our constructs. Once a toxin 
variant successfully inserted into an artificial membrane 
(Fig. 2B), we will examine if the catalytic domain is shuttled 
across the synthetic membrane under specific conditions. 
Finally, the ability of the C-domain to piggyback extra cargo 
to the compartment interior will be explored by fusing an 
enzyme at the N-terminus of the C-domain. The second sce-
nario assumes direct fusion of a cargo to the T-domain. The 
reducing environment inside the compartment will release 
the enzymes (Fig. 2C). To monitor the interaction of recombi-
nant toxin variants with the synthetic membrane by means 
of fluorescence-based methods, we produced a set of recom-
binant GFP fusion T-domains.

Fig. 2: Concept flow scheme. 

Constructs were designed based on the translocation do-
main sequences encoding wild-type variants of toxins X and 
Y with and without GFP as a fusion partner, which were 
initially cloned into an adapted pET22b vector. This vector 
comprises His6-tag and Strep-tag II sequences for the purifi-
cation of recombinant proteins and restriction sites for fur-
ther engineering. Recombinant proteins were expressed in 
BL21 (DE3) E. coli strain and affinity purified using His6-tag 
and/or Strep-tag II. Expression conditions were analyzed by 
SDS-PAGE analysis followed by immunoblotting as well as 
SDS-PAGE in-gel fluorescence for GFP fusion constructs. 
For the protein purification bacteria pellets were resus-
pended in Tris buffer (20 mM Tris-HCl pH 7.4, 400 mM NaCl) 
with 2x cOmpleteTM EDTA-free protease inhibitor cocktail 
and lysed by sonication and clarified via centrifugation to 
separate soluble and insoluble fractions. For the toxin X 
variants overnight incubation at 4°C with a detergent was 
carried out. For these samples, detergent was present in all 
following buffers. His6-tag purification was performed using 
a Ni-NTA (nitrilotriacetic acid, Qiagen) (Fig. 3) affinity col-



73

umn in a buffer containing 20 mM Tris-HCl pH 7.4, 400 mM 
NaCl, and 20 mM imidazole. The protein was eluted in the 
same buffer with 400 mM imidazole. For Strep-tag II purifi-
cation, the Strep-Tactin® affinity column was used in a buffer 
composed of 20 mM Tris-HCl pH 7.4, 400 mM NaCl. Elution 
was carried out in the same buffer with 2.5 mM d-Desthio-
biotin. The eluted fractions were pooled, desalted, and pu-
rified by Superdex-200 size-exclusion chromatography (SEC; 
GE Healthcare, Germany) (Fig. 4). Each protein was concen-
trated to ~1 mg/ml using Amicon Ultra centrifugal filters 
(Millipore) and stored at -80°C until used for further studies. 
We are currently using toxin variants to establish conditions 
for the functional insertion of these proteins into nano- and 
micrometer-sized vesicles and planar membranes assembled 
from amphiphilic block copolymers.        

Fig. 3: SDS-PAGE analysis of Toxin X1.1 and X1.2 purification 
by Ni-NTA affinity chromatography. Lane 1 – molecular weight 
marker; lanes 2 and 5, flow-through; lanes 3 and 6, wash; lanes 4 
and 7, elution.

Fig. 4: Size exclusion chromatography of Ni-NTA affinity chroma-
tography purified toxins. Top panel, elution profile of the toxin vari-
ant X1.1. Bottom panel, elution profile of the toxin variant X1.2.
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Synthesis and surface chemistry studies of zirco-
nium oxo clusters

Project P2006: RESTRAIN – Reticular chemistry at interfaces as a form of nanotechnology
Project Leader: P. Shahgaldian and J. De Roo
Collaborators: A. Roshan (SNI PhD Student)

Introduction
Reticular chemistry is defined as the chemistry of linking 
discrete chemical entities by coordination bonds to yield ex-
tended crystalline materials [1]. Produced by reticular chem-
istry, metal-organic frameworks (MOFs) – organic-inorganic 
materials consisting of a regular array of metal clusters and 
rigid polytopic organic linkers - display unprecedented phys-
icochemical properties (e.g., porosity, gas adsorption)[2]. The 
choice of secondary building units (SBUs) and organic linkers 
is crucial in MOF design since these constituents have a sub-
stantial impact on these properties [3]. While MOFs are de-
veloped for applications in catalysis, gas storage and sepa-
ration, their implementation is somewhat limited by their 
relatively small size, typically in the micrometer range. 
RESTRAIN aims at addressing this challenge by applying a 
rational design approach based on the use of atomically pre-
cise nanocluster-based SBUs in MOFs’ template-based pro-
duction.  

Synthesis of secondary building units
RESTRAIN aims at using metal oxo clusters, the smallest 
conceivable nanocrystals, as SBUs. To that end, we produced 
well-defined zirconium oxo clusters, particularly Zr6O8 core 
(Zr6(μ3-O)4(μ3-OH)4) displaying high thermal stability expected 
to positively impact the properties of the corresponding 
MOFs (Fig. 1).

Fig. 1: a) Zr6O8 core b) [Zr6(O)4(OH)4(CH3COO)12]2

Clusters capped with different carboxylates are conveniently 
synthesized from zirconium propoxide solution (70% in pro-
panol) and respective carboxylic acids under inert conditions 
with a yield ranging from 50-90% (Fig. 2). Most often, excess 
carboxylates, solvents or byproducts co-crystallize with the 
clusters (e.g. [Zr6(O)4(OH)4(CH3COO)12]2[6]. CH3COOH. 3.5 
DCM). All the clusters were fully characterized with nuclear 
magnetic resonance (NMR). Carboxylic acids bearing an 
α-branched-chain yielded a monomer octaeder while linear 
acids yielded a dimer. The long aliphatic chains of acids make 
the corresponding clusters soluble in nonpolar solvents. 

 
Fig. 2: Synthetic scheme of the zirconium oxo clusters from zirco-
nium propoxide and carboxylic acids.

Surface chemistry studies of clusters
The opportunity to modify the surface chemistry of the oxo 
clusters produced with phosphonic acids with varying chain 
length (i.e., hexyl, oleyl and hexyldecyl) has been investi-
gated. We demonstrated that the ligand shell of zirconium 
octaeders can be partially or fully replaced applying appro-
priate synthetic conditions. Interestingly, non-carboxylate li-
gand shells can be developed around these smallest conceiv-
able nanocrystals. The effect of aliphatic chain length, steric 
hindrance effects and multiple coordinating functionalities 
on ligands were studied by means of NMR spectroscopy.

 
Fig. 3: 31P NMR spectra of the titration studies of [Zr6(O)4(OH)4(CH-
3COO)12]2 with a) hexylphosphonic acid b) oleylphosphonic acid, 
and c) hexyldecylphosphonic acid.

The addition of one equivalent hexylphosphonic acid to the 
Zr12 acetate cluster gelled out the entire solution, probably 
owing to the shorter length of the aliphatic chains and pres-
ence of multiple hydroxyl groups, which can crosslink the 
clusters. On the other hand, no gelation yet multiple bind-
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ing modes were observed upon titrating with hexyldecyl-
phosphonic acids. Our results indicate that steric hindrance, 
chain length, and coordinating functionalities must be con-
sidered while capping the clusters. This set of results is ex-
pected to be of importance for the further application of the 
produced clusters in the design of MOFs. 

Synthesis of amphiphilic organic linkers
Besides the design of oxo clusters, we also focused on the 
synthesis of organic building blocks that can be used to pro-
duce MOFs. Those molecules can be linked by metals such 
as copper and possible oxo-clusters. The first calixarenes we 
focused on, owing to a highly symmetric and rigid macro-
cyclic, are based on the 4-membered ring macrocycle as de-
picted in figure 4 (5 and 8).

Fig. 4: Synthetic route of the amphiphilic calix[4]arenes 5 and 8 
from 4-tert-butylphenol. a) NaOH, formaldehyde, diphenylether, 
toluene, 260°C, 4h. b) AlCl3, phenol, toluene, rt, 3h. c) iodopropane, 
NaH, DMF, rt, overnight. d) Hexamethylenetetramine, trifluoro-
acetic acid, 120°C, 4h. e) Sulfamic acid, sodium chlorite, H3PO4, 
water, chloroform/acetone, 100°C, overnight. f) paraformaldehyde, 
acetic acid, HCl, H3PO4, dioxane, 80°C, 18 h. g) NaCN, DMSO, 
80°C, 3h. h) KOH, ethanol, water.

The amphiphiles 5 and 8 can form crystalline metal-organic 
coordination networks in the presence of metal ions such 

as Cu2+ and Ni2+, which encouraged us to combine them 
with zirconium oxo clusters [4,5]. Calix[4]arenes were pro-
duced through a rigorous multistep synthesis starting from 
4-tert-butylphenol. Base-catalyzed condensation of 4-tert-bu-
tylphenol and formaldehyde triggers the cyclization to form 
1, followed by retro-Friedel-Craft dealkylation yielding 2. 
Later, the lower rim was protected with iodopropane to give 
3. Upper-rim formylation of 3 yielded 4, and further oxida-
tion to 5 resulted in our first amphiphilic macrocycle [6]. 
Chloromethylation, nitrile substitution and subsequent base 
hydrolysis of 3 yielded the second amphiphilic calix[4]arene 
8[7]. The final molecules and intermediates were well-charac-
terized with NMR, ESI-MS and IR spectroscopy. 

Conclusion and outlook
We have successfully synthesized inorganic oxo clusters and 
carboxylate-bearing calix[4]arenes. Also, surface chemistry 
studies are being extrapolated to DFT calculations to under-
stand the theoretical aspects in detail. Work in underway to 
study the self-assembly of the produced molecular entities. 
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Manipulation of small particles by acoustic radia-
tion pressure

Project P2007: Development of nanoscale acoustic tweezers for mechanobiology application
Project Leader: S. Tsujino and R. H. Y. Lim
Collaborators: S. Jia (SNI PhD Student)

Introduction
We are developing an ultrasound tool kit for manipulating 
small particles with the aim of application for cellular mech-
anobiology. Here we describe the current development of 
the acoustic tweezers (ATZs) based on the acoustic radiation 
pressure which acts on the difference of acoustic imped-
ance between particles and fluid [1]. This different modality 
of small microparticle manipulation than optical tweezers 
can work from large objects, for chemical and biochemical 
analysis and protein crystallography [2,3], to submicron scale 
objects such as including the intracellular organelle by in-
creasing the ultrasound frequency. 

Manipulation of cells and polystyrene (PS) particles by 
ATZs
To establish the principle and characterization methods, we 
applied ultrasound transducers with the frequency of 2-8 
MHz for manipulation of cells and polystyrene particles via 
standing wave ultrasound (see Fig. 1). The cells and particles 
are spatially localized at the node of the acoustic standing 
wave horizontally and vertically. By displacing the standing 
wave via the movement of the transducer, an efficient po-
sitional manipulation of the objects, so far down to 20 mi-
crons, are conducted as shown in figure 2 and 3. 

 
Fig. 1: Schematic of the mechanism of particle manipulation by 
ATZ.

As shown by figure 2a-c, a cluster of HEK293T cells, suspended 
in DMEM buffer, can be moved from the left to the right 
and then back to where it was initially located. Although 
these cells were transfected with the red fluorescence pro-
tein mCherryCAS, no fluorescence was seen, which necessi-
tates the improvement on the lighting for the microscope. 
Similarly, a red fluorescent spherical PS particle of 90 µm in 
diameter, suspended in water, can be manipulated by an ATZ 
as well, as shown by figure 2d-f.

 

Fig. 2: Manipulation of (a-c) HEK293T cells and (d-f) a 90-µm-di-
ameter PS particle, respectively

 
Fig. 3: Normalized ax/Pac

2 of different sized particles manipulated 
in water and glycerol, respectively.

Subsequently, to establish a proof of principle, we used ATZs 
to manipulate PS particles of 20 µm, 45 µm, and 100 µm in 
radius in water and glycerol, respectively. To compare the 
particle size dependence of acceleration, we plot the nor-
malized ax/Pac

2 versus the particle radius in figure 3a and b, 
where the particle acceleration in x direction, ax, is divided 
by the square of the acoustic pressure, Pac

2, to exclude the 
difference in acoustic energy density, and the quantity ax/
Pac

2 is then normalized with regard to its average in water. 
It is obvious that a larger particle radius in glycerol leads 
to a higher acceleration, which can be attributed to a corre-
spondingly smaller damping constant, γ=6πηR/m=9η/(2R2 ρ),  
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originating from the Stokes drag force, where η, R, m, and 
ρ are the dynamic viscosity of the medium, the radius, mass 
and mass density of the particle, respectively. Nevertheless, 
such dependence, unseen in water (Fig. 3a), is perhaps ob-
scured by the suspected friction that comes into play when 
the particles are sliding on the glass rather floating in water.

Lithography-defined acoustically driven rotors
We also investigated ultrasound-actuated rotors fabricated by 
lithography. Their shape follows from the recent experiment 
on the application of polymer thin films for protein crystal-
lography experiments [4].  In figure 4, we show pictures of 
two rotors. These are fabricated from a negative photoresist 
mr-DWL 40 (Micro Resist Technology, GmbH) using a direct 
laser writing tool (Heidelberg Instruments DWL66+). Despite 
the few residues left on the legs of the 400-µm rotor, these 
rotors have smooth surfaces and sharply defined edges. We 
have found that these rotors turn at high speed despite their 
apparent symmetry in the same ATZ experiment setup up to 
~10 rotation per second (rps). We found that their rotation ef-
ficiency is highly dependent on the wavelength of the ultra-
sound: the maximum rotation was observed when the half 
wavelength matches the disk diameter (Fig. 4). We note that 
although asymmetric structure will more efficiently couple 
with the acoustic radiation pressure, it will at the same time 
increases the friction, which can result in a smaller rotation 
speed and the positional instability.  

Fig. 4: a) and b) Fabricated acoustic rotors with the diameter of 
400 µm and 200 µm; c) size-dependent rotation characteristic of 
acoustic rotors at three ultrasound frequencies. 

We plan to extend this investigation to 10 - 100 times smaller 
scale together with the acoustic wavelength of ATZ, to assist 
the mechanobiology investigation.
On the side, we have extended the acoustic rotation of disks 
in airborne acoustic levitator. In the case of the 4 mm-diam-
eter-disk rotors levitated in air with the 40 kHz ultrasound, 
the levitation and rotation has been intensively studied as the 
sample holder for X-ray protein crystallography [4], wherein 
the mechanism of rotation, the precise roles of the disk size 
and the short blades have been elusive. The result shown in 
figure 5 demonstrates the size dependent enhancement of the 
acoustic pressure and the rotation control for different sizes.

Fig. 5: Airborne rotation rate versus acoustic radiation pressure 
normalized by 1.35 kPa which is the minimum acoustic radiation 
pressure to levitate a small water droplet (the insets show these 
three disks being levitated)

Summary
In this first year of the project, we have demonstrated the 
manipulation of small particles and cells by acoustic radi-
ation pressure in fluid. An efficient acoustic tweezing was 
shown even in a fluid with orders of magnitude higher vis-
cosity than water, suggesting the effectiveness of the method 
even in a intracellular fluid environment. The ATZ manipula-
tion was also used for the rotation control of lithography-de-
fined rotors, that was found to be largely dependent on the 
acoustic wavelength. The extension of the investigation of 
these rotors in different sizes confirmed the previous con-
clusion on the acoustic-radiation-pressure origin of the disk 
rotation [4] and the importance of the short blades around 
the disk structure. 
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Integrating a nanowire quantum dot on a scan-
ning probe tip

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

Introduction
We are developing a new kind of scanning probe micro-
scope, which employs gated quantum dots (QDs) embedded 
in semiconductor nanowires (NWs), integrated on the tip of 
standard force microscopy cantilevers. These sensors will be 
sensitive scanning probes of charge and electronic density 
[1]. The sensors will be used to characterize the spatial pro-
file of charge noise, quantum dots, and electric fields [2] in 
spin qubit devices, aiding the design of coherent 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. 
Our scanning probe method builds on previously developed 
scanning single-electron transistors (SETs) made from met-
talic islands [1] or scanning QDs defined in carbon nanotubes 
(CNTs) [2]. Research efforts using such devices have been ex-
tremely fruitful, due to the high sensitivity to electric field. 
Indeed, QD-based sensors are the preferred sensors of charge 
in applications in quantum computation with spins in QDs, 
where they are incorporated on the same substrate as the 
sample of interest. Such charge sensors make use of sharp 
spikes in the electrical conductance of the QDs (Coulomb 
peaks) and are capable of detecting a small fraction of an 
electronic charge at micron distance. Until now, however, 
both scanning SETs and scanning QDs in CNTs have been rel-
atively cumbersome to use, extremely delicate, and limited 
in their design.  These drawbacks are a result of the special-
ized processes involved in their fabrication. 
Our approach addresses this shortcoming by using standard 
AFM cantilevers as the scanning probe combined with NWs 
as the QD hosts. By developing a scheme for patterning leads, 
gates, and contacts directly to the cantilever tip, we will have 
maximum flexibility for the design of our sensors. AFM le-
vers 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 crys-
tals can be grown with an exceptional control over material 
composition. The specific NW material composition 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. 
So far, we have developed and optimized techniques for pat-
terning scanning probe cantilevers with the suitable elec-
trical contacts and gates. Furthermore, we have developed 
methods for transferring individual NWs to the apex of such 
prepatterned cantilevers, completing the probe. We are now 

in the process of optimizing electrical contact to the NWs, 
which are placed on the cantilever, as well as constructing a 
suitable low-temperature scanning probe setup.

Fig. 1: A schematic representation of a cantilever with a gate-con-
trolled NW QD at its tip. Such a scanning probe would represent 
a new and highly sensitive tool for measuring tiny electric fields 
with nanometer-scale resolution, all on the familiar platform of an 
atomic force microscopy cantilever.

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-bandwidth 
scanning probe imaging using microwave reflectometry tech-
niques (T); 4) Image and study the dynamics of charge fluctu-
ators in semiconducting devices (F).
As indicated, the project will yield advances of technological 
(T) and of a more fundamental (F) nature. Whereas the nec-
essary technological advances will include proof-of-principle 
experiments, with the fundamental advances we expect to 
move past this demonstration stage and gain new physical in-
sights of nanoscale devices and novel materials. It is here that 
the project will have its major impact. The proposed scan-
ning NW QD will allow fast, high-resolution imaging with 
minimal invasiveness and under a large variability of envi-
ronmental conditions of novel nanoscale physical phenom-
ena, including highly correlated electronic states, Majorana 
fermions, and phase transitions in 2D materials.

Results
In the first year, we have developed fabrication techniques 
for patterning electrical contacts and gates on commercially 
available cantilevers through two methods: 1) focused ion 
beam (FIB) lithography and 2) specialized electron beam li-
thography (EBL). 
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Fig. 2: a) InAs/InP NW on gold surface, b) NW on tungsten nano-
manipulator probe, c) NW transferred onto cantilever, suspended 
by contact over a single gate. 

Method 1 involves FIB milling and focused-ion-beam-induced 
deposition (FIBID) of Pt to bring these electrodes from the 
bond pads on the main cantilever body to the apex of the 
cantilever tip. We have reduced gate-to-gate leakage through 
the deposition of an insulating layer underneath the gates. 
Furthermore, we have reduced leakage caused by implanted 
Ga+ ions through suitable reactive ion etching. We now 
reach negligible values of gate leakage at low temperature 
operating conditions. Moreover, we have optimized the plac-
ing and fixing of individual NWs onto the prepatterned can-
tilever tip, where the NW is suspended over a set of gates 
and contacted from both sides. We have tested this process 
with Ge/Si core/shell NWs, as well as InAs/InP NWs featuring 
in-built tunnel barriers. Figure 2 shows such a transfer pro-
cess, performed with a nanomanipulator probe inside the 
FIB apparatus.
Method 2 involves EBL to pattern the cantilever. We have de-
veloped a method to cover a high-aspect-ratio sample – in our 
case the tip of a cantilever – with PMMA. Using this special-
ized EBL, we are able to carry out patterning, evaporation, 
and lift-off at the cantilever apex, resulting in structures with 
sizes down to 150 nm. 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 conventional planar sub-
strates [3,4].

Outlook
We are currently optimizing the production of Ohmic con-
tacts to the NWs on cantilever, by reducing carbon content 
in the Pt contacts, as well as testing various methods of etch-
ing the NWs surface oxide prior to metallization. Optionally, 
other metal sources than Pt will be purchased and installed 
in the FIB, in order to optimize Ohmic contacting. In addi-
tion, we are optimizing the developed EBL process and we 
are working on contacting a InAs/InP NW on the tip of a can-
tilever. Finally, we have nearly completed the construction of 
a custom-built 1 K setup used for transport characterization 
of the devices, as well as a 4 K setup used to perform the 
initial scanning probe measurements. We anticipate the first 
application of our scanning probe in the coming year.
Once the on-tip NW QDs are functioning as scanning probes 
for electric field, we intend to measure and optimize new 
fully-depleted Si-on-insulator (FD-SOI) spin qubit devices to 
minimize charge noise due to defects at the surface and in 
oxides. We expect that nanometer-scale spatial maps of the 
sources of charge noise will be crucial in the mitigation of 
such noise sources, which lead to spin decoherence in elec-
tron-spin qubit devices. 
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Hybrid Van der Waals heterostructures for 
organic electronics

Project P2009: Hybrid Van der Waals heterostructures for vertical permeable-base organic transistors
Project Leader: M. Calame and H.-J. Hug
Collaborators: J. Oswald (Associate SNI PhD Student), D. Beretta (Empa)

Introduction and state-of-the-art
The mechanical and electrical properties of organic thin 
films and 2D materials, such as graphene, enables the real-
ization of flexible electronics operating at low-voltage and 
high frequency. In this project, we study the structural and 
electrical properties of vertical hetero-structures made of 
graphene and organic thin films. In such architecture, the 
charge transport occurs in very short vertical channels al-
lowing for the realization of fast switching devices, e.g. ver-
tical organic transistors and light emitting diodes [1-3].

Fabrication and material characterization
We fabricate graphene/organic interfaces by optical lithog-
raphy. (i) Metallic bottom electrodes are patterned on a Si/
SiO2 substrate. (ii) A thin film of organic semiconductor (e.g. 
C60) is deposited by thermal evaporation. (iii) CVD (Chemical 
Vapor Deposition) graphene is  grown on a copper foil, wet 
transferred on the organic film (Fig. 1a), and subsequently 
structured by photolithography and reactive ion etching. 
The morphology and chemical composition of the devices 
are then investigated by atomic force microscopy (Fig. 1c) 
and Raman spectroscopy (Fig. 1b), respectively.

Fig. 1: a) Optical microscope picture of CVD graphene transferred 
on the organic semiconductor C60. b) Raman spectra of the CVD 
graphene and C60. c) Atomic force microscope image of the stack. 

Measurement setup
The electrical characterizations are carried out in the setup 
shown in figure 2, which include four probes and an anneal-
ing stage. A Keithley 236 source-measure unit and an Agilent 
4294a impedance analyzer are used for the electrical mea-
surements. 

 

Fig. 2: The measurement setup used for the electrical characteri-
zation of the devices. The devices are measured under high vacuum 
(p < 10-5 mbar).

Electrical characterization
Au/C60/Graphene junctions were characterized as shown in 
the inset of figure 3a. Electrical measurements at several dif-
ferent temperatures are shown. The IV traces were fit with 
a double Schottky barrier model. [4] Using this model, we 
were able to extract the potential barriers and ideality fac-
tors for both interfaces (i.e. Au/C60 and C60/Graphene). The po-
tential barriers at room temperature are roughly 0.7 eV and 
0.8 eV for C60/Graphene (circles in Fig. 3b) and C60/Au (squares 
in Fig. 3b), respectively. We observe a linear increase of the 
potential barriers with the temperature. 

Fig. 3: a) IV characteristic of the Au/C60/Graphene at different 
temperatures. The solid lines represent the measurements while the 
dashed lines are the double Schottky barrier model fit. [4]. b) Po-
tential barrier at the interfaces extracted with the Double Schottky 
barrier model. [4] c) Ideality factors extracted with the Double 
Schottky barrier model. 
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Conclusions and outlook
This preliminary study on the Au/C60/Graphene junction 
showed us the importance of achieving a low carrier injec-
tion barrier at the emitter electrode in order to develop high 
frequency devices. We will investigate the fabrication of qua-
si-Ohmic contact by introducing a doped layer between the 
emitter and the organic semiconductor. For the graphene/
C60 interface, we observed a relatively high Schottky barrier 
at the graphene/C60 interface. We expect that the resulting 
high interface resistance can be beneficial for the operation 
of vertical transistors as the base current is thus reduced.
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Mechanoresponsive liposomes: formulation and 
process development

Background
The release of drugs in response to rheological changes of 
the immediate environment may be achieved using mecha-
noresponsive liposomes. This strategy allows for new options 
in bioresponsive drug release and provides a potential novel 
treatment modality for several diseases. As an example, 
mechanoresponsive liposomes could release anticoagulants 
in response to higher shear rates at sites of atherosclerotic 
narrowing. Instead of systemic anticoagulant treatment, the 
drug is locally released only at the site of action, reducing 
side effects while allowing for higher local drug concentra-
tion. 
The Nano Argovia project ForMeL, contributes to the transla-
tion of mechanoresponsivity in drug release from academic 
research to industrial product development. Within the 
project, scalable manufacturing methods for mechanore-
sponsive liposomes were developed and long-term product 
stability was assessed. Furthermore, different formulation 
and stabilization approaches were established to initiate 
drug product development.

Manufacturing process and long-term stability
Several different manufacturing methods for the prepa-
ration of mechanoresponsive liposomes were established 
in the first phase of the project. Thin-layer hydration and 
ethanol injection were investigated in more detail. Thin-
layer hydration represented a well-established preparation 
procedure at lab-scale, while ethanol injection is suited for 
large-scale manufacturing. It was shown in the first phase of 
this project, that after optimization of ethanol injection pro-
cedure, quality of liposome preparation was comparable to 
thin-layer hydration. Liposomes produced by thin-layer hy-
dration showed hydrodynamic radii of 130 nm with polydis-
persity indices of 0.08. Liposomes produced using optimized 
ethanol injection had hydrodynamic radii of 200 nm with 
polydispersity indices of 0.08.
The long-term stability of liquid liposome formulations pre-
pared by thin-layer hydration (Fig. 1) and by ethanol injec-
tion (Fig. 2) was assessed over up to 52 weeks at 5°C and 
25°C. Both formulations were stable with regards to hydro-
dynamic radii and polydispersity indices at 5°C and showed 
a constant increase of particle size as well as polydispersity 
index at 25°C. Only minor differences between samples pre-
pared by thin-layer hydration and ethanol injection were 
observed. Liposomes prepared by ethanol injection showed 
lower increase of the polydispersity index, but both samples 
showed monomodal size distributions with low polydisper-
sity index throughout the study.   
 

Fig. 1: Long-term storage of liposomes prepared by thin-layer hy-
dration.

Fig. 2: Long-term storage of liposomes prepared by ethanol injec-
tion.

Effect of formulation pH
The effect of formulation pH on liposome size and polydis-
persity index was evaluated over 4 weeks (Fig. 3). 
Overall, liposome formulations showed no pH-dependent in-
stability with regards to the investigated quality parameters. 
A minor increase of hydrodynamic diameter was observed 
during storage, the polydispersity index remained virtually 
unchanged. 

Long-term stability of optimized liposome composition 
and preparation sequence
The lipid composition of liposomes and the preparation se-
quence was modified to further improve drug load and long-
term stability. As described above, the different samples 
were stored at 5°C and 25°C for up to 26 weeks. 
The optimization of liposome composition resulted in fur-
ther improved stability. Samples prepared by thin-layer 
hydration showed almost no change of particle size during 
storage at either temperature. The polydispersity index re-
mained significantly below 0.2 at both temperatures. 
The modification of the preparation sequence in conjunc-
tion with optimized liposome composition resulted in fur-
ther improvement of long-term stability. Virtually no change 
of either hydrodynamic diameter or polydispersity was ob-
served over 26 weeks at both 5°C and 25°C.
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Fig. 3: Effect of formulation pH on critical liposome characteris-
tics.

Development of lyophilization process and formulation
Development of a lyophilized formulation of mechanore-
sponsive liposomes was started as a backup in case of insuf-
ficient stability of either liposomes or encapsulated drug in 
a liquid formulation. However, lyophilization of liposomes 
prepared by ethanol injection proved to be challenging due 
to ethanol concentration of up to 10% (Fig. 4). 

Fig. 4: Effect of presence of 10% ethanol during lyophilization. A: 
Typical appearance of the product cake after lyophilization with 
10% sucrose and with 10% sucrose and 10% ethanol. B: Electron 
micrograph of lyophilized product.

A reduction of ethanol concentration was achieved by ex-
tended evaporation during ethanol injection and through in-
troduction of an evaporation phase prior to primary drying 
during lyophilization.
Formulation development was focused on selection of suit-
able lyo- and cryoprotectants. A formulation containing 10% 
sucrose was found to protect liposomes during lyophiliza-
tion and was used as initial formulation. 
Lyophilization from formulations containing ethanol re-
sulted in a shift of the particle size distribution to larger par-
ticles or aggregates (Fig. 5A). Due to significant challenges 
related to lyophilization of ethanol containing formulations, 
tert-butanol was selected as an alternative solvent and eth-
anol injection procedure was optimized for use of tert-bu-
tanol. Lyophilization of formulations containing tert-bu-

tanol resulted in proper lyophilized product cakes and an 
improved cake structure. However, a shift to larger particle 
sizes was observed also for tert-butanol as a solvent (Fig. 5B).

Fig. 5: Size distribution of liposome formulations prior to and after 
lyophilization. A: formulation containing ethanol, B: formulation 
containing tert-butanol.

Summary 
Ethanol injection was successfully established as a scalable 
manufacturing process for mechanoresponsive liposomes. 
Using this process, either scale-up to a larger batch volume 
can be considered or the process can be scaled out, i.e. sev-
eral smaller batches may be produced in parallel. 
Liquid liposome formulations showed high stability with 
regards to physicochemical characteristics of liposomes and 
hence are promising as potential clinical formulations (de-
pending on drug stability). 
Lyophilization process and formulation development was 
initiated, and key challenges associated with ethanol con-
tent of the formulation have been successfully addressed. 
Further development of the lyophilization process and for-
mulation composition as well as studies focusing on scale-
out of ethanol injection are ongoing.
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Post-treatment of wear-resistant implant coatings

Summary of the project progress
The aim of this project is to develop a suitable post-treat-
ment for Advanced Plasma Sprayed (APS) ceramic coatings 
on articulating titanium implants. With this wear-resistant 
Protective multi-component layer Orchid Orthopaedics 
Switzerland GmbH wants to replace CoCr-systems and of-
fer non-allergic [1], long life orthopedic implants. The novel 
Al2O3-TiO2 ceramic powder mixture is used to create a thick, 
layered coating [2]. During the APS-process, the molten 
droplets impact the titanium substrate and rapidly solid-
ify by a high cooling rate. Due to thermal quenching, dif-
ferent phases like α-Al2O3, TiO2, aluminum titanate Al2TiO5 
and Al6Ti2O13 with distinct properties emerge in a stratified 
microstructure with micro-cracks and micropores [3]. In 
this project, the tribological, microstructural and crystallo-
graphic properties of the protective coating were investi-
gated as a function of the following three post-treatments: 
Electro-chemical anodization, heat treatment in air and in 
an oxygen atmosphere. 
A ø25 mm sample and its preparation by low-speed dia-
mond cutting, followed by metallographic preparation us-
ing ion-milling, is shown in figure 1. A zoned microstructure 
with dark, Al-rich and brighter, Ti-rich, areas can be observed 
in figure 2.

Fig. 1: Sample preparation for cross-sectional investigations of the 
APS coatings.

Fig. 2: BSE image and EDX mapping of cross-section after scratch 
test at FN = 36 N. Al- and Ti-channel indicate the mixed elemental 
composition. 

Ball-on-disk experiments on a Bruker Tribolab system ac-
cording to ASTM G99 [4] using ø10 mm sapphire balls, nor-
mal forces FN of 1 N, 3 N and 5 N during 12’500 cycles, re-
vealed that thermal post-treatments reduce the wear rate 
and can be explained by the increased hardness [5]. A similar 
trend was observed in scratch experiments carried out on 
the same tribosystem using a diamond tip with a tip radius 

of 200 µm, a speed of 0.073 mm/sec and a progressive normal 
force FN from 4 N to 60 N. None of the scratch-tested samples 
showed delamination (adhesion failure) despite the contact 
pressure significantly exceeded the applicable physiological 
condition. The width of the created scratch increased with 
FN and was influenced by the post-treatment: At 60 N the 
widths were 166 µm on as-deposited, 143 µm on polished, 
138 µm on anodized, 131 µm on oxygen- and 124 µm on air-
treated coatings (Fig. 3).

Fig. 3: Left: Scratch mark at position FN = 44 N on an air-treated 
Al2O3-TiO2 coating. Right: Course of the progressive scratch width, 
determined by SEM analysis.

To simulate the abrasive effect of bone or bone-cement par-
ticles [6] on the coating in a load situation, 3-body-wear ex-
periments were performed: A Ø3.2 mm cylindrical medical 
HDPE counter body was pressed on the sample at 10 N for 
12’000 cycles in a stable aqueous dispersion of non-spherical 
hydroxyapatite particles with a d50 value of 2.77 µm in a con-
centration of 0.02 g/ml. While CoCr samples showed wear 
tracks of 0.2-0.4 µm depth, no defects were found on coated 
samples heat-treated in oxygen (Fig. 4). 

Fig. 4: ø40 mm samples after the 3-body wear test. a) CoCr sample. 
b) Polished, c) anodized, d) annealed in air and e) in O2 coated 
specimens.

Similarly, the coefficient of friction (COF) was influenced 
by the post-treatment (Fig. 5), indicating that the properly 
treated coating is superior to a CoCr substrate.
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Fig. 5: Averaged COF measurements in 3-body-wear test (n=6) af-
ter different post-treatments.

Synchrotron X-ray micro-computed tomography (SXRµCT) of 
the coatings were performed at the TOMCAT beamline of the 
Swiss Light Source (SLS) at the Paul Scherrer Institute (PSI). 
The goal was to study the microstructures of the coatings. 
Porosity analyses were performed on the tomography data 
of the coatings. The sizes of the pores in all coatings ranged 
from 1 µm³ to 4’000 µm3. The total pore volume fraction for 
the polished Al2O3 sample was 4.2%. This value decreased to 
1.8% after annealing. The most dominant pore size (volume) 
was 10~50 µm³. The total pore volume fraction for the pol-
ished TiO2 sample was 0.34%, which is significantly smaller 
than in Al2O3. The total pore volume fraction did not change 
after annealing. The total pore volume fraction for the pol-
ished Al2O3-TiO2 sample was 0.35% (Fig. 6), which is similar to 
that of TiO2. In contrast with the Al2O3 and TiO2 coatings, the 
total pore volume fraction of the Al2O3-TiO2 sample increased 
after annealing.

Fig. 6: 3D-porosity analysis by SXRµCT: Spatial arrangement of 
total porosity (left) and size-dependent pores (to the right) of pol-
ished (top row) and heat-treated Al2O3-TiO2-coating (bottom row).

Diffraction measurements were performed at the MS beam-
line of SLS at PSI to identify the phases present in the coat-
ings. From the diffraction patterns obtained (Fig. 7), it can 
be concluded that the coating processes are very consistent, 
and the number of phases present in each sample are very 
similar. The phases present and their fractions through the 
thickness of the coatings are the same for the Al2O3 and TiO2 
coatings. In the Al2O3-TiO2 coatings, there is a difference be-
tween the phases present on the surface to the bulk of the 
coating. For the Al2O3 coatings, 3 phases can be identified, 
main phases present are cubic Al2O3 and γ-Alumina with a 
minor fraction of Corundum. For the TiO2 coatings, the dif-
fraction patterns are far more complicated which indicates 
more metastable phases are present. In the Al2O3-TiO2 coat-
ings, we tentatively identified the presence of Aluminium-Ti-
tanate phase Al2+xTi1-xO5-0.5x. After anodizing, the diffraction 

patterns do not change for all 3 types of coatings, that means 
anodizing does not alter the phases present in the coatings. 
For the Al2O3 coatings, the diffraction patterns before and 
after heat treatments are very similar. Phase transformation 
happens during heat treatments in the TiO2 and Al2O3-TiO2 
coatings. The Aluminium Titanate phase is not present any-
more.

Fig. 7: Overlapped XRD powder patterns of as deposited and pol-
ished Al2O3-TiO2 coatings.

The results of the systematic characterization of the ceramic 
coating in terms of microstructure, crystallography and tri-
bology has confirmed that the developed Al2O3-TiO2 coating 
can be used potentially as anti-wear coating for medical de-
vices. Thanks to the obtained results of the Promucola proj-
ect, Orchid Orthopaedics Switzerland GmbH was able to pre-
pare and submit in 2021 a master file to the US Federal Drug 
Administration (US FDA) related to the Al2O3-TiO2 ceramic 
anti-wear coating.
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Antibacterial titanium nanostructures by helium 
plasma irradiation

Introduction
The development of biomaterials that hinder or prevent bac-
terial colonization and growth is an important challenge in 
biomaterial research. The inhibition of initial bacterial colo-
nization reduces the chance of biofilm formation and might 
avoid most implant-related infections. Therefore, the obser-
vation that nano-pillar surfaces on gecko skin exerted bac-
tericidal effects on certain adherent bacteria by an assumed 
physicomechanical mechanism drew much attention. In con-
trast to the majority of studies conducted on antibacterial 
materials, the proposed project aims at directly nanostruc-
turing a material that is widely used in medical applications 
such as orthopedic and dental implants, namely titanium 
and titanium alloys.
Within this project, a unique nanostructuring method 
developed at the University of Basel will allow geometri-
cal parameters of the nanostructures to be tuned in order 
to obtain surfaces exhibiting optimum bactericidal effects 
(low bacteria attachment and/or survival). Such a physical 
bactericidal method may become an attractive approach to 
tackle multi-antibiotic resistant bacteria and could solve an 
escalating medical issue that poses a threat to global public 
health. Nanostructuring of the implant surface will also be 
optimized towards improved soft tissue cell adhesion which 
is expected to reduce bacterial invasion in the space between 
implant and tissue leading to peri-implantitis. Considering 
the objective of industrialization, dental implants and abut-
ments will be tested in vivo for pre-clinical evaluation by our 
industrial partner.

Nanocone formation on titanium and titanium alloy 
surfaces

Fig. 1: Tilted top views (52°) SEM images of nanocones formed on 
titanium and Roxolid® surfaces.

Surface structuration of titanium and Roxolid® (TiZr) by he-
lium (He) bombardment was achieved using an eH1000 ion 
gun (Kaufman). For the same production conditions (e.g. sur-
face temperature, He ion energy), both surfaces exhibited 
spikes imaged in figure 1 through scanning electron micros-
copy (SEM). The density and surface topology were analyzed 
by atomic force microscopy.
 

Fig. 2: 3D representation of the surface topology of structured tita-
nium discs with spikes of 340 nm.

Nanostructuration of the titanium surface
The eH1000 ion source induced tungsten (W) and iron con-
tamination, which affects the spikes' growth rate. Systematic 
surface chemical analyses using X-ray photoelectron spec-
troscopy (XPS) were carried out. Modification of the source 
was performed and successfully suppressed the iron contam-
ination. Unbalanced magnetron sputtering (UBM) technique 
was used as a source of He ions to structure titanium discs 
and contaminant-free spikes were produced. Using a pulsed 
DC-generator, the flux of He ions measured by the use of a re-
tarding field-energy analyzer (RFEA) was measured to be ten 
times lower (from 2.04 x 1024 m-2s-1 to 10 x 1024 m-2s-1) compared 
to the eH1000 ion source. In order to increase the ion flux, 
a new high-power impulse magnetron sputtering generator 
(HiPIMS) was tested. However, the production of 12 homoge-
neously structured samples was not achieved due to the ion 
spatial distribution. Modulation of the magnetron field lines 
and/or confining the beam (Fig. 2) did not completely sup-
press the inhomogeneities.

 

Fig. 3: Confined He ion beam pro-
duced by a HiPIMS excited UBM 
sputtering technique.

Titanium coated structured surfaces
Further experiments were performed using the Kaufman ion 
source and XPS confirmed the systematic presence of few 
atomic percent of tungsten on the surface of the structured 
titanium discs. The obtention of contaminant-free structured 
surfaces was achieved by the addition of a titanium coating 
after the irradiation. The required coating thickness was in-
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vestigated using XPS chemical analyses and various coating 
temperatures were tested. When coated, topology changes 
can be observed, as presented in figure 4. 

Fig. 4: Tilted top view (52°) SEM images of Ti spikes of 540 nm 
heights. From the left to right, uncoated and coated titanium struc-
tured surfaces.

Analysis of antibacterial efficacy and contact angle mea-
surements
Analysis of the antibacterial efficacy was carried out on Ti 
nanostructured and coated samples with peak heights from 
250 nm to 500 nm. For most cases, the bactericidal properties 
of such surfaces were confirmed by reducing the E. coli and P. 
gingivalis population of about 90% compared to control discs 
(Fig. 5). However, 500 nm coated peaks did not affect the vi-
tality of E. coli (Fig. 7). The coatings performed did affect the 
peak shapes thus, the antibacterial effect was not present any 
longer.

Fig. 5: Colony-forming unit (CFU) of P. gingivalis and E. coli de-
posited on pristine reference samples compared to structured discs.

All the bactericidal tests and water contact angle (WCA) mea-
surements performed during the project are reported in fig-
ure 6. In the absence of contaminants, the sample surfaces 
are observed to be hydrophilic. Contaminated structured 
samples exhibit hydrophobic surfaces. A link between sur-
face wetability and bactericidal effect cannot be established.

Fig. 6: Titanium structured characteristics and their associated wa-
ter contact angle measurements and bactericidal effects. 

Fig. 7: SEM tilted view images of structured titanium discs on 
which a bactericidal test using E. coli has been performed.

Afterward, simulated body fluid (SBF) was deposited on top of 
new structured samples. Around 60% of the tungsten (W) on 
the discs' surface was released into the SBF. Bactericidal tests 
performed on SBF evidenced a 5-log reduction in the pres-
ence of W, affecting mainly P. gingivalis. After pre-extracting 
the W in SBF, the structured discs exhibited a strongly re-
duced  antibacterial effect.

Summary and outlook
Ti and Ti alloy surfaces were nanostructured at the University 
of Basel by He ion exposure. XPS analysis demonstrates con-
taminants with antimicrobial efficacy present on the surface 
of the structured samples after He ion irradiation using the 
Kaufman ion source. The Fe contamination was successfully 
suppressed. After structuring, titanium coatings were per-
formed and XPS chemical analysis confirmed the absence of 
tungsten on the surface of the structured discs. Coating struc-
tured discs of 250 nm and 500 nm were produced and subject 
to antibacterial and surface wettability tests. The amount of 
tungsten on the surface was observed to be reduced after SBF 
exposure.
Further investigation on the kinetics of the tungsten release 
in SBF is ongoing since it could enhance the antibacterial 
effect of the implant in the very important first days after 
implantation. Additional structured titanium discs will be 
produced and antibacterial efficacy of E. coli and P. gingivalis 
will be tested. Considering the objective of industrialization, 
more complex surfaces of commercially available dental im-
plants and abutments will be nanostructured in a next step. 
If successful, these experimental samples will undergo me-
chanical and potential pre-clinical testing.
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An achromatic X-ray lens

Introduction
Refractive and diffractive X-ray optics are key components 
for X-ray analysis and imaging methods with numerous sci-
entific applications in biology, energy science and materials 
science. Nevertheless, refractive and diffractive lenses suffer 
from severe chromatic aberration, only focusing X-rays from 
a narrow energy range to the same position. This hinders the 
development of full-field transmission 
X-ray microscopy using laboratory X-ray tube sources, since 
broad-bandwidth radiation cannot be used with chromatic 
optics. On the other hand, the use of a monochromator 
dramatically cuts down the photon flux to inoperable X-ray 
intensities. To overcome the limitations of the chromatic ab-
erration, we have started the development of an achromatic 
X-ray element by combining a refractive and a diffractive 
lens [1-3], as shown in figure 1a, and with the specific aim 
of its implementation for laboratory transmission X-ray mi-
croscopy. During the first year of the project, we have ana-
lyzed and simulated how the chromatic aberrations of the 
two individual optical elements can be canceled when the 
right design parameters are chosen. We have developed a 
fabrication method based on two-photon polymerization 3D 
printing to realize X-ray refractive lenses. For the fabrication 
of the X-ray diffractive elements, we have applied state-of-
art electron beam lithography and electroplating deposition 
available at the cleanroom facilities of the Paul Scherrer Insti-
tute. Following these steps, we have successfully assembled 
the first X-ray achromat and demonstrated achromatic X-ray 
focusing at a synchrotron [4]. The achromatic element was 
characterized by scanning transmission X-ray microscopy 
and ptychography demonstrating the achromatic behavior 
for an X-ray energy range from 5.8 to 7.2 keV. In addition, we 
have started developing a laboratory X-ray setup exploiting 
the benefits of the achromat with the vision to make X-ray 
microscopy accessible to a wider user community. As a first 
feasibility demonstration of a laboratory-based setup, an im-
age of the microfocus X-ray source spot has been obtained 
with the achromatic X-ray lens.

Nanofabrication methods
The primary goal of the first year of the project has been the 
fabrication of a refractive and a diffractive lens suitable for 
a proof-of-principle experiment of an X-ray achromat work-
ing at an energy of 6.2 keV. The refractive lens was made of 
polymer resist and it was fabricated by two-photon polymer-
ization 3D printing. It consisted of a stack of four individual 
paraboloids with an apex radius of 5.3 μm, a diameter of 100 
μm, and a height of 235 μm each, as shown in figure 1b.

Fig. 1: a) Achromat X-ray focusing can be realized by the combination 
of a refractive and diffractive lens. b) Refractive X-ray lens fabricated 
by two-photon polymerization 3D printing. c) Diffractive X-ray lens 
fabricated by electron-beam lithography and nickel electroplating. 
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The diffractive optical element was produced by state-of-the-
art electron beam lithography and nickel electrodeposition. 
It has a diameter of 100 μm and ring structures down to a few 
hundreds of nanometers, as shown in figure 2c. Both refrac-
tive and diffractive lens were fabricated in separated very 
thin silicon nitride membrane supports to ensure enough 
transmission of the X-ray beam. 

Synchrotron and laboratory X-ray experiments
During the first year of the project, two beamtime propos-
als at synchrotron facilities for the development of the X-ray 
achromat were accepted. The experiments were carried out 
at the cSAXS beamline of the Swiss Light Source (PSI, Swit-
zerland) and at the P06 beamline of PETRA III (DESY, Ham-
burg). 
The two optical elements were aligned in the synchrotron 
X-ray beam. The combined optical element was character-
ized by scanning transmission X-ray microscopy (STXM) and 
ptychographic measurements while varying the X-ray en-
ergy from 5.5 to 8.0 keV. 

Fig. 2: a) Focal length as function of the X-ray energy following the 
expected achromatic behavior.  The focal length was determined 
by ptychographic measurements. b) Comparison of the images ob-
tained at different X-ray energies using the X-ray achromat and an 
ordinary X-ray zone plate. The images obtained by the achromat 
stayed sharp while the images obtained by the zone plate clearly 
became blurred when changing the X-ray energy.

During the synchrotron experiments, the focal length of 
the achromat displayed the expected parabolic behavior 
as a function of the X-ray energy, as shown in figure 2a. In 
comparison, the focal length of an X-ray Fresnel zone plate 
follows a linear energy dependency, causing a pronounced 
defocusing even for small changes of the X-ray energy. 
The X-ray achromat delivered a focal spot of  500 nm. Figure 
2b shows STXM images of the test pattern acquired at differ-
ent X-ray energies without adjusting the separation between 

the lens and the test pattern. The images obtained by the 
X-ray achromat stay sharp with the energy change while the 
images obtained by the zone plate became quickly blurred. 
In addition, the achromatic X-ray lens was used to obtain an 
image of a microfocus X-ray source spot on an X-ray detector 
using a 1:1 magnification. The focal length of the achromat 
was designed to be 325 mm for a central X-ray energy of 
8.0 keV. Such measurement would be impossible to realize 
with a diffractive or a refractive X-ray lens as an optical el-
ement, as the strong chromatic aberration would lead to a 
very blurred image due to the wide range of photon ener-
gies emitted by the X-ray tube. The imaged size of the X-ray 
source was about 10 μm, as expected from the specifications 
of the X-ray tube manufacturer. 

Outlook
During the second year of the project, three more beamtime 
proposals have already been accepted to further develop the 
concept of the X-ray achromat, with particular emphasis to 
obtaining higher spatial resolutions, down to 100 nm, and to 
developing the scientific applications that can take advan-
tage of the X-ray achromat. 
Also during the second year of the project, we will explore 
the development of the micro and nanotechnology pro-
cesses to produce the refractive and diffractive lenses in a 
single silicon nitride support. Such advancement will sim-
plify the use of the X-ray achromat at the X-ray experimental 
setups and pave the way for a future commercialization of 
such X-ray optical element by the industrial partner of the 
project. 
In parallel, we will work for the implementation of a labo-
ratory full-field transmission X-ray microscope based on the 
X-ray achromat with special attention to the applications of 
X-ray nanoimaging for biomedical and materials science.
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Detectors to look inside cells

The resolution revolution in electron microscopy
Electron microscopy has a long history of usage to visualize 
stained and dried or cryo-preserved biological materials. De-
spite obtaining atomic resolution for radiation hard non-bio-
logical samples, the resolution for visualizing cryo-preserved 
biomolecules remained at around 8 Å, even when combining 
information from hundred thousands of particles in single 
particle analysis. This resolution was insufficient for deriv-
ing atomistic structural models and detailed mechanistic 
insights. 
The combination of several technological advances then led 
to a true “resolution revolution” in biological cryo electron 
microscopy [1]. Faster and more sensitive direct electron de-
tectors allowed recording movies at sub-second frame du-
ration instead of still images. These movies revealed strong 
motions of the vitrified water layer during electron expo-
sure, which could be tracked and corrected computationally. 
Advanced algorithms for Bayesian refinement of particle ori-
entations provided higher resolution from noisy data. As a 
results, in the past several years, cryo electron microscopic 
single particle analysis has become an efficient and favored 
method for high-resolution structure determination for me-
dium-sized or larger proteins and protein- or protein-nucleic 
acid complexes. Typical resolutions for non-symmetric bio-
logical macromolecules are around 2.5–3.5 Å, fully sufficient 
for deriving and refining atomic models of proteins, while 
record resolutions for symmetric assemblies are approach-
ing true atomic resolution at around 1 Å.   

Electron Tomography opens a window into cells
Obtaining very high resolution in single particle analysis 
cryo electron microscopy requires many identical particles 
embedded in random orientations in a very thin layer of vit-
rified aqueous solution. Data are collected by taking individ-
ual projection images (or time-resolved movies) of different 
sample areas each containing multiple individual particles 
by horizontally scanning a flat sample. Three-dimensional 
information is reconstructed by back-projection from many 
individual particles.
Visualizing cellular structures in situ requires a different 
approach for two reasons: (1) cells and subcellular regions 
are non-regular and non-repetitive objects. Thus, combining 
information from different areas is not feasible and all infor-
mation for three-dimensional reconstruction has to be col-
lected for each sample volume. (2) Most cells are too thick for 
direct imaging by transmission electron microscopy. Cells 
are typically in the micrometer size range, where limited 
transmission and secondary scattering of electrons degrades 
images quality. 
The preferred approach for high-resolution visualization of 
biomolecules in their cellular environment is cryo electron 
tomography of thin sections of cells [2]. Thin sections can 
be generated by cutting or with more control and thinner 

layers by cutting lamellae using dual beam microscopy for 
focused ion beam milling. Data collection is carried out by 
taking series of images for a single location of a vitrified thin 
section or lamella ad different tilt angles (Fig. 1).   

Fig. 1: Biological cryo electron tomography data are acquired by 
tilt-series imaging of thin sections of vitrified cells or tissue.

Tomographic tilt-series data collection poses problems not 
encountered in single-particle data collection. Radiation 
damage limits the total dose that a single location of the 
sample tolerates. First, for collecting entire tilt series this 
dose must be distributed over many images, with less elec-
trons per area for each individual image. Second, the tilting 
of the sample causes substantial variations in sample thick-
ness and the need for correcting errors in alignment across 
the tilt series. Third, a large sample volume has to be im-
aged in a single tilt series to obtain sufficient information 
for interpreting the biological context. Fourth, high-energy 
electrons accelerated at above 200 kV are required to image 
lamellae of typical thickness. Due to all this additional chal-
lenges, detector performance is particularly critical for bio-
logical cryo electron tomography. 

Novel detectors for electron tomography 
Cryo electron microscopy single particle analysis was revolu-
tionized by replacing radiation sensitive film or charge-cou-
pled device (CCD) cameras with direct electron detectors. 
The detector technology currently used for biological elec-
tron microscopy studies are commercially available direct 
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electron detectors based on CMOS monolithic active pixel 
sensor (MAPS) technology. MAPS sensors detect energy par-
tial energy loss of electrons passing through the sensor. They 
are characterized by small pixels with large numbers of 
small pixels, up to 24MPixels, and medium to high read-out 
and tolerated dose-rates, suited for measurements at high 
electron energy between 200 kV and 300 kV. Faster detectors 
with improved detected quantum efficiency would offer po-
tential for improving data quality.
Dectris has developed hybrid-pixel detectors [3], where 
a semiconductor pixelated sensor layer is connected via 
bump-bonds to a layer of application-specific-integrated 
circuits (ASIC) (Fig. 2). Incoming electrons are absorbed and 
deposit their entire energy in the sensor layer, and the re-
sulting electrical signal is transduced via the bump bonds 
to the ASIC. Hybrid -pixel detectors are a leading solution al-
ready for X-ray detection in biological X-ray crystallography; 
however, adaptations are required for their efficient use in 
electron microscopy and in biological cryo electron tomog-
raphy in particular.  

Fig. 2: Principal design of hybrid-pixel detectors. The semiconduc-
tor sensor layer on top is connected via bump-bonds to a lower 
ASIC layer.   

This project aims at testing a detector prototype and at de-
veloping tools and strategies for applying this detector to 
cryo electron tomography of biological samples. The detec-
tor prototype builds upon the established bump-bond tech-
nology for hybrid-pixel detectors, but has been specifically 
adapted for the challenges of cryo electron tomography. Key 
steps in this project are to develop samples for efficient de-
tector testing, to mount and connect the detector to a 200 
kV electron microscope and to establish software control for 
successful data collection, to determine principal detector 
characteristics, to collect data on biological test samples and 
to evaluate these data by tomographic reconstruction. A par-
ticular emphasis is on analyzing the effects of a modular de-
tector design with inter-module gaps (Fig. 3) and to develop 
adapted data collection strategies. 
The HPDET-EM project unfortunately was delayed by a com-
bination of factors. The Covid-19 pandemics created a situ-
ation of uncertainty for recruitment and led to substantial 
delays in linked processes and projects, by delayed deliveries 
and access restrictions to the University of Basel EM facili-
ties. We have already developed test sampled for data collec-
tion. The detector and related read-out electronics and com-
puter have been installed on the Talos F200C microscope of 
the BioEM lab of University of Basel. Instrument control was 
successfully established, but more time is required to over-
come additional challenges in detector read-out.  
The project has been extended by another year, and we re-
main fully determined to achieve all aims. Recent invest-
ments and recruitments at University of Basel provide a 
highly supportive environment for the future development 
of cryo electron tomography beyond this specific project. 

Fig. 3: Prototype dual-module Dectris detector for future applica-
tions in cryo electron tomography of biological specimens.  
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Peptide-hydrogel-patch for lesion coverage on oral 
mucosa
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zin Basel, credentis AG – vVardis, Windisch)
Project Leader: L. Kind
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Unspecific ulcer in oral mucosa can drastically impair pa-
tients’ normal oral function and cause pain during eating, 
chewing, and talking. The of nonspecific ulceration remain 
unclear and are likely due to a combination of factors which 
contributes to the outbreak. Therefore, the primary focus is 
on symptoms treatment, which in most of the cases consists 
in a topical therapy to provide the patient with initial relief 
before further (e.g. systemic) therapies are determined. 
In this project, the promising self-assembling synthetic pep-
tide P11-4 was used to develop a hydrogel patch to cover 
ulcerative lesions in oral mucosa. This hydrogel can be sta-
bilized through biocompatible crosslinking with e.g. trans-
glutaminase and is able to adhere to soft tissue. Since the 
application of this peptide has already been established in 
other areas of oral medicine (guided enamel regeneration 
[1], desensitization, protection of natural teeth [2], bone re-
generation [3], periodontal treatment [4] and periimplantitis 
treatment), it turned out that the potential of P11 peptides 
family can go further. Therefore, this project focus on the 
union of attained experience and knowledge, for a newly 
designed biocompatible crosslinked hydrogel patch with 
drug-loading potential. This hydrogel patch will be explored 
for its topical use on oral mucosa and may overcome most of 
the limitations accompanied by hydrogel matrices derived 
from naturally occurring molecules or from other synthetic 
materials [5].

Material and Methods
Within the first year, significant progress has been made 
with regards to establishing suitable crosslinking conditions 
(ratio of peptide to crosslinker) and investigating the cross-
linker influence on stability and stiffness of P11-4 hydrogels. 
The development of a preparation protocol for uniform sta-
ble crosslinked P11-4 hydrogel was a crucial first step, lead-
ing to reproducible hydrogel quality and to comparable re-
sults in the characterization of the different hydrogel . An 
optimal peptide concentration of 20 mg/ml was recorded 
for the protocol and the crosslinking-agent concentrations 
were within: chitosan (0.15 %); chitosan and genipin (1.5% & 
0.5%, 1:1); transglutaminase (TG) (80 and 200 U/g) and ribofla-
vin (0.8%). P11-4 (negative control) and Glutaraldehyde (GA) 
(positive control) were used as reference samples. The an-
alytical methods were established including swelling ratio, 
differential scanning calorimetry (DSC), viscometry, nanoin-
dentation, Fourier-transformed infrared spectroscopy (FTIR) 
and the imaging methods like scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM).

Results and Discussion
The swelling ratio was calculated by weighting crosslinked 
hydrogels in comparison to non-crosslinked hydrogel ref-
erences. Crosslinking is expected to reduce the swelling 
capacity of the hydrogels. The diagram (Fig. 1) shows that 

crosslinked hydrogels have a reduced swelling capacity, con-
firming successful crosslinking. 

Fig. 1: Crosslinking performed after self-assembly. Data repre-
sent mean ± SD, n = 3. (1) P11-4, (2) P11-4 + chitosan (0.15%), 
(3) + transglutaminase (TG) (80 U/g), (4) + TG (200 U/g), (5) + 
[TG (200 U/g):chitosan (0.15%) (1:1)], (6) + glutaraldehyde (GA) 
(2.5%).

In nanoindentation, the stiffness is analyzed by measuring 
the applied indentation force and indentation distance of 
the tip (Fig. 2). Through crosslinking of the hydrogel, it is as-
sumed that the three-dimensional network is stabilized and 
is thus expected to exhibit increased stiffness.

Fig. 2: Image of crosslinked P11-4 hydrogel measured with Nanoin-
denter (Optics11 Life) in wet-state.

In figure 3, the results show an increased hardness of cross-
linked samples, but with a high standard deviation. This can 
be explained by the presence of inhomogeneities on the hy-
drogel surface stiffness, thus suggesting that further work 
need to be carried out to optimize the sample preparation. 
Figure 1 and 3 showed promising results in samples of P11-4 
and chitosan, but also higher concentrated TG-samples pro-
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duced very promising results in comparison with the posi-
tive (GA) and negative (P11-4 w/o crosslinking) control. The 
self-assembled β-sheet structure of P11-4 was present in all 
sample compositions (confirmed by FTIR).

Fig. 3: Nanoindentation measurements of reference P11-4 hydrogel 
(not crosslinked) and crosslinked P11-4 hydrogels. Data represent 
mean ± standard deviation, n = 6 points per sample.

Furthermore one can say that there is still potential to ex-
pand and optimize the methods of measuring stiffness. Po-
tential crosslinker systems were selected for further testing 
(transglutaminase, chitosan and alginate). 
In addition to the sample preparation, combination and 
analysis mentioned here, adhesion on mucosal tissue is 
an essential property of hydrogels intended for oral appli-
cation. Several tests are described in literature to examine 
the adhesion behavior of adhesives on adherent materials, 
where probe pull, lab shear or peeling tests are only a few 
to name. It has been shown that a constructed wash-off 
test [6] to screen mucoadhesion on pig mucosa, was a well 
feasible method. In general, porcine mucosa samples were 
glued onto microscope slides and the hydrogel samples were 
placed onto the mucosa. Microscope slides with the samples 
were then attached to a disintegration tester, permitting a 
constant and slow up- and down movement in saline me-
dium at 37°C. 
The above described set up was adapted accordingly to the 
properties of the P11-4 hydrogels. Therefore, to mimic the 
oral mucosa, pig tongues were cut into approx. 1.5 x 1.5 
cm2 pieces and mounted on microscope slides. To improve 
traceability and visibility, the colorless hydrogel was stained 
blue using Brilliant Black before it was applied on top of the 
pig tongue. To improve the stability, hydrogels were treated 
with three different crosslinkers: glutaraldehyde, chitosan 
and transglutaminase. Figure 4 depicts several aspects of the 
test.
So far the test set up is readily established, and first adhesion 
tests were performed with preliminary results showing that 
P11-4/chitosan and P11-4/GA crosslinked hydrogels exhibit a 
reduced adhesion in comparison to untreated and TA treated 
hydrogels. The tests were performed for a duration of 1 hour 
and in this time frame, P11-4/GA and P11-4/chitosan samples 
detached within a few seconds, whereas in untreated sam-
ples approx. 75% of the hydrogel was still intact and adhered 
up to 20 min. Most promising results were obtained with 
TA samples, which were almost unchanged attached after 
1 hour. Further washing tests will be performed to confirm 
the findings and further evaluate the ability of P11-4/TA to 
adhere on mucosal surface.
In the frame of this project the biocompatibility study with 
human gingival fibroblast (HGF-1) cells over seven days 
showed a comparable metabolic activity for non-crosslinked 
P11-4 hydrogel and P11-4 crosslinked with either chitosan or 
TG. In contrast, P11-4 crosslinked with GA appeared to be 

cytotoxic to HGF-1 cells . These experiments will be repeated 
with human periodontal ligament fibroblasts (HPdLF-1).

Fig. 4: a) pig tongue. b) blue stained hydrogel sample. c) hydrogel 
samples with different crosslinkers applied to pig tongue pieces. d) 
disintegration tester. e) samples attached to disintegration tester 
being constantly moved in saline solution. 
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Acoustic signal to control laser ablation processes

Introduction
To achieve structures or layers in the micro- and nanometer 
range, it is essential to monitor and automatically control 
the laser process (see Fig. 1). Laser ablation experiments are 
carried out in this project with a JenLas.D2fs, λ=513 nm, τ= < 
400 fs, PRF = 100 kHz, the IntelliSCAN de14 scanning system 
with VarioScan 20i and 115 mm F-Theta optics.

Fig. 1: General setup of a laser system with acoustic monitoring.

The decisive parameters for precision ablation are, on the 
one hand, the constant parameters such as the absorption 
and ablation threshold of the material, the wavelength and 
pulse duration of the laser. On the other hand, the variable 
parameters such as the focal position or the fluence. Espe-
cially in precision machining in the µm and sub-µm range, 
a defined fluence (F), i.e., energy input per area (W), is of 
great importance (Fig. 2). For this purpose, the optimum fo-
cal position (Z) must be identified and continuously tracked 
and adjusted within 25% of the Rayleigh length during laser 
material processing.

Fig. 2: Influence of fo-
cal distance and size on 
the energy input.

Acoustic monitoring
Acoustic monitoring can detect important process events 
[2], such as the ablation of a thin film on a substrate or the 
breakthrough timing of a micro hole on a closed body [3]. In 
this project, acoustic signatures are recorded without con-
tact, analyzed, and used specifically for pulsed laser ablation 

processes. The appropriate acoustic sensor system with high 
resolution capability for data acquisition and data analysis, 
must be able to detect the ablation thresholds of the materi-
als. The threshold fluence for glass (microscope slide) is 0.54 
J/cm2, for metal (1.2083) 0.08 J/cm2. Figure 3 shows the sensi-
tivity comparison of different sensor systems at optimum ab-
lation (3.56 J/cm2) using glass as an example. The differences 
of the acoustic signatures in focus are clearly visible. The 
blue plot represents the optical microphone with signal-to 
noise-ration (SNR) up to 26 dB at 400 kHz, the red plot shows 
the spectrum recorded with a free field microphone and SNR 
of appr. 8 dB at the same point. The green plot corresponds 
to the spectral response taken with an accelerometer, where 
at 400 kHz no peak appears. The most sensitive optical mi-
crophone [1] can detect signatures up to 300 kHz even at the 
ablation threshold (0.54 J/cm2). 

Fig. 3: Sensitivity comparison of three sensor systems – optical mi-
crophone, free field microphone and accelerometer.

Method for determining the focus position
For layer-by-layer 3D ablation in the nm range, the fluence 
per layer must be controlled and readjusted if necessary. The 
line pattern in figure 4 shows the correlation between the 
focus position in the Z-direction, at a height difference per 



95

line of 20 µm, and the corresponding acoustic signature. The 
left image shows the acoustic signature in the focused situ-
ation, with the 0 line on the glass surface. The other images 
show the defocused acoustic signature with 0.2 mm above or 
in the material. The Rayleigh length of the F-Theta optics is 
≈ zr = 0.3 mm. 

Fig. 4: Acoustic signature change depending on focal position

Acoustic focal monitoring & control
As a proof of concept, a laser ablation system was equipped 
with an additional data acquisition and analysis system. 
As shown in figure 5, the whole concept consisted of three 
main parts. A laser process was started and ablating a layer 
of different lines as mentioned before in figure 4. Data ac-
quisition record-ed the acoustic emissions with an optical 
micro-phone at a sampling rate of 3.9 MS/s. These analog sig-
nals were digitized, converted to millivolts, and passed to a 
data queue. As next data analysis chunked these data from 
queue in matching data pieces for the following Fast Fourier 
Transform (FFT). Every 0.5 ms a new FFT was calculated, with 
a bandwidth of 1.95 MHz and a spectral resolution of appr. 
512 Hz. Frequencies were added to specifically weighted fre-
quency bins and normalized. The resulting 177 frequency 
bins were then separated to single lines with assistance 
of trigger signals. When laser process finished the current 
layer, all data points were added up and normalized for each 
line and frequency bin including a background noise correc-
tion. Those sums were passed to a trained machine learning 
model (ML) to predict the focal position. With a target-per-
formance comparison the resulting difference value was 
passed to the laser process to correct the focal position for 
the next ablation layer.

Fig. 5: Scheme of the proof of concept consisting of three main 
parts: laser ablation, data acquisition of acoustic emissions and 
data analysis with calculation of focal point correction.

Ablation experiments of lines were performed by systemat-
ically varying the focus from -0.2 mm to +0.2 mm (21 levels 
in total, see Fig. 4). These experiments were repeated 5 times 
at the same line locations and reproduced in 10 experiments 
(new lines). Based on the acoustic patterns, different machine 
learning algorithms were trained and predicted the shift of 
focus to correct the focus (10-fold cross-validations). Among 
different algorithms applied the Random Forest models per-
formed best in reproduced experiments, also using different 
surface material. Using glass surfaces, more than 96% of the 
predictions of the laser shift were in between +/- 0.25 of the 

Rayleigh length of the laser system as demonstrated in fig-
ure 6. Overall, the results demonstrate that a prediction of 
a shift of laser focus and thus a required correction of the 
focus when ablating material is possible using acoustic sig-
natures and Random Forest models.

Fig. 6: Predicted offset of the laser focus with Random Forest al-
gorithm versus the true offset in experiments with 21 lines using a 
10-fold cross-validation. The black lines represent +/- 0.25 of the 
Rayleigh length.

Summary
To control and perform laser ablation of glass, metal, or 
multi-layered materials within a narrow and well-defined 
process window we applied a high-resolution optical mi-
crophone able to detect signals in the 300 kHz range at the 
ablation threshold. Based on FFT of the acoustic signals, fre-
quency binning and data normalization for each line the fo-
cal position was determined by a trained machine learning 
model, followed by the focus adjustment for the subsequent 
line. Using glass surfaces, more than 96% of the predictions 
of the laser deviations from the ideal focus were in between 
+/- of 0.25 of the Rayleigh length. In a real-world application 
the principle of focal prediction and direct adjustment in 
the laser process was successfully demonstrated. Further de-
velopment is planned to optimize the algorithm and expand 
the application scope.
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Microstructured degradable hydrogel-based peri-
odontal LIGAment RE-COnstitution device

Introduction
Peri-implant infections of osseointegrated implants repre-
sent a topic of major concern in contemporary dentistry. 
The mechanical relatively weak adhesion of soft tissue at 
the coronal part of the implant has been proposed as a po-
tential risk factor for peri-implant infections [1]. Micro- and 
nanostructured implant collars have been tested as potential 
candidates to improve soft tissue adhesion. Despite encour-
aging preclinical results, none of the presented approaches 
has so far yielded a mechanically robust soft tissue organi-
zation comparable to the one around natural teeth with its 
characteristic arrangement of radially oriented collagenous 
periodontal ligament fibers.

Within the presented project, we aim to develop a regener-
ative device that mediates and guides the formation of radi-
ally oriented periodontal ligament bundles around the collar 
of dental implants. Radial channels within the device target 
fiber-producing periodontal ligament cells to orient them 
and guide collagen fiber production in a perpendicular and 
mechanically stable orientation around the implant surface. 
This arrangement may significantly improve the soft tissue 
strength and sealing around dental implants and render it 
comparable to healthy gingival tissues around natural teeth. 
The regenerative device is designed for placement as part of 
dental implant treatment (Fig.1). While scientists ultimately 
aim to develop reconstituted periodontal ligaments for the 
bone-dental implant interaction [2], our approach aims to 
improve conventionally and commercially available osseo-
integrated dental implants by an improved ligament rein-
forced soft tissue attachment.  

Fig. 1: a) Scheme of the location of the proposed device, which is 
placed around the upper part of the implant before wound closing, 
and b) sample devices prepared during the project. Scale bar 8 mm.

Cell alignment in microchannels has been investigated 
worldwide for basic research and specific tissue engineering 
approaches like, e.g., neuronal lesion repair, tissue vascular-
ization, or tendon regeneration. Cell colonization of such 
microchannels in cell culture conditions is supported by us-
ing a cell adhesive biomaterial or coating the channel walls 
with adhesion molecules. 

Within the presented project, we use an in-situ cross-link-
able and biodegradable PEG-hydrogel for device fabrication. 
Multi-functional PEG precursors are combined and formu-
lated to provide specific viscosities and polymerization ki-
netics that allow the fabrication of form-stable, patterned 
hydrogel templates with biological functionalities and deg-
radation times that are specifically adjusted to the require-
ments of the targeted biological indication.

Hydrogel biofunctionalization
Bioinert materials like the PEG-hydrogel employed in this 
project are intrinsically non-adhesive and need to be func-
tionalized with cell type-specific ligands to allow cell ad-
hesion. In a first approach, integrin-specific RGD ligands 
were copolymerized with the PEG-precursors to result in 
RGD-functionalized hydrogels.

Fig. 2: Effect of  PEG-hydrogel modification with RGD-peptides on 
fibroblast adhesion. Results from metabolic assays to quantify ad-
hering cells of three different fibroblast lines, rat2, 3T3 and L929, 
on RGD-functionalized vs. unmodified PEG-hydrogels.

Fibroblast adhesion was analyzed by comparing the number 
of adhering cells on native and RGD-functionalized PEG hy-
drogel surfaces (Fig. 2).

Cell colonization of hydrogel microchannels
Typical periodontal ligament fibers have dimensions in the 
range of 0.2 to 0.4 mm. Hydrogel-channels with these dimen-
sions could be successfully manufactured as part of the first 
working prototypes. 
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Immortalized rat2 fibroblast cells were seeded on the chan-
neled hydrogels and, following 1-2 weeks of growth, were 
found colonizing the channel structures.

During the reported project period, the influence of chan-
nel dimensions on cell colonization and orientation was sys-
tematically investigated by varying the channel diameters 
between 200 and 600 µm. Further, the influence of structur-
ation of the channel walls was investigated by comparing 
smooth and micro-grooved channel walls. The experiments 
demonstrated that the microchannels in the PEG-hydrogel 
were successfully colonized by cells independent of the 
channel diameters. However, the micro-structuration of the 
channel walls significantly affected the cell orientation. As 
evidenced by the microscopic comparison of cells adhering 
in unstructured, smooth channels and channels exhibiting 
a micro-structuration of the inner channel walls, the latter 
considerably enhanced fibroblast cell orientation (Fig. 3). 

Fig. 3: Cell invasion of hydrogel channels and orientation of cells 
assessed by fluorescence microscopy. Fibroblasts are seeded onto 
channeled hydrogel samples and cell invasion and orientation are 
analyzed after 7 days by phalloidin rhodamine staining of the ac-
tin cytoskeleton. a) Rat-2 fibroblasts colonizing a microstructured 
channel, and b) directionality evaluation of actin filaments of cells 
growing in 0.4 mm channels (orange line, microstructured side-
walls, blue, reference channel). Scale bar: 100 µm.

Periodontal ligament cell colonization of microchannels
The mechanical strength of periodontal ligament fibers has 
been attributed to longitudinally oriented collagen bundles 
secreted by a specific form of fibroblasts, the periodontal lig-
ament cells. These cells can be obtained from patient sam-
ples and cultured in vitro for a limited number of passages. 
In culture, periodontal ligament cells exhibit an elongated 
morphology. As part of our microchannel cell colonization 
assays, we could show that in contrast to rat2 fibroblasts, 
these cells aligned along the channel axis, even in the ab-
sence of microstructures on the channel walls (Fig. 4).

Fig. 4: Orientation of primary periodontal ligament cells in 0.4 mm 
channels with (a) and without (b) additional microstructuration. 
Cells were seeded onto channeled hydrogel samples. Cell invasion 
and orientation were analyzed by fluorescence microscopy after 7 
days by phalloidin rhodamine staining of the actin cytoskeleton and 
DNA counter staining. Scale bar: 100 µm.

In all our assays, immortalized fibroblasts or primary peri-
odontal ligament cells formed monolayers on the channel 
sidewalls, resulting in a central lumen in the microchannels. 

This lumen can be considered essential for transporting nu-
trients and factors from the surroundings to the cells. In con-
trast to this observation, in vivo the periodontal ligament is 
composed of an continuous assembly of different cell types 
and fiber-forming extracellular matrix proteins. Currently, 
ongoing experiments investigate if the observed lumen 
persists in devices with reduced channel diameters. These 
experiments will also specifically investigate how ongoing 
cell proliferation and matrix deposition within the confined 
channel dimensions will influence the alignment of cells 
within the channel. These experiments ultimately aim to in-
vestigate and understand if the channel diameter influences 
ligament fiber formation and identify the final device's opti-
mal channel geometry and dimensions.

The next project phase shall also address potential alterna-
tive microchannel fabrication methodologies and optimized 
biofunctionalization strategies to enhance cell invasion of 
the periodontal ligament reconstituting device. 
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Nanocompass: Nanoscale magnetometer with 
nanotesla resolution
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Fig. 2: SEM image of 56 samples of 100nm-MTJs on a single wafer.

MTJ-based Magnetic Sensors
A repeated reversal of the magnetization of the MTJFL leads 
to a hysteresis cycle of the junction resistance. This cycle is 
not only dependent of the spin polarized current but also 
depends on the external magnetic field. This principle of 
operation is inspired from the macroscopic fluxgate sensor 
technology [2] and is applied here to a nanoscale spintronic 
device. To extract the value of the magnetic field from the 
hysteresis curve a signal processing scheme is required. A 
Matlab-Simulink model of the sensor including a physical 
model of the MTJ associated to a model of the analog and 
mixed signal processing has been developed to support the 
hardware implementation of the sensor as described in the 
next section. A further step for improving the sensor is an 
independent MTJ emulator as a hardware model to develop a 
pure digital solution of the sensor control and signal process-
ing unit. The interfaces are designed very flexible, so that 
both the real Junctions as the emulator can be applied for 
testing [2].

Experimental Results
Two large pads are available for each of the MTJ on a wafer 
and are used to contact with a probe. In the first experimen-
tal setup, the wafer was placed underneath large electromag-
nets (Fig. 3) that generate an external magnetic field. Short 
voltage pulses of 100 nanoseconds and increasing intensity 
were applied on MTJ having a diameter of 100 nm.

For each pulse, a resistance measurement was performed to 
check if the layers are in the parallel P or antiparallel AP 
configuration. The threshold voltage where the magnetiza-
tion of the free layer is reversed was then saved. Each of the 
measurement included a full hysteresis cycle, with one APP 

Introduction
Magnetic memories MRAMs are often based on structures 
called magnetic tunnel junctions (MTJs) and are using spin 
transfer torque (STT) to change the orientation of the mag-
netization of a soft ferromagnetic layer by applying a strong 
voltage across the junction. This leads to a change of resis-
tance allowing the MRAM to be set in two different resistive 
states. However, the energy required to flip the magnetiza-
tion of the layer from one state to the other is not only re-
lated to the voltage applied to the junction but also to the 
external magnetic field. Using this property, this work inves-
tigates a new application of an MTJ, which consists of using 
it as a magnetic sensor.

Magnetic Tunnel Junctions (MTJs)
Tunnel magnetoresistance effect (TMR) can be observed in 
MTJ made of multiple layers, including two layers of con-
ductive ferromagnetic materials (pinned layer, PL, and free 
layer, FL) separated by a non-magnetic material, called the 
barrier. MTJs are usually manufactured with the shape of a 
pillar (Fig. 1) and called perpendicular MTJs or P-MTJs, with 
the two contacts of the junction at the top and bottom of the 
structure. The FL and the PL (usually FeCoB) are surrounded 
by several layers of different materials and thicknesses that 
will create a spin polarized current [1].

Fig. 1: SEM image of a 50nm-MTJ (left) and standard MTJ stack 
pillar [1] (right).

The diameter of these junctions is usually a few dozens of 
nanometers, and the barrier, often MgO, is usually a few doz-
ens of angstroms, to a few nanometers thick to ensure the 
spin orientation conservation principle, which cannot apply 
to thicker barriers (Fig. 2).
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and one PAP reversal. The reversal events were estimated 
through data processing on a computer. In this manner, the 
reversal events have been recorded for different values of 
the external magnetic field applied with the electromagnets. 
Finally, we could demonstrate that the reversal events are 
dependent of the external magnetic field and the character-
istics of the proposed sensor, obtained experimentally, is de-
picted in figure 4.

Fig. 3: Experimental setup (1. Electromagnets, 2. Wafer under test, 
3. Iron core of electromagnets, 4. Probe).

Fig. 4: Evolution of APP and PAP switching voltages as a function 
of the applied external magnetic field.

Discussion
The sensor characteristics exhibits a large dynamic range of 
40 mT, which outperforms the commercially available mag-
neto resistive sensors (MR). The observed sensitivity is 4 mV/
mT. However, because of the stochasticity of the phenomena 
involved in the flipping of the magnetization of the MTJ-FL 
we observe a higher noise level than for instance in conven-
tional MR sensors. Alternative MTJ pillar arrangements as 
well as advanced signal processing needs to be investigated 
to reduce the sensor noise level. Besides, a better controlled 
test environment has been developed implementing Helm-
holtz coils (Fig. 5) and a dedicated control and signal pro-
cessing electronics (Fig. 6) to characterize more precisely the 
sensor performances.

Fig. 5: Improved experimental setup (1. Helmholtz coil, 2. Wafer, 
3. Probe).

Fig. 6: Control and signal processing electronics.

Conclusion
MTJ-based magnetic sensors will have significant advan-
tages over existing magnetic sensors. Unlike commercially 
available Hall sensors or MR sensors which have microm-
eter dimensions, the proposed MTJ based magnetic sensor 
has a diameter of less than 100 nm. Its applications range 
from the medical field and physics experiments to industrial 
products. An optimization of the MTJ stacks combined with 
an improved signal processing and dedicated test setup shall 
lead to a lower sensor noise level.
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Blue laser diode pumped Ti:Sapphire sub-100 fs 
laser amplifier for nanomachining

Introduction
The workhorse for most of demanding laser applications 
are femtosecond lasers based on Titanium doped Sapphire 
(Ti:Sa) gain medium. The main drawback up to now is the 
absence of direct diode pumping scheme enforcing the use 
of Q-switched, nanosecond solid-state laser (e.g Nd:YAG) 
as pump laser source. This leads to very inefficient optical 
pumping and a large purchasing and maintenance cost for 
such systems, the later prohibiting the spread of Ti:Sa lasers 
in wider industrial applications. In this project, we aim to 
develop a high average power, 100-μJ energy level, sub-100fs 
Ti:Sa laser amplifier, based first, on recently available high 
power blue diodes at 450 nm, and second, on a novel Single 
Crystal Fiber (SCF) geometry. The SCF geometry will increase 
couple of times the laser average power, due to superior 
cooling capability. The direct diode pumping will increase 
wall-plug efficiency by ~10 times (wall-plug efficiency ~5% 
versus typical ~0.5%). It will also make the laser much more 
compact and reliable. In addition, we will design a wave-
length conversion stage (second harmonic generation - SHG) 
to obtain blue fs pulse at 400 nm. We will perform first ma-
terial processing tests with this novel laser with blue beam 
suitable for metal nanomachining and IR for polymers. Cou-
ple of times shorter pulses, compared to currently commer-
cially available, and high power blue lasers, should enable 
us to make a breakthrough in laser materials processing and 
move from micro to nanomachining, with high throughput.

Experimental setup
For the diode pumped amplifier, the Ti:Sa crystal is pumped 
from two sides as depicted in figure 1. On the left side, three 
laser diodes, each with 6 W optical output power @ 450 nm, 
are mounted at different heights. They are combined and 
focused onto the crystal with a diameter of 100 µm at 1/e2. 
From the other side, a fiber coupled diode with 20 W optical 
output power is also focused into the crystal with a diameter 
of 100 µm at 1/e2, yielding a total pump power of 38 W. The 
different divergences of the two diode types prevent back-fo-
cusing on the opposite diode and thus potential subsequent 
damage. A directly blue diode pumped laser oscillator deliv-
ering >200 mW average power, 70 fs pulses @ 80 MHz and 
800 nm is used as seed laser. The pulses to be amplified are 
coupled in, focused and coupled out again via curved di-
chroic mirrors. The pumped setup is shown in figure 1 and 
a picture of the amplifier in operation is shown in figure 2.

 

Fig. 1: Ti:Sa amplifier setup.

Fig. 2: Ti:Sa amplifier pumped by blue diodes at 450 nm.

Thermal simulations
High pump intensities >500 kW/cm2 inside the Ti:Sa crys-
tal are needed for population inversion. The absorbed pump 
light creates sharp temperature gradients as shown in figure 
3. The temperature gradients inside the Ti:Sa crystal lead to 
strong thermal lensing effects, affecting the amplified beam 
as simulations show in figure 4.

Fig. 3: Simulation of temperature profile through Ti:Sa crystal 
(cross section) in [°C] done by PSI.
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Fig. 4: Simulation of thermal lens done by PSI.

Therefore it is fundamental to cool the Ti:Sa crystal suffi-
ciently, uniformly and symmetrically.

Optimized crystal cooling
A new crystal holder cooling design, based on a copper mod-
ule with high thermal conductivity (Fig. 5), selective laser 
melted 3D print inserts and micro-graphite-foil (Fig. 6) was op-
timized with several thermal FEM simulations to generate a 
symmetric temperature profile inside the Ti:Sa crystal (Fig. 7).

Fig. 5: Optimized housing of Ti:Sa crystal.

Fig. 6: Micro-Graphite-Foil for optimized thermal conductivity be-
tween Ti:Sa crystal and cooling housing
 

Fig. 7: Simulation of temperature distribution in crystal holder 
when cooled at room temperature [°C].

Small signal gain measurements
Optimizing the pump focus spot size and position inside the 
crystal, cooled at 20°C, as well as the overlapping of pump 
and signal beam, a small signal gain of 5% was measured 
only using 18 W of pump power from one side as shown in 
figure 8. 

Fig. 8: Measured small signal gain when pumped with only 18 W of 
CW light  from left side diodes.

By modulating the 6 W diodes with a TTL signal at 1.5 kHz 
and 20% duty cycle we reached 17 W peak power from each 
diode, which should increase the small signal gain. Modula-
tion of the pump diodes also decreased the overall thermal 
load of the Ti:Sa crystal and therefore lowers the thermal 
lensing effect. Pumping from both sides will generate the 
small signal gain of > 10%, which will enable us to build up a 
regenerative amplifier to  be used for the first nanomachin-
ing applications.
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Combinatorial nanoparticle design for therapeu-
tic drug delivery across the blood brain barrier
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Introduction
The blood brain barrier (BBB), a complex cellular filter pro-
tecting the brain from outside unwanted intrusions, rep-
resents a major hurdle for the delivery of therapeutic bio-
macromolecules. As a consequence, benefits of biological 
drugs (i.e., biologics), achieved in a large number of diseases 
(e.g., cancer, autoimmune diseases), do not significantly im-
pact pathologies where the therapeutic target is in the brain 
[1]. To overcome this hurdle, a variety of nanoparticulate 
drug carriers have been designed and several targeting moi-
eties have been shown to favor their transport through the 
BBB [2]. It is remarkable, however, that no systematic study 
allowed defining the optimal nanoparticles (NPs) parameters 
to design such carriers. This represents the foremost objec-
tive of NANO-thru-BBB.
In NANO-thru-BBB, the project partners aim at establish-
ing a combinatorial surface modification method allowing 
to produce a large number of NP systems with varying sur-
face properties (i.e. charge, polarity, chemistry, targeting 
ligands). The NPs produced are currently tested for their 
ability to cross the BBB both in vitro and in vivo models. 
The large set of data acquired, analyzed using modern data 
analysis methods, shall allow establishing a set of rules to 
predict the optimal surface properties of nanoparticulate 
systems to efficiently cross the BBB. This strategy will be ap-
plied to nanomedicines for the treatment of lysosomal stor-
age diseases (LSDs) developed by Perseo Pharma aiming at 
delivering stable and active enzymes, through the BBB,  to 
the brain. LSDs arise from inherited lysosomal dysfunctions 
caused by deficient lysosomal enzymes and/or membrane 
proteins. Enzyme replacement therapies (ERTs) are currently 
frontline treatments of  LSDs. ERTs, however, fall short when 
it comes to deliver therapeutic lysosomal enzymes through 
the BBB. Consequently, more than two-thirds of LSD patients 
treated with ERT suffer from progressive and severe central 
nervous system dysfunctions [3]. 
In order to build a library of surface-modified nanoparticles 
(NPs), we developed a combinatorial surface modification 
method. The chemical strategy developed allows, for the 
first time, the production of NPs displaying a large combi-
nation of chemical functionalities at their surface. The NPs 
produced are currently tested for their ability to cross the 
BBB both in vitro and in vivo. 

Development of ligands to be used for combinatorial 
surface modification
In order to construct the targeted NPs library, we developed 
a combinatorial surface modification that allows a fully 
stochiometric reaction of soluble ligands at the surface of 
organosilica. The core NPs are synthesized using methods 
available at Perseo. They consist of a silica core on which 
the selected  model protein (i.e. albumin) is immobilized and 
further protected in an organosilica shield [4]. This shield is 

further modified in order to provide anchoring residues for 
subsequent surface functionalization (Fig. 1). 

Fig. 1: Nanoparticle design. The enzyme is immobilized at the sur-
face of a silica nanoparticle and further protected in an organosil-
ica layer of controlled thickness and chemical composition. This 
layer is, in turn, modified in order to introduce chemical moieties 
allowing further combinatorial modification.  

We then designed and produced a series of novel ligands 
that can be attached to the surface of the NPs. Besides sim-
ple ligands bearing carboxy-, hydroxyl- and amino-functions, 
we selected additional complex ligands including transfer-
rin receptor-targeting peptide (T7 peptide) and a cell-pene-
trating peptide (HIV TAT peptide) (Fig. 2). In order to check 
the stoichiometry of the surface coupling reaction, we used 
a reporter molecule that emits fluorescence only when at-
tached to the surface of the SNPs. Our results confirmed the 
full stoichiometry of the reaction. Next, we produced a first 
series of 30 different types of NPs and tested their ability to 
cross the BBB using an in vitro model. 

In vitro screening of BBB transport properties of modi-
fied NPs
In order to build an in vitro BBB model, human brain endo-
thelial cells (hCMEC/D3) were cultured onto semipermeable 
membranes in transwell inserts (Fig. 1).  At day 7 hCMEC/
D3 cells reach highest transepithelial electrical resistance 
(TEER) value and express typical BBB tight junction proteins 
ZO-1 and Claudin-5, as demonstrated by means of immunoflu-
orescence microscopy (Fig. 3). This study allowed confirming 
that cell-cell contacts are formed and a functional barrier is 
established. Preliminary experiments show that specifically 
modified NPs have the ability to efficiently cross the BBB.
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Fig. 2: Example of peptide ligands produced for building the SNPs 
library  [R’: surface reactive function; R’’ : linker]. 

Fig. 3: Schematic representation of the transwell system used to 
produce a BBB in vitro model a) and immunofluorescence staining 
showing expression of tight junction proteins zonula occludens 1 
(ZO-1, b) and Claudin-5 c). The images show a dense monolayer of 
cell where tight junctions proteins are expressed. 

Preliminary experiments have also been carried out with the 
selected in vivo model, i.e. transgenic zebrafish (Danio rerio) 
expressing green fluorescent proteins. Our results show that 
SNPs labeled with a fluorescent dye (Cy5.5) can be visualized 
when circulating in the living embryo. 

Conclusion and outlook
The partners of Nano-thru-BBB, during the first phase of the 
project, have developed the first method allowing a com-
binatorial modification of silica-based nanoparticles. The 
stoichiometric nature of the reaction has been confirmed 
by fluorescent spectroscopy. This method has been applied 
to produce a first set of SNPs, displaying different chemical 
moieties at their surface. Initial tests carried out in vitro con-
firmed the importance of the surface modification on the 
capacity of the SNPs to enter the brain endothelial cells and 
to cross the BBB. Additionally, our results confirmed that 
the SNPs did not affect significantly cell viability up to 100 
µg/mL. Preliminary experiments carried out on a zebrafish 
model have confirmed the possibility to track fluorescently 
labeled SNPs in the fish embryo. Work is underway to test a 
larger number of SNPs from the established library and to 
test their capacity to cross the BBB both in vitro and in vivo. 

Fig. 4: Fluorescence imaging of fluorescently labeled SNPs in 
zebrafish embryo. Fluorescence micrographs acquired at wave-
lengths of λ = 485 nm (a, c) and 683 nm (c, d) before injection 
(a,b) and 15 min after injection of NPs labeled with Cy5.5 (c,d). 
The micrograph d shows circulating NPs imaged in the living fish 
embryo blood vessels. Longer durations after injection suggest re-
duced interactions of the SNPs with macrophages. 
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Introduction
In the PEPS project, we are developing an electrochemical 
sensor platform for the analysis of low concentrated protein 
biomarkers at the point-of-care (POC). Such digital devices 
could revolutionize the diagnosis and monitoring of various 
diseases, making testing as convenient and effective as mon-
itoring diabetes with a glucose meter. However, successful 
industrial applications of such sensors have not yet been 
achieved, mainly because of problems with surface fouling, 
low POC compatibility and/or expensive sensor fabrication 
[1, 2]. To address these limitations, we are studying the de-
velopment of novel nanomaterial-polymer composite elec-
trodes (Fig. 1). Such electrodes combine high conductivity 
and strong antifouling properties, which render them ide-
ally suited for measurements in complex body fluids. The 
sensors will be printed on flexible foils using highly scalable 
processes and read-out on simple electronic devices which 
are compatible with standard consumer electronics. The 
goal of the project is to realize demonstrator platforms for 
the analysis of two highly relevant biomarkers (placental 
growth factor PlGF and the cytokine CXCL10) which could 
enable POC applications for the diagnosis of preeclampsia or 
early kidney transplant rejection.

Fig. 1: Photograph (left) of miniaturized 3-electrode system on foil 
(CE: Counter electrode, WE: Working electrode, REF: Reference 
electrode) and schematic depiction (right) of the WE functionaliza-
tion and protein assay strategy.

We report our progress regarding nanocomposite electrode 
fabrication and characterization, protein assay development 
on a standard lateral flow assay (LFA) format and present the 
first results of electrochemical protein assays performed on 
our “eWell” demonstrator platform.

Nanocomposite electrodes
Functional inks were prepared by blending photoreactive co-
polymer solutions with conductive carbon nanotubes (CNTs). 
The mixtures were homogenized by sonication and printed 
onto the WE of printed, miniaturized 3-electrode systems on 
foil, followed by drying and UV-crosslinking. The prepared 

electrodes were characterized by measuring cyclic voltam-
metry with different scan rates in ferricyanide solutions. The 
electrochemically active surface area (EASA) was calculated 
using the Randles–Ševčík equation. The procedure was re-
peated after incubation with concentrated bovine serum al-
bumin (BSA) solution (40 mg/ml) or undiluted human blood 
plasma to determine the capability of the electrodes to resist 
surface-fouling. The ink composition and printing parame-
ters were optimized to maximize EASA and retain strong an-
ti-fouling properties. Optimized parameters led to an EASA 
increase by almost factor 2 compared to uncoated (blank) 
electrodes (calculated EASA values at 0 minutes, see Fig. 2 
and 3). Further, the EASA remained stable even after an in-
cubation of 1 hour in both fouling solutions, while non-mod-
ified electrodes lost almost 70% after being exposed to the 
BSA solution for only 10 minutes (Fig. 2 and 3).

Fig. 2: Measured EASA for blank screen-printed carbon electrodes 
as a function of incubation time in concentrated BSA solution. 
Mean values and standard deviations are shown (n = 3).

Fig. 3: Measured EASA for PEPS nanocomposite electrodes as a 
function of incubation time in concentrated BSA solution (blue) and 
undiluted human blood serum (orange). Mean values and standard 
deviations are shown (n = 3).
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Protein assay
Commercial affinity reagents against PlGF were selected 
based on a characterization study involving a combination 
of biolayer interferometry (BLI), flow-induced dispersion 
analysis (FIDA) and surface plasmon resonance (SPR) spec-
troscopy. Two amplification methods were studied for the 
oxidation of 3,3',5,5'-tetramethylbenzidine (TMB) in the pres-
ence of hydrogen peroxide. These were gold nanoparticles 
(AuNPs) attached to several horseradish peroxidase (HRP) 
enzymes (AuNP-HRP) and a platinum nanoparticle system 
(PtNP). Both methods showed high catalytic activity and can 
be combined with the affinity reagents previously identified 
for use in LFAs. The signal was detectable optically as well as 
electrochemically. An LFA device for the detection of PlGF 
in human serum was developed and tested using spiked 
human serum samples. The running buffer was optimized 
to reduce interferences from nonspecific binding. With the 
AuNP-HRP based device, a limit of detection (LOD) of 10 pg/
ml was achieved for the detection of PlGF in spiked human 
serum samples (Fig. 4). Time to result was 30 minutes, in-
volving 4 liquid handling steps.

 

Fig. 4: Optical ELLFA standard curve of PlGF spiked into human 
serum samples using a AuNP-HRP based amplification system. The 
red line represents the LF test line (TL) peak intensity after ampli-
fication with TMB and the black line represents TL intensity before 
signal amplification. N = 2 for both data groups. Some error bars 
are obscured under the data point symbol.

eWell platform
The developed electrodes were integrated into a standard 
96-well plate format to study protein assays with electro-
chemical read-out (Fig. 5). An electrochemical binding assay 
for the detection of CXCL10 was successfully demonstrated 
(Fig. 6). With this first non-optimized assay an LOD of 1.9 ng/
ml and a dynamic range covering the complete ng-ml range 
was achieved. We are currently studying the transfer of the 
high-sensitivity PlGF assay to our PEPS platform and their 
integration into a POC device.

Fig. 5: Image of the PEPS eWell platform.

 

Fig. 6: Results from a sandwich-immunoassay with electrochemical 
read-out for the detection of CXCL10. Mean values and standard 
deviations are shown in the graph (n = 3).
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