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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 hol-
dases and foldases
Project Leader: S. Hiller and D. J. Müller
Collaborators: N. Ritzmann (SNI PhD Student), P. Rios Flores, T. Raschle, and J. Thoma

β-barrel membrane proteins are essential functional compo-
nents of the outer membrane of Gram-negative bacteria, mi-
tochondria and chloroplasts. Membrane proteins have highly 
interesting folding properties, since they fold in an external 
environment that comprises hydrophobic and hydrophilic 
phases. The biogenesis of these outer membrane proteins 
(Omps) poses a complex biophysical challenge to the pro- and 
eukaryotic cell, because the Omps are synthesized at locations 
distant from their target membrane. The overall essential bi-
ological function of Omp biogenesis is accomplished by mo-
lecular chaperones that pass the unfolded substrates from the 
ribosome to the destination membrane [1]. In the Gram-nega-
tive bacterium E. coli, the periplasmic chaperones SurA and 
Skp transport the substrate to the Bam complex, which folds 
and inserts them into the outer membrane [2]. The in vitro 
and the in vivo folding mechanisms of β-barrel Omps from 
mitochondria or Gram-negative bacteria are so far not under-
stood at atomic resolution. The same polypeptide chains can 
refold in vitro in the absence of chaperones and other pro-
teins, resulting in the same three-dimensional β-barrel struc-
tures. In this project, we employ structural biological and nan-
otechnological 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 thereafter provide an overview of the follow-
ing challenges in this project. 

Monitoring Backbone Hydrogen Bond Formation
The three-dimensional structure of a β-barrel membrane pro-
tein is defined by backbone hydrogen bonds between adja-
cent strands. The biogenesis pathways of β-barrel membrane 
proteins are essential, but the underlying mechanism is still 
unclear. To obtain insight into this process, we characterized 
folding of the 8-stranded OmpX from E. coli as a model sys-
tem 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 occurs 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 un-
folded and extracted a single FhuA from the lipid membrane 
by SMFS, we thus monitored how the unfolded polypeptide 
inserts and folds back into the membrane. The presence of ei-
ther 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 in-
sert and fold the unfolded FhuA polypeptide towards its native 
structure.

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-ter-
minus [5]. The hydrophilic fluorescent proteins allowed the di-
rected insertion of proton pumps into liposomes and to select 
the liposomes depending on fluorescence. The manufactured 
nanoreactors were used to generate proton gradients by light, 
which is a prerequisite to power a broad variety of biomolec-
ular processes. In the future, this side project will enable to 
supply nanoscopic factories with energy and to translocate 
polypeptides or other molecules across membranes.

Fig. 1 Folding pathways and free-energy land-
scape of FhuA receptors. a) Insertion and folding 
pathways of FhuA in the absence of chaperones 
and in the presence of SurA (orange). Without 
chaperones, the majority of unfolded FhuA re-
ceptors misfold. SurA stabilizes the unfolded 
state of FhuA and promotes stepwise insertion 
and folding of β-hairpins in the lipid membrane. 
This stepwise insertion of secondary structures 
proceeds until the receptor completed 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 land-
scape by chaperones. The free-energy barriers 
separating the unfolded (U) from the misfolded 
(M) and folded (F) states, are determined from 
the observed folding probabilities. Image taken 
from ref [4].



3

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 [6]. It was ob-
served that also maltoporin stepwise unfolds β-hairpins until 
the β-barrel has been completely unfolded and extracted from 
the membrane. Thereby, the folding probability of a β-hair-
pin was found to be correlated to its mechanical stability. The 
study was fundamental to characterize at later stage the inser-
tion 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 utili-
zation of outer membrane vesicles (OMVs) released from E. 
coli to study Omps in the native membrane environment. 
Enriched in the native membrane of the OMV, we character-
ize the assembly, folding, and structure of OmpG, FhuA, Tsx, 
and BamA. Comparing Omps in OMVs to those reconstituted 
into artificial lipid membranes, we observe different unfold-
ing pathways for some Omps. The observation highlights the 
importance of the native membrane environment to maintain 
the native structure and function relationship of Omps. 

Next, we studied the unfolding pathways of BamA in OMV in 
detail [8]. It was observed that the core component of BamA 
adopts several conformations, which are thought to facil-
itate 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 ap-
plied SMFS to characterize the mechanical properties of BamA 
from E. coli. In contrast to the N-terminal periplasmic poly-
peptide-transport-associated (POTRA) domains, it was found 
that the C-terminal transmembrane β-barrel domain of BamA 
is mechanically much more stable. Exposed to mechanical 
stress, this β-barrel stepwise unfolds β-hairpins until unfold-
ing has been completed. Thereby, the mechanical stabilities of 
β-barrel and β-hairpins are modulated by the POTRA domains, 
the membrane composition and the extracellular lid closing 
the β-barrel. We anticipate that these differences in stability, 
which are caused by factors contributing to BAM function, 
promote conformations of the BamA β-barrel required to in-
sert and fold outer membrane proteins.

Latest progress and Challenges Ahead
Currently we are in the process of gathering enough SMFS and 
NMR data to understand how the Bam complex facilitates the 
insertion and folding of complex Omps. However, given the 
complexity of the insertion and folding process and the multi-
ple molecular machines involved in this process (BamA, -B, -C, 
-D and SurA, Skp, etc), the systematic study of this process re-
quires much more efforts than anticipated. Encouraged by the 
preliminary results, we are confident that now after all these 
years of hard work we made a big step towards understanding 
how the periplasmic chaperones SurA and Skp transport the 
Omp substrate to the Bam complex, and how they together 
fold and insert the substrates into functional Omp structure. 
It may be only a matter of time until we can then use these 
insights to assemble nanomachines in membranes.
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Graphene nanoribbon characterization by Raman 
spectroscopy and electrical transport
Project P1307: Optoelectronic nanojunctions 
Project Leader: M. Calame and M. Mayor
Collaborators: J. Overbeck (SNI PhD Student), O. Braun, M. Perrin, G. Borin Barin, Q. Sun, R. Darawish, Marta 
De Luca, P. Ruffieux, R. Fasel, C. Daniels, and V. Meunier

Introduction
In this project, we investigate the properties of nanojunctions 
and their constituents with optical and electronic techniques. 
Building on the experience from previous years' studies on 
small molecules [1] and graphene [2], we more recently fo-
cussed on bottom-up synthesized graphene nanoribbons 
(GNRs). These thin strips of graphene promise a variety of 
properties relevant for future electronic applications.

Optimized Measurement Approaches for Raman Spec-
troscopy of Graphene Nanoribbons
We use Raman spectroscopy to characterize the GNRs synthe-
sized under UHV conditions by our collaborators at Empa, as 
this is the only method that currently can provide informa-
tion about their atomically well-defined structure after trans-
ferring from their gold growth-substrates to technologically 
relevant silicon-based devices.

To attain the most representative and highest signal-to-noise 
spectra we have optimized the measurement approach used 
for GNR characterization [3]. Figure 1 shows a sketch of a Si-
based device substrate with an optimized layer structure for 
Raman spectroscopy on a monolayer of GNRs. It further shows 
spectra extracted from a large area Raman map, highlighting 
the intensity enhancement and background suppression that 
is achieved in this way. 

 
Fig. 1 a) Sketch of the layer structure for a Raman-optimized (RO) 
device vs. a conventional Si-based substrate. The intensity of the 
Raman map and the extracted spectra show the advantage of this 
measurement approach. b) High signal-to-noise spectra obtained 
by Raman mapping on gold and after transfer to an RO-substrate, 
revealing low intensity Raman modes of GNRs. The wavenumber 
ranges indicated by red bars are usually masked by background from 
the silicon substrate.

Finite element simulations show that the intensity enhance-
ment can be explained by constructive interference when the 
correct layer thicknesses are chosen for the employed wave-
length. Consequently, we can detect low intensity Raman 
modes and monitor the influence of the transfer process on 
low frequency ribbons-size-dependent vibrational modes.

Length-Dependent Modes
The above technique has allowed us to identify a longitudinal 
compressive mode (LCM) that strongly depends on the over-
all length of the GNRs [4]. In addition to a unique sensitivity 
to the underlying substrate, which is the focus of an ongoing 

investigation, this low energy mode is particularly sensitive 
to GNR-damage. Figure 2a depicts Raman spectra before and 
after laser-induced damage to the GNRs, as indicated by the 
progressive decay in mode intensity shown in the inset. The 
intensity decay is most prominent for the LCM. Similarly, Fig-
ure 2b shows that the LCM can be used to assess damage to the 
GNR introduced during the transfer process.

Fig. 2 Damage monitoring via the LCM. a) Low-energy spectra of 
9-AGNR as a function of cumulated irradiation time. Inset: Laser-in-
duced decay of mode intensity is most prominent for the LCM. b) 
Low-energy spectra for different transfer process parameters of bub-
bling transfer (BT) and a polymer free transfer (PFT) for reference.

Determining GNR-alignment for Optical and Transport 
Measurements
We have additionally used polarization dependent measure-
ments to verify the alignment preserving transfer of arm-
chair-edge GNRs, enabling the optical characterization of 
their band structure through a polarization spectroscopy 
scheme [5]. Such measurements as a function of polarization 
angle can further be used to determine the relative alignment 
of GNRs with the source drain axis of samples studied in trans-
port measurements [6].

Pyrene-Based GNRs
In order to unlock the full potential of this material system, 
GNRs with zigzag or nontrivial edge structure need to be avail-
able for device integration.

We have thus investigated a new ribbon designated pGNR 
with a mixed armchair and zigzag edge structure using both 
Raman spectroscopy and transport experiments. Figure 3 
shows Raman spectra acquired with multiple wavelengths, 
showing a strong dependence of the Raman cross-section of 
photon energy [7]. Furthermore, DFT-calculations performed 
by our collaborators at Rensselaer Polytechnic Institute allow 
us to assign specific normal mode displacements to each many 
of the observed peaks.

 As a first step, the preservation of the Raman signatures upon 
transfer to devices leads us to conclude, that the coulomb 
blockade observed in electrical transport can be attributed to 
the properties of mostly intact pGNRs. Next, we will investi-
gate in detail the changes in relative intensity between the 
different GNR modes as a function excitation wavelength, for 
these and other types of GNRs.
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Summary and Outlook
We have developed measurement approaches for Raman 
spectroscopy tailored to the investigation of GNRs, which has 
allowed us to characterize them with unprecedented detail. 
We have identified a longitudinal vibrational mode with a uni-
versal length-dependence over all families of armchair GNRs. 
These findings are now routinely used to provide feedback 
for GNR growth to improve the material and its processing, 
with the overall aim of realizing the full potential of GNRs as 
a nanoelectronic material platform with properties tailored 
by bottom-up design.

Fig.3 a) Raman spectra of pyrene-based GNR acquired before and 
after transfer for three different excitation wavelengths, and calcu-
lated spectrum for reference. b) DFT-calculated normal mode dis-
placements and Raman shifts for the three modes labelled in a).

Acknowledgements
We thank Roman Furrer for help with CVD-Graphene growth, 
and Erwin Hack and Ilaria Zardo for fruitful discussions.

References
[1] A. Vladyka, M. L. Perrin, J. Overbeck, R. R. Ferradás, R. 

V. García-Suárez, M. Gantenbein, J. Brunner, M. Mayor, 
J. Ferrer, M. Calame, In-situ formation of one-dimen-
sional coordination polymers in molecular junctions, Nat 
commun 10, 262 (2019)

[2] L. Wang, S. Zihlmann, A. Baumgartner, J. Overbeck, K. 
Watanabe, T. Taniguchi, P. Makk, C. Schönenberger, In 
Situ Strain Tuning in hBN-Encapsulated Graphene Elec-
tronic Devices, Nano letters 19, 4097–4102 (2019)

[3] J. Overbeck, G. B. Barin, C. Daniels, M. Perrin, L. Liang, 
O. Braun, R. Darawish, B. Burkhardt, T. Dumslaff, X.-Y. 
Wang, et al. Optimized Substrates and Measurement 
Approaches for Raman Spectroscopy of Graphene Na-
noribbons. Phys. Stat. Sol. (b)(2019)

[4] J. Overbeck, G. B. Barin, C. Daniels, M. L. Perrin, O. 
Braun, Q. Sun, R. Darawish, M. de Luca, X.-Y. Wang, T. 
Dumslaff et al. A Universal Length-Dependent Vibra-
tional Mode in Graphene Nanoribbons, ACS nano 13, 
13083–13091 (2019)

[5] S. Zhao, G. B. Barin, T. Cao, J. Overbeck, R. Darawish, 
T. Lyu, S. Drapcho, S. Wang, S. G. Louie, P. Ruffieux et 
al. Optical imaging and spectroscopy of atomic-precise 
armchair graphene nanoribbons, Nano letters; 10.1021/
acs.nanolett.9b04497 (2020)

[6] M. El Abbassi, M. L. Perrin, G. B. Barin, S. Sangtarash, 
J. Overbeck, O. Braun, C. Lambert, Q. Sun, T. Prechtl, 
A. Narita, et al. Controlled quantum dot formation in 
atomically engineered graphene nanoribbons field-effect 
transistors (2019) arXiv:1912.10712

[7] Q. Sun, K. Eimre, J. Overbeck, O. Braun, M. L. Perrin, 
E. Ditler, G. Borin Barin, C. Daniels, V. Meunier, O.   
Gröning et al. Massive Dirac fermion behavior in a low 
band gap graphene nanoribbon near a topological phase 
boundary. To appear in Adv. Mat. (2020).



6

Strong coupling of a nanomechanical membrane 
to an atomic spin ensemble
Project P1309: Cooling and control of a nanomechanical membrane with cold atoms 
Project Leader: P. Treutlein and P. Maletinsky
Collaborators: T. Karg (SNI PhD Student), B. Gouraud, C. T. Ngai, G.-L. Schmid, and K. Hammerer

Engineering tailored interactions between quantum systems 
lies at the heart of many of the recent breakthroughs in quan-
tum science and technology. In this project, we engineer 
Hamiltonian interactions between the vibrations of a nano-
mechanical membrane oscillator and the spin precession of 
an ultracold atomic ensemble [1, 2, 3]. During the past year we 
reached a major goal of the project by demonstrating strong 
coupling between the membrane and the spin. Remarkably, 
the coupling is established over a macroscopic distance of 
one meter by connecting the atoms and the membrane with 
laser light [4]. The coupling is highly tunable and allows us 
to observe normal mode splitting, coherent energy exchange 
oscillations, two-mode thermal noise squeezing and dissipa-
tive coupling of the two systems [4]. Strong coupling between 
quantum systems typically relies on short-range forces or on 
high-quality electromagnetic resonator structures in which 
the systems are placed, restricting the range of the coupling to 
small distances. Our approach to engineer coherent long-dis-
tance interactions with free-space laser beams makes it pos-
sible to couple physically very different systems in a modular 
way, opening up a range of new opportunities for quantum 
control and sensing in hybrid quantum networks.

Strong light-mediated coupling over a distance
Light is a powerful carrier of quantum information and a ver-
satile tool that allows to remotely couple different quantum 
systems. In the past year, we published a detailed recipe for 
generating light-mediated Hamiltonian interactions [4]. Our 
method relies on connecting the systems in a loop geome-
try where they couple to the optical field twice. In this way, 
one can achieve destructive interference of the light-induced 
quantum noise while at the same time realizing strong bidi-
rectional Hamiltonian coupling.

Our experimental setup allows us to realize such a coherent 
Hamiltonian coupling between the collective spin of an en-
semble of ultracold atoms in an optical dipole trap and a nano-
mechanical membrane oscillator in an optical cavity, see fig-
ure 1. A linearly polarized laser beam first probes the atomic 
spin precession about a transverse magnetic field via Faraday 
rotation such that the spin component Xs parallel to the laser 
axis modulates the light polarization. Using suitable polariza-
tion optics we convert this into an optical amplitude modula-
tion between the two arms of a Mach-Zehnder interferometer. 
By coupling one interferometer arm to the optomechanical 
cavity the membrane oscillator experiences a radiation pres-
sure force proportional to Xs, resulting in atom-membrane 
coupling. Oscillations of the membrane position Xm generate 
a phase modulation of the cavity output field. Recombination 
of the interferometer arms translates this into a modulation 
of the laser’s circular polarization. The laser beam is directed 
back at the atomic ensemble with a small angle to spatially 
separate it from the input beam. The circular polarization 
modulation proportional to Xm now produces an effective 
magnetic field that drives Rabi oscillations of the spins, thus 
generating membrane-atom coupling. As both directions of 
the light-mediated interaction act simultaneously, mechanical 
and spin excitations are exchanged in a coherent fashion if 
the Larmor frequency of the spin is tuned into resonance with 
the vibration frequency of the membrane.

 

 

Fig. 1 Sketch of the experimental setup. A laser beam mediates strong Hamiltonian coupling between a collective 
atomic spin and a nanomechanical membrane oscillator inside an optical cavity.
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Spin-membrane normal mode splitting
Using this scheme we were able to experimentally demon-
strate strong spin-membrane coupling, mediated by light over 
a distance of one meter. The coupling leads to a normal-mode 
splitting if the two systems are tuned into resonance, which 
we observe by performing spectroscopy of the membrane with 
an independent drive and detection beam coupled to the op-
tomechanical cavity. Figure 2 shows spectra of the membrane 
amplitude and phase response with spin-membrane coupling 
beam turned off (uncoupled) and with coupling beam turned 
on (coupled). The uncoupled membrane exhibits a Lorentzian 
resonance of linewidth 2π×0.3 kHz, broader than the intrin-
sic linewidth due to optomechanical damping by the red-de-
tuned cavity field. When we turn on the coupling to the spin, 
the resonance splits into two hybrid spin-mechanical normal 
modes. This signals strong coupling, where the spin-mem-
brane coupling g dominates over local damping. Fitting the 
well-resolved splitting yields 2g = 2π×6.1 kHz, which exceeds 
the average linewidth of 2π×2 kHz and agrees with the expec-
tation based on an independent calibration of the systems. 

Fig. 2 Spin-membrane normal mode splitting. Spectra of the mem-
brane amplitude and phase response as a function of drive frequency. 
The uncoupled membrane shows a single Lorentzian line at the me-
chanical vibration frequency. When resonantly coupled to the atomic 
spin, the line splits into two well-resolved spin-membrane normal 
modes, a signature of strong coupling.

Coherent energy exchange oscillations
Having observed the spectroscopic signature of strong cou-
pling, we explore the time domain dynamics in a pulsed ex-
periment. We start by coherently exciting the membrane to 
≈ 2×106 phonons, a factor of 100 above its mean equilibrium 
energy, by applying an amplitude modulation pulse to the 
drive and detection beam (Fig. 3, top). At the same time, the 
spin is prepared in its ground state and tuned into resonance 
with the membrane. The spin-membrane coupling beam is 
switched on at time t = 0 and the displacements Xs(t) and Xm(t) 
of spin and membrane are continuously monitored via inde-
pendent detection. From the measured mean square displace-
ments we determine the excitation number of each system, 
which is shown in figure 3, bottom as a function of the inter-
action time. The data show coherent and reversible energy ex-

change oscillations from the membrane to the spin and back 
with an oscillation period of T ≈ 150 μs, in accordance with the 
value π/g extracted from the observed normal-mode splitting.

Fig. 3 Coherent energy exchange oscillations between spin and mem-
brane demonstrate strong coupling in the time domain.

We also studied several other dynamical regimes of the cou-
pled spin-membrane system, demonstrating among others 
two-mode thermal noise squeezing and switching from Ham-
iltonian to dissipative dynamics. These results will be pub-
lished in the near future. Our experiments demonstrate a 
rather general method to create coherent Hamiltonian links 
between separate and physically distinct systems in a recon-
figurable way. This extends the toolbox for quantum networks 
and opens up a range of exciting opportunities for quantum 
information processing, simulation and metrology.
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Visual proteomics to study Parkinson’s disease

Project P1401: Targeted single cell proteomics using magnetic nanoparticles to study prion-like spreading of 
amyloid nanoparticles 
Project Leader: T. Braun and H. Stahlberg
Collaborators: C. Schmidli (SNI PhD Student), A. Bieri, A. Syntychaki, R. Sütterlin, A. Hierlemann, M. Leist, and 
S. Gutbier 

Introduction
Stereotypic spreading of protein aggregation through the 
nervous system is a hallmark of many neurodegenerative dis-
eases. For Parkinson’s disease (PD), evidence accumulates that 
‘structural information’ for α-synuclein (α-syn) is transmitted 
between cells, leading to the typical protein aggregation in 
the target cell. Prion-like proliferation is a potential mecha-
nism for disease progression. 

This project aims to study this proliferation of protein aggre-
gates by combining two technologies: (i) Minimalistic tissues: 
Dopaminergic, neuron-like cells are cultivated in microfluidic 
chips, enforcing a defined geometrical arrangement of the 
cell to cell contacts. Two chambers hosting the cell bodies are 
connected via narrow channels, only allowing the growth of 
neurites between the chambers (Fig. 1). (ii) Microfluidic sam-
ple preparation for electron microscopy (EM): This new tech-
nology allows the lossless preparation of whole cell lysate for 
electron microscopy. The analysis is performed at the nL scale 
using the cryoWriter set-up developed at the C-CINA. The cell 
lysate can be analyzed in two ways: Firstly, by a novel untar-
geted approach called “differential visual proteomics,” which 
allows the proteome-wide detection of structural rearrange-
ments. Secondly, by a targeted approach: proteins are specif-
ically extracted from the cell lysate, which subsequently also 
allows interaction labeling.

Minimalistic tissue model system for PD
To study the prion-like cell-intrusion and spreading of protein 
aggregation of α-syn, we use the Lund human mesencephalic 
(LUHMES) cell line, which can be differentiated to dopaminer-
gic neurons. To enforce two spatially separated cell popula-
tions, such as diseased and healthy cells, we use microfluidic 
chips, as shown in figure 1. These chips now allow to “infect” 
cells in one compartment and with α-syn filament fragments 
and to observe the spreading of the α-syn aggregation via the 
neuritis to cells at the other side of the chip by “seeding and 
transmission” experiments.

These experiments are now analyzed by classical methods, 
e.g., fluorescence light microscopy. However, today’s bio-
physical and biochemical methods can trace the presence 
of proteins, but do not allow detecting and monitoring the 
structural arrangement of the involved proteins or structural 
strains. Visual proteomics [1, 2] promises to overcome these 
limitations and complements classical analysis methods.

Differential visual proteomics
We present a method called “differential visual proteomics” 
geared to study proteome-wide structural changes of proteins 
and protein-complexes between a disturbed and an undis-
turbed cell or between two cell populations. To implement 
this method, the cells are lysed, and the lysate is prepared in 
a lossless manner for single-particle electron microscopy (EM). 
The samples are subsequently imaged in the EM. Individual 
particles are computationally extracted from the images and 
pooled together while keeping track of which particle origi-
nated from which specimen. The obtained particles are then 
aligned and classified. 

 
Fig. 1 Cellular model system and minimalistic tissue chip to study 
the prion-like spreading of amyloid particles. A&B) Differentiation 
LUHMES cells (day 14). DAPI staining in yellow labeled the cell 
nuclei. Synaptophysin is a typical marker for the late differentiation 
stages (A). Tyrosine hydroxylase is a marker for dopaminergic cells, 
and LUHMES-cells are almost 100 % dopaminergic (B). The synap-
tophysin labeling shows that the LUHMES cell line can be differen-
tiated to a major neuronal state. Scale bars: 10 μm. C) Design of the 
microfluidics for the minimalistic tissue (Bieri et al., to be submitted). 
Left: Three independent channels exhibit each an inlet and outlet 
port (1). Two cell culturing chambers (2, blue) are symmetrically ar-
ranged towards a central channel (red). The cell culturing channels 
and central channel are separated by micro-channels (not visible). 
All three main channels exhibit a flow, which is controlled by resistive 
channels (3, 4). The flow in the central channel is higher since the 
restriction (4) is shorter. At the right, an SEM image of the micro-
channel region is shown. Note the cell growth chamber (2), and the 
central channel has a height of approximately 30 μm, but the micro-
channels exhibit only a height of 4 μm, preventing the passage of the 
cell somas and only permitting the outgrowth of neurites. The inset 
shows the indicated region at higher magnification. D) DIC image of 
LUHMES cells differentiated for 10 d. Nuclei DNA is stained by the 
DAPI fluorescence dye (yellow) in the cell growth chamber (2). White 
arrows indicate some neurites. Note the absence of nuclei in the cen-
tral channel (6), demonstrating the specific permissibility of neurite 
outgrowth through the microchannel region (5). Scale bars: 50 μm. 

A final quantitative analysis of the particle classes found iden-
tifies the particle structures that differ between positive and 
negative control samples. The algorithm and a graphical user 
interface developed to perform the analysis and to visualize 
the results were tested with simulated and experimental data.
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Fig. 2 Principles of “differential visual proteomics” algorithm. 
Pulse-chase like experiments are performed as positive (+) and 
negative control (-). Single-cell lysates are prepared for imaging in 
the EM from both experiments resulting in two stacks of projections 
of cell lysate constituents (dotted frame for positive control). Three 
different proteins are shown in white. For analysis, all particles are 
picked (1) resulting in two galleries of protein projections. Subse-
quently, the particle galleries are pooled (2). For every particle, the 
origin (positive or negative control) is known. The combined particle 
gallery is now subjected to a maximum-likelihood based alignment 
and classification algorithm (3). The classification and averaging 
results in class-averages of higher signal to noise ratio compared to 
the original projections of single molecules (4). Since we know the 
origin of every particle contributing to a given class, we can screen 
for classes with significant differences between the positive and nega-
tive control (5). These classes are likely responsible for the biological 
reaction upon the pulse-chase disturbance. 

Interaction labeling
This method is using antibodies for target protein recognition 
and binding. These antibodies are coupled to superparamag-
netic particles. An electro-magnetic trap [3] can immobilize 
both particle types in our microfluidic systems (Fig. 3). 

 

Fig. 3 Single-cell preparation for visual proteomics to analyze in-
corporated seeds of neuronal cells. A) Single cell lysis of a selected 
adherent eukaryotic cell by electroporation and simultaneous aspi-
ration of the cell-content (i) in a volume of ≈ 3 nL, conditioning to 
remove endogenous salts and introduce heavy metal salts for staining 
(ii), and dispensing of stained single-cell lysate onto an EM-grid (iii). 
Note that the selection of the cell and the lysis process is monitored 
by fluorescence light microscopy (FLM). Optionally, the electromag-
netic trap (T, see Fig. 2) can be used to immobilize and extract target 
proteins from the single-cell lysate (iv). B) Typical preparation of a 
LUHMES cell after seeding with α-syn-fibril fragments. LUHMES 
cells were grown on a poly-lysine functionalized indium thin oxide 
(ITO) coated glass-slide and differentiated to dopaminergic neurons. 
Fluorescently labeled α-syn-seeds were added for several hours and 
extensively washed away afterward. The uptake of the seeds was con-
firmed by confocal light microscopy. In the cryoWriter system, an 
individual cell containing visible seeds in the integrated fluorescence 
microscope was selected, lysed, and prepared, as shown in panel A 
(i)-(iii). The seeds can be found again, with the same dimensions as 
the in vitro generated seeds; however, they seem to be processed by 
the cell, as it is visible by the attached proteins. The arrows indicate 
the seeds. C) Similar experiment, but the synthetic seeds were bioti-
nylated before the experiment. Streptavidin-coated superparamag-
netic beads (M) were used in a preliminary test to extract the seeds 
from the single-cell lysate. Scale bars: 500 nm. 
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Pushing the limits of lightweight materials

Project P1402: Lightweight structures based on hierarchical composites 
Project Leader: C. Dransfeld and C. Schönenberger
Collaborators: W. Szmyt (SNI PhD Student) and C. Padeste

Context
Modern high-performance structural parts are often made of 
carbon fibre (CF)-reinforced plastics because of their excellent 
mechanical properties and low weight. Their mechanical ad-
vantages are well-pronounced mainly in the fibre direction, 
dominated by the CF properties. However, in the direction 
perpendicular to the fibre or upon shear loading, the me-
chanical performance is significantly weaker, governed by the 
properties of the polymer matrix and fibre-matrix interface in 
particular.

We aim to significantly enhance the fibre-matrix interface by 
synthesizing carbon nanotubes (CNTs) directly on the surface 
of the CF, thus creating a hierarchical composite (see Fig. 1). 
The CNTs exhibit outstanding mechanical properties, which 
makes them a great choice for the nanoscale reinforcement. 
We are synthesizing CNTs directly on the CF in an aligned and 
dense manner. This approach results in the higher load and 
alignment of CNTs in the matrix between the fibres as com-
pared to other approaches, e.g. CNT dispersion in the matrix 
or grafting of CNTs onto CF using electrophoresis [1].

 

Fig. 1 Schematic illustration of the considered scales of the hierarchi-
cal composite; a. atomic scale - covalent bonds need to be ensured; b. 
nanoscale – the CNT synthesis and nano-reinforcement takes place, 
c. microscale – multiple fibres pack together in a bulk composite.

It has been shown, that in the chemical vapour deposition 
(CVD) process of CNT synthesis, the CF mechanical properties 
are severely deteriorated [2], which poses a challenge. We have 
identified that the migration of the iron catalyst nanoparticles 
into CF is contributing to this process and that a 12 nm thick 
aluminium oxide film provides a sufficient diffusion barrier, 
ensuring the protection of the CF in the harsh CVD conditions 
[3]. However, the adhesion of the alumina to the CF, measured 
as interfacial shear strength (IFSS), diminishes substantially at 
the high temperature conditions of the CNT synthesis. This 
issue is addressed in this study. We have developed a process 
that relies on an increase of the number of covalent bonds be-
tween the film and the fibre. For this purpose, we have modi-
fied the atomic layer deposition (ALD) process used to coat the 
CF with alumina. In the classical ALD process, one alternately 
exposes the substrates to vapours of water and trimethylalu-
minium (TMA), forming an extremely uniform layer of alu-
minium oxide with atomic-precision control of thickness. In 

the new approach, we are employing a pre-treatment of CF 
with ozone and we entirely replace water with ozone in order 
to promote the covalent bonding.

We have been testing the IFSS between alumina and CFs by 
means of single fibre pull-out test using the FIMATEST setup 
by Textechno Herbert Stein GmbH & Co. KG, Germany [4]. In 
order to elucidate the particular mechanisms of failure, the 
pulled-out fibre tips were analysed by scanning electron mi-
croscopy (SEM).

Fig. 2 IFSS of the CF-alumina interface with as a function of the heat 
treatment temperature. The original IFSS is retained with for fibres 
coated using the TMA+O3 process.

Experiments and results
The results of the mechanical testing of the fibre-matrix in-
terface are summarised in figure 2. The declining trend of the 
IFSS at increasing heat treatment temperatures for the CFs 
coated with aluminium oxide with the classical TMA+H2O ALD 
is in agreement with our previous findings from single fibre 
fragmentation testing. Our new approach of pretreatment of 
the CF with ozone and replacing water with ozone entirely in 
the ALD process (TMA+O3) is found to improve on the thermo-
mechanical stability of the interface as compared to TMA+H2O 
and to retain the IFSS at the level of the interface between the 
matrix and pristine fibres.

SEM examination of the CF tips after the pull-out test (Fig. 3) 
showed that the alumina film has been partially peeled off 
from the TMA+H2O sample heat-treated at 600°C. This means, 
that the alumina-CF interface failed on a large fraction of 
the embedded surface. In contrast, the TMA+O3 sample heat-
treated at 750°C does not exhibit this kind of feature, i.e. the 
alumina film remained on the CF surface and the failure oc-
curred at the alumina-resin interface. This leads to the conclu-
sion, that we have established a CF-alumina interface, which 
is able to withstand the harsh CVD conditions of CNT growth.
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The other goal of this study has been to achieve a controlled, 
dense and aligned growth of CNTs on complex surfaces such 
as CF fabrics or tows. Here, we are showing the results of CNT 
syntheses that we found applicable to alumina-coated sur-
faces. For a homogeneous CNT growth, it is critical to coat 
the surface uniformly with a thin film of catalyst. We devel-
oped a method of catalyst coating that relies on amine surface 
functionalization, which subsequently facilitates the uniform 
precipitation of catalyst precursor from an iron salt solution. 
The CVD of CNTs was performed at 725°C in a similar way as 
described in our previous work [3]. The SEM images of growth 
results are given in figure 4. The growth is remarkably homo-
geneous. The higher magnification images (Fig. 6b,c) qualita-
tively indicate a high apparent degree of CNT alignment and 
high areal density of the CNT forests on the Si substrate. The 
images in figure 6 d-f demonstrate the homogeneous, dense 
and aligned CNT growth obtained on the CF woven.

Fig. 3. Interface failure analysis by SEM imaging of the typical fibre 
tips after pull-out test. The ALD configuration and heat treatment 
temperatures are noted in the figure.

Summary and conclusion
The current results show a new perspective on achieving the 
CNT synthesis on CFs while successfully mitigating the detri-
mental effects on the mechanical properties of the fibres in 
the process. The 12 nm thick alumina film protects the fibre 
under the CVD conditions and we have developed a method 
that allows to preserve the CF-alumina IFSS. As a consequence, 
the CF-alumina interface shear strength will not constitute a 
weak spot of the composite after the CNT growth is performed. 
Moreover, we have presented the CNT growth of high degree 
of apparent alignment and density. The CVD parameters still 
need to be optimized for the desired length of the CNTs and 
the influence of CNTs on the fibre-matrix IFSS remains yet to 
be tested. The findings of this study constitute a significant 
step in the close investigation and development of hierarchi-
cal fibre architectures in polymer matrices. 

 

Fig. 4. SEM imaging of CNT growth on a flat surface of a Si wafer 
(images a-c) and on complex surface of CF (images d-f) at increasing 
levels of magnification.
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Efficient charge manipulation of insulin in high 
vacuum
Project P1403: Tailor-made proteins and peptides for quantum interference experiments 
Project Leader: V. Köhler and M. Mayor
Collaborators: J. Schätti (SNI PhD Student), U. Sezer, S. Pedalino, J. P. Cotter, M. Debiossac, M. Kriegleder, P. 
Geyer, A. Shayegi, P. Rieser, G. Richter, G. G. Rondina, D. Häussinger, M. Kerschbaum, L. Mairhofer, Y. Fein, S. 
Gehrlich, and M. Arndt

Molecular beams for metrology
While analytical chemistry is both a mature and progressing 
field, experiments on charge-neutral molecules in the gas-
phase under high vacuum are scarce and constitute a blind 
spot. Such experiments hold the potential for highly sensi-
tive measurements of molecular properties in the absence of 
matrix effects such as magnetic and electric susceptibilities, 
dipole moments and destruction free UV-VIS and IR spectros-
copy [1]. Together with other methods, (i.e. mass spectrometry 
based tools) they would help to elucidate further the underly-
ing principles of e.g. protein folding and specific intermolec-
ular interactions. While matrix-assisted-laser-desorption-ion-
ization (MALDI) and electro-spray-ionization (ESI) are firmly 
established methods to launch biomolecules as charged spe-
cies into the gas phase, such broadly applicable methods are 
missing for the launch of neutral biomolecules. During the 
course of this SNI-PhD School project, we have investigated 
different approaches to enable the destruction free launch of 
peptides and small proteins: i) thermal evaporation of fluo-
roalkyl-modified tripeptides [2], ii) femtosecond laser desorp-
tion of large fluoroalkyl-decorated peptide constructs with a 
molecular weight of up to 20 kDa [3], and finally, iii) the con-
trolled charge reduction by photo-cleavage of electro-sprayed 
ion beams where the analyte carries tailored photoactive tags 
[4]. While this last method required only a moderate modifi-
cation of the peptide of interest, the efficiency of the charge 
reduction process strongly depended on the peptide length, 
and thus turned out to be not applicable for peptides with 
more than 6 amino acids.   

Tag-design for charge control of large peptides
Our initial design of the photo-cleavable tags, which are based 
on benzylic ortho-nitroarylethers [5], relied on heterolytic 
cleavage for charge reduction of electrosprayed peptide ions 
in negative ion mode [4]. The heterolytic cleavage pathway, 
which results in the transfer of a negative charge to the leav-
ing group, dominates for short peptides, but is rapidly outcom-
peted by a pathway under concomitant H-transfer at increased 
peptide length. Consequently, a permanent charge (-SO3- or 
-NMe3+) was installed on the leaving group. As anticipated, this 
new design permitted efficient neutralization of nonapeptides 
in positive or negative ion mode, respectively [6]. Surprisingly, 
also homolytic cleavage was observed as a competing charge 
depleting cleavage pathway (Fig. 1). 

Charge-depletion of insulin
In order to probe the applicability of the method for consid-
erably larger peptides, insulin was modified with three pho-
to-cleavable tags carrying either negatively (negLG−) or pos-
itively (posLG+) charged leaving groups. The human insulin 
employed for modification contains 2 peptide chains, has 
51 amino acids and 3 disulfide bonds, which are potentially 
prone to photo-cleavage [7]. It contains 7 aromatic amino ac-
ids, which have a combined extinction coefficient of roughly 
1/5 of the photo-cleavable tags at the wavelength of 266 nm 
employed for photo-cleavage. 

Electrosprayed peptide ions of increasing size populate multi-
ple charge states in the gas phase due to an increasing number 
of ionizable groups and reduced Coulomb repulsion. 

Fig. 1 Cleavage pathways for electrosprayed model peptides upon 
laser irradiation under high vacuum. The prevalent cleavage mech-
anism depends on the nature of the leaving group (LG) and peptide 
length. While charge reduction was limited to small peptides with 
neutral leaving groups (neuLG), charged leaving groups (negLG−, 
posLG+) enable charge depletion for molecules as big as insulin [6].

For charge-reduction-experiments, a single charge state was 
mass-selected by means of a quadrupole mass filter and forma-
tion of the charge reduced species and the leaving group frag-
ment was observed upon laser irradiation. The distribution of 
charge states was optimized before mass selection by collision 
with bipolar air formed upon a high voltage discharge (Fig. 2).    

Fig. 2 Experimental set-up for charge-reduction- and neutralization 
experiments. The charge state distribution of large peptides is first 
optimized by collision with bipolar air generated by a high-voltage 
corona discharge. A single charge state is then selected by a quad-
rupole mass filter and photo-cleavage is realized by a colinear laser 
beam (266 nm)  in a hexapole ion-guide [6].
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Cleavage of a single tag is the major process observed upon 
laser irradiation for all investigated charge states of the tagged 
insulin (negIns). While cleavage efficiency decreases to a cer-
tain extent for lower charge states, the process also becomes 
cleaner and competing electron-detachment or cleavage of a 
second photo-cleavable tag is not observed anymore.  Based on 
the depletion of the parent peak and concurrent appearance 
of the leaving group signal, the gas phase neutralization of 
insulin in high vacuum was demonstrated (Fig. 3).   

Fig. 3 Neutralization of an insulin construct (negIns) carrying 
three photo-cleavable tags with negatively charged leaving groups 
(negLG−). Left: The mass spectrum of negIns− with (red) and with-
out (black) laser irradiation is shown. Right: The depletion efficiency 
decreases as a function of the charge state [6].
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Optimization of single crystalline all diamond 
scanning probes for quantum sensing applications
Project P1405: Surface-functionalization of diamond nano-magnetometers for applications in nano- and life-
sciences 
Project Leader: U. Pieles and P. Maletinsky
Collaborators: M. Batzer (SNI PhD Student), P. Appel, A. Barfuss, L. Thiel, and S. Saxer

Introduction
This project aimed to explore different avenues to optimize 
the performance of single spins in diamond as quantum sen-
sors for applications in material- and life-sciences. Over the 
last years, such spins in diamond have been established as 
highly attractive platforms to perform nanoscale quantum 
sensing with highest spatial resolution and sensitivity [1]. Var-
ious architectures are being pursued [2], from scanning probe 
tips [3], over diamond mechanical oscillators to “wide-field im-
aging” geometries [4] containing spin ensembles for magne-
tometry. Common to all these approaches is the fact that the 
spins in question need to be placed to within few nanometers 
of the diamond surface to maximize sensing performance. 
Such proximity, however, is also known to negatively affect 
the spin’s quantum coherence properties through ubiquitous, 
but poorly understood noise sources (creating fluctuating elec-
tric-, magnetic- or strain-fields). The goal of this project was 
to overcome these key limitations for diamond-based sens-
ing technologies by understanding and reducing these noise 
sources and optimizing the sensor performance itself. 

Key experimental results

1. All diamond pyramids
Last year we have successfully implemented and published a 
novel fabrication technique combing top-down fabrication 
with bottom over growth to fabricate all diamond nano-pyra-
mids with a sharp tip and native diamond surfaces [5].

Our conventional and established approach consists in plac-
ing such emitters into diamond nanopillars, which we fabri-
cate in-house, using advanced nanofabrication tools, includ-
ing plasma etching of diamond. Such nanopillars enhance 
light-extraction efficiencies from spins in diamond by at least 
one order of magnitude and we employ the resulting cylinders 
as scanning probes for nanoscale magnetometry. One down-
side of such cylindrical nanopillars (with typical diameters 
~200 nm) is that the proximity of the spins to the scanned 
surface is only poorly controlled – small misalignments in the 
angle of the pillar with respect to a scanned surface can lead 
to a significant increase of this distance. 

We have developed a new approach which may overcome this 
issue by a radical change of the geometry of the diamond nano-
structure from cylindrical to pyramidal. The diamond nano 
pyramids are formed by overgrowth of our diamond nanopil-
lars using chemical vapor deposition (CVD) of ultrapure dia-
mond, which is performed at a partner lab at the Fraunhofer 
Institute in Freiburg. Such CVD growth is highly anisotropic 
with respect to diamond’s crystalline axes, in that growth 
along the [111] axes is much faster than growth along [001]. 
Such overgrowth therefore continuously converts a [001]-ori-
ented diamond nanopillar into a pyramid with [111]-facets. 
Overgrowth of just few microns of diamond material then 
yields the near-perfect pyramids shown in figure 1a, with tip-
apex radii on the order of 10 nm and a surface roughness of 
the top facets of below one nanometer. 

Fig. 1 (a) Single-crystalline diamond nanostructures in form of na-
noscale pyramids. The pyramids were created by overgrowth of di-
amond nanopillars with high-purity diamond material. (b) AFM to-
pography of the top facets of the pyramid structures. (c) shows the in 
(b) with a red line indicated line cut and the fitted tip radius.

After fabrication of these structures, we have successfully in-
corporated color center spins into the pyramids by ion implan-
tation. We subsequently conducted systematic studies of the 
fluorescence properties of these centers, experimentally and 
by means of simulations. We have observed optically detected 
electron spin resonance (not shown) and, more importantly, 
a highly directed fluorescence emission from the pyramids. 
In particular, we have demonstrated directional emission to-
wards the pyramid base by back-focal plane imaging, which 
represents a measurement of the angular emission character-
istics of the device. We further found a position dependence 
of the emission resulting in a stronger wave guiding effect for 
centers placed close to the pyramid apex. 

2. Color centers under hydrogen termination at cold   
temperatures
Hydrogen-terminated surfaces result in a band-bending within 
the diamond, which typically leads to de-ionization (from neg-
ative to neutral or positive) of color centers [6]. While this 
charge conversion is undesired in the case of NV centers, re-
cent results [6] showed the contrary for SiV centers. Remark-
ably, such neutral Silicon-Vacancy centers (SiV0) have recently 
been shown to exhibit excellent coherence properties and 
could therefore be very well suited for quantum sensing [6]. 
A key difficulty there, however, is the required charge state 
control to favor SiV0 over the normally prevalent SiV- state.
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Fig. 2 Hyperspectral mapping of SiV- fluorescence from H-termi-
nated diamond: on each point of the map, a full optical emission 
spectrum was recorded, under 532 nm excitation. (a) and (b) show 
the integrated counts in the spectral range from 735 nm to 740 nm as 
a function of position. The spectra were recorded at 4 K (a), (c) and 
(e) with an excitation power of 100 µW or at room temperature (b), 
(d) and (f) with an excitation of 2 mW. In (c) and (d) the spectrum of 
the laser annealed pillar (see red circle Fig. 2a) is shown at 4 K (c) 
and 295 K (d). In (e) and (f) the spectrum of an untreated, hydrogen 
terminated pillar is shown at 4 K (e) and 295 K (f).

During our studies of color centers under hydrogen termina-
tion we discovered two interesting phenomena. One is the 
selective removal of the termination by laser illumination of 
diamond nano-pillars and the other is a reduction of the band 
bending effect of hydrogen termination. The former could en-
able us to develop novel techniques to terminate the diamond 
surface in situ. 

Summary
Project P1405 ended in winter of 2019 with the successful de-
fence of Marietta Batzer’s thesis. This project yielded one pub-
lication and provided the basic understanding needed of the 
surface termination and charge state stability needed for the 
development of a new sensor generation. 
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Investigations of processes relevant for artificial 
photosynthesis
Project P1406: Charge transfer versus charge transport in molecular systems 
Project Leader: O. S. Wenger and M. Calame
Collaborators: S. Neumann (SNI PhD Student) and J. Overbeck

Introduction
One of the challenges humankind is facing today is the sub-
stitution of fossil fuels with more sustainable and less harm-
ful energy sources like the sun. Natural photosynthesis can 
be seen as a blueprint for solar energy conversion and solar 
energy storage, which is why a deep understanding of rele-
vant processes is highly desirable. In the course of this SNI-
funded project, we aimed to shed more light on two of these 
processes. Over the past year of the funding period, we have 
made significant progress along this line of research and con-
sequently there is less focus here on the charge transport stud-
ies emphasized in prior annual reports.

Distance dependence of electron-transfer rates
Electron transfer rates (kET) commonly decrease with increas-
ing distance (rDA) between a donor and an acceptor after pho-
toexcitation [1, 2]. Recently, our group discovered that under 
some conditions, kET increases over a certain distance range 
before the usually observed trend of decreasing kET with in-
creasing rDA is detected [3, 4]. This counterintuitive phenome-
non is relevant in the context of solar energy storage and was 
therefore investigated in more detail [5]. 

Fig. 1 Donor-sensitizer-acceptor (D-S-A) triads. Reaction free ener-
gies (ΔGCR

0) for thermal charge recombination of D+ / A- pairs are 
as indicated.

Our studies concentrated on photoinduced electron transfer 
in donor-sensitizer-acceptor (D-S-A) compounds in fluid solu-
tion and on studying the rates for subsequent thermal elec-

tron-hole pair recombination (kCR). We previously reported on 
a series of D-S-A systems comprised of a triarylamine (TAA) 
donor, a [Ru(bpy)3]

2+ (Ru) sensitizer, and an anthraquinone (AQ) 
acceptor (Fig. 1a)[3, 4]. The driving force for charge recombi-
nation in these systems is approximately 1.6 eV according to 
cyclic voltammetry. We found that the shortest member (n=1) 
of this D-S-A triad series exhibits kCR of ca. 105 s-1 at rDA of 22.0 Å. 
Elongating rDA to 30.6 Å accelerated charge recombination and 
led to kCR of ca. 106 s-1 [3, 4].

This unusual distance dependence was interpreted in the 
framework of Marcus theory. With a reaction free energy 
(ΔGCR

0) of ca. -1.6 eV, charge recombination likely occurs in 
the so-called inverted regime for the shortest member of this 
D-S-A series (Fig. 2, purple square). Upon increasing rDA, the re-
organization energy () associated with charge recombination 
increases, shifting the Marcus parabola to the right in figure 2 
[3, 4]. In the inverted regime, this can then lead to an increase 
of kCR upon increasing rDA (right vertical dotted line in Fig. 2), 
and consequently charge recombination is faster for the com-
pound with n=2 (brown square) than for n=1 (purple square). 
If this interpretation is correct, then one would expect this 
effect to disappear when going to lower driving forces (left ver-
tical dotted line in Fig. 2). Conversely, the effect could become 
even more pronounced when the driving force is increased. 
In order to test these two hypotheses, we synthesized and ex-
plored two new series of D-S-A triads (Fig. 1b and 1c).

Fig. 2 Schematic driving force dependence of the electron transfer 
rate (kCR) for different donor-acceptor distances. Squares: Repre-
sentative for a reaction with a large driving-force; circles: Repre-
sentative for the expected behavior for a reaction with a small driv-
ing-force.

The D-S-A triad series in figure 1b combines a TAA donor and a 
Ru sensitizer with a naphthalene diimide (NDI) acceptor. This 
new combination leads to a driving force for thermal charge 
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recombination of only ca. 1.2 eV. Conversely, in the D-S-A in 
figure 1c, an electron-deficient TPA donor is combined with 
an iridium photosensitizer and an anthraquinone acceptor, 
leading to a driving force of ca. 2.0 eV. Thus, we are now in a 
position to explore the distance dependence of kCR as a func-
tion of driving force. ΔGCR

0 is varied from -1.2 to -1.6 and -2.0eV, 
while the distance is increased from 22.0 to 30.6 to 39.2 Å.

We found that in the D-S-A system with a comparatively low 
driving force of 1.2 eV, kCR decreases with increasing rDA, i. e., 
the distance dependence is as intuitively expected. This con-
firms our hypothesis that at lower driving force the distance 
dependence of kCR is normal (left dotted vertical line in Fig. 2). 
In the D-S-A system with maximized driving force (2.0 eV), the 
distance dependence is similar to what we initially observed 
for the previously investigated system with ΔGCR

0 = -1.6 eV [5]. 
The unusual distance dependence with electron transfer rate 
maxima at large donor-acceptor distances is evidently a phe-
nomenon that is encountered only at large driving forces.

Fig. 3 Distance-dependence of the electron transfer rate for thermal 
charge recombination for TAA-phn-Ru-phn-NDI (red), TPA-phn-Ir-
phn-AQ (green) and TAA-phn-Ru-phn-AQ (blue)[3, 5].

Formation and decay of charge-separated states
The investigation discussed above relies on the formation of 
charge-separated states (CSSs) in the given compounds. CSSs 
are also key intermediates in natural photosynthesis, e. g. in 
the context of charge accumulation[6], but the factors that 
govern their formation efficiencies are still poorly understood 
[7]. 

Our new study on CSSs provides the first complete investiga-
tion of all CSS properties and processes that are relevant for 
artificial photosynthesis, including unwanted reaction path-
ways that are counterproductive for solar energy conversion 
and solar energy storage (Fig. 4)[8]. 

Fig. 4 Schematic representation of the mechanism for light-induced 
(hυ1) formation of a charge-separated state in a molecular donor-sen-
sitizer-acceptor triad together with thermal (τ) and light-induced 
(hυ2) charge recombination [8].

The investigations were performed with the triads TPA-phn-Ir-
phn-AQ (Fig. 1c), which can store the unusually large amount 
of ca. 2 eV of energy in their CSSs. The use of these triads fur-
thermore allowed us to include distance dependence studies. 
One-pulse laser flash photolysis (LFP) provided deep insights 
into the CSS formation and we found formation quantum 
yields of up to 80% when metal-to-ligand charge transfer is the 
main CSS formation pathway. However, admixture of more 
unproductive intraligand charge transfer decreases the quan-
tum yield significantly. Additionally, two-color two-pulse LFP 
revealed a distance dependence of light-induced charge re-
combination that was unknown so far. The unwanted process 
of light-induced charge recombination was only observed in 
the shorter system (n=1).

Conclusion
Our new work demonstrates that the distance dependences 
of electron transfer rates can be controlled by variation of 
the reaction free energy. Very high driving forces (1.6 or 2.0 
eV) lead to qualitatively different distance dependences than 
lower driving forces (1.2 eV). Additionally, it was shown in the 
project that donor-acceptor distances also play a key role in 
light-induced charge recombination reactions. The unique in-
sights we obtained with our studies are highly relevant in the 
context of artificial photosynthesis and can help to improve 
future systems.
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Nanomechanical microviscometer used to mea-
sure protein assembly in real-time
Project P1501: Nanomechanical mass and viscosity measurement-platform for cell imaging
Project Leader: T. Braun and E. Meyer
Collaborators: P. Oliva (SNI PhD Student), B. Bircher, C.-A. Schönenberger, F. Huber, and H. P. Lang 

Introduction
To date, most methods used to determine the viscosity and 
mass density of liquids have several drawbacks: (i) long mea-
surement time (in the range of minutes), (ii) high sample con-
sumption (in the range of milliliters), (iii) the liquid-density 
and viscosity cannot be measured simultaneously, and, (iv) 
the measurements cannot be multiplexed. Nano-mechanical 
transducers promise to overcome these limitations [1, 2]. 

The viscosity of protein solutions depends on the form and 
aggregation state of the protein assemblies. Here we demon-
strate that nanomechanical viscometers allow the label and 
functionalization free, time-resolved characterization of pro-
tein assembling processes.

Micro-viscometer using nanomechanical membranes
We modified a previously developed high-throughput mi-
cro-viscometer [1]. These components allow the liquid char-
acterization using fully clamped, and gold coated silicon-ni-
tride membranes with a thickness of 200 nm (Fig. 1).  These 
Si3N4 membranes on a silica wafer form a well for sample 
deposition.  The sample can be loaded from the top using a 
micro-capillary coupled to a high-precision pump.  Typical 
sample volumes are below 1 µL.  To avoid the evaporation of 
the sample, and to control the temperature, the membrane is 
placed in a climate chamber (Fig. 1b). 

Fig. 1  Membrane transducer and environment control. (a) SEM-im-
age of a single membrane transducer: silicon-frame (1) and the sil-
icon-nitride membrane form a well that can be filled with the test 

sample. Scale bar: 400µm. (b) Temperature and humidity-controlled 
chamber: (3) Humidity chamber mounted on a movable XY-stage; 
(4) Temperature sensor monitoring the temperature of the humidity 
chamber; (5a) Inlet and (5b) outlet of the humid air; (6) Tempera-
ture-controlled copper plate; (7) Temperature sensor controlling the 
temperature of the plate; (8) Humidity sensor monitoring the humid-
ity of the chamber; (9) Movable XY-stage.

The chamber is placed above an optical setup and photo-ther-
mal actuation is used to drive the membrane. The response 
is measured using a classical beam deflection system. Sche-
matics of the optical system and the electronics are shown in 
figure 2.

Fig. 2 Schematic view of the electronics and optical components. Op-
tical beam deflection (red line) is used to detect the oscillations of the 
silicon-nitride membrane. A laser beam (LDDE) with a wavelength 
of 785.4 nm sequentially passes a collimator (COL1), a polarizing 
beam-splitter (PBS) and a quarter-wave plate (QWP). To align the 
detection-laser placement on the membrane, we inserted a dielectric 
broadband mirror (DBM1). The excitation part of the setup (violet 
line) consists of a laser beam (LDEX) with a wavelength of 405 nm 
passing through a collimator (COL2), a dielectric broadband mirror 
(DBM2) and a dichroic mirror (DM). Both laser beams are reflected 
by a broadband mirror (BM1) and focused onto the membrane by a 
microscope objective (OBJ, 4×). The excitation laser is driven by a 
variable frequency oscillator (VFO), and a lock-in amplifier (LIA) 
detects the response amplitude; both electronic components are inte-
grated within the ZI-HF2LI (Zurich Instruments). The reflected beam 
passes through two broadband mirrors (BM) and is finally detected 
by a quadrant photo-diode (QPD). To optimize the detection of a spe-
cific wavelength an optical filter (OF) is mounted in front of the QPD.

Using the internal variable frequency oscillator integrated 
with Zurich Instruments HF2LI (ZI-HF2LI), amplitude and 
phase spectra of different modes were recorded. These were 
used to determine the eigenfrequency and the quality factor. 
A reduced order model (ROM) allows the calculation of the 
mass density and viscosity after a three-point calibration [3]. 
The measurement workflow is depicted in figure 3.
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Fig. 3  Schematic overview of the measurement workflow: the mem-
brane resonator is actuated by a modulated laser diode (blue) driven 
by the variable frequency oscillator (VFO). The membrane response 
is optically read out (red laser) and quantified by a digital lock-in am-
plifier (LIA). Note that the gold layer on the membrane absorbs 67% 
of the incoming blue light leading to a photo-thermal actuation of the 
membrane, and reflects 97% of the red light for the read-out of the 
membrane response. Spectra are recorded continuously by sweeping 
the frequency space, resulting in a time series of amplitude and phase 
spectra. From the series of amplitude and phase response spectra, the 
time-dependent eigenfrequency fn(t) and the time-dependent quality 
factors Qn(t) can be determined by fitting a driven damped harmonic 
oscillator model (DDHO) to each spectrum. After the determination 
of these parameters the liquid density ρn(t) and the viscosity ηn(t) can 
be calculated by applying the reduced order model (ROM).

Fig. 4  Real-time characterization of F-actin formation: (a) & (b) 
Measured eigenfrequencies, quality factors and the corresponding 
mass densities and viscosities of polymerizing actin. The values 
were calculated by applying the reduced order model. Each color 
and each mark represents one measurement performed with the same 
silicon-nitride membrane. The red, black, blue and green marks rep-
resent the first, second, third, and fourth run respectively. (c) After 

the real-time measurement of the viscosity the sample was removed 
from the membrane and negative stain electron microscopy was per-
formed. The images conformed the fibrillization of the G-actin to 
F-actin. Scale bar: 500nm. 

Real-time measurements of protein fibrillization
By measuring mass density and viscosity, we were able to fol-
low G-actin polymerization in real-time in a label-free man-
ner. In previous studies, the filament formation and bundling 
were analyzed using microfluidic devices by observing the po-
lymerization of fluorescently labeled actin monomers in KCl 
and MgCl2 gradients.

During the data acquisition, a decreasing amplitude and a 
slight frequency shift were observed [2]. These two behaviors 
are related to the formation of actin filaments (F-actin) where 
the increasing viscosity leads to higher damping which im-
plicate decreasing quality factors (Fig. 4). At the same time, 
filament growth results in a denser liquid. Corresponding to 
the three steps of actin polymerization, i.e., a nucleation, an 
elongation and a steady-state phase, three states are revealed 
by the curves presented in figure 4a and 4b.

The ability to follow filament formation in real-time was also 
confirmed by the negative control (Fig. 4c). In the absence of 
polymerization inducing buffer, fluctuating eigenfrequencies 
and quality factors were visible, but no significant decrease 
or increase of the quality factor and eigenfrequency were ob-
served over time. 

Summary and outlook
The instrument is now ready for the real-time characteriza-
tion of biological samples in a label and functionalization free 
manner. Experiments with amyloid proteins are ongoing.
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Direct observation of spin fluctuations in antiferro-
magnetic CoO nanoparticles
Project P1502: Investigating individual multiferroic and oxidic nanoparticles 
Project Leader: A. Kleibert and M. Poggio
Collaborators: D. Bracher (SNI PhD Student), M. Testa Anta, T. M. Savchenko, M. Wyss, F. Nolting, and 
V. Salgueiriño

Introduction
Antiferromagnetic materials become increasingly important 
for modern spintronics devices such as spin valves and mag-
netic random access memories and for the development of 
novel ultra-hard magnetic materials [1, 2].  While the prop-
erties of antiferromagnetic materials are intensively investi-
gated in the bulk and thin films their nanoscale properties are 
still poorly understood. In particular, the spin structure and 
its stability with respect to thermal excitations are crucial for 
applications and can significantly deviate from the respective 
bulk in nanoscaled antiferromagnetic systems [3]. However, 
the weak net magnetic moment, which results mostly from 
uncompensated spins due to defects and surface facets, makes 
studying nanostructures with antiferromagnetic order very 
challenging. In this project, we address the spin structure, the 
orientation and the thermal stability of the antiferromagnetic 
spin axes of individual cobalt oxide nanoparticles. Addition-
ally, uncompensated magnetic moments of the nanoparticles 
are probed. This is achieved by combining x-ray photoemis-
sion electron microscopy (XPEEM) with x-ray magnetic lin-
ear dichroism (XMLD) and x-ray magnetic circular dichroism 
(XMCD). 

This experimental approach is used to investigate single crys-
talline cobalt oxide CoO/Co3O4 nanooctahedra [2]. Previously, 
we have reported (SNI reports P1502 2017 and 2018) the tem-
perature and orientation dependence of XMLD spectra of in-
dividual CoO nanoparticles. Here, we present the results of 
XMLD and XMCD contrast imaging, which are used to study 
the orientation of the antiferromagnetic spin axis and the un-
compensated magnetic moments of individual nanoparticles. 
This approach allows to study the azimuthal and orientation 
dependence of the XMLD and ultimately helps to identify the 
antiferromagnetic spin axis of individual CoO nanoparticles 
[4]. Further, the x-ray magnetic circular dichroism of the very 
same nanoparticles is investigated in order to probe uncom-
pensated magnetic moments, which may arise from defects 
such as vacancies.

Experimental
The CoO/Co3O4 nanooctahedra are dispersed on silicon sub-
strates with gold marker structures by drop casting.  XPEEM 
experiments are performed at the Surface/Interface: Micros-
copy (SIM) beamline of the Swiss Light Source. XMLD contrast 
maps are obtained by recording XPEEM images at two pho-
ton energies (777.8 eV/778.4 eV) at the Co L3 edge, where the 
XMLD effect exhibits opposite signs at a given linear polariza-
tion of the x-rays. The XMLD contrast is proportional to cos2α, 
where α is the angle between the E vector of the x-rays and 
the spin axis S of an individual nanoparticle. The dependence 
of the XMLD effect on the azimuthal sample orientation and 
arbitrary polarization vector can be analytically expressed [4]. 
This description is used to determine the spin axis of antifer-
romagnetic materials from the azimuthal and polarization 
dependent XMLD contrast measurements. Here, the linear 
polarization vector is generally denoted as E(Θs,Фs), with Θs 
the polarization angle relative to the scattering plane and Фs 
is the azimuthal sample orientation. In order to study uncom-
pensated magnetic moments the XMCD contrast is obtained 
as the difference of two images recorded at one photon energy 
(777.8 eV) with C+ and C– polarized x-rays. XMLD and XMCD 
contrast image were recorded at 100 K.

Results

Fig. 1 (a) SEM image of a CoO nanoparticle together  with the x-ray 
propagation direction k, the E-field vector of the linear polarization 
E(90°, 0°), which is parallel to the substrate, the [001] (green) direc-
tion of the nanoparticle, and the obtained spin axis (purple arrow) 
and the fit error range (dashed purple lines) indicated. The inset dis-
plays the out-of-plane orientation of the spin axis together with a 
cross section of the nanoparticle perpendicular to the substrate and 
parallel to the [001] direction. (b) Azimuthal dependent XMLD con-
trast for E(90°, Фs) (red) and E(0°, Фs) (black) as well as (c) the 
polarization dependent XMLD contrast for E(Θs,20°).

Figure 1a shows an SEM image of a CoO nanoparticle together 
with a schematics of its shape (orange lines), the k vector 
(white arrow), and the E-field vector at Θs=90° and Фs=0° (red 
arrow). The orange lines highlight the edges of the nanopar-
ticle according to its octahedral shape and orientation on the 
substrate. Figure 1b displays the azimuthal dependent XMLD 
contrast obtained with E(90°, Фs) (red dots) and E(0°, Фs) 
(black dots). The error bars correspond the statistical errors 
of the measurements. The solid curves are obtained by fitting 
the model described by Czekaj et al. [4] to the two data sets. 
Figure 1c displays the polarization dependence of the XMLD 
contrast (black dots) and the curve (solid black) derived from 
the global fit parameters obtained from the data in figure 1b. 
The agreement between the experimental data and the simu-
lated curves confirms a single domain state in this nanoparti-
cle. From the fit parameters, the orientation of the spin axis of 
the nanoparticle is extracted as depicted by the purple arrows 
in figure 1a and the inset, respectively. The spin axis can be 
compared to bulk CoO, which exhibits its spin axis tilted out 
the [001] direction by about 11° [5]. Within the error bars we 
find a similar orientation of S of the nanoparticle in figure 
1a, which can be seen, when comparing S with the respective 
[001]-direction of the nanoparticle. The green arrow in figure 
1a highlights the latter. Hence, the spin axis of this nanoparti-
cle is consistent with the corresponding bulk behavior. How-
ever, we also find nanoparticles which display a significant 
deviation from the spin axis orientation of bulk CoO. This sug-
gests that microstructural defects might have an effect on the 
spin axis orientation.
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Fig. 2 a) SEM micrograph and (b) XPEEM elemental contrast map 
recorded at the Co L3 edge. c)-h) time dependent XMCD contrast of 
the nanoparticle as shown in panel a) and Fig. 1, respectively. 

Uncompensated magnetic moments are probed by means of 
the XMCD effect. In figure 2a the SEM image and in figure 
2b the elemental contrast XPEEM image of the same CoO 
nanoparticle as in figure 1 are shown. It is important to note 
that the XMCD effect is recorded at Фs=0°, where the antifer-
romagnetic spin axis is almost perpendicular to k. The XMCD 
effect displays a cosα dependence, where α is the angle be-
tween the magnetic moment M and k. The result of the time 
dependent XMCD measurements are shown in figure 2 c-h. 
Surprisingly, fluctuating white and black XMCD contrast is 
found as a function of time indicating that the uncompen-
sated magnetic moments behave superparamagnetic. Further, 
the appearance of black and white contrast suggest that the 
moments have a sizable component parallel or antiparallel 
to k. This behavior is unexpected since the antiferromagnetic 
spin axis of the nanoparticle is almost perpendicular to k. 
Hence, the uncompensated magnetic moments have a com-
ponent perpendicular to the antiferromagnetic sublattices, 
which indicates a non-collinear or even a perpendicular orien-
tation between M and S. 

Indeed, recent theoretical investigations suggest that thermal 
excitations of antiferromagnetic nanoparticles can lead to a 
fluctuating net magnetic moment perpendicular to the an-
tiferromagnetic spin axis due opposite excitation of the two 
spin lattices [3]. In systems with low damping, this mechanism 
leasds to a reduction of thermal stability by a few orders of 
magnitude when compared to a ferromagnetically ordered 
nanoparticle with similar atomic magnetic moments and mag-
netic anisotropy. Such a reduction of thermal stability could 
explain the magnetic fluctuations observed in the present ex-
periments. We may note that bulk CoO possesses a very high 
magnetic anisotropy, which would suggest magnetic stability 
of the present nanoparticles even far above room tempera-
ture. To further investigate the coupling of antiferromagnetic 
sublattices and uncompensated magnetic moments additional 
integral XMCD and XMLD measurements have been carried 
out. However, the data need to be to further evaluated before 
additional conclusions can be presented.

In summary, we have combined XPEEM with XMCD and XMLD 
to investigate the magnetic properties of individual, antifer-
romagnetic CoO nanoparticles. Some of the nanoparticles ex-
hibit a single domain state with a spin axis close to the respec-
tive bulk material, while deviations from such a spin structure 
were observed in other nanoparticles. In addition, uncompen-
sated and thermally fluctuating magnetic moments were di-
rectly addressed. These observations seem to confirm recent 
theoretical predictions about a significantly reduced magnetic 
stability in antiferromagnetically ordered nanostructures. 
If confirmed, these findings will have impact on the design 
of antiferromagnetic building blocks in future applications, 
where in addition to the thickness also the lateral dimensions 
will reach the nanometer size range.
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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, and F. Benning

Multienzymes are biological assembly lines
Enzymes are biological catalysts that are responsible for the 
biosynthesis of almost all biomolecules, hence they are es-
sential for any living system. One enzyme generally catalyses 
one type of chemical reaction. But even the biosynthesis of 
a simple biomolecule such as a sugar or fatty acid requires 
several biosynthetic reaction steps. This is achieved via a reac-
tion pathway, where many different enzymes act sequentially 
on intermediates. To increase the efficiency of a biochemical 
pathway, the enzymes are often placed in close proximity in-
side the cell. One option to achieve this proximity is place-
ment of multiple enzymatic sites on the same polypeptide 
chain. Such an enzymatic system is known as a multienzyme. 
Different enzymatic domains of multienzymes exhibit a very 
dynamic behavior [1] but the link between these large-scale do-
main movements and their overall catalytic function is poorly 
understood. 

In order to elucidate this relationship, we are (i) developing 
methods to analyze large-scale motions of multienzyme do-
mains and (ii) aiming to employ these methods to study ca-
talysis by multienzymes of human metabolism and microbial 
secondary metabolite production. Our approach involves 
development of two complimentary methods for studying 
multienzyme dynamics. The first is High Speed Atomic Force 
Microscopy (HS-AFM), which allows direct albeit low spatio-
temporal resolution visualization of protein dynamics. The 
second one builds on efficient multi-site fluorescence label-
ling for single molecule Förster resonance energy transfer 
(smFRET), which provides highest available spatiotemporal 
resolution for dynamic studies. 

The model system we are studying is human fatty acid syn-
thase (FAS), one of the most complex multienzymes [2]. FAS 
is responsible for all steps of the synthesis of palmitoyl-coen-
zyme A by iterative elongation of carbohydrate-derived pre-
cursors. It iteratively employs six types of enzymatic domains, 
which together catalyze over 40 biochemical reaction steps, 
and a flexibly-tethered integral acyl carrier protein (ACP) do-
main, which shuttles covalently-bound intermediates to the 
enzymatic sites. FAS upregulation is linked to cancer [3] and 
several metabolic disorders, making FAS an interesting target 
for therapeutic intervention. Polyketide synthases (PKS) are 
microbial enzymes that use the same basic synthetic logic FAS 
but produce considerable more complex natural products of 
outstanding therapeutic value, including antibiotics, immu-
nosuppressants and statins. Instead of an iterative mode of 
precursor elongation as in FAS, PKS can form large assembly 
lines of multiple modules, each carrying out only one round 
of precursor elongation and modification. The intermediates 
are vectorially shuttled from module to module in these nano-
machines. Variations in the domain composition of modules 
result in altered substrate selectivity and distinct extents of 
precursor modification by different PKS resulting in a huge di-
versity of polyketide products in nature. This property makes 
PKS one of the most relevant systems for customized synthesis 
of drug candidates using biocombinatorial approaches. Poor 
understanding of substrate transfer in PKS is a major hin-
drance of this potential. We are addressing this problem in our 
lab already by high-resolution analysis of transient trapped 
states of substrate transfer in PKS [4] (Fig. 1). Expansion of our 

current work on combining smFRET and HS-AFM to PKS is a 
highly promising route towards further understanding the dy-
namics of substrate transfer. 

Fig. 1 Trapped state of substrate transfer in a PKS. Left column: 
ground-state of a six-domain PKS fragment, right column: covalently 
trapped transient state of initial substrate loading. Upper panel: 
Schematic representations, lower panel: models derived by experi-
mental structure determination. 

High-speed AFM analysis of multienzymes
Atomic Force Microscopy (AFM) is a non-invasive, sub-nanome-
ter surface topography imaging technique. HS-AFM is a vari-
ant of conventional AFM and uses relatively low imaging force 
and higher imaging rates (usually 15-25 frames per second) to 
visualize the movements in biomolecular assemblies in na-
tive conditions. By using FAS as the model protein, we have 
already demonstrated the feasibility of filming multienzymes 
using HS-AFM to analyze their large-scale conformational dy-
namics [5]. We were able to collect HS-AFM movies of surface 
immobilized and lipid tethered FAS molecules with up to 10 
frames per second, with 2-5 nm lateral and 1.5 nm vertical 
resolution, which allowed us to observe large scale domain 
motions in FAS. We are aiming to extend this work to PKS 
assembly lines.

A toolkit for multienzyme fluorescent labelling 
The highest spatial (± 3 Å) and temporal resolutions (± 1 ms) in 
analyzing the dynamics of large macromolecular assemblies 
are currently achieved via fluorescent labelling. Single mole-
cule FRET (smFRET) offers a precise molecular ruler for mea-
suring 2-8 nm distances between two labels, and Fluorescence 
Correlation Spectroscopy (FCS) reveals diffusional properties 
of a dilute sample (with fluorophores present in the order of 
nano-molar to pico-molar concentrations) in a diffraction-lim-
ited confocal volume (order of 1-10 femtolitres). Both methods 
are suitable for in vivo studies and permit measurements on 
the typical time- and length-scale of multienzyme dynamics. 

The prerequisite of fluorophore-labelling is a major limiting 
factor for single molecule fluorescence studies of multien-
zymes. Chemical modification based on sulfhydryl or prima-
ry-amine-reactive dyes is the most efficient labelling tech-



23

nique for small proteins with a limited number of reactive 
sites without functional relevance. However, multienzymes 
are giant polypeptides with hundreds of functional groups 
and they critically require cysteine and lysine side chains for 
their enzymatic functions. 

Fig. 2 Imaging analysis of GCE-based incorporation of unnatural 
amino acids. Right: Positive control: Production of RFP and GFP. 
Centre: Production of RFP and a GFP variant containing a UAA in-
corporation site in the presence of a full GCE system. Left: Negative 
control: As in center, but without addition of UAA. Images are merges 
of red and green fluorescence channels, yellow color indicates pro-
duction of RFP and GFP. 

Genetic code expansion (GCE) is a method to biosyntheti-
cally introduce either fluorescent amino acids or biorthog-
onal chemically-reactive groups, which can later be used as 
unique sites for specific labelling via biorthogonal reactions, 
at specific positions in proteins. GCE involves supplementing 
a protein expression host with a non-native protein-produc-
tion machinery which introduces unnatural amino acids or 
UAA (i.e. amino acids with biorthogonal functional groups as 
side chains) in polypeptides in response to specific genetic 
codons. We focus on mammalian protein expression systems 
because those are the most suitable for (i) introducing the nec-
essary post translational modifications of multienzymes and 
(ii) producing the very large polypeptides of multienzymes. 
For human protein expression systems, several GCE systems 
have already been developed [6], but they have been shown 
to work mostly for small and relatively simple proteins, while 
extensive screening is often required even for obtaining low 
yields in single-site labeling of more complex proteins using a 
single GCE system. Critical screening parameters include the 
choice of GCE systems as well as the targeted positions in the 
protein sequence. 

We aim at developing an efficient toolkit for GCE-based la-
belling of complex proteins and multienzyme in particular. 
To this aim, we have developed a system of gene vectors for 
transiently transfecting different GCE systems and fluorescent 
reporters into HEK293 cells. A tandem RFP (Red Fluorescent 
Protein)-GFP (Green Fluorescent Protein)-based fluorescent re-
porter allows rapid quantitative comparison of the inherent 
yields of different GCE systems (Fig. 2). 

We have established protocols for mammalian cell expression 
in adherent form for high-throughput imaging (for screening 
different conditions of UAA incorporation in multienzymes) 
and in suspension form (for large scale production of UAA 
labelled multienzymes). Preliminary results indicate that the 
reduction of yield of labelled vs. native protein due to the com-
petition between the GCE and the cellular machinery is aprox-
imately 3-fold per labeling site under optimized conditions. 
Based on native yields exceeding 10 mg of protein per liter of 
cell culture, this yields fully sufficient for multienzyme label-
ling for fluorescent analysis. 

Currently we set up an automated cell culture system com-
bining liquid handling and imaging. On this platform, we will 

screen all GCE systems available in our toolkit for mammalian 
expression to determine optimal combinations of GCE sys-
tems for FRET pair labelling and to demonstrate the feasibility 
of extensive positional screening of insertion sites in multien-
zymes. Final evaluation and fluorescent dynamics studies will 
be carried out on FAS and related multienzyme systems such 
as PKS. 
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In situ strain tuning in graphene and study of ran-
dom strain fluctuations
Project P1504: Valleytronics in strain-engineered graphene 
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Collaborators: L. Wang (SNI PhD Student), P. Makk, S. Zihlmann, A. Baumgartner, and D. Indolese

The large mechanical strength of graphene enables one to 
modify the electronic properties of graphene by strain en-
gineering. A series of fascinating phenomena have been 
predicted for strained graphene, such as the appearance of 
strain-induced scalar potentials and pseudo-magnetic fields 
[1]. In order to study strain effects in transport experiments, 
several challenges need to be overcome simultaneously. First, 
the graphene quality must be preserved after complex fabri-
cation processes, since the observation of strain effects might 
be hindered by disorder. Second, the strain generation must 
be compatible with transport measurements, namely the de-
vices should be equipped with electrical contacts and gate 
structures. Furthermore, mechanical deformations should not 
degrade the sample quality or generate any artificial effects, 
such as changes in the gate capacitance, that complicates the 
analysis of actual strain effects. Most importantly, the strain 
should be in situ tunable so that strain effects can be disentan-
gled from other effects.

We successfully developed a straining method that meets all 
the above requirements. Instead of suspending the graphene, 
we encapsulate the graphene with hexagonal boron-nitride 
(hBN) and directly strain the van der Waals (vdW) heterostruc-
ture on-substrate. This approach preserves the exceptional 
quality of pristine graphene, which is a significant advantage 
for transport experiments. We use Raman spectroscopy to 
demonstrate that our method is versatile and allows one to 
engineer various strain fields, such as strain gradients, which 
are important for the generation of pseudomagnetic fields. 
The edge contacts work reliably and can sustain strain up to 
~1%. Therefore, our approach of on-substrate encapsulated 
graphene offers an ideal platform for studying strain effects in 
transport experiments.

Fig. 1 Schematics of (a) the device cross section and (b) the three-
point bending setup. The bending of the substrate is determined by 
the displacement of the pushing-wedge, Δz. 

As shown schematically in figure 1a, we fabricate hBN-encap-
sulated graphene devices with edge contacts and an electrical 
bottom gate on a polyimide-coated phosphor bronze substrate. 
Bending the substrate in a three-point bending setup, as illus-
trated in figure 1b, generates a strain field in graphene. The de-
formation of the substrate is determined by the displacement 
Δz of the pushing-wedge relative to the mounting position. 
The metallic contacts and the gate allow us to perform trans-
port experiments while tuning the strain in situ. The metallic 
contacts are essential for generating strain in a vdW hetero-
structure. On the basis of the assumption that the graphene 
sheet is pulled uniaxially by the contacts during the bending 
of the substrate, different strain fields can be achieved by 
varying the device geometries. We designed devices with two 
different geometries: rectangular or trapezoidal ones. For the 
former, the strain field is expected to be homogeneous, while 
for the latter a strain gradient along the direction perpendicu-
lar to the straining axis is expected.

Fig. 2 (a-c) Spatially resolved Raman maps of ω2D for the rectangu-
lar device at different Δz. The white dashed lines outline the device 
boundaries. The gray arrows show the sequence of the measure-
ments. (d) Spatially resolved Raman maps of ω2D, obtained by sub-
tracting map (a) from map (b). (e-g) Spatially resolved Raman maps 
of ω2D for the trapezoidal device at different Δz. (h) Spatially resolved 
Raman maps of ω2D , obtained by subtracting map (e) from map (f). 

To characterize the strain fields for different displacements 
Δz, we use spatially resolved Raman spectroscopy to map the 
strain field based on the redshift of the graphene Raman 2D 
peak. We first focus on the investigation of the rectangular 
device. In figure 2a-c, the 2D peak center frequency ω2D is plot-
ted as a function of position for increasing Δz from 0 to 0.6 
mm (straining) and then decreasing back to 0 mm (relaxing), 
as indicated by the gray arrows. With increasing Δz, ω2D shifts 
to lower values at all positions on the map, consistent with 
increasing strain everywhere in the graphene sheet. When Δz 
is decreased back to 0, ω2D reverts back to the initial values, 
suggesting a good reproducibility of the strain tuning in the 
graphene device. The homogeneity of the externally induced 
strain field can be seen directly in figure 2d, which shows a 
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map of the change in the Raman shift, ω2D , i.e. the difference 
between the maps figure 2a,b. For the rectangular geometry, 
the externally induced strain is fairly homogeneous in the 
bulk with a vanishing strain gradient, which is in agreement 
with the expected strain field. The same analysis is done for 
the trapezoidal device and shown in figure 2e-h. The existence 
of a strain gradient is visible in figure 2f. At the shorter (bot-
tom) edge of the device,  ω2D shows a stronger shift than that 
at the longer (top) edge, which matches the predicted strain 
pattern for a trapezoidal geometry. 

These results have been published in a Nano Letter publica-
tion this year [2]. 

In a recent statistical study of many graphene devices on hBN 
substrates [3], it has been pointed out that random strain fluc-
tuations (RSFs) are the dominant microscopic source of scat-
tering that limit the carrier mobility. The perfect combination 
of in situ strain tuning with transport experiments in our 
method allows us to investigate the influence of RSFs on trans-
port properties in graphene. The increase in mobility that we 
find while straining, shows that RSFs in individual encapsu-
lated graphene devices can be in situ reduced by increasing 
the average strain, as illustrated in figure 3.

Fig. 3 Illustration of in situ reduction of the strain fluctuations. The 
arrows indicate the direction and the strength of the externally in-
duced strain by substrate bending mediated by contacts. 

We measured at low temperature (T = 4.2K) the two-terminal 
differential conductance G of a device as a function of the gate 
voltage Vg for different Δz, as shown in figure 4. The conduc-
tance increases faster when gated away from the charge neu-
trality point for larger Δz, suggesting an increase in the carrier 
mobility with increasing Δz. This effect is reversible when Δz 
is decreased. The in situ reduction of RSFs is further substan-
tiated by Raman spectroscopy measurements, which can di-
rectly probe the RSFs. These findings have been submitted [4].

In studies in magnetic field in the quantum Hall regime, we 
have additionally find evidence for a strain-tunable pseudo-
magnetic field on which we will report later on.

To conclude, we have developed a method to generate con-
trollable strain in encapsulated graphene. This achievement 
is conceptually and experimentally a big step forward for the 
community as it clears the way for studying strain effects in 
transport experiments, not only for graphene but also for 
other 2D materials. In first low temperature transport experi-
ments, we found that RSFs are the dominant scattering mech-
anism limiting the carrier mobility in most hBN-supported 
graphene devices.

Fig. 4 Two-terminal differential conductance G plotted as a function 
of gate voltage Vg for different Δz. The slope of the curves becomes 
steeper for larger Δz, for both the electron and hole side. The inset 
shows a zoom-in to the hole side.

We thank F. Guinea and P. Rickhaus for fruitful discussions, 
and K. Watanabe and T. Taniguchi for providing high-quality 
hBN.
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Programmable electrostatic phased apertures

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)

Introduction
Phase manipulation of electron beam offers great advantages 
for high resolution imaging. Various experimental investiga-
tions using electrons have been repeatedly conducted in the 
past revealing interesting physical aspects of electron-matter 
interaction [1, 2]. There has been increased interest in electron 
beam manipulation recently to potentially offer advanced 
methods of imaging with electron microscopes, for instance 
Zernike phase plates and electron vortex beams are such ex-
amples [3, 4].

Outline of fabrication process: improvements on critical 
steps
We are developing a device with individually controllable 
nano-lenses using state-of-the-art electron beam (e-beam) li-
thography technique. A 3D schematic of the intended device 
is shown in figure 1a. It offers advantages of writing large-
scale nanostructures with higher flexibility in material selec-
tion when combined with various subtractive and additive 
processes[5, 6]. Free standing silicon nitride membranes have 
been a major choice to fabricate such nano-lenses due to its 
mechanical stability. Nanofabrication on thin silicon nitride 
membranes (<300 nm) is challenging for multiple lithogra-
phy steps and suffer breakage due to thermal and mechanical 
stresses.

Currently, we are working on a 3-aperture-array device to de-
velop the basic fabrication method. In figure 1b, we show SEM 
image of an intermediate step for such a device: b fabricated 
on a thin (~200 nm) silicon nitride membrane with an intend 
to use chromium (Cr) as an active electrode material. In this 
approach, we want to selectively etch away the Cr layer to 
create individually controllable phase elements. The bright 
gray contrast in the image is the patterned resist which is used 
as a mask to etch away the underneath dark gray Cr layer to 
separate the electrodes. As mentioned earlier, silicon nitride 
membranes suffer from stresses especially in the reactive ion 
plasma. We’ve observed during the process development that 
the Cr layer potentially induces stresses in the membrane 
which reduces the stability of the membrane. We’ve observed 
that with subtractive lithography method, the throughput of 
the final devices reduced by quite a lot. The solution to this 
problem is using an additive approach by selectively deposit-
ing the material at the region of interest. 

We use gold (Au) as an electrode material in this case. The 
phase elements are patterned in positive e-beam resist PMMA 
followed by evaporation of Au (~100 nm). The gold rings 
around the apertures and the electrodes are the pattern in 
the resist exposed with different dose levels to optimize the 
correct dose values. After lift-off of the resist, we see Au elec-
trodes aligned to the apertures on silicon nitride membrane. 
As shown in figure 2b, the apertures (black) are surrounded by 
Au electrodes (bright gray). We also perform e-beam exposure 
dose tests to find optimum exposure dose levels for lift-off pro-
cess. In the preliminary dose tests, we observe that the lift-off 
process starts to fail above certain dose levels. The edges of the 
overexposed resist considerably lose the geometry suitable for 
lift-off and hence leaves the apertures covered with gold discs 
as can be seen in figure 2b. 

   

Fig. 1 (a) schematic of 3 individually controllable electrostatic phase 
elements (b) subtractive lithography approach: Pattern in the resist 
to etch away the underneath central electrode chromium layer (dark 
gray) around the etched apertures

  

Fig. 2 (a) Lift-off of overexposed regions where the apertures are 
covered with gold discs (b) additive lithography approach: patterned 
gold electrodes (bright gray) in silicon nitride membrane around the 
etched apertures (black)

Expected device performance
The expected most basic performance of our device will be 
tested by measuring the far-field diffraction pattern of fully 
coherent electron beam passing through the three apertures, 
that should create a hexagonal lattice as depicted in the sim-
ulation assuming a 200 keV electron beam with the actual ap-
erture size and separation in figure 3. When the phase shift 
through the three apertures are the same, a brightest diffrac-
tion spot should be observed at the center of the diffraction 
lattice (a). When the phase shift of one of the apertures is π, 
the whole lattice is shifted by a one-half wavelength and the 
center becomes dark (b). Finally, when the three phases are 
stepped by 2π/3, a vortex beam, having an angular momentum 
of + or -h/(2π), where h is the Planck’s constant (c). The vortex 
beam is symmetric and the electron beams negatively inter-
fere at the center of the lattice.  

Summary and Outlook
In conclusion, we have successfully developed a device with 
three individually programmable phased elements with more 
stable and reliable fabrication process. We plan to test the 
working of the fabricated devices in a high-energy transmis-
sion electron microscope to compare the performance with 
theory as well as to characterize various critical parameters 
such as the confinement of  the electric field around the elec-
trode, cross-talks between apertures, and the influence of the 
surface charging due to environment as well as the electron 
beam irradiation.
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Fig. 3 Far-field diffraction of phased apertures considering the geometry of the fabricated device for 200 keV electron beam  (a) 
phase shift for all three apertures are equal generating hexagonal first order diffraction spots (b) phase shift of one of the aperture 
is π shifting the diffraction pattern by half of the wavelength (c) phase shifts of all three apertures are separated by 2π/3 generat-
ing a vortex singularity in the center of 3 aperture system
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High aspect ratio gold nanoparticles for enhanced 
water splitting
Project P1601: Optical plasmonic nanostructures for enhanced photochemistry
Project Leader: E. C. Constable and S. Fricke
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Introduction
Electricity can be produced from dihydrogen gas using a fuel 
cell, which only emits water. However, industrial dihydrogen 
is currently mainly produced by steam reforming of methane 
which is a non-sustainable technique. Water splitting using 
sunlight is a promising method for clean dihydrogen produc-
tion. One of the possible approaches uses two semiconductor 
electrodes immersed in an aqueous electrolyte and used in a 
tandem configuration. Such an “artificial leaf” can perform 
unassisted water splitting when illuminated, transforming 
water into dihydrogen and dioxygen. This work demonstrates 
a method for fabricating high aspect ratio plasmonic gold 
nanoparticles on a transparent conductive oxide (TCO) sub-
strate. A water splitting photoanode is then fabricated by de-
positing a metal oxide layer on this nanostructured scaffold, 
demonstrating an increased photocurrent for such photoelec-
trode compared to a pure metal oxide electrode.

Growth of high aspect ratio gold nanoparticles
The fabrication process of the nanostructured gold substrate 
is shown in figure 1a.

Fig. 1 Fabrication of high aspect ratio gold nanoparticles. (a) Over-
view of the fabrication process (b) Measured transmittance spectrum 
of the gold nanoparticles, fabricated on an FTO substrate, and  (c) 
SEM image of the gold nanoparticles.

A solution containing tetrachloroauric acid HAuCl4 and polyvi-
nylpyrrolidone (PVP) as polymer is spin coated on a fluoride tin 
oxide (FTO) substrate. High intensity light flashes produced by 
a xenon lamp are then used to reduce the gold(III) salt to gold 
nanoparticles, which is visually observed by the purple color 
taken by the sample. The polymer is finally removed with a 
directional O2 plasma etching followed by a high temperature 
annealing. A scanning electron microscope (SEM) image of the 
nanoparticles is shown in figure 1c, showing their high aspect 
ratio, with a diameter of about 50 nm and a height of about 
200 nm. The measured transmittance spectrum of figure 1b 
shows a surface plasmon resonance centered at 570 nm. 

Fabrication of water splitting photoelectrodes
Such a nanostructured gold substrate was then used as a scaf-
fold for the deposition of a metal oxide semiconductor layer, 
with the goal of manufacturing a photoanode for water split-
ting. Indeed, both the high aspect ratio of the nanoparticles 
and their plasmonic properties give possibilities for increas-
ing the quantity of light absorbed in the metal oxide layer. 
Hematite (α-Fe2O3) was initially investigated as a semiconduc-
tor. This material shows the highest theoretical performances 
among metal oxides, and using a nanostructured host is a way 
of overcoming its small hole diffusion length (2-4 nm) [1].

Fig. 2 Performances of a hybrid water splitting photoanode hema-
tite/gold (a) SEM image of the fabricated electrode (b) Linear sweep 
voltammetry measured in 1M NaOH (pH=14). The illumination in-
tensity was calibrated to 1 sun (c) Photocurrent stability at 1.23 V vs 
VRHE when 1M NaOH is used as an electrolyte. (d) Photocurrent 
stability of a pure hematite sample at 1.23 V vs VRHE when a pH=7 
buffer is used as an electrolyte.

A conformal hematite coating (Fig. 2a) is achieved with elec-
trodeposition from a solution containing Fe3+ ions followed 
by thermal annealing in air [2]. The performances of such 
electrodes are characterized by measuring the photocurrent 
under applied bias in an electrolyte at pH 14. The hybrid he-
matite/gold electrode shows an increased performance com-
pared to pure hematite deposited on FTO (Fig. 2b). Moreover, 
the dark current of the hematite/gold sample shows an oxida-
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tion peak of the gold nanoparticles at around 1.25 V vs VRHE. 
This causes a drop of the photocurrent over time (Fig. 2c). The 
use of less alkaline conditions is necessary for this oxidation 
to not interfere with the typical operating conditions of the 
photoelectrode. However, when the electrolyte is changed to 
a pH 7 buffer, the photocurrent produced by a pure hematite 
electrode decreases over time (Fig. 2d) because of the low sta-
bility of this material in neutral media. This requires external 
doping for improvement [3].

 
Fig. 3 Performances of a hybrid water splitting photoanode BiVO4 /
gold. (a) SEM picture of a cross section obtained with focused ion 
beam (FIB) milling. (b) Linear sweep voltammetry measured in a pH 
7 buffer. The illumination intensity was calibrated to 1 sun. (c) Pho-
tocurrent stability at 1.23 V vs VRHE.

For this reason, the metal oxide material was changed to mo-
lybdenum-doped bismuth vanadate (Mo:BiVO4), which has a 
good stability at neutral pH. Moreover, photoelectrodes made 
of BiVO4 have demonstrated the highest performances among 
fabricated metal oxide photoanodes [4]. A Mo:BiVO4 layer is de-
posited on the nanostructured gold substrate by drop-casting 
a solution containing Bi, V and Mo ions, followed by thermal 
annealing in air.

An SEM image of the cross section of the final sample is shown 
in figure 3a. The Mo:BiVO4 layer is thicker than the gold 
nanoparticles, and the surface topography is therefore similar 
to a pure Mo:BiVO4 sample. In a pH 7 buffer electrolyte, the 
hybrid sample Mo:BiVO4/gold shows a photocurrent increased 
by about 30% with respect to a pure Mo:BiVO4 sample at 1.23 V 
vs VRHE. Moreover, the photocurrent of the hybrid photoelec-
trode shows a good stability over 4 h, similar to that of a pure 
Mo:BiVO4 electrode, indicating that no oxidation of the gold 
nanoparticles occurs under these conditions.

Conclusion & Outlook
A method has been developed for fabricating a plasmonic sub-
strate made with high aspect ratio gold nanoparticles. This 
substrate was used as a scaffold for fabricating water splitting 
photoanodes by depositing a metal oxide layer on top of it. A 
hybrid hematite/gold electrode was fabricated with electrode-
position on the gold scaffold and showed an increased pho-
tocurrent compared to pure hematite but a low stability at 
pH 14 and pH 7. The photocurrent increase obtained with the 
gold scaffold was preserved when hematite was replaced by 
Mo:BiVO4, and the stability at neutral pH was improved. Fur-
ther developments in the project include deposition of a sur-
face catalyst and post injection of electron donors to improve 
respectively the charge transport and the charge transfer of 
the electrode, as well as theoretical and experimental analysis 
of the enhancement produced by the gold nanoparticles.
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Introduction 
Many metal-organic coordination compounds with increas-
ingly complex chemical and electronic structure have been 
designed and prepared in the last decade. Molecular spintron-
ics [1], but also spin-based quantum technologies provide po-
tential technologic applications driving the scientific activities 
in this field. This is the particular case for the more complex 
systems involving multiple spin-bearing atoms exchange cou-
pled in a well defined, possibly tunable way. Well-defined 
spin-architectured materials are most interesting systems to 
investigate the details of the magnetic exchange interaction 
down to the level of individual bonds. They can be investi-
gated by comparing magnetometry data with the results of 
chemically sensitive X-ray spectroscopies, in particular mag-
netic circular dichroism and local probe spectro-microscopy. 
Ideally for the purpose of molecular spintronics, spin-bearing 
coordination compounds can be prepared in the form of sur-
face supported Metal Organic Networks (MON’s)[2]. From the 
plethora of magnetic coordination systems that have been syn-
thesized and characterized in the bulk, only a minor fraction 
– mainly single molecule, single spin-bearing atom containing 
magnets – have been stable enough to assemble on surfaces 
without being strongly modified, or even decomposed by the 
effects of the surface. It is also important to note that only a 
few non-planar systems, e.g., the Er(trensal) molecule [3] have 
been successfully investigated at surfaces.

Here we introduce a new class of non-planar coordination 
systems which are able to survive the sublimation process in 
ultrahigh vacuum and the interaction with metal surfaces. 
These systems belong to a group of neutral or ionic transition 
metal complexes exhibiting a six-fold coordination with the 
rare trigonal prismatic geometry. Figure 1 shows one example 
for such an iron based complex. 

 

Fig. 1 First coordination shell of the [FeL6] trigonal prismatic cage 
(left side) and a ball-and-stick representation of the [FeL6]BPh4 salt 
with a tetraphenyl borate anion. Color code: red: oxygen; blue: ni-
trogen; grey: carbon; violet: iron; light red: boron. Hydrogen atoms 
have been omitted for clarity.

These trigonal prismatic complexes can be neutral denoted 
[ML]0 (in the notation [M(etal)L(igand)]), if containing divalent 
M2+ ions, or they can be charged if containing a trivalent M3+ 
ion, yielding complexes denoted [ML]+.  In the latter case, the 
cation will be charge-balanced with a suitable counter ion.

In this work, we investigate these three-dimensional metal-or-
ganic complexes in the bulk, in polycrystalline powder form 
and as monolayers interacting with atomically flat, clean gold 
single crystal surfaces. We compare the magnetic moments in 
both species as well as the structure and symmetry of the self 
assembled molecular arrays. 

Results
We used element specific X-ray absorption spectroscopy (XAS) 
in the highly surface sensitive total electron yield (TEY) detec-
tion scheme to investigate the oxidation state and the sym-
metry of the first coordination shell of the iron in the powder 
form of [FeL6]+ (Fig. 2a) and in the surface adsorbed monolayer 
after sublimation (Fig. 3a,b). For the powder sample, the X-ray 
spectra (defined as sum of the two XAS with helicity +1 and 
-1 ) exhibit main peaks at L2,3 edges and also a smaller pre-
peak at the L3 edge while for the monolayer samples it shows 
only one main peak for each L2,3 edges with slightly different 
shoulders in normal and grazing X-ray incident angles. There 
are different possibilities which could explain the presence of 
the pre-peaks in powder spectra while these are absent in the 
monolayer samples. One is that there are some species in the 
powder sample which contain  Fe2+ ions and lead to the ap-
pearance of the pre-peak in powder spectra. In the case of the 
monolayer sample these species may be filtered out during 
the sublimation process. Alternatively, a modified ligand field 
due to the interactions with the surface may give rise to the 
changes of the absorption edges. To reach a precise conclu-
sion, further analysis and possibly performing other experi-
ments (such as EPR) are needed.

X-ray magnetic circular dichroism (XMCD) is a well-known 
method that can probe the absolute  values of the element 
specific magnetic moments, e.g., contained in a surface sup-
ported monolayer. It provides information on the spin and 
orbital contributions. The XMCD spectrum can be obtained 
by subtracting two XAS spectra recorded with circularly po-
larized X-ray light with opposite helicities. We are using this 
method to probe the magnetic moment of the Fe ion in the 
novel compounds introduced above. 

Fig. 2 XAS/XMCD spectra recorded at the Fe L2,3 edges on powder 
sample of  [FeL6]BPh4 at μ0H=6.8 T and T=3 K.

The strong XMCD signal reveals a significant Fe magnetic mo-
ment for both the powder sample (Fig. 2b) and for the mono-
layer on Au(111) (Fig. 3c,d). XMCD recorded on the monolayer 
sample at grazing incidence (θ=60°) plotted in (Fig. 3c, d) show 
a considerable change in the peak shape compared to those 
taken at  normal incidence. For normal incidence clearly a 
pre-peak at lower energy compared to the main peak at the 
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L3 edge appears, while in the grazing case the spectra show a 
broadened peak with a shoulder at lower energy. The differ-
ence between normal and grazing spectra can be due to linear 
dichroism which in turn could have a magnetic origin as well 
as a structural origin. The observation of the linear dichroism 
at the Fe L edge (indipendent of its origin) implies that there is 
a preferred orientation of the molecules on the gold surface. 

Fig. 3 XAS/XMCD spectra recorded at the Fe L2,3 edges on mono-
layer sample of  [FeL6]BPh4 at μ0H=6.8 T and T=3 K in Normal 
(a,c) and Grazing (b,d) incident X-ray.

By measuring the magnetic hysteresis curve at low tempera-
ture (T = 3 K) we find that this particular metal complex exhib-
its a significant magnetic anisotropy of easy plane type with 
the hard axis oriented perpendicular to the Au surface.   

To extract the absolute values of the spin and orbital magnetic 
moments, we have performed sum rule analyses with consid-
ering the number of the holes as nh = 5 according to the elec-
tronic configuration 3d5 corresponding to the Fe3+ oxidation 
state. The results are summarized in Table.1. 

Table 1. Results of the sum rule analysis of the XMCD spectra for 
[FeL6]BPh4 powder and monolayer/Au(111) samples. The values in 
the parentheses correspond to the experimental errors.

 
In all cases, the sum rule results show a strong contribution 
of the orbital angular momentum, but the contribution of the 
spin is much stronger. The interesting point in this system is 
that we have a remarkable orbital contribution which means 
the orbital moment is not fully quenched in contrast with 
most of the similar complexes in the same situation. In transi-
tion from the powder sample to the monolayer, modifications 
in the magnetism occur.

In conclusion, one example of a novel spin-bearing molecular 
architecture based on an ionic compound, specifically [FeL6]
BPh4, has been successfully prepared on a diamagnetic Au(111) 
substrate in the monolayer regime and its orientation depen-
dent magnetic moments have been compared with  those mea-
sured on polycrystalline powder samples. These results repre-
sent the first steps towards the further in-depth assessment 
of this chemically and structurally tunable class of materials 
with their unprecedented chemically configurable magnetic 
and electronic properties at lower than three dimensions. 
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Introduction 
The nucleus is a highly specialized organelle that contains the 
majority of the cell’s genetic material and serves to maintain 
the integrity of the cell by regulating gene expression and 
DNA replication. Essential proteins, RNAs and metabolites 
translocate across the nuclear envelope (NE) which separates 
the nucleus from the cytoplasm. This translocation process 
[i.e., nucleocytoplasmic transport (NCT)] proceeds through 
aqueous channels known as nuclear pore complexes (NPCs). 
NPCs mediate the selective transport of biomolecules between 
the cytoplasm and nucleus in eukaryotic cells. However, its 
molecular mechanism remains disputed. This is because the 
NPC barrier is comprised of numerous intrinsically disordered 
phenylalanine-glycine nucleoporins (FG Nups) that are ex-
tremely difficult to visualize, not least at transport-relevant 
timescales (~10 ms). Recently, we used high-speed atomic force 
microscopy (HS-AFM) to resolve the dynamic behavior of FG 
Nups inside NPCs at ~200 ms timescales [1]. Meanwhile, struc-
tural changes of FG Nups under transporting conditions are 
still unclear. 

In this project, we use HS-AFM to investigate dynamic changes 
in the FG Nups under transporting conditions. This includes: 
(i) FG Nups layers and (ii) FG Nups within intact isolated yeast 
NPCs.

Visualizing the dynamic behavior of isolated FG Nups
In order to visualize the dynamic behavior of isolated FG 
Nups under transporting conditions, isolated yeast Nsp1 
FG-fragment that has only a disordered region is used. First, 
the molecular features of the Nsp1 fragments attached to a 
mica surface in a buffer solution were observed by HS-AFM 
(Fig. 1a). Here, HS-AFM resolves the globular domain and the 
disordered tail region of the Nsp1 FG-fragment. The globular 
domain appears to be well adsorbed onto the mica surface, 
and its position does not change significantly over time. In 
comparison, the disordered FG-tail region rapidly fluctuates. 
These fluctuations are consistent with the diffusive motion of 
various intrinsically disordered proteins as observed by HS-
AFM [2]. 

Next, the Nsp1 fragments were tethered to a lipid bilayer and 
visualized by HS-AFM. Supported lipid bilayers (SLBs) were pre-
pared on mica with varying fractions of metal ion chelator 
(DGS NTA(Ni)) containing lipids (DOPC). Nsp1 fragments were 
then tethered to the lipid membrane by including 6xHis-tags 
at their N-termini. Thus far, single molecule resolution re-
mains challenging. Indeed, the Nsp1 fragment is mainly seen 
as a globule (Fig. 1b) and may be due to their highly rapid and 
dynamic behavior on the SLB. However, we observe that two 
Nsp1 globules can interact with each other. Future efforts will 
seek to investigate such behavior. 

a)

b)

Fig. 1 (a) Successive HS-AFM images showing a fluctuation of Nsp1 
FG-fragment on a mica surface. In images of 1.2 s and 23.1 s, fila-
mentous features represent disordered regions of Nsp1 FG-fragment. 
Frame rate, 100 ms/frame. Scale bar: 10 nm.  (b) Successive HS-
AFM images showing Nsp1 FG-fragment interacting with each other 
on a lipid membrane. White arrows indicate Nsp1 FG-fragment. 
Frame rate, 50 ms/frame. Scale bar: 10 nm.  

Visualizing the dynamic behavior of FG Nups inside iso-
lated yeast NPCs
The entire structure of the isolated yeast NPC has been deter-
mined at sub-nanometre precision [3]. However, the dynamic 
behavior of FG Nups inside the isolated yeast NPC has yet to 
be resolved. In collaboration with Prof. Michael Rout (Rocke-
feller University), we have now visualized FG Nup dynamics 
inside isolated yeast NPCs for the first time. Representative 
HS-AFM images reveal isolated NPCs with and without cargoes 
“caught” in transit (known as central plugs) [4] (Fig. 2). From 
cross-sectional height analyses, the diameters of the NPCs 
with and without central plug are 60.5 ± 3.7 nm and 66.6 ± 7.5 
nm, respectively. Besides, the central channel depths of the 
NPCs with and without central plug are 4.5 ± 2.9 nm and 17.8 
± 2.5 nm, respectively. 
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Fig. 2 (a) An isolated yeast NPC with central plug showing 8 spokes 
(numbered) and a height profile corresponds to cross section indi-
cated by a red line on the AFM image. Scale bar: 20 nm. (b) An iso-
lated yeast NPC without  central plug showing 8 spokes (numbered) 
and a height profile corresponds to cross section indicated by a red 
line on the AFM image.  Scale bar: 20 nm. NPC diameters (d) and 
central cannel depths (z) from upper rims were measured.

We next focused on resolving FG Nup behavior within the cen-
tral channels of isolated NPCs. In a vacant central channel, 
the FG Nups are seen to dynamically and repeatedly extend 
into and retract from the pore interior (Fig. 3a). This behavior 
is similar to the diffusive motion of FG Nups resolved within 
NPCs obtained from Xenopus laevis oocyte nuclei [1]. Interest-
ingly, fluctuating FG Nups can also be resolved in the non-ob-
scured gap between the central plug and the NPC walls (Fig. 
3b). Based on our observations, it appears that FG Nups inter-
act with the central plug dynamically and intermittently. 

Central plugs might be composed of cargos and nuclear trans-
port receptors such as karyopherins (Kaps, also known as 
importins and exportins). However, little is known about the 
central plug is formed or if it serves any function. Kapβ1, an 
import receptor, recognizes specific cargoes either directly or 
via an adaptor Kapα. Kapα mediates cargo binding to Kapβ1 
via its interactions with FG Nups. Binding of Kapβ1 to the FG 
Nups is an energetically favored process. On the other hand, 
unbinding requires a GTPase known as Ran. Therefore, our 
next steps will be to investigate the role of Kaps in facilitating 
central plug formation.

Summary
We have used HS-AFM to investigate dynamic changes in the 
FG Nups under transporting conditions. Isolated FG Nups ex-
hibited rapid fluctuations around a more stable globular do-
main. Furthermore, we have successfully visualized FG Nup 
dynamics within isolated yeast NPCs. This will serve to eluci-
date how the FG Nups behave under transporting conditions 
as well as clarifying the role and potential function of the cen-
tral plug.

a)

b) 

Fig. 3 (a) Dynamic behavior of FG Nups within a NPC without cen-
tral plug forming a NPC barrier. Frame rate, 150 ms/frame. Scale 
bar: 10 nm. (b) Dynamic behavior of FG Nups and a central plug 
indicated by the white arrow. Frame rate, 150 ms/frame. Scale bar: 
10nm.
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enhance the activity of Cytochrome c
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Introduction
Solid supported membranes have been increasingly popular in 
the field of engineering, biological and physical sciences since 
they can mimic cell membranes with near molecular preci-
sion. Besides, they can be utilized for many biotechnological 
applications including bio-sensing and diagnostics [1]. To date, 
they have been created from deposition of membrane building 
blocks such as phospholipids or amphiphilic block copolymers 
onto solid support. Mixing block copolymer with phospholipids 
create hybrid membranes, leading to the formation of distinct 
domains due to the differences in their physical characteris-
tics. Hybrid membranes benefit from both properties of block 
copolymers and lipids, yielding a preferential integration of 
many different biomolecules into the distinct domains of the 
membranes [2]. We combined polydimethylsiloxane-b-poly-
methyloxazoline-carboxylic acid (PDMS-b-PMOXA-COOH) and 
dipalmitoyl-glycero-phosphocholine (DPPC) for preparing a 
heterogeneous hybrid membrane on solid support [3]. We 
wanted to drive the cytochrome c combination towards a spe-
cific domain of the membrane, preserving the protein folding 
and the membrane integrity (Fig. 1).

Material and Methods
Previously, the lipid, polymer and hybrid monolayers at 
air-water interface were characterized in terms of stability and 
domain separation. Double layer membranes were deposited 
onto solid support with Langmuir-Blodgett and characterized 
to investigate their structure. Then, the membranes were 
combined with the protein cytochrome c (cyt c) and the inter-
action was monitored with quartz crystal microbalance with 
dissipation module (QCM-D). The combination was performed 
through two different approaches: either covalent bond or 
spontaneous insertion. Atomic Force Microscopy (AFM) was 
also performed on the different membranes, in order to ob-
serve whether the membrane underwent a structure modifica-
tion after the protein combination. Finally, the activity of the 
protein combined was evaluated with fluorimetry. The com-
parison between the different membranes for each step was 

necessary to better understand the advantages of the hybrid 
platform compared to ordinary lipid and polymer membranes.

Results and discussion
The combination of cyt c with the polymer, lipid and hybrid 
membranes was monitored by recording the changes in fre-
quency and dissipation shifts in QCM-D (Fig. 2). In general, ir-
respective of the combination method, 500 mg/mL cyt c solu-
tion was injected for 30 min, followed by a PB rinsing step for 
10 min. In the case of the cyt c insertion in the different mem-
branes, there was a decrease in frequency and slight increase 
in the dissipation shifts, indicating changes in the adsorbed 
mass and viscoelastic properties of the bilayer, respectively 
(Fig. 2A and 2B). A similar amount of cyt c was successfully 
inserted into copolymer and hybrid membrane, higher when 
compared to the amount inserted into the lipid membranes, 
as observed from the change in frequency. The frequency in-
crease of cyt c on the lipid membrane before the rinsing step, 
namely desorption of mass, suggested a membrane removal 
from the solid support. Instead, the hybrid- and the polymer 
membranes were able to create the suitable environment for 
the protein combination. The dissipation shifts showed the 
highest value for the conjugation (Fig. 2D) compared to the in-
sertion in all different membranes, confirming the successful 
anchoring of the protein outside the membrane and so facili-
tating its accessibility for a substrate.

AFM measurements proofed that cyt c found a suitable envi-
ronment into the flexible polymer membrane and polymer 
domain in the hybrid membrane (Fig. 3A) while the lipid 
membrane underwent transformational changes, due to the 
capability of cyt c to remove the membrane attached to the sil-
ica (Fig. 3B). The hybrid membrane interacted peculiarly with 
the cyt c: no membrane removal was detected in this case, 
rather a membrane reorganization, where the lipid domains 
reorganized themselves to the top of the polymer matrix and 
constituted rafts that could accommodate the protein (Fig. 
3C). This process is similar to the one involving membranes 

in nature. Regarding this peculiar behav-
ior, the polymer membrane integrity was 
preserved due to its improved mechanical 
resistance and the lipid domains could 
accommodate the cyt c without being de-
graded. This way, we achieved a selective 
combination of the chosen protein with 
one specific membrane domain.

Fig. 1 Schematic representation of hybrid sup-
ported bilayer membrane and their combina-
tion with model protein cytochrome c through 
spontaneous insertion (A) and covalent conju-
gation  by EDC/sNHS coupling (B).
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Fig. 2 QCM-D of protein-membrane combination: frequency (A) and 
dissipation (B) comparison of protein insertion into different types of 
membrane; frequency (C) and dissipation (D) comparison of protein 
combination with hybrid membrane with both strategies. 

Fig. 3 AFM height profile of dif-
ferent kind of membranes after 
protein interaction: polymer (A), 
lipid (B) and hybrid (C) bilayers.

Fig. 4 Qualitative fluorimetry comparison of protein activity after com-
bination with hybrid membrane via different strategies (A); change in 
colour of the PB solution over time in the presence of cyt c conjugated 
onto hybrid membrane after 30 minutes (B) and 12 hours (C).

Conclusion
We developed hybrid solid-supported membranes suitable for 
combination with the model  protein cytochrome c. For the 
first time, we found that the hybrid was able to form a bi-
layer membrane on silica, stable over time and free of major 
defects. Both strategies of protein combination (insertion and 
conjugation) were successful for hybrid membranes and the 
protein combined was quantitatively evaluated. Moreover, we 
were able to selectively drive the combination of the model 
protein toward a specific domain that is the lipid domain in 
case of the insertion or the polymer domain in case of conju-
gation. The model bio-interface reported is of great interest 
for further development in the complexity and versatility of 
the system. In fact, the phase separation allows the combina-
tion of different proteins with different domains and the poly-
mer functionalisation with a wide range of different ending 
group making the specific binding of a variety of biomolecules 
possible. This study represents versatile strategies for the de-
sign of new active platforms to support industrial and medical 
interest.
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Smart peptide nanoparticles for efficient and safe 
gene therapy 
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Introduction 
Gene therapy is of particular significance in the treatment of 
rare inherited diseases, neurological disorders, cardiac dis-
eases, and cancer [1]. Accordingly, viral and non-viral delivery 
systems are used to introduce exogenous nucleic acids into 
host cells. The numerous disadvantages associated with viral 
strategies such as high immunogenicity, limitation in size of 
transgenic DNA, low availability, and high manufacturing cost, 
boosted the development of non-viral delivery systems. Pep-
tides as non-viral delivery systems are particularly attractive 
as they are often able to sidestep the limitations mentioned 
above along with being biocompatibile and biodegradable [2]. 
Yet, the self-assembly of supramolecular nanostructures from 
pure peptides for the entrapment and delivery of large DNA 
molecules has not been systematically investigated. This study 
aims at taking advantage of peptide vector properties by de-
signing peptides that self-assemble and have physicochemical 
properties favoring the incorporation of different DNA types 
(single-stranded versus double-stranded) with variable length. 

The design of our amphiphilic peptide (HR)3gT involves sig-
nificant modifications of a previously published peptide H3gT 
[3]. (HR)3gT self-assemble into multi-compartment micellar 
nanoparticles (MCM-NPs) in the presence of single- and dou-
ble-stranded DNA of up to 100 nucleotides in length (Fig. 1).

Fig. 1 Schematic representation of the amphiphilic peptide (HR)3gT 
that is able to self-assemble into multicompartment micellar nanopar-
ticles (MCM-NPs) while condensing DNA through electrostatic inter-
actions.

Here we report the systematic analysis of (HR)3gT self-assem-
bly in the absence and presence of 22 and 100 nucleotide long 
single- and double-stranded DNA (ssDNA/dsDNA).

Material and methods
(HR)3gT and H3gT comprising 19 and 10 amino acids, respec-
tively, were synthesised on a rink amide resin, purified, and 
analysed by time-of-flight mass spectrometer (MALDI-TOF-MS) 
in positive mode.

The self-assembly of (HR)3gT and H3gT was achieved via the 
solvent exchange method, dialysing the organic solvent (35% 
ethanol) against milli-Q® ultrapure H2O. MCM-NPs resulting 
from the self-assembly of  (HR)3gT in the presence of 22- and 
100-nucleotide ssDNA and corresponding dsDNA were then 
fully characterized as follows. 

The size of DNA-free and DNA-loaded (HR)3gT MCM-NPs was 
measured by dynamic light scattering (DLS) together with 
fluorescence correlation spectroscopy (FCS) and nanoparti-
cle tracking analysis (NTA). In addition, the surface charge of 
MCM-NPs was quantified by measuring their zeta potential. 
Furthermore, the concentration of MCM-NPs in solution and 
the DNA loading efficiency were determined by NTA. The su-
pramolecular architecture and structural stability of the MCM-
NPs was assessed by transmission electron microscopy (TEM) 
and DLS. To analyze the thermosresponse of MCM-NPs, their 
morphology was examined by TEM before and after incuba-
tion at 37 °C for 5 h and 24 h.

Results
We determined the hydrodynamic diameter of DNA-free and 
DNA-loaded (HR)3gT MCM-NPs by employing DLS, NTA and 
FCS, and compared the corresponding data (Table 1). In addi-
tion, the surface charge and polydispersity index (PDI) were 
obtained by Zeta Sizer and DLS measurements, respectively 
(Table 1).

Table 1 Characterization of DNA-free and DNA-loaded (HR)3gT 
MCM-NPs, suspended in water, pH 7.    

DNA-free and DNA-loaded (HR)3gT MCM-NPs have a PDI of 
≤0.3, which indicates a relatively monodisperse system. The 
mean diameter obtained by FCS and NTA was similar to that 
determined by DLS for each type of (HR)3gT MCM-NPs, and all 
values were below 200 nm (Table 1). The surface charge of the 
MCM-NPs only slightly decreased by  entrapment of negatively 
charged DNA as compared with the charge of the DNA-free 
(HR)3gT MCM-NPs. These results indicate the presence of the 
corresponding DNA payload between individual micelles of 
the multi-compartment rather than its accumulation on the 
NP surface.

NTA measurements revealed (Table 2) that independent of the 
type of DNA, more than 60% of the MCM-NPs were loaded. The 
percentage of loaded particles for dsDNA (22bp and 100bp) was 
clearly higher than for ssDNA (22nt and 100nt).

To obtain insight on (HR)3gT MCM-NPs stability, we analyzed 
their size when stored at 4°C for different periods opf time 
by DLS (Fig 2A). Size measurements recorded every 30 days 
indicated that the average diameter of DNA-free and DNA-
loaded (HR)3gT MCM-NPs did not change over five months. 
Consistently, TEM analyses (Fig 2B) showed that nanoparticles 
retained their multi-compartment micellar structure after 5 
months when maintained at 4°C.
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Table 2 Nanoparticle tracking analysis of DNA-free and DNA-loaded 
(HR)3gT MCM-NPs.

 

Fig. 2 Stability of (HR)3gT MCM-NPs. From top to bottom: (A) 
DLS over 150 days, and (B) TEM after 150 days for (HR)3gT MCM-
NPs, 22nt ssDNA-loaded (HR)3gT MCM-NPs, 22bp dsDNA-loaded 
(HR)3gT MCM-NPs, 100nt ssDNA-loaded (HR)3gT MCM-NPs, and 
100bp dsDNA-loaded (HR)3gT MCM-NPs. Scale bars=200 nm.

However, after 5 h at 37°C, DNA-free and DNA-loaded (HR)3gT 
MCM-NPs had disassembled into smaller MCMs and/or indi-
vidual micelles (Fig. 3). TEM images after 24 h at 37°C revealed 
that disassembly continues over time.

All peptide MCM-NPs exhibited a similar trend in the change 
of their structure and size, independent of the length and type 
(single or double stranded) of the entrapped DNA.

Conclusion and outlook
Critical amino acid extensions and modifications in the hy-
drophilic and hydrophobic domain of the newly synthesized 
amphiphilic (HR)3gT enabled successful entrapment of single- 
and double-stranded DNA sequences of 100 nucleotides. DNA 
were entrapped inside NPs during the self-assembly process 
and formation of the  multi-compartment micellar nanopar-
ticles.  The analysis of the molecular properties of (HR)3gT 
MCM-NPs in the presence of different DNA cargoes indicates 
that the entrapment is primarily governed by electrostatic in-
teractions between DNA and peptide. Our future efforts are 
directed towards  modifications of the peptide design to ulti-
mately obtain a safe and efficient peptide-based delivery nano-
system for entire protein-encoding genes.

Fig. 3 TEM micrographs of (HR)3gT MCM-NPs with different DNA 
loads after (A) 5 h incubation, and (B) 24 h incubation at 37°C. Scale 
bars=200 nm.   
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Understanding phonon propagation in nano-
devices
Project P1607: Understanding and engineering of phonon propagation in nanodevices by employing energy 
resolved phonon emission and adsorption spectroscopy
Project Leader: I. Zardo and C. Schönenberger
Collaborators:  L. Gubser (SNI PhD Student), M. Nilsson, A. Baumgartner, F.  Thomas, C. Jünger, G. Fülop, L. 
Sorba (Pisa), and V. Zannier (Pisa)

Introduction
During the last few decades, research has improved our 
knowledge and control over electrons and photons, enabling 
impressing advances for electronic and optoelectronic appli-
cations. The same degree of control is still lacking for pho-
nons. The ability to manipulate phonons and phonon trans-
port 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] and to realize logic gates [2]. 

The goal of the project is twofold. First, efficient phonon emit-
ters and detectors have to be developed. Second, the devel-
oped devices can then be used to investigate and engineer 
phonon band structures. To realize the former, inelastic tun-
neling through the states of a double quantum dot shall be 
used as phonon emitter and detector.

DQD phonon emitter/detector
The group of Jason Petta has demonstrated a maser driven 
by single-electron tunneling through a double quantum dot 
(DQD) in a semiconducting nanowire (NW) [3]. Such a device is 
based on inelastic tunneling through the energy states of the 
two QDs, when the system is driven by an applied bias voltage.  

A schematic of the proposed DQD structure is presented in 
figure 1.  Under an applied bias, an electron undergoes three 
subsequent tunnel transitions: i) from source to eigenstate ε1 
of QD1; ii) from ε1 to ε2 in QD2; iii) from ε2 to drain. 

Fig. 1 Illustration of (a) a phonon emitter and (b) detector using a 
double quantum dot (DQD). Driven by an applied bias, inelastic tun-
neling is used to either emit or detect phonons. (c) Schematic of an 
invisaged device. Inside the semiconducting nanowire two double 
quantum dots (light blue) are defined by local bottom gates (red). 
Phonons are then generated by an applied bias through source (S)-
drain (D) contacts in the left DQD system and detected by measuring 
the voltage in the right DQD. 

Inelastic tunneling takes place if the energy levels are detuned 
(ε1 ≠ ε2). The electron will then tunnel through the DQD emit-
ting/absorbing a particle (a photon or a phonon) able to ac-
count for the energy difference. When ε1 > ε2, tunneling can 
only take place if such a particle is emitted. Hence, the device 
acts as a photon or phonon emitter.  Analogously, when ε2 > 
ε1, tunneling can only take place if a particle is simultaneously 
absorbed. The device now acts as a detector. 

In the work of Petta et al. [3], the DQD system was coupled to 
a microwave cavity, as their interest was focused on photon 
emission and absorption. In absence of such a cavity emission/
absorption of phonons is expected to be dominate. This makes 
the DQD system an excellent choice to emit and detect mono-
chromatic phonons.

Two barrier NW measurements
While QDs are often defined by narrow gate lines, this ap-
proach does not allow for a strong confinement with QD ei-
genstates that are separated by > 1 meV. Instead we use QDs 
that are defined by an InAs/InP nanowire heterostructure (Fig. 
2). This approach allows for very small QDs with a large level 
spacing [4], see figure 2.

Fig. 2 Transmission electron microscope image of the InAs wires with 
symmetric InP barriers. Due to the difference in bandgap of the mate-
rials (InAs: 0.354 eV; InP: 1.344 eV) tunnel barriers are formed. Two 
barriers define a single quantum dot (a), whereas three barriers form 
a double quantum dot (b).

Electrical characterization of the QD formed in the two bar-
rier NW using a two terminal contact design has been per-
formed in collaboration with F. Thomas and C. Jünger. By ana-
lyzing the Coulomb resonance line shape from the few to the 
many electron regime, electrically tunable tunnel couplings 
from <1 μeV to > 600 μeV were found, showing a transition 
from the temperature to the lifetime broadened regime.

From the transition between these regimes the barrier height 
could be extracted as ~350 meV. Investigating the tunnel bar-
riers and their asymmetry, yields an asymmetry close to 1, 
showing the remarkably symmetry of the tunnel barriers in 
a regime, where semiconducting lead states are not strongly 
modulating the density of states. These results were recently 
accepted for publication [5].

Three barrier NW measurements
Initial electrical transport measurements performed on the 
three barrier NWs only showed indication of a strongly cou-
pled double dot. To decrease the inter dot coupling between 
the designed QDs, the thickness of the middle InP segment 
was increased during growth. 

Additionally the device fabrication was optimized, adding fur-
ther side gates and decreasing their distance to the NW. The 
decreased distance increases the gate lever arm on the chem-
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ical potential. The additional gates increase the tuneability of 
the potential landscape, as well as provide some screening of 
the electric field from the other gates, increasing the selectiv-
ity of the QD tuning side gates. 

The combination of these optimization processes, allowed us 
to reach the weakly coupled regime of the DQD defined in the 
three barrier NW (Fig. 3).

Fig. 3 (a) Scanning electron microscope image of a device consisting 
of an InAs nanowire with three in situ grown InP tunnel barriers of 
length 5.2, 6.8, 5.4 nm, separated by 19 nm of InAs forming the QDs. 
The NW is contacted by two Ti/Au (S/D) contacts (distanced 150 nm 
from the QDs) using sulphur passivation [6].  Three side gates (SG) 
are present at a nominal distance of 70 nm to the NW.  The doped Si/
SiO2 substrate acts as a global back gate. (b) Differential conductance 
measurement as a function of SG1 and SG2 at 4 mV DC bias at 4 K. 
The remaining gates were at a constant voltage of VBG = -3 V, VSG3 
= 0 V

From the charge stability measurements performed at 4 K and 
at a constant DC bias of 4mV, the charging energy of both QDs, 
EC1 = 7.9 meV, EC2 =8 meV, as well as the inter dot charging 
energy, ECM = 2 meV, can be extracted. As there are clearly 
visible excited state lines within the bias triangles, the single 
particle energy spacing can also be determined to be ~1.2 meV.

Outlook
Being able to reliably tune the DQD in the three barrier NWs 
allows for first experiments probing phonon interaction to be 
performed. The DQD will be used as a phonon detector, while 
the phonon emission will still be provided by other means, 
e.g. heating and/or optical excitation. 

References

[1] B. Li, L. Wang, G. Casati, Negative differential thermal 
resistance and thermal transistor, Appl. Phys. Lett. 88, 
143501 (2006)

[2] L. Wang, B. Li, Thermal Logic Gates: Computation with 
Phonons, Phys. Rev. Lett. 99, 177208 (2007)

[3] Y.-Y. Liu, J. Stehlik, C. Eichler, M. J. Gullans, J. M. Tay-
lor, J. R. Petta, Semiconductor double quantum dot mi-
cromaser, Science  347(6219), 285-287 (2015)

[4] S. Roddaro, A. Pescaglini, d. Ercolani, L. Sorba, F. Bel-
tram, Manipulation of Electron Orbitals in Hard-Wall 
InAs/InP Nanowire Quantum Dots, Nano Lett., 11(4), 
1695-169 (2011)

[5] F. Thomas, A. Baumgartner, L. Gubser, C. Juenger, G. 
Fülöp, M. Nilsson, F. Rossi, V. Zannier, L. Sorba, C. 
Schönenberger, Highly symmetric and tunable tunnel 
couplings in InAs/InP nanowire heterostructure quan-
tum dots, Nanotechnology 31, 135003 (2020)

[6] D. B. Suyatin, C. Thelander, M. T. Björk, I. Maximov, L. 
Samuelson, Sulfur passivation for ohmic contact for-
mation to InAs nanowires, Nanotechnology 18, 105307 
(2007) 



40

Towards few layer semiconducting MoS2 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. C. Sampaio, K. Watanabe, and T. Taniguchi

Introduction
Many transition metal dichalcogenides (TMDCs) grow as stacks 
of atomically thin layers with a large variety of interesting op-
tical and electronic properties. Examples are a valley degree 
of freedom potentially useful as quantum bits [1], strong elec-
tron-electron and spin orbit interaction (SOI), or the formation 
of topologically non-trivial phases. One of the most promising 
materials is the semiconductor MoS2, with a high mobility and 
large mean free path, necessary for gate-defined nanostruc-
tures. In this project, we aim to establish such semiconductors 
as a versatile electronics platform in combination with super-
conducting contacts to investigate fundamental physical phe-
nomena, like Majorana fermions or exotic Josephson effects in 
materials with strong SOI.

The main obstacle for achieving these goals are reliable, 
strongly coupled electrical contacts to the semiconductor. 
Conventional fabrication methods do not provide low resis-
tance contacts to TMDCs [2], mainly due to contaminations of 
the material interfaces in the fabrication process. The main 
technical goal in this project therefore is to explore different 
fabrication methods, including bottom [3], Van der Waals [4], 
and vertical interconnect access (VIA) contacts [5], and to find 
fabrication processes compatible with superconducting mate-
rials.

In the previous reporting period we have demonstrated MoS2 
with superconducting MoRe bottom contacts, with a state-of-
the-art low contact resistance-area products (RAPs) of ~25 kΩ. 
µm2, assuming a scaling with the contact area. However, we 
could not find any conclusive signatures of a superconducting 
proximity effect, nor Shubnikov-de Haas oscillation (SdH) in a 
magnetic field, commonly taken as an indicator for high qual-
ity materials. In this reporting period, we therefore focused on 
the other two fabrication methods.

Superconducting Van der Waals contacts 
NbSe2 is a layered TMDC which shows Ising type superconduc-
tivity down to monolayers [6] used as contact material to other 
TMDCs [4]. We developed a novel method to fabricate short 
channel devices with NbSe2 contacts, as illustrated in the in-
set of figure 1. We first use a single layer of graphene to pick 
up a suitable NbSe2 flake. This heterostructure is then depos-
ited on three gold bottom contacts developed in the previous 
phase. Between two of the contacts (2 and 3), we open a 200 
nm wide trench in the NbSe2 stack over which an MoS2 flake 
is deposited. A topgate with a ~20 nm layer hexagonal boron 
nitride (hBN) allows for additional electrical tunability. Figure 
1a shows the conductance G=I13/V23, determined by the current 
driven from contact 1 to 3 and the voltage built up between 
2 and 3. These measurements were performed in a dilution 
refrigerator at a base temperature of 50 mK.

Using standard transport models to analyse the measured data, 
for example shown in figure 1, result in state of the art elec-
tron mobilities of ~5000 cm2/Vs, typical RAPs of ~10 kΩ.µm2, 
and clear SdH oscillations. These findings demonstrate that 
our MoS2 crystals are of adequate quality and that this fabri-
cation technique is compatible with high quality electronic 
devices. However, while the NbSe2 transport between contacts 
1 and 2 exhibits a clear superconducting transition at a mag-

netic field of B=~1T, we could not find any clear signatures of 
superconductivity in the MoS2 junction, possibly related to the 
graphene contact layer.  

 
Fig. 1 a) Conductance G as a function of the topgate voltage VTG. 
Inset: schematic of the device. b) Variation in G vs. the inverse of the 
magnetic field, showing periodic SdH oscillations.

VIA contacts of normal metals to MoS2
In the VIA method one deposits prefabricated electrical con-
tacts directly onto the active material, without fabrication 
steps that expose the interfaces to air or chemicals used in 
the fabrication. In practice, we open contact areas in selected 
hBN flakes, which are then filled with the contact material. 
Here, with gold as a test material, which forms the vertical 
interconnect through the hBN. This contact layer is then re-
moved from the substrate and used to sequentially pick up the 
MoS2, the bottom hBN, and a bottom graphite layer used as a 
backgate, all done in an inert gas atmosphere. The resulting 
structure is shown schematically in the inset of figure 2a. The 
interconnect areas are then electrically connected to bonding 
pads using a separate standard lithography step.
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Fig. 2 a) Two and three terminal differential conductance as a func-
tion of the backgate voltage VBG. Inset: schematic of a VIA contacted 
device. b) Differential resistance dV12/dI32 with a smooth background 
subtracted vs. VBG and a perpendicular magnetic field B.

Two types of multi-terminal differential conductances are plot-
ted in figure 2a as a function of the backgate voltage, showing 
the expected n-type semiconductor characteristics. The lowest 
contact RAP is ~16 kΩ.µm2, suggesting high quality Au con-
tacts. The magnetotransport measurements shown in figure 
2b exhibit very clear SdH oscillations, suggesting a high MoS2 
quality, with a mobility of ~3000 cm2/Vs and a mean free path 
of ~180 nm, compatible with future gate-defined nanostruc-
tures. Most interestingly, we find two sets of SdH resonances 
(Landau fans) with different subband energies, which exhibit 
strong anti-crossings. These findings are not expected and pos-
sibly related to a large SOI energy [3] or strong electron-elec-
tron interactions [7].

Summary and Outlook
We find very promising preliminary results for devices fabri-
cated using the VIA method, which we will now try to com-
bine with superconducting contact materials. The Van der 
Waals heterostructure contacts might be further investigated 
as well, but since it is of rather little versatility, they will not 
be the focus of our work.
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Grayscale lithography for 3D microfluidics towards 
the diagnosis of Parkinson’s disease
Project P1702: Single organelle size sorting by a nanofluidic device 
Project Leader: Y. Ekinci and H. Stahlberg
Collaborator: T. Mortelmans (SNI PhD Student)

Research context
Despite the substantial progress made towards the unravel-
ing the multi-faceted disease pathology of Parkinson’s disease, 
as of today, the exact cause of the disease still has to be con-
firmed [1]. Moreover, in a clinical setting, it is not always pos-
sible to diagnose the disease at an early stage of development. 
This causes a delay between disease onset and treatment. 
Also, it should be pointed out that there is no curative ther-
apy available [2]. Therefore, it is of great importance to further 
ameliorate our understanding of the disease progression and 
pinpoint its origin.  

The role of mitochondrial dysfunction in the onset of Parkin-
son’s disease has been well-established [3–5]. In addition, it is 
suggested that there is a shift in their size and density dis-
tribution attributed to mitochondrial alterations [6]. As such, 
a device that can enable a fast and simple method to quan-
tify these changes would provide researchers with valuable 
insights to understand the underlying bio-mechanisms and 
eventually could be used for diagnosis purposes. Nevertheless, 
fabrication of such a device is challenging and requires the 3D 
fabrication techniques on nanoscale.

In this annual report, the first steps towards the fabrication of 
a 3D microfluidic device are outlined. Firstly, grayscale e-beam 
lithography (g-EBL) was explored as a technique to pattern 3D 
shapes by exposing PMMA 950K, which is a high molecular 
weight polymer resist. Secondly, nano-imprint lithography 
(NIL) was used to replicate the 3D profile in a low-cost free-
standing PMMA film. The obtained protocol paves the way for 
increasing the throughput of the device fabrication and possi-
ble elucidation of neurodegenerative disease profiles.

Results and discussion
A key difference between standard binary lithography and 
grayscale lithography is the behavior of the resist material. In 
binary lithography, a high-contrast is wanted, whereas in gray-
scale lithography, a linear relationship between exposure dose 
and development rate is of importance [7]. This dose-response 
behavior for a given resist material is called the contrast curve 
and allows us to correlate our designed 3D shape with actual 
electron doses.

Firstly, as g-EBL has mostly been used in the sub-micron re-
gime [8] and mitochondrial sizes are in the micrometer re-
gime [9], we had to extend its use towards the patterning 
of structures which are several micrometers in height. To 
achieve this, two test patterns with 14 z-steps were used: a 
pie-shape and a dome. After extensive optimization, we were 
able to reproducibly achieve a total z-span of 4 µm (Fig. 1) with 
excellent vertical resolution. The achieved results will enable 
g-EBL to be used for applications in various scientific research 
fields with a need for 3D micro-structuring.

It should be noted that g-EBL is an accurate and versatile tech-
nique, but as it is a direct-write technique, it inherently has 
a low-throughput, making it unsuitable for cost-effective mi-
crofluidic device fabrication. To address this issue, the preci-
sion of g-EBL was combined with scalability of NIL. Firstly, a 
microfluidic channel containing a 3D wedge was patterned in 
PMMA 950K and its topography was characterized with a pro-

filometer (Dektak, Veeco; Fig. 2). The required height variation 
of 2.5 µm was accurately obtained over a channel length of 
1 mm. The wedge has small amounts of inherent roughness, 
which are possibly attributed due to minute fluctuations in 
exposure dose. Nevertheless, we have achieved almost nano-
meter control over the height profile on a millimeter scale.

Subsequently, to enable NIL, a negative copy (stamp) of the 
3D structure was made by using OrmoStamp (MicroResist) in 
combination with conventional replication procedures [10, 
11].  Next, the stamp was used to thermally imprint the wedge 
structure into a free-standing film of PMMA and the resulting 
profile was compared to the original e-beam pattern (Fig. 2). It 
can be seen that there are slight variations in the profile, but 
the 3D profile is largely maintained, evidencing the success of 
the combination of g-EBL and NIL.

Fig. 2 Staircase profile in the e-beam resist (PMMA 950K) in the 
Ormostamp master and in a free-standing PMMA film.

To finalize the fabrication of the 3D PMMA microfluidic device, 
the patterned channel was bonded to a pristine PMMA sheet 
by combining UV (173 nm)/ozone-mediated surface activation 
with thermal bonding (Fig. 3). However, because of the 3D pro-
file in the channel, the distance between the two PMMA layers 
is continuously decreasing and renders the channel prone to 
collapse. To prevent this, a supporting semi-hexagonal pillar 
array was incorporated in the channel and collapse-free bond-

Fig. 1 AFM images of a 4 µm high pie-shape (left) and dome (right) 
in PMMA 950K fabricated with g-EBL. The inset of the figures shows 
a graphical representation of the designed shape.
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ing was achieved as can be seen in figure 3. Furthermore, be-
cause of the 3D channel topography a thin film interference 
effect can be seen, which is evidenced by alternating lines of 
different colors.  

Fig. 3 Light microscopy image of a bonded 3D PMMA microfluidic 
device with supporting pillars with a diameter of 20 µm and a 40 µm 
pitch.

To summarize, the presented fabrication method, which com-
bines g-EBL and NIL, allows for 3D structures to be rapidly syn-
thesized and increases the cost-effectiveness of the fabrication 
procedure. For future work, the trapping abilities of the 3D 
microfluidic device will be evaluated using polystyrene beads, 
after which we will progress towards the monitoring of single 
organelle changes in neural cells affected by Parkinson’s dis-
ease to unravel unknown pathophysiological mechanisms of 
the disease. 
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Directed evolution of affinity proteins for 
biomedical applications
Project P1704: Evolving protease enzymes with new sequence specificity using peptide-hydrogel cell encapsu-
lation
Project Leader: M. Nash and S. Reddy
Collaborator: J. López Morales (SNI PhD Student)

During biological evolution, iterated mutation and natural se-
lection provide solutions for challenges that organisms face in 
the natural world. However, the traits that result from natural 
selection only occasionally overlap with features of biomole-
cules that are sought by humans for engineering applications 
and/or therapeutic purposes. In order to guide molecular evo-
lution and access useful artificial properties more frequently, 
directed evolution in the laboratory has been used to mimic 
natural evolution. Here, a diverse library of genes is translated 
into a corresponding library of proteins and screened/selected 
for functional variants in a manner that maintains the cor-
respondence between genotype (genes) and a desired pheno-
type (proteins and their functions). These functional mutant 
genes are replicated and serve as starting points for subse-
quent rounds of diversification and screening. Over many 
generations, these beneficial mutations accumulate, resulting 
in a successively improved phenotype for specific biological 
events. Here, we aim to enhance protein receptor-ligand inter-
actions using directed evolution to improve mechanical prop-
erties of molecules  for biomedical applications.

Firstly, a specific Cohesin domain (Coh) was chosen as a mo-
lecular template. It has been reported to form a complex with 
its corresponding ligand with outstanding stability and it is 
also highly resistant to unfolding under mechanical tension. 
The biophysical properties of the Coh domain, such as high 
thermal stability, and resistance to chemical and proteolytic 
denaturation [1, 2], along with its small size, and ease of pro-
duction in large quantities can, therefore, be considered ideal 
for developing a biomedically relevant binding scaffold.

Secondly, a bioinformatic-guided design aided the construc-
tion of Coh mutant libraries to accelerate and improve the 
possibilities of finding optimal hits during a directed evolu-
tion campaign by focusing the diversity on specific regions of 
the protein to maintain the desired properties. Three librar-
ies were then created following the guided output using oli-
go-based in vitro gene assembly coupled to overlap extension 
polymerase chain reactions (PCRs): a naive library, where the 
loops of interest were randomly mutated; a focused library, 
where only certain positions in the loops were randomized 
in a highly precise way and an error-prone library, where 
identified foreign loops that have a strong interaction with 
a therapeutic target were grafted into the scaffold and finally 
the whole gene sequence was randomly mutagenized. These 
libraries offer different but complementary scenarios for the 
most efficient directed evolution of a Coh scaffold with new 
properties (Fig. 1).

Besides, yeast cells were employed as the carrier organism of 
mutant Coh libraries due to the high efficiency of homolo-
gous recombination exploited for in vivo library cloning, their 
widespread use for directed evolution, and their easy manipu-
lation during force analysis and measurements, used in com-
bination with yeast surface display as part of the screening 
method. 

The yeast surface display system consists of genetically en-
coded mutant library plasmids thermo-chemically introduced 
into yeast cells that expose the C-terminal part of the anchor-
ing protein AGA2 and the mutant construct fusion to the me-

dium. The displayed construct contains different peptide se-
quences that can be labeled with fluorescent antibodies for 
imaging and flow cytometric analysis. Furthermore, the high 
throughput screening (HTS) method then takes advantage of 
single-cell analysis of labeled libraries and their interaction 
with a labeled ligand of interest [3]. 

Fig. 1 Cohesin libraries design. Bioinformatic analysis of intrinsi-
cally disordered regions in the framework of Coh guided the genera-
tion of mutations in specific amino acid positions in exposed loops for 
binding activity. Three different libraries were created and consist of 
fully randomized loops, site-directed mutagenesis on restricted posi-
tions and finally full gene randomization after grafting foreign loops. 
Exposed positions in the selected loops are more prone to mutations 
while maintaining the mechanical properties of the Coh scaffold. 

In the present work, a biological ligand with strong therapeu-
tic potential that can be mechanically improved is fibrin, the 
mayor protein constituting thrombi during blood clotting. Fi-
brin is a human biopolymer that originates from the proteo-
lytic digestion by thrombin of soluble fibrinogen, after which, 
processed fibrin monomers polymerize laterally to form insol-
uble protofibrils. Later, these fibrils are covalently crosslinked 
and form a 3D matrix that will entrap blood cells and clotting 
factors in response to a bleeding event. However, the insolu-
ble nature of polymerized fibrin renders its usage highly chal-
lenging as a ligand for biomedical developments. Therefore, 
a soluble model of fibrin was prepared and labeled for its ap-
plication in FACS against Coh libraries. Shortly, a human clot 
was prepared at physiological conditions and degraded with 
plasmin until the formation of degradation complexes was 
observed. The DD(E) fragment is a complex that contains the 
crosslinked sites of fibrin monomers and structurally resem-
bles fibrin. Consequently, the DD(E) fragment was produced, 
purified and conjugated to a fluorescent marker to function as 
a soluble model of fibrin.
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Furthermore, labeled mutant libraries displayed on yeast cells 
were incubated with labeled DD(E) ligand (Fig. 2), screened for 
binding interactions, and isolated using differential FACS in 
several rounds at decreasing concentrations of ligand. After 
several rounds of sorting, the enriched population of mutants 
with high specificity for fibrin will undergo three rounds of 
mutagenesis to maturate their affinity.  

Fig. 2 FACS screening of fibrin binders. Coh mutant libraries were 
displayed and labeled on yeast cells (red), incubated with AF488-
DD(E) (green) at varying concentrations and sorted by FACS using 
a SONY MH900 cell sorter when doubly labeled cells were observed. 
Positive interactions between controls and libraries with the labeled 
ligand shift the displaying population diagonally to the right, allow-
ing the proper gating and sorting of positive binders.

Finally, selected variants will be analyzed by atomic force 
microscopy-based-single molecule force spectroscopy (AFM-
SMFS), where ligands of interest will be functionalized on 
a surface and the mutant Coh will be functionalized onto 
a cantilever [4]. Then the protein complex with the highest 
mechanical strength can be further analyzed with different 
pulling geometries and finally coupled to different biomedical 
applications. 

We hypothesize that this strategy will yield a novel domain 
with a high affinity for a relevant ligand and with overall en-
hanced stability properties, making it the first binder domain 
with ameliorated mechanical features. Moreover, we envision 
that the outcome of this project will offer a molecule with 
biomedical impact in diseases that currently lack treatments 
or diagnosis tools, and an efficient platform for directed evo-
lution of proteins within the rising field of mechanobiology.
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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 
production of chemicals but designing and opti-
mizing catalysts with high activity and selectivity 
rank among the most challenging tasks in syn-
thetic 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 expand-
ing 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. Di-
rected evolution is a powerful tool for generating 
enzymes with desired properties [2]. Its success 
relies heavily on the efficiency of screening meth-
ods for the identification of desired variants. Cur-
rent methods allow the analysis of many variants 
while relying on optical (fluorescent) readouts [4]. 
However, an optical readout is usually not eas-
ily related to the outcome of a practically useful 
chemical reaction. Alternatively, label-free analy-
sis methods, such as mass spectrometry (MS), can 
directly analyze products of useful chemical reac-
tions but are currently slow and destructive. As 
a consequence, they require elaborate workflows 
to separately store genetic information that can 
be retrieved in case of success.

To overcome this fundamental problem dichot-
omy, we are developing a novel high-throughput 
screening (HTS) method that [i] addresses the speed issue by 
coupling droplet-based microfluidics with MALDI MS and [ii] 
compensates the destructiveness of MS analysis by co-analyz-
ing unique peptide barcodes that maintain the genotype-phe-
notype linkage. In figure 1, an overview of the method is illus-
trated.  Firstly, a library of unique DNA and peptide barcode 
combinations is generated, which is identified via next gener-
ation 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 com-
petent cells, followed by single cell droplet encapsulation (Fig. 
1.1), droplet spotting onto a picolitre array and cell lysis (Fig. 
1.2). After in vitro transcription/translation, each sample is 
incubated with candidate substrate(s) and cofactor(s) (Fig. 1.2) 
and the reaction is analyzed by MALDI-TOF MS. The mass spec-
trum of each sample delivers information about the product 
amount or distribution, but also its unique identity via the 
peptide barcode (Fig. 1.3). 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. 1.4).

Designing the peptide barcode library
The peptide barcodes uniquely identify each variant. There-
fore, they are encoded on the same replicon that encodes the 
enzyme variant, ensuring their presence in a suitable com-

partment. Moreover, their sequence should allow the produc-
tion of a robust and unique mass signal that can be unambig-
uously linked to a unique DNA barcode and subsequently to a 
unique enzyme variant.  

Towards that direction, a python script was generated that al-
lows the design of a large number of peptide barcodes. The 
input parameters included the length profile and sequence 
composition of the peptides. More specifically, the generated 
peptide barcodes are between 10-16 amino acid long and are 
devoid of methionines and cysteines which cause oxidation 
and cross-linking. They also carry at least one proline residue 
to facilitate peptide sequencing via collision-induced fragmen-
tation (CID). Moreover, they contain one basic amino-acid at 
the C-terminus to improve ionization. Although basicity in-
creases ionization efficiency, hydrophilicity has the reverse 
effect and therefore, the peptide sequence is devoid of basic 
residues at central positions. 

Subsequently, the generated peptides were analysed in silico 
for their detectability, an analysis that was based exclusively 
on their amino acid sequences. The final set of peptides will 
be tested experimentally for their ability to be expressed effi-
ciently and to produce robust and unique mass signals.

Fig. 1 Simplified overview of the proposed HTS method. For further 
details, refer to text. db: DNA barcode; pb: peptide barcode; S: sub-
strate; P: product; SP: side-product; arrow: promoter
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Co-expression of peptide barcode & enzyme
The proposed method rests on the quasi-concomitant detec-
tion of a peptide barcode and the reaction product in the 
MS-signal. Consequently, we need to ensure that both peptide 
barcodes and enzyme variants are expressed sufficiently. Al-
though recombinant protein synthesis in E. coli is a standard 
method in genetic engineering, the synthesis of short pep-
tides is not; short peptides are an important nutrient source 
in  E. coli  and are easily targeted by endogenous peptidases. 
This problem is currently tackled by attaching the B1 domain 
of Streptococcal protein G (GB1) at the N-terminus of the pep-
tide barcode. This small fusion partner is known to increase 
peptide solubility and expression level, while it protects the 
fused peptide from degradation [5]. 

Moreover, to ensure efficient peptide and protein synthesis, 
we have investigated how the relative position of the peptide 
gene to the gene of the enzyme variant influences the expres-
sion of both genes. Five modular constructs were designed 
implementing different possibilities to co-produced peptide 
and protein and were tested against different expression 
conditions. Subsequently, we concluded that the gene of the 
peptide will be positioned downstream of the enzyme variant 
gene, and that both genes will be under the control of two 
different promoters. That is to eliminate any influence of the 
peptide barcode expression into the enzyme variant expres-
sion levels.

In order to test the expression levels of each peptide barcode 
individually, a sixth modular construct was designed in which 
the gene of the peptide barcode is linked via a translational 
coupling cassette (TCC) to the gene of the green fluorescent 
protein (gfp). The TCC is encoding a mRNA sequence that 
forms a secondary structure in the absence of translation and 
contains the translational start sequence of gfp. Only when 
the upstream peptide barcode gene is fully translated, the 
secondary structure is resolved, allowing the translation of 
gfp and therefore, fluorescence to be observed. Moreover, the 
fluorescent signal is proportional to the expression level of 
the upstream peptide barcode that is analysed each time. This 
system is now being tested and it will allow the characterisa-
tion of the expression levels of every peptide barcode present 
in the library. Only the peptides that are expressed efficiently 
will be tested for their ability to produce unique and robust 
mass signals.

Designing the DNA barcode library
While the peptide barcode uniquely identifies the variant that 
was analyzed, the sample that was assayed is destroyed in the 
process and with it the improved enzyme variant and its en-
coding gene (located on a plasmid). To retrieve the primary 
structure of the enzyme, we need to map the peptide barcode 
information back to the specific plasmid from which it origi-
nated and which is still available from a duplicate of the plas-
mid library.  In this direction, each peptide barcode is co-lo-
calized on the same plasmid with two unique DNA sequences 
that flank the gene template of the enzyme variant (Fig. 1.4). 

In an initial proof-of-principle experiment, we confirmed our 
ability to retrieve a specific gene from a pool of similar genes. 
More specifically, a pool of DNA barcodes that flank gfp was 
generated. The DNA barcodes were random 30bp nucleotide 
sequences with similar GC content ensuring a high theoretical 
diversity and that for each DNA barcode two primers with sim-
ilar melting temperature can be designed. Subsequently, the 
gene for yellow fluorescent protein (yfp) flanked with specific 
DNA barcodes was mixed in different ratios with the DNA bar-
coded gfp pool and was each time successfully and selectively 
retrieved. The two genes differ only in five point mutations, so 
we can safely assume that our power to selectively retrieve the 
yfp gene is not influenced by the gene sequence. In contrast, 
the gene products can be easily told apart due to their differ-
ent fluorescence properties. 

The success of a selective retrieval relies heavily on the ability 
to design primers that would bind only to the DNA barcode 
that is uniquely associated with a desired variant. In order to 
have more control on the DNA barcode design and to its cor-
responding PCR primers, a python script was written which 
generates DNA barcodes of a defined length, GC content and 
homopolymer length, as well as Levenshtein distance (the 
minimum number of insertions, deletions or substitutions 
that can transform one DNA barcode to another). The gener-
ated DNA barcodes will now be tested for the ability to selec-
tively retrieve a desired variant.
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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 microscopy 
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 re-
places 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 re-
cently demonstrated the potential and versatility of this ap-
proach. In our own lab, we have demonstrated 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 fundamen-
tal studies into the hybridization of different physical quan-
tities, such as light and mechanical motion. Such hybrid sys-
tems form a promising platform to implement measurements 
operating at the limits imposed by quantum uncertainty and 
quantum non-demolition measurements. They may also al-
low investigation of quantum decoherence mechanisms, en-
tanglement, and ultimately the transition from quantum to 
classical physics. We focus on two types of particularly inter-
esting hybrid structures: nanowire heterostructures and 2D 
membranes with defects. Both systems can combine excellent 
mechanical properties with bright optically active qubits in 
the form of embedded quantum dots or crystal defects. These 
qubits themselves already form interesting objects of study, as 
they are potentially very sensitive meters of localized electric 
and strain fields [2]. Moreover, when coupled to a mechanical 
degree of freedom, qubits can through their nonlinear charac-
ter generate very 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 re-
gimes dominated by quantum effects, by improving optical 
excitation and detection of the mechanical resonator and em-
bedded 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. More-
over, such a cavity allows to strongly couple the motion as 
well as quantum emitters to the cavity light field. In particu-
lar, 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 obser-
vation and utilization of quantum states of motion.

2: Implement resonant excitation of quantum emitters in a 
force microscopy setup. This will significantly reduce the op-
tical linewidth of the dots and should allow for mechanical 
displacement sensitivity reaching the Heisenberg uncertainty 
limit. 

Optical Setup
In the first year, we have constructed an optical setup that 
serves as the basic platform for our experiments. The main 
elements of the setup are a highly tunable laser, two dou-
ble-pass acousto-optic modulator units, and two low-noise 
photodiodes. The setup allows to insert two beams of light 
into an optical cavity with tunable frequency difference be-
tween the beams. The cavity can be measured through reflec-
tion or transmission. This will enable basic optomechanical 
experiments, such as optical cooling of a mechanical oscil-
lator, as well as basic cavity QED experiments, allowing the 
measurement of a tri-partite hybrid system.

Fig. 1 A photograph of our fiber Fabry-Perot cavity. Two fiber-based 
ablated concave mirrors face each other in an alignment rig, creating 
an optical cavity between the front facets.

This year, we have used this optical setup to characterize first 
fiber-based Fabry-Perot cavities (Fig. 1), showing optical fi-
nesses of over 10000. In addition, we have added an electro-op-
tic modulator and a fast photodetector to our setup, enabling 
us to perform Pound-Drever-Hall stabilization of the cavity 
length.

Membranes
As a first step towards creating a tri-partite hybrid system, we 
have started working with membranes made from flakes of 
two-dimensional materials. In particular, we focus on mem-
branes 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]. Furthermore, hBN 
membranes are mechanical oscillators with favorable fre-
quencies (MHz regime), low mass, and high quality factors. 
Finally, hBN can be etched directly by electron beams, allow-
ing for straightforward patterning of flakes. This would for 
instance allow the fabrication of photonic crystals, trampoline 
resonators, or venting holes on the membranes.  

For the defects to form, additional fabrication steps are nec-
essary. The simplest approach is to anneal the hBN flakes at 
high temperature, resulting in defects located at edges of the 
flakes. Using this method, we were able to observe several of 
these emitters in spectroscopy measurements (Fig. 2).
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Fig. 2 Spectrum of an emitter found in an exfoliated and subsequently 
annealed hBN flake. The strong zero-phonon line emission is clearly 
visible next to a weak phonon sideband.

To use these flakes as mechanical resonators that can be placed 
inside our cavity, we have developed a wet transfer technique 
that allows us to place them on top of silicon nitride hole grids 
(‘Holey membranes’ manufactured by Norcada), resulting in 
hBN drum resonators (Fig. 3). 

While we were already able to observe a potential emitter at 
the edge of one of these drums, a method to implant emitters 
in a deterministic way is necessary. In particular, the emitters 
have to be placed in a location where the dynamic strain of 
the oscillator is high, and where it can be positioned well 
within the cavity field without introducing clipping losses 
caused by the silicon nitride frame. To this end, we have be-
gun to pattern holes into our drum resonators with the help 
of a focused ion beam. It has been reported that emitters form 
with high fidelity at these patterned locations [5]. We are also 
investigating the possibility of other techniques to implant 
emitters away from boundaries, such as electron irradiation 
of the hBN flakes.

Fig. 3 SEM image of a patterned hBN flake spanning across a hole in 
a silicon nitride membrane, creating a drum resonator.

All these fabrication steps introduce surface contamination 
to the sample, resulting in an increase in fluorescence back-
ground. This background can overshadow the quantum nature 
of the emitted light. We were successful in removing most of 
this background by employing a cleaning procedure based on 
UV-Ozone cleaning and annealing in air at high temperatures.

Outlook
Building on these results, our next steps will be to:

• insert an hBN flake membrane into a fiber-cased opti-
cal cavity and measure the optomechanical coupling 
strength.

• perform correlation measurements to confirm single-pho-
ton emission from hBN defects.

• measure strain-mediated coupling between hBN flake 
motion and an embedded emitter.
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First-order magnetic phase-transition of mobile 
electrons in monolayer MoS2

In a Van der Waals heterostructure, a device is constructed 
from individual monolayers, for instance graphene, hexag-
onal-BN, MoS2, and so on. These heterostructures provide a 
promising platform to study interaction-driven physics. It was 
shown that the electronic ground-state in monolayer MoS2 is 
spin-polarized at low electron densities [1], corresponding to 
the formation of a ferromagnetic state. The ferromagnetic or-
dering is driven by strong interactions between the electrons. 
At high electron densities, single-electron physics (simple 
band filling) will dominate, such that the strong magnetic or-
dering disappears and the system becomes paramagnetic. A 
phase transition can be expected between the ferromagnetic 
state at low density and the paramagnetic state at high den-
sity. The magnetization can change gradually on crossing the 
phase boundary. This behavior is classified as a “second-order” 
phase transition. Conventional ferromagnets, e. g. iron, ex-
hibit a second-order phase transition. Conversely, an abrupt 
change in magnetization is classified as a “first-order” phase 
transition. A first-order phase transition is potentially useful 
in spintronics: a small change of an experimental parameter 
causes the system to cross the phase boundary, resulting in a 
massive change in the magnetization. 

We present experimental evidence that electrons in a MoS2 
monolayer undergo a first-order phase transition between a 
ferromagnetic phase at low electron densities and a paramag-
netic phase at higher densities [2].

Here, we study the semiconducting transition-metal dichalco-
genide (TMD) monolayer MoS2. The band edges of MoS2 are 
located at the K and K’ points, see figure 1a. A circularly po-
larized σ+ (σ−) photon couples the conduction band and va-
lence band with spin-↓ (↑) at the K (K’) point, a consequence 
of strict optical selection rules. The structure of our sample 
is shown in figure 1b. An electrically contacted monolayer of 
MoS2 is encapsulated in h-BN. The charge carrier density n in 
the monolayer is capacitively controlled by applying a voltage 
to a metallic contact.

 

Fig. 1 a) Band structure of monolayer MoS2. Following strict val-
ley-selective optical selection rules, circularly polarized σ+ (σ−) 
photons address the optical transition at the K (K’) point of the Brill-
ouin zone. b) Schematic of the studied van der Waals heterostructure 
consisting of monolayer MoS2 encapsulated in h-BN.

 

Fig. 2 Photoluminescence of gated monolayer MoS2. The excitation 
with photon energy 1.959 eV is σ+ (top) or σ- (bottom), while the 
detected PL signal is σ+. The colour map shows the PL intensity at 
a perpendicular magnetic field Bz of 9 T and at a temperature of 1.6 
K. At the critical density nc there is a jump in the PL energy and the 
polarization behavior changes abruptly.

The electronic ground-state is probed optically with photolu-
minescence (PL) spectroscopy. Figure 2 shows the detected po-
larization-resolved PL as a function of electron concentration 
n. The measurement is performed at a perpendicular mag-
netic field Bz = 9 T and at a temperature of 1.6 K. The magnetic 
field Bz creates a stable spin-polarized ground-state at low elec-
tron densities [1]. At very low n, the peak labeled X0 dominates 
the PL. This resonance corresponds to the creation of a tightly 
bound electron-hole pair, the so called exciton. As n increases, 
X0 loses its oscillator strength and is replaced by a red-shifted 
trion resonance (X-). The X- consists of two electrons with oppo-
site spin and a hole. At higher densities, the X-  peak weakens 
and vanishes; it becomes unbound. The PL is then dominated 
by a broad, red-shifted peak labeled Q. Strikingly, there is no 
smooth transition between the X- and Q resonances. This is 
different to the behavior of two-dimensional electron gases in 
other 2D semiconductor systems (GaAs, CdTe). At n = nc there 
is an abrupt jump in the PL spectrum. This is the first evidence 
for a first-order phase transition. 
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The second evidence becomes apparent when studying the po-
larization of the PL. As a consequence of spin-valley locking in 
monolayer MoS2, the PL signal of excitons is polarization-pre-
serving: σ+ (σ−) polarized excitation results in a σ+ (σ−) polar-
ized PL signal, see figure 2. The Q resonance is also strongly 
polarization-preserving. On the other hand, X- is polariza-
tion-non-preserving. Excitation with σ- polarized light leads to 
a strong σ+ polarized PL (Fig. 2). The change in symmetry of 
the overall polarization behavior is also abrupt on crossing the 
critical density. 

Fig. 3 Band occupation in the ferromagnetic state (left) and the para-
magnetic state (right). At n = nc the magnetization changes abruptly. 
In the ferromagnetic phase, intravalley and intervalley exchange fa-
vors the occupation of two bands with the same spin. In the paramag-
netic phase, all four bands are occupied. 

The evolution of the ground state of the mobile electrons in 
monolayer MoS2 as a function of the density is sketched in 
figure 3. In agreement with our results, spin ordering at low 
electron densities and a first-order phase transition between a 
ferromagnetic and a paramagnetic phase has been predicted 
by recent theory [3]. 

In conclusion, we show that the magnetization in monolayer 
MoS2 can be controlled by a small change in electron density 
n, a consequence of the first-order phase transition between 
ferromagnetic and paramagnetic phases. The small change in 
n is achieved simply by a small change to a gate voltage which 
is fast and easily realizable in experiments. In a next step, the 
spin polarization may be stabilized at lower magnetic fields by 
coupling to an insulating 2D ferromagnet in a van der Waals 
heterostructure. Additionally, it would be interesting to quan-
tify and image the magnetization directly, especially upon 
crossing the phase boundary. This could be carried out with 
individual magnetic nanowires that recently have been estab-
lished as scanning magnetic force sensors [4].
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Freeform optical structure

Freeform optics
The interest for freeform optics has increased rapidly in the 
last few years. Freeform optical components are commonly 
defined as optical surfaces with no translational nor rotational 
symmetry. This symmetry removal brings advantages for im-
aging and non-imaging applications as light can be redirected 
according to patterns that are impossible to achieve with stan-
dard optical components. On the one hand, aberrations can 
be corrected, which cannot usually be with symmetric optical 
structures. Moreover, freeform optics enables one to shape 
light effectively into specific target illumination patterns for 
electronic and optical components (e.g. for sensors, wave-
guides, fibers, etc.) [1]. On the other hand, nowadays there 
is a high demand for miniaturized optical components and 
specifically for freeform microlens arrays (FMLAs) that reduce 
the amount of material, thus lowering cost and weight, while 
their compactness facilitates system integration. 

With the increasing interest in freeform structures and new 
fabrication technologies there is a high need to develop and 
improve methods for the quality control for these processes. 
Cost competitive processes of large area production first orig-
inate a master for the designed freeform structure e.g. by 
ultra-precision diamond milling which is then be replicated 
e.g. by injection molding. Both, the origination and replica-
tion, need characterization methods to ensure high quality 
freeform optics.

Design of free form micro optical structures
The step from macro to micro freeform optical components 
leads to specific design challenges, which currently limit their 
application to e.g. collimated sources and relative simple opti-
cal effects such as square/rectangular uniform illuminance dis-
tributions. We approached the design of microscopic freeform 
structures for illumination targets relevant for lighting appli-
cations. Different design methods have been proposed: ray 
mapping, SMS method, Monge-Ampere PDEs, etc.  Finally, we 
chose the raymapping method [2]. This latter method allows 
us to consider an angular variation of the light source and a 
gradual change in the spatial target illumination. 

The sketch of an exemplary freeform beam shaping lens is 
shown in figure 1. Aim is to have a defined target illumination 
as well as a light source placed at a specific working distance. 
It is then calculated how the optical structure in front of the 
light source has to be shaped. To design a free form micro 
optical structure the algorithm is adapted in order to specify 
a maximum thickness that can be accepted. Figure 2 shows 
an example of a computed freeform lens in macro and micro 
scale and the respective resulting illumination when testing 
the lens with a raytracing software.  The example case of a 
hexagon is chosen as it can be used as base to design a closely 
packed pattern FMLA. 

Fig. 1 Geometrical layout of freeform lens design [3]. A light source 
is placed at the origin S. A target illumination at a distance H is 
defined. Then point by point the shape of a surface in between is cal-
culated which guides the light rays to the defined area. 

Fig. 2 a) Raytracing of designed macro film freeform optical strac-
ture for a hexagonal target illumination. b) Resulting Illumination of 
the lens when tested with raytracing software. c) Raytracing of the 
designed microscale thin film freeform structure with the same target 
specifications. d) Resulting Illumination of the microscale freeform 
structure.
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In the design of freeform lenses for LED light sources, sev-
eral parameters must be taken into account: extended light 
sources (in contrast to point sources), different intensity distri-
butions (e.g. Lambertian, cosine, etc.), fabrication restrictions 
(e.g. no negative contact angles, thickness reduction), etc.

Characterization of free form micro optical structures 
Freeform structures in micro structures are not only challeng-
ing in their design but also require specific characterization 
methods. Macro scale optics can be analyzed by measuring 
significantly less data points as for micro scale optics. For the 
latter, the point density increases tremendously as the surface 
has smaller features that have to be modelled correctly. Macro 
freeform structures can typically be described by mathemat-
ical functions. For micro freeform structure, the surface de-
scription is often not existing but defined by data points. In or-
der to tackle these newly arising demand for characterization, 
we develop a method to link topological deviation to optical 
performance. 

The manufacturing of FMLAs with UV imprint technologies 
requires precise and effective characterization techniques 
that enable the analysis of deviations that may occur in the 
origination and replication processes [3]. The characterization 
of FMLAs is indeed not trivial, as well-known methods used 
for standard microlenses are not applicable. Freeform optics 
can have larger slopes or sharp edges that are far more diffi-
cult to measure, while the non-symmetry of freeform struc-
tures demands for different figures of merit, in order to define 
their morphology and quantify any potential deviation. We 
work therefore on the selection and improvement of the most 
suited characterization methods. The first step is to construct 
a 3D CAD model that can be used for optical simulations and 
can reproduce all surface characteristics with high fidelity and 
accurately predictable (simulated) optical performance. In a 
second step, a method is developed to link the optical perfor-
mance to the morphology, which can be eventually used to 
significantly improve the fabrication process. 

The surface of free form microoptical structures has to be mea-
sured with high precision. This can be done by contact mea-
surements with a style profilometer or non-contact methods, 
such as white light interferometry and confocal microscopy. 
The latter is a good choice for a relatively fast measurement of 
a large surface with high resolution and with view limitation 
of the slope angles. Figure 3 shows a top view of a FMLA. 

Fig. 3 Top view of a FMLA consisting of hexagonal arranged lenses 
of the same base area but of different height and slopes. The image 
is taken with a confocal microscope.

To derive a significant and suitable 3D CAD model from the 
measurements, an extremely high resolution is required, 
thus leading to a tremendous amount of data. An additional 
challenge resides in the necessity to have a model that can be 
handled by an optical software, while being very precise. Note 
that small deviations can cause large changes in the optical 
output. 

Access to such 3D CAD models enables a fast quality assess-
ment not only of the manufactured microstructures, but also 
of the subsequent replicas without the need of highly de-
manding experimental set-ups. 
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Introduction
In the human body, 150 billion out of 37 trillion cells die ev-
ery day. Prompt clearance of dead cells is crucial to maintain 
tissue homeostasis and is supported by both professional im-
mune phagocytes (macrophages, monocytes) and non-profes-
sional tissue phagocytes (epithelial cells, fibroblasts)[1]. The 
mechanisms of apoptotic cell clearance have until now been 
scarcely exploited in nano-drug development, and mainly fo-
cused on delivery to professional phagocytes. The aim of this 
project is to design a “nano” apoptotic carrier, based on top-
down designed nano apoptotic bodies, targeting both profes-
sional  immune and non-professional tissue phagocytes.  This 
is of great importance as it opens paths for drug delivery to 
both immune and epithelial cells. 

Upon stress, the cell enters an irreversible apoptotic program, 
which induces morphological changes such as cell shrinkage 
and membrane blebbing. Nucleotides such as ATP and UTP are 
released and serve as “find-me” signals to attract phagocytes 
and facilitate the engulfment [2]. Caspases also irreversibly 
cleave and deactivate the membrane protein flippase, which 
flips phosphatidylserine (PS) in viable cells from the outer to 
the inner leaflet of the membrane (Fig. 1A). Thus, along with 
membrane proteins, PS is exposed on the outer membrane of 
the apoptotic cell (Fig. 1B)[1].

Fig. 1 In viable cells, flippase actively flips phosphatidylserine (red) 
to the inner leaflet of the cell. In apoptotic cells, caspase irreversible 
inactivates flippase and activates scrambles which starts to mix PS 
to the outer leaflet [3].

PS acts as an “eat-me” signal through phosphatidylserine 
receptors (PSR) and leads to clearance of apoptotic cell/frag-
ments (efferocytosis). The T-cell immunoglobulin and mu-
cin domains 1 and 3 (TIM 1/3) and the TAM (Tyro3, Axl, and 
Mer) receptors, which belong to the tyrosine kinases, are the 
most important PSR [2]. We investigated the importance of 
the “eat-me” signal PS for cell derived nano-sized apoptotic 
bodies (ApoBDs) and a PS containing liposome formulation by 
incubation on A549 (epithelial, lung adenocarcinoma), HepG2 
(tissue, hepatocellular carcinoma) and differentiated THP-1 
(monocytic leukemia) cells. 

Material and methods
Apoptotic bodies (ApoBDs) were produced by inducing apop-
tosis in donor cell lines with the chemical vesiculation agents: 
paraformaldehyde (PFA) and dithiothreitol (DTT). The bleb-
bing process started few minutes after incubation (37°C and 
5% CO2) and ApoBDs (blebs) were harvested from the cells af-
ter 6 hours (Fig. 2A). 

Fig. 2 A: Live cell image of ApoBDs (blebs) formation of A549 cells, 
scale bar = 3 μm. B: By extrusion of a 2 μm large ApoBD around 
2500 100-120 nm small nano-sized ApoBDs were produced. C: TEM 
image of an extruded nano-sized ApoBDs, scale bar = 100 nm.

In a next step, the ApoBDs were stained with a lipophilic dye 
(DiI) and extruded through a filter with 100 nm pore size. 
Around 2500 nano-sized (100-120 n) ApoBDs are produced out 
of one 2 μm large ApoBDs (Fig. 2B). The nano-sized ApoBDs 
had a size in TEM and DLS of around 130 nm (Fig. 2C). DOPC 
and DOPC:PS (9:1 molar ratio) liposomes were produced by 
thin film hydration method followed by staining and extru-
sion through a 100 nm filter.

Results and discussion
Nano-sized ApoBDs derived from A549 and HepG2 cells, DOPC 
and DOPC:PS liposomes were incubated on A549, HepG2 and 
THP-1 cells for 15 minutes, 1, 4 and 24 hours. The uptake of 
these fluorescent labeled nanoparticles in the mentioned 
cell lines was measured by fluorescence activated cell sorting 
(FACS). The epithelial cell line A549 showed a 3-5-fold higher 
uptake of nano-sized ApoBDs compared to HepG2 and THP-1 
cells after 15 minutes, 1 and 4 hours incubation. HepG2 and 
THP-1 engulfed similar after 15 minutes and 1 hour. The high-
est uptake over all was seen in THP-1 macrophages after 24 
hours incubation. A549 and HepG2 favored DOPC:PS (positive 
control) over DOPC (negative control) liposomes, but the op-
posite was measured for THP-1 macrophages. Since THP-1 mac-
rophages are professional phagocytes, they need more signals 
than PS for internalization. Additional signals can be several 
CD factors, such as CD31 and 47, TSP-1 and apoptotic cell asso-
ciated molecular patterns (ACAMPs).[X] These results showed 
that PS, which is present in ApoBDs and DOPC:PS liposomes, is 
an important “eat-me” signal for the uptake of lipid nanopar-
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ticles in different cell lines, but that the PS alone is not suffi-
cient for recognition by professional phagocytes such as THP-1 
cells. We also found that the epithelial cell line A549 is very 
fast and efficient in clearing particles and shows high effero-
cytotic activity compared to the tissue cell line HepG2. THP-1 
macrophages are much more selective and need time for the 
internalization of PS particles but rapidly clear ApoBDs.

Fig. 3 A: Uptake of A549 and HepG2 derived nano-sized ApoBDs, 
DOPC:PS and DOPC liposomes in A549, HepG2 and THP-1 cells 
after 15 minutes, 1, 4 and 24 hours incubation. B: Uptake of fluo-
rescent labeled nanoparticles (red: DiI) in cells was also confirmed 
with CLSM.

Fig. 4 A: Uptake changed when particles were treated with annexin V 
or cells with TIM antibodies. B: Live cell imaging after 1 hour incu-
bation showed no uptake when nPMVs were treated with annexin V. 

In a next step, we used the protein annexin V, which specif-
ically binds to PS, to block the “eat-me” signal on side of the 
particles. The uptake of nano-sized ApoBDs and DOPC:PS lipo-
somes in A549 cell was reduced by 96% respectively 42%. As 
expected, the uptake of pure DOPC liposomes did not change 
after addition of annexin V. With this experiment, we showed 
that annexin V binds to PS on particles and reduces the uptake 
by blocking the “eat-me” signal.

TIM 1 and 3 antibodies were added to A549 cells prior to incu-
bation with particles in order to block the TIM receptors on 
the cells and investigate the influence on the uptake of par-
ticles. The uptake of DOPC:PS liposomes was reduced by 30 % 
when cells were treated with TIM1 antibody. In contrast, treat-
ment with TIM3 antibody did not change the internalization 
of liposomes. In this case, we still need to investigate if either 

the TIM3 receptor is not present or simply not used for the 
uptake of DOPC:PS liposomes in A549 cells. In summary, by 
using antibodies to PSR we lowered the uptake of liposomes 
because recognition of the “eat-me” signal PS was prevented.

Conclusion
We were able to produce nano-sized cell derived apoptotic 
mimics from various cancerous and non-cancerous cell lines. 
With our in vitro experiments, we found that PS in ApoBDs 
and liposomes is very important for uptake in cells. Blocking 
of the “eat-me” signals or of the PS receptors strongly reduced 
the uptake of particles in cells. Furthermore, high efferocy-
totic activity was seen of epithelial cells, low efferocytosis of 
tissue cells and high uptake after 24 hours in macrophages. 
These results offer new perspectives for the design of thera-
peutic gene delivery systems.
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Introduction
Surface deformations of graphene show quantum dot-like 
(QD) behavior, with the possibility of controlling their charge 
state by electrostatic gating [1]. Here, the sample is a circular 
free-standing graphene (FSG) sheet, where the surface defor-
mations have a 1D-ribbon-like (1DRG) shape. The measured 
dissipation exhibits single electron charging features, namely 
dissipation peaks, due to tip gating of the 1DRG structures. Tip 
oscillations over a 1DRG – quantum dot leads to charging and 
discharging events between the QD and the metallic substrate 
located nearby the FSG. These effects are detectable using 
various scanning probe microscopy (SPM) techniques [1], and 
in the atomic force microscopy (AFM) it is characterized by 
jumps in the cantilever frequency shift parabola followed by 
the peak in the dissipation curve [2]. In the real space, the dis-
sipation peaks are detected as Coulomb rings (CR) [3]. Here, we 
employ the pendulum AFM (p-AFM), which uses very soft can-
tilevers to measure the dissipation. In this configuration, the 
cantilever is positioned perpendicularly to the sample surface 
to avoid the tip snapping into the contact. That way, p-AFM is 
few orders of magnitude more sensitive to the acting forces 
than conventional AFM. The measurements were performed 
under ultra-high vacuum conditions and at low temperatures 
(5 K).

Single electron charging dissipation peaks
Figure 1 shows the typical frequency shift and dissipation 
spectra recorded over FSG. The blue curve corresponds to the 
frequency shift. Its parabolic shape is due to the capacitive 
coupling of the oscillating tip and the underlying surface. 
In addition to the parabolic background, several irregulari-
ties are visible at various bias voltages (red arrows) [2]. These 
jumps are attributed to the rapid change of the electrostatic 
force due to single electron tunneling between the 1DRG-QD 
and the metallic substrate that serves as electron reservoir. 
The phenomena is known as Coulomb blockade (CB) and the 
jumps in the frequency shift spectra are accompanied by 
peaks in the energy dissipation signal (Fig. 1 – black curve).

Fig. 1 Frequency shift and energy dissipation of the p-AFM canti-
lever oscillating over 1DRG-QD as a function of the sample bias 
voltage. The arrows point to the jumps in the cantilever frequency 
shift caused by single electron charging. The charging events appear 
as peaks in the dissipation spectra.

1D Coulomb ring
Figure 2 shows the real space, constant height image of one 
dissipation peak taken at fixed sample bias voltage equal to 
U=-7,84 V. The obtained image corresponds to a CR. Several 

bright ring structures are contour lines of constant charging 
voltage, which are attributed to the dissipation peaks in the 
spectra visible in figure 1. The CRs radially surround the 
1DRG-QD center, so that the ring furthest from the center cor-
responds to the first electron entering the QD [2]. Another im-
portant feature is that the rings don't show a circular shape, as 
it could be expected for single point QD, but their elongation 
reflects the one-dimensional character of graphene wrinkle 
(Fig. 2, inset). Thus, the CB ring shape is a validation of the 
quantum dot like behavior of 1DRG.

Fig. 2 Dissipation image of CR taken at constant height and at sam-
ple bias equal to U=-7,84 V. The inset is the STM image of the wrin-
kle on the free-standing graphene sheet. The direction of the wrinkle 
is the same as the direction of the ring elongation.

Magnetic field dependence
When a magnetic field rises, the peaks start to slightly loose 
intensity until they completely disappear at magnetic field 
around B=±1,2 T. Figure 3 shows energy dissipation versus 
magnetic field and sample bias voltage. The bright contrast 
corresponds to the large dissipation. The maps reveal an offset 
(0,3 T) of the maximum intensity, presumably due to the pres-
ence of pseudo-magnetic field induced by non-uniform strain 
present in the suspended graphene [4]. The vanishing of the 
dissipation peaks at larger B field suggests a crossover from 
quantum dot confinement (QDC) and the magnetic field con-
finement (MFC). This is possible when the characteristic size 
of the QDC equal to lv=(λ2ħvF/E)1/3 [5] is comparable to the size 
of the MFC: lb=(ħ/eB)1/2, where λ=2 nm is the size of the QD, ħ is 
the reduced Planck constant, VF=106 m/s the Fermi velocity of 
graphene, E≈ 500 meV is the estimate QD confining potential, 
e is the electron charge and B=1.3 T is the magnetic field when 
dissipation peaks vanish. The calculation yields lv= 17 nm and 
lb=20 nm, hence lv≈lb, which indeed confirms confinement by 
magnetic field.
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Fig. 3 Dissipation maps showing the magnetic field B dependence of 
the dissipation peaks and the transition between quantum dot con-
finement to the magnetic field confinement at about B=1.3 T.

This transition is also visible in the real space. Figure 4 shows 
the CR recorded at different magnetic field. The sample bias 
is the same as in figure 2 (U=-7,84 V). For B= 0 T all the CR fea-
tures are clearly visible, then for B= 1 T the features become 
less pronounced (Fig. 4b) until they disappear completely for 
B= 2 T (Fig. 4c).

Fig. 4 Dissipation images recorded at a bias sample voltage U=-7,84 
V and for different magnetic field. a) B=0 T, b) B=1 T and c) B=2 T. 
The Coulomb rings disappear at large magnetic field similarly to the 
dissipation peaks in figure 3.

Conclusion
In conclusion, the measurement shows that wrinkles of the 
free-standing graphene sheet act as QDs. The charge state of 
such QDs can be controlled by the oscillating cantilever tip. 
The 1D ribbon-like shape is reflected in elongated shape of 
Coulomb rings. Moreover, the disappearance of dissipation 
peaks and the Coulomb rings in magnetic field is due to a tran-
sition from quantum dot confinement to the magnetic field 
confinement.
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Spin-based circuit quantum-electrodynamics
In circuit quantum-electrodynamics (QED), single photons 
confined in a superconducting resonator coherently couple 
to a quantum system. These photons can be used for imple-
menting long-range qubit-qubit interactions [1, 2] and hence 
contribute to scaling-up quantum processors. A particularly 
promising contender for realizing quantum computers are 
spins in semiconductor quantum dots due to their long coher-
ence times and well known fabrication techniques [3, 4]. 

Recently, ultra-fast Rabi oscillations of a quantum dot hole-
spin in a Ge/Si core/shell nanowire have been realized and 
the read-out of a superconducting Andreev spin qubit was 
observed using an InAs nanowire Josephson junction. These 
experiments demonstrate the feasibility of full qubit control 
based on electric-dipole spin resonance. Simultaneously, they 
present the possibility of coupling a superconducting resona-
tor to a nanowire spin in a circuit QED experiment. Our goal 
is its implementation.

Fabrication of high quality, high-impedance, magnetic 
field resilient resonator
We plan to couple a superconducting resonator to the spin- 
orbit induced electric dipole moment of a spin confined in a 
semiconducting nanowire. In order to reach strong coupling to 
a spin, the resonator needs to have a large quality factor and 
maintain it even at finite magnetic fields. In favor of increasing 
the electric-dipole coupling strength, the resonators should ad-
ditionally possess a large impedance. These three properties 
are combined in a thin-film NbTiN coplanar waveguide resona-
tor with a small center conductor cross-section [5].

Fig. 1 Image of two plasmas with different concentrations of argon 
and nitrogen.

Fabrication of those resonators is challenging due to the large 
aspect ratios and the large amount of degrees of freedom 
during film deposition by plasma sputtering. A crucial param-
eter is the nitrogen content in the plasma. Figure 1 shows two 
spatially separated plasmas in the deposition chamber. Their 

colors differ because of a non-equilibrium distribution of the 
nitrogen content in the gas composition within the chamber. 
By monitoring the dc voltage across the plasma as a function 
of nitrogen flow, the optimum deposition window can be 
found. Another improvement of the film quality was obtained 
by installing a substrate shutter in the sputter system. The 
shutter allows to improve the vacuum by pre-sputtering. 

Fig. 2 Optical micrograph of a high-impedance resonator with fil-
tered dc lines. NbTiN appears in the figure in yellow and Si in gray. 
The nano-scaled device, shown later in figure 4, is fabricated in the 
blue marked area. Inset: Scanning electron microscope image of the 
center conductor.

After deposition of a NbTiN film on the whole substrate, the 
resonators are lithographically defined by electron-beam li-
thography and etched using a reactive-ion plasma. Figure 2 
shows a microscope image of a typical device. The device con-
sists of a coplanar waveguide resonator whose center conduc-
tor has a width of 200 nm and is located in the middle of figure 
2 (aligned horizontally, but barely visible in the optical image). 
The inset in figure 2 shows a scanning electron microscope im-
age of the center conductor of a similar device. For resonator 
readout, the resonator is capacitively coupled to a feedline. The 
resonator impedance of 1.3 kΩ is much higher than 50 Ω, the 
transmission line impedance conventionally used. The funda-
mental mode of this resonator is a half-wavelength mode with 
electric-field antinodes at the ends of the center-conductor. 
The left side is coupled to the feedline, while at the right side, 
an area is defined in which the NbTiN is removed. This area is 
labeled ‘Device area’ (blue area in Fig. 2) and will be used to 
fabricate nanowire devices. The required dc lines ending in the 
device include meandered NbTiN sections forming part of an 
effective low-pass filter.

 



59

Fig. 3 Resonance dip in the transmission amplitude through the feed-
line. From the fit, internal and external quality factors, Qi and Qe, of 
the resonator are deduced.

Using the feedline, a resonance dip in transmission amplitude 
as a function of frequency can be measured. An example is 
shown in figure 3. The optimization of our film deposition pro-
tocol recently resulted in internal quality factors as high as 105.

An architecture for nanowire-based circuit QED

Fig. 4 Zoom of the device area. An InAs nanowire (NW) with Al shell 
forms a Josephson junction. The NW is best seen in the bottom-right 
inset as a black horizontal line of length ~8 µm, located on top of 
metallic bottom gates that couple capacitively to the NW. The middle 
bottom gate is additionally galvanically contacted to the resonator 
through the line leaving downwards.

After having realized high quality, high-impedance resona-
tors, the next step consists of fabricating nanowire devices. In 
those devices, the nanowire is capacitively coupled to a gate 
being galvanically connected to the resonator at its electric 
field antinode. Figure 4 shows the first experimental realiza-
tion of a Josephson junction, etched into an InAs nanowire 
with epitaxially grown Al facets and coupled capacitively to 
the resonator. The nanowire lies on top of a bottom gate stack 
covered with a thin dielectric HfO2 film. Our goal is to realize 
resonator-spin coupling based on the spin-orbit interaction 
that is naturally present in those semiconducting nanowires. 
This will extend previous implementations of spin-based cir-
cuit QED architectures [6 - 8] towards capacitive coupling of 
spin states in semiconducting nanowires.
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Coupling an ultracold ion to a metallic nanowire

Project P1808: Quantum dynamics of an ultracold ion coupled to an nanomechanical oscillator
Project P1407: Coupling a single ion to a nanomechanical oscillator 
Project Leader: S. Willitsch and M. Poggio
Collaborators: M. Weegen (SNI PhD Student) and P. Fountas (SNI PhD Student)  

Introduction
The development of solid state-atomic interfaces aims at pro-
viding hybrid quantum systems which combine the advan-
tages of the individual platforms. Trapped ultracold ions in 
radio frequency ion traps offer excellent coherence properties 
and can be controlled and manipulated very precisely on the 
quantum level [1]. Nanowires are nanomechanical oscillators 
that are highly integrable, easily manipulable and can be in-
terfaced with a variety of quantum devices [2, 3]. In combina-
tion with trapped ions, they can act as sensitive probes for 
manipulating the quantum motion of the atomic particles, 
as well as offering additional possibilities for fine-tuning the 
trapping potentials. 

Here, we report progress towards the implementation of an 
ion-nanomechanical interface consisting of an ultracold 40Ca+ 
ion and a metallic Ag2Ga nanowire in an ion trap. The two 
subsystems are coupled via electric fields. 

 

Fig. 1 Left: Miniaturized segmented-layer ion trap consisting of a 
stack of gold-coated alumina wafers mounted on a printed circuit 
board. Right: Schematic representation of the setup around the trap-
ping region, showing a trapped 40Ca+ ion, the electrodes generating 
the trapping fields and the nanowire on its mechanical support.

Experimental Implementation
The core of the experimental setup is formed by a home-built 
segmented-layer wafer ion trap shown in figure 1. The trap 
consists of gold-coated alumina wafers as electrodes to which 
radiofrequency (RF) and static (DC) voltages are applied to trap 
ions. The DC electrodes are partitioned into segments that can 
be individually addressed in order to shape the trapping po-
tential for the ion as needed.

Calcium atoms are emitted from a calcium getter source un-
derneath the trap assembly and ionized in the trapping re-
gion. The ionization of the atoms is implemented via a two-
step ionization process using diode laser beams at 423 nm 
and 375 nm for generating calcium ions to be confined by the 
electric fields of the trap.

The Ag2Ga nanowire with an approximate length of 50 μm and 
diameter of 200 nm is mounted on top of a metallic holder 
attached to a stack of nanopositioners (see Fig. 1 and Fig. 2). 
Thus, the position of the nanowire relative to the ion can be 
adjusted on the fly in all three spatial directions with tens of 
nanometer precision. By applying a voltage to the nanowire, 
electrical coupling to the ion is established. An integrated 
piezzo actuator enables the excitation of the nanowire with 
adjustable frequencies and amplitudes.

Fig. 2 Side view of the ion trap including the nanowire in its center.

Fig. 3 Top view of the experimental setup showing schematically the 
laser beams for Ca ionization as well as Doppler laser cooling and 
ground-state cooling of the Ca+ ion. 

For the Doppler laser cooling of the Ca+ ion, laser beams at 
397 nm and 866 nm are aligned into the trapping region in 
order to achieve a closed optical cycle connecting the (4s) 2S1/2, 
(4p) 2P1/2 and (3d) 2D3/2 states of the atom (see Fig. 3). Cooling of 
the ion to its motional ground state in the trap is achieved by 
resolved-sideband cooling on the (4s) 2S1/2 -> (3d) 2D5/2 transition 
using a narrow-bandwidth laser beam at 729 nm and repump-
ing population into the cooling cycle using a laser beam at 
854 nm.

The 866 nm laser beam also serves as a probe to character-
ize the vibrations of the nanowire by absorption imaging. 
Figure 4 shows a vibration spectrum recorded by inducing 
oscillations in the nanowire by the piezzo and scanning the 
applied oscillation frequency. A number of resonances can be 
observed, which are attributed to different oscillatory modes 
of both the nanowire and its support. A detailed assignment of 
this spectrum is currently in progress. These resonances pro-
vide degrees of freedom for manipulating the trapped ion at 
different excitation frequencies.

 

729 nm
854 nm

397 nm
866 nm375 nm

423 nm
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Fig. 4 Vibration spectrum of the Ag2Ga nanowire under a variable 
mechanical drive recorded by absorption imaging using a laser beam 
at 866 nm. The peaks correspond to oscillatory modes of the nanow-
ire and its mechanical support. Green dots: data points, blue line: 
fits to the data.

Theoretical Modelling
Simulations of the 1D quantum dynamics of the ion under the 
action of an oscillating nanowire were performed [4]. In this 
modelling, the nanowire was assumed to behave like an oscil-
lating point charge, leading to an Hamiltonian of the form H 
= ω(a†a+1/2)-s(a†+a)2+g(a†+a)cos(ωnwt), where the first term de-
scribes the quantum harmonic oscillator of the trapped ion, 
while the last two terms arise from a series expansion of the 
ion-nanowire interaction.

Our theoretical modelling indicates the possibility for creat-
ing highly excited coherent states of the ion motion using a 
resonant drive of the nanowire, when the ion was initially 
prepared in its motional ground state (Fig. 5). Such coherent 
states with large amplitudes are very difficult to produce by 
purely optical means and thus illustrate the additional control 
capabilities offered by the mechanical drive of the nanowire.

Fig. 5 Creation of highly excited coherent states of the ion motion 
using a resonant drive by the nanowire [4].

By adding anharmonicities to the trapping potential, which 
can be engineered by applying tailored voltages to the trap 
electrodes, while driving the ion motion via the coupling to 
the nanowire, also non-classical quantum states of the ion 
motion can be generated (Fig. 6). Different anharmonicities 
lead to the creation of different motional states of the ion, e.g., 
Schrödinger cat-type states as shown in figure 7, which appear 
at specific points in time during its motional dynamics.

It is worth noting that the nanowire itself offers an additional 
degree of freedom for engineering such as anharmonicities as 
it acts, as an additional flexible electrode in the system.

 

Fig. 6 Creation of non-classical states of the ion motion under the 
influence of a fourth-order anharmonicity term of the trapping po-
tential, D(a†+a)4, of strength D = 8 kHz which can be generated by 
tailored voltages applied to the electrodes of the trap [4].

Fig. 7 Evolution of a coherent state under the influence of a third or-
der anharmonicity, C(a†+a)3 with C = 10 kHz, without an additional 
drive. The initial coherent state was prepared by a mechanical drive 
of the ion with the nanowire. Under the influence of the anharmonic-
ity, Schrödinger cat-like states are generated at specific points in time 
of the ion motion.
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Microfluidics to determine the atomic structure of 
proteins

Introduction
The recent improvements in cryogenic EM (cryo-EM) caused 
a revolution in structural biology, and are now regarded as a 
standard method for the structural analysis of protein-com-
plexes to atomic resolution.  However, (i) protein isolation and 
(ii) sample preparation methods lag behind, and cryo-EM is 
performed at far from full efficiency. Here, we present a mi-
crofluidic method for the rapid isolation of a target protein 
from minimal amounts of cell lysate and for its direct prepa-
ration for high-resolution cryo-EM [1].

In the single-particle cryo-EM approach, an unsupported, thin 
layer of isolated protein complexes in amorphous (vitrified) 
ice is imaged at close to physiological conditions. Only sev-
eral thousand to a few million imaged particles are needed to 
calculate a high-resolution, three-dimensional (3D) structure. 
Nevertheless, protein production, purification, and sample 
preparation for cryo-EM are nowadays considered the bot-
tleneck for structure determination. We have identified two 
dominating reasons for this: Firstly, significant amounts of 
protein must be produced. Conventional sample preparation 
for cryo-EM requires several microliters of a purified protein 
solution at a concentration of approx. 1 mg/ml per grid, from 
which extensive filter-paper blotting later removes the vast 
majority of protein particles. Secondly, both, protein purifica-
tion and cryo-EM sample preparation are lengthy and harsh 
procedures. Mostly, high-yield expression systems are em-
ployed, and one or two chromatographic steps are needed to 
purify the protein particles. In addition, the classical cryo-EM 
sample preparation process that follows is a rough procedure, 
primarily because of the blotting step, and many proteins de-
nature.

Microfluidic cryo-EM grid preparation
We recently developed a microfluidic cryo-EM grid prepara-
tion system termed cryoWriter, allowing the preparation of 
cryo-EM specimens from nanoliters of sample-solution [2-4]. 
Since the cryoWriter does not use paper blotting, it ensures 
that grid preparation is gentle and virtually lossless. Here we 
report the atomic model of the tobacco mosaic virus (TMV). 
From 25 nL sample two EM samples were prepared using the 
cryoWriter. One sample was enough to solve the TMV struc-
ture with a resolution of 1.9 Å (Fig. 1A). This resolution is 
enough to resolve the holes in aromatic side chains (Fig. 1B, C).

Microfluidic protein isolation of the untagged, human 
proteasome 20S 
We now report the combination of sample grid preparation 
using the cryoWriter with microfluidic protein purification, to 
determine the 3.5 Å cryo-EM structure of the untagged human 
20S proteasome complex [1], which is the “catalytic core” of 
the ubiquitin-proteasome system involved in 80 % of protein 
degradation and an important drug target.

Figure 2 shows the principles of the microfluidic protein isola-
tion and cryo-EM grid preparation. We use ‘fragment antigen 
binders’ (Fab) to recognize and extract untagged target pro-
teins from the raw cell lysate. We covalently modified the Fab 
fragments with a photo-cleavable cross-linker ending with a 
biotin moiety, which strongly binds to the streptavidin func-
tionalization of the magnetic bead (Fig. 2B).

 
Fig. 1 TMV resolved to 1.9 Å resolution. Two EM grids were prepared 
from 25 nL of TMV sample. One grid was enough to solve the atomic 
structure. A) Side view of the TMV. B) The zoom-in demonstrates the 
high-resolution features of the map. At this resolution it is possible to 
see the holes of the aromatic rings (C).
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Fig. 2 Schematic work-flow for microfluidic protein isolation and 
cryo-EM grid preparation. A) The electromagnetic trap consists of 
two electromagnets (1) that produce a strong magnetic field gradient 
via their water-cooled iron tips (2). Sample processing in the cap-
illary (3) is monitored by a camera (4), and a UV LED (5) allows 
photo-cleavage of the linker, both via mirrors. B) Composite material 
for ‘protein fishing.’ The target protein (6) is recognized by a Fab (7) 
that is covalently modified by a photo-cleavable cross-linker (8). The 
linker molecule ends with a biotin moiety, which strongly binds to the 
streptavidin-coated bead (9). Proteins, which are not targeted (con-
taminants) are shown in red (10). C) Isolation work-flow. (i) Mag-
netic beads are incubated with biotinylated Fabs and cell lysate to 
capture the target structures in a miniaturized vessel (11). Less than 
900 nL of sample is aspirated into the microcapillary for the protein 
isolation. (ii) The magnetic beads are immobilized in the magnetic 
trap (1). Non-bound lysate components (red, 10) are flushed out. (iii) 
Illumination with UV light breaks the cross-linker. (iv) The target pro-
tein is separated from the superparamagnetic beads, and the isolated 
target proteins are directly deposited on a cryo-EM grid (12) for vitri-
fication. The blue vertical arrows indicate the pump direction.

Figure 2C shows the principles of the microfluidic protein iso-
lation: First, the cell lysate is incubated with Fab fragments. 
Then paramagnetic, streptavidin coated particles are added 
to bind the biotinylated Fab fragments. From this solution, a 
volume of approx. 900 nL is aspirated in the microcapillary. 
The paramagnetic particles are immobilized by a magnetic 
field gradient generated with two electromagnets (see Fig. 
2A). Therefore, only the Fab target-proteins are trapped while 
other proteins can be washed away. The photo-cleavable cross-
linker, connecting the Fab to the magnetic bead, is cracked 
by UV light, resulting in a 20 nL eluate. The isolated protein is 
directly used to prime two cryo-EM grids, while the magnetic 
particles are retrained in the microcapillary. For cryo-EM grid 
preparation, the integrated cryoWriter set-up was used, allow-
ing a virtually lossless grid preparation without paper blotting 
[2-4].

The 3.5 Å structure of the human proteasome 20S core is 
shown in figure 3.

Isolation of his-tagged proteins
Many proteins are purifies using his-tags engineered into the 
protein. These proteins can be purified using Ni-NTA columns. 
For our microfluidic approach, we developed photo-cleavable 
NTA tags, as shown in figure 4. These newly developed cross-
linkers were successfully used to isolate proteins in prelimi-
nary tests (data not shown).

 

Fig. 3 High-resolution structure and atomic models of the human 20S 
proteasome. A) 3D reconstruction of the human 20S proteasome at a 
global resolution of 3.5 Å. The red arrowheads indicate the Fabs used 
to extract the protein. The side view shows the two α and two β rings, 
models of all 14 subunits are fit into the mass-densities. Parts of the 
two bound Fabs are visible at a lower resolution, due to the high flex-
ibility of the attached Fabs (red arrowheads). The C2 symmetry-axis 
is indicated. B) An enlarged view of three strands of a β-sheet and a 
helix are shown as an example. 

Fig. 4 Photo-cleavable NTA cross-linker for the isolation of His-
tagged proteins. The His-tagged protein is coupled to the super-
paramagnetic bead via a Nitrilotriacetic acid (NTA) linker. The NH2 
coated beads are commercially available and can be functionalized 
via the N-hydroxysuccinimide esters (NHS esters) forming a stable 
peptide bond with primary amines. At the other end of the linker, the 
protein binds via His-tags to the NTA-chelated Ni2+. The photo-cleav-
able linker allows the decoupling of the NTA group from the beads by 
illumination with UV-light (365 nm) for elution. Note, that this spe-
cific elution releases significantly less unspecifically bound proteins 
than competitive elution.
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3D printable nanoporous Cellophil® membranes 
for tissue regeneration applications 

Introduction
The project aims for the development of multilayered mem-
brane composed of the new biocompatible polymer family 
“Cellophil®” and gradients of hydroxyapatite to be utilized in 
a molding process (layer by layer polymerization). The func-
tional membranes are formed during a UV light induced polym-
erization of a monomer solution and an integrated crosslink-
ing agent. The so formed polymer network provides a barrier 
function on the soft tissue side and a porous structure on the 
hard tissue side of the membrane, allowing cells (osteoblasts) 
to grow and the bone tissue to regenerate. Furthermore, the 
membrane should later be functionalized by e.g. growth fac-
tors to assist the regeneration process. The immobilization of 
the selected factors is planned to be accomplished by non-co-
valent interactions due to so called coiled-coil peptides, where 
one coil is attached to the membrane and the other coil to the 
factor. These peptides interact with each other by building up 
a super-coiled conformation. The super-coiled conformation 
shows strong ionic and hydrophobic affinities (Kd up to 10-10). 
The peptides should be produced by genetic engineering and 
expressed in E. Coli. Because the binding is based on non-co-
valent interaction, the immobilization of the growth factors 
will take place under very mild conditions and is universally 
applicable. Furthermore, the number of bound molecules can 
be controlled very precisely. 

Mechanical characterization of the multilayer membrane 
Since the originally intended strategy to use pre-polymers (see 
2nd Project report 2018) did not deliver the expected result 
and was time and labor consuming the process was adapted 
to a layer by layer polymerization of a Cellophil® monomer 
solution (first proof of concept later in 2018). This concept was 
further characterized and optimized in the third year of the 
project. Several membranes with different crosslinking condi-
tions (monomer concentration, UV intensity, incubation time 
and crosslinking degree) were produced and characterized for 
their visco-elastic properties using a nano indenter (OPTICS-11). 
Depending on the crosslinking degree the mechanical stiff-
ness of the resulting hydrogels could be varied between 7.1 kPa 
and 90.4 kPa. These values are compatible with different cell 
types so that the hydrogel can be adjusted to the target tissue 
e.g. muscle cells which prefer approx. 10 kPa or cartilage cells 
50 kPa. The integration of hydroxyapatite nano-particles fur-
ther results into an increase of mechanical stiffness up to 500 
kPa which is useful for bone tissue or osteointegration. With 
this characterization the proof of concept of the multilayer 
membrane with different stiffness at the interface of soft/hard 
tissue was achieved. 

Fig.1 Exemplary Multilayer hydrogel. 
Hydrogel with integrated hydroxyap-
atite nanoparticles. From left to right 
the mechanical stiffness increases step-
wise.

The membrane was further characterized in a long-term ex-
periment by incubation in a buffer with a weak basic pH. This 
incubation results into the intended slow dissolution of the 
hydrogel over several weeks due to degradation of the cross-
linkers (verified visually as well as SEC measurement of super-
natants). Depending on the crosslinking degree the velocity of 
this process could be varied. Experiments with enzymes e.g. 
esterases are planned to simulate the condition in a biologic 
environment e.g. the oral cavity. 

Behavior of multilayer membrane in cell culture 
Since the adjusted process uses a monomer solution for for-
mation of the membrane, the effect of residual monomers and 
crosslinkers was analyzed in cell culture, as they might have 
a negative influence on cell growth. In these experiments, a 
high biocompatibility of the Cellophil® monomers was seen 
with no cytotoxic effects detectable up to 5 mM in a 14-day 
metabolic assay. Therefore, negative effects due to residual 
monomers are not expected. Nevertheless, the crosslinking 
agent shows some toxic effects so that a Cellophil® alternative 
was envisioned to optimize the hydrogel but could not be syn-
thesized in due time. 

The multilayer membrane was subsequently characterized 
in long-term experiments and their influence on prolifera-
tion of osteoblasts as well as fibroblasts was studied. These 
experiments revealed that the cells could proliferate but show 
sometimes “non-natural” shapes. This may be a result of a too 
smooth upper surface of the hydrogel which was seen in SEM 
images. Since the “inside” of the membrane was highly po-
rous and ideal for cell integration, this could be led back to the 
setup of the UV light exposure from above. This may have led 
to a too high radiation dose on the upper monomer solution 
which potentially results in very short polymers with a high 
crosslinking density. Cells seem to have issue to attach and 
differentiate on these smooth surface areas.

Fig.2 Hydrogel with high crosslinker. The hydrogel shows a smooth 
surface and is highly porous inside. 

Different strategies to overcome this effect were discussed but 
could only be tested in pre-experiments, where drying and re-
hydration of the hydrogel to increase micro roughness show 
promising results. Further optimization has to be performed 
before in vivo experiments can be started. 
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In additional experiments, the effect of surface charge was 
also analyzed by integration of conventional acrylic mono-
mers with different charges. Due to this, a net positive charge 
could be identified to be advantageous for cell proliferation. 
In this regard, a new Cellophil® monomer was synthesized, 
containing such a positive charge, but could not be tested due 
to time reasons.

SEM Visualization of Membrane
Several types of hydrogel membranes were analyzed in de-
tailed scanning electron microcopy (SEM). Thereby, a high in-
fluence of the crosslinker and nano-particle on the porosity 
of the membrane was revealed, which was in line with the 
mechanical characterization.

 

Fig 3. SEM pictures of different types of membranes. A: low cross-
linker concentration, 1000X. B: high crosslinker concentration, 
1000X. C: low crosslinker concentration, with hydroxyapatite 
nanoparticles, 2000X. D: high crosslinker concentration, with hy-
droxyapatite nanoparticles, 2000X

Outlook
In the last year of this SNI funded project, the in 2018 estab-
lished proof of concept strategy for a multilayer membrane 
was extensively characterized in regard to the mechanical 
properties and behavior in cell culture. These experiments de-
livered key parameters needed for the adjustment of the mem-
brane to the target tissue. Some new identified aspects like the 
surface charge or micro roughness of the membrane have still 
to be optimized in order to initiate in vivo experiments. Fur-
ther, the planned integration of proteins e.g. growth factors 
by the coiled-coil peptide linker system (POC established end 
2018) has to be finalized, as this part of the project could not 
be finished due to an alternative focus, time and change in 
personnel. 

CIS Pharma, the FHNW and UNI Basel are keen to persue this 
interesting project further and bring the novel membrane 
closer to the dental market. 
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Efficient capturing of mRNA for single-cell-tran-
scriptomics

Single cell transcriptomics
Single cell transcriptomics (SST) or single cell RNA-seq (scRNA-
seq) is becoming a broadly used genome-wide technology to 
detect cellular identities and dynamics, e.g., cell subpopula-
tions, cell state marker genes and pathways, cell state transi-
tions, and cell trajectories and allows the comparison of the 
transcriptomes of individual cells [1]. Therefore, a major use of 
scRNA-seq has been the assessment of transcriptional similar-
ities and differences within a population of cells. By looking 
at events on single-cell level, phenomena may be observed, 
which would be usually averaged out if the experiment was 
conducted in bulk. For that reason, scRNA-seq is used in many 
fields of study e.g. in the development of new precision can-
cer therapies, in the discovery of new drug targets and in the 
fast growing field of medicinal antibodies development [2, 3]. 
Currently, there are several methods available for scRNA-seq. 
A systematic comparison of the performances of diverse sin-
gle cell RNA sequencing protocols has shown that Drop-seq 
is the most cost-efficient method for transcriptome quantifi-
cation of large numbers of cells [4]. The method in brief: A 
microfluidic device joins two aqueous flows before their com-
partmentalization into separate droplets. One flow contains 
cells, the other flow contains beads suspended in lysis buffer. 
Immediately after droplet formation, the cell is lysed and re-
leases its mRNA (approximately 100’000 mRNA molecules per 
cell), which then hybridizes to the beads (Fig. 1). The hybridiza-
tion happens via an interaction of the poly adenine-tail of the 
mRNA and the oligo thymine-tail of the bead.

Fig. 1 Graphical representation of Drop-seq method. Adapted from 
Macosko et al.[5].

After hybridization, the droplets are broken and the microbe-
ads are collected and washed. The captured mRNAs are then 
reverse transcribed in bulk and further analyzed [5]. One of 
the major drawbacks of this method can occur at the stage of 
breaking down the droplet emulsion: Because the interaction 
between mRNA and bead is weak, it is possible that mRNA 
dehybridizes from one bead and rehybridizes on another bead 
(so called cross talk) leading to undesired results. The inten-
tion of ECAMIST was to reduce cross talk and effectively bind 
mRNA to microbeads.  

Oligo modification of microbeads
As described before, modified microbeads are needed for an 
efficient capturing of mRNA from single cells. 

In preliminary work, it was shown that the synthetic route 
via click chemistry is the preferred way to modify beads with 
a catcher oligonucleotide. In short: an azide-modified mi-
crobead reacts with a DBCO-modified oligonucleotide. The 
reaction takes place under mild, aqueous conditions at low 
temperatures with a high yield [6], making this approach the 
preferred way for modifications with biomolecules (Fig. 2).

Fig. 2 Surface modification of microbeads with oligonucleotides, us-
ing click chemistry. 

Surface modification of microbeads
A possible solution to the problem of cross talk might be ad-
dressed by using less, but bigger microbeads. Ideally, there 
would be one bead per droplet and cell. Beads being bigger 
than 1 µm in diameter and containing an azide-modified sur-
face are not commercially available. Therefore, the surface of 
polystyrene beads (Ø 2.5 µm) with an amine modified surface, 
needs to be converted into an azide group. For that reason, a 
diazo transfer reagent was synthesized and used for the modi-
fication of the amine beads (Fig. 3) [7, 8].

Fig. 3 Reaction scheme for the synthesis of diazo transfer reagent and 
subsequent modification of amine beads to azide beads. 

Stabilization of mRNA hybrid
Another possible approach for stabilization is the use of an 
enzyme during the lysis step, which stabilizes the hybrid be-
tween catcher oligonucleotide and mRNA. As the hybridiza-
tion usually takes place in a high salt environment, it is crucial 
that the enzyme is highly salt tolerant (Fig. 4).  

Fig. 4 Hybridization of mRNA to microbeads followed by stabiliza-
tion of hybrid by a halophilic enzyme. 

To prove the stabilizing effect of the enzyme, oligonucleotide 
modified beads were incubated with a solution of fluorescently 
labeled RNA in presence or absence of enzyme and analyzed 
by FACS (Fig. 5, red signals). Followed by the first analysis, the 
beads were heated to 70°C, washed with hot buffer and once 
more analyzed by FACS (Fig. 5, green signals). If the enzyme 
indeed has a stabilizing effect, the fluorescence signal should 
not decrease after heating up the beads in hot buffer, as the 
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enzyme increases the melting temperature of the oligo-RNA 
hybrid.

Results 
Magnetic microbeads were modified with oligonucleotides 
using click chemistry. The number of oligonucleotides per 
bead was calculated to be ~36 000. In addition, a diazo-trans-
fer reagent was successfully synthesized in high yields (76%) 
and used for the modification of amine microbeads into 
azide-modified beads. The results were confirmed by FT-IR and 
fluorescent microscopy (data not shown).

An enzyme, which increases the stability of the RNA-DNA hy-
brid, was expressed in E. coli and tested. It kept its activity 
under high salt concentrations as well as under other trying 
conditions. 

The stabilizing effect was shown by FACS experiments: The ad-
dition of the enzyme during the incubation of microbeads and 
fluorescent RNA solution revealed an increased signal, which 
was still elevated after heating up. 

Fig. 5 Left: Stabilizing effect experiment with addition of an enzyme, 
right: without enzyme. The red signals show the beads before heating 
up, the green signal after the heating up step. 

Finally, application studies in droplets showed that a new de-
veloped lysis buffer did not lyse the cells optimally. Therefore, 
the stabilizing effect of the enzyme was masked. Further op-
timization of the lysis puffer is required to achieve a more 
robust capturing of low abundance transcripts. 
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Disruptive power storage technology applying 
electrolyte nano dispersions

Background
The Aigys power storage technology is based on so-called re-
dox-flow principle. The patented Aigys Power-Cell® technol-
ogy uses solid dispersions instead of dissolved chemical com-
pounds as charge carriers. This project aims to develop stable 
nano-dispersions as high capacity energy storage media and 
to apply surface enlarged nano/micro structured electrodes as 
efficient current collectors. 

Introduction
In a first phase of the project electrolyte dispersion made of 
well-known lithium-based compounds were used to test the 
working principle a solid dispersion redox-flow battery and 
to understand the basic behavior of particle based electrolyte 
dispersions. In the second stage of the project, the focus was 
on developing a water-based battery, which consist of envi-
ronmental friendly non-toxic and non-hazardous active com-
ponents. A screening of potential materials, which have been 
already used for active components for batteries, led to iron 
oxides, which fulfil a large number of criteria, e.g. several ox-
idation stages, poor solubility in alkaline media, enormous 
availability and complete harmlessness. 

Iron oxide dispersion battery based on nano-particulate 
iron oxides
In a dispersion flow battery the dispersion consists ideally of 
stabilized nanoparticles with a small particle size, high con-
centration and low viscosity and thus enables a free flow of 
the dispersion, high contact surface area of particle to elec-
trode and high energy density. γ−Fe2O3 and Fe3O4 in sizes from 
2-20 nm were synthesized by basic precipitation of Fe2+ and 
Fe3+ in water.

Fig. 1 SEM images showing nanoparticles of Fe3O4 15nm (A) and 
γ−Fe2O3 5nm (B); scale bar: 20 nm

Different stabilizers have been used in order to obtain fer-
rofluids (table 1). While all stabilizers provide good stability 
up to pH 12 ammonium citrate seemed the most versatile in 
combination with other ions and concentrations of up 38% 
by weight while maintaining a fluid consistency could be ob-
tained.

Table 1 stabilizers used for γ−Fe2O3 and Fe3O4

Apart from γ−Fe2O3 and Fe3O4 also α−Fe2O3 was synthesized, 
however due to a hydrothermal process required nanoparticle 
size was limited to a minimum diameter of 50 nm and stabili-
zation was weak.

Electrochemical characterization
In a first step, screen-printed carbon electrodes have been 
coated with a slurry of different iron oxides to do a simplified 
electrochemical screening (Fig. 2). This is a basic test, if the 
materials show ability for reduction and oxidation (Fig. 3). 

Fig. 3 Measured CV curves for different solid casted Fe2O3  samples.

The samples were characterized using a custom-made electro-
chemical setup. The half-cell setup (Fig. 4) contained an Ag/
AgCl reference electrode and a platinized Ti-mesh as a counter 
electrode. As the working electrode, the solid casted samples 
or different current collector materials, such as carbon or met-
als were connected. 

While solid casted samples were then immersed in an electro-
lyte solution (typically 5 M LiOH), the current collectors were 
immersed in different iron oxide suspensions, which were me-
chanically stirred.

Beside synthesized iron oxide nanoparticles, commercially 
available α−Fe2O3 nano- and microparticles (Alpha Aesar) were 
used as reference materials. Besides the different iron oxide 
materials, a variety of different parameters have been studied: 
influence of alkaline medium, temperature, particle size and 
concentration, sodium sulfide addition and working electrode 
materials.

In addition to cyclic voltammetry (CV) measurements, chrono-
amperometric (CA) measurement have been performed to 
measure the possible charging/discharging currents of the 

Fig. 4 Half-cell setup with Ag/
AgCl reference electrode, plati-
nized counter electrode and work-
ing electrode

Fig. 2 Screen-printed carbon 
electrode with casted Fe2O3 
for characterization.



69

studied systems. The basic CA procedure was a combination 
of three measurements. In a first step, a short oxidation at 0 V 
vs. Ag/AgCl was performed for a short time (typically 1 min) to 
measure background current. In a second step, reduction of 
the material is performed at -1.1 V for at least 1 h. Because hy-
drogen evolution is already observed at this potential, specific 
reduction currents cannot be measured accurately. Therefore, 
a second oxidation is performed for 1 h at 0 V as the third step 
in order to quantify the specific back-oxidation current of the 
material (= back-oxidation current – background, Fig. 5) with 
the area under the curve (i.e. integral) depicting the charging 
capacity of the material.

Fig. 5 Example of measured CA oxidation curves for a nano- Fe2O3 
suspension before and after reduction at -1.1 V vs. Ag/AgCl. 

In a first step, the influence of different alkaline media (lith-
ium hydroxide, potassium hydroxide mixtures of both) with 
commercially available nano-Fe2O3 particles was evaluated. 
No profound difference was observed between the two bases. 
The overall charging/dis-charging capacities were only in the 
order of 0.1°C, which represents electrons from roughly 30 
ppm of the available Fe-atoms, which was even lower at 50°C. 
Then particle sizes and concentrations were compared. Sur-
prisingly, micro particles showed slightly better back-oxida-
tion than nanoparticles. Due to the low concentration during 
the test, it might be attributed to a physical phenomenon of 
a higher collision rate. Higher concentrations increased vis-
cosity too much. All these tests were performed using screen-
printed carbon electrodes of 3 cm2 as current collector. To eval-
uate current collector materials, tests were made with carbon 
felt, carbon plate and pure nickel electrodes. Photonic pulse 
activated carbon felt to increase wetting by creation of sur-
face OH-groups was also used. While OH-groups have been re-
ported to boost the performance of vanadium oxide batteries 
[1], no beneficial effect was observed for the dispersions but it 
led to a narrowed potential window (Fig. 6). This strongly in-
creased background current in the performed measurements.

Fig. 6 Measured CV curves of carbon felt electrode (before and after 
thermal activation) in blank electrolyte.

Increase of the iron oxide concentration (up to 30 wt%), change 
of the current collector material, or addition of 0.02 M Na2S, 
which was reported to stabilize iron species in the reduced 

state and hence improve their availability for back-oxidation 
[2], did not help; the redox behavior remained extremely slug-
gish.

The experiments above were performed using commercially 
available iron oxides. Further tests, using freshly synthesized 
α-Fe2O3 nano-particles, showed promising back oxidation cur-
rents, which are more than 4-times higher than for commer-
cial available Fe2O3 nanoparticles.

Fig. 7 Oxidation CA curves of synthesized Fe2O3 nano-particle 

To understand the huge charge flow during back-oxidation, 
further tests are ongoing with the supernatant of the solution 
to exclude effects caused by solved species (e.g. reaction by 
products or educts). Detailed analysis of these materials and 
its results are still ongoing and will be part of the cost-neutral 
prolongation.  
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Biomimetic growth of calcium phosphate ceramics 
on Ti implants

Summary of the project progress
The main targets of the second year of the project NanoCoat 
were the process scale up and the evaluation of the stability 
and robustness of the coating protocol. This procedure was 
accomplished in two stages, first on Ti discs (Ø=10 mm and a 
thickness 1 mm, as those used in the protocol optimization) 
and then on dental implants of different size. All substrates 
were pre-treated (sand blasted and acid etched) before coating. 
In addition, discs (Ø=14 mm) were machined and pre-treated 
for in-vitro tests. In total about 200 (Ø=10 mm) discs, 60 (Ø=14 
mm) discs, and more than 200 dental screws were processed 
during the second year of the project. The process optimiza-
tion and the rationalization of each step allowed to increase 
the efficiency of the production process. At laboratory scale, 
about one part every two minutes can be processed. Figure 1 
shows one of the processing step.

Fig. 1 A single lot of about 50 dental ø4mm implants positioned on an 
alumina holder and ready for the thermal treatment. A single holder 
can allocate up to about 100 implants.

Under the guide of the industrial partners, the process window 
was investigated and the limits for the process parameters 
were defined. Worst-case scenarios as well as the reproducibil-
ity of the process were successfully tested. The reproducibility 
was tested by processing three independent lots with ten im-
plants each. All of these implants were analyzed by SEM/EDX 
and one implant per lot was FIB milled in order to evaluate 
the coating cross section. Figure 2 summarized the results of 
the EDX analyses on implants coated for the reproducibility 
study. Chemical compositions (Ca, P and Na) are reported for 
each lot (Ti and O not showed). The average surface composi-
tion corresponds to 2.9, 1.3, 2.6, 26.6, and 66,6 at% for Ca, P, Na, 
Ti, and O respectively. The average thickness of the coating 
layer corresponds to 0.8 – 1.5 µm (e.g. see later).  These results 
confirm the formation of a porous grafting layer with a mi-
crometric ceramic layer composed of sodium titanate (where 
part of the sodium is replaced by Ca) and decorated by calcium 
phosphate.  

The mechanical properties of the implants after coating were 
evaluated, since the coating protocol include surface modifi-
cations and thermal treatments. Fatigue tests were conducted 
according to the ISO 14801 standard at FHNW and at Meisinger 
GmbH (Fig. 3) in order to ensure the mechanical integrity. 

Fig. 2 EDX analysis results for Ca, P, and Na surface composition 
performed on three lots of treated implants. The error bar correspond 
to ±SD (n=30).

Fig. 3 Equipment used for dynamic loading test for endosseous dental 
implants according to the ISO14801. A certain load is applied with a 
defined angle and frequency over time and until mechanical failure.

The bioactivity of the implants was tested as well, on both 
discs and dental implants. All tests were comparatively con-
ducted on discs at different level of production: machined, pre-
treated (SLA), with grafting layer (GL), and NanoCoat treated. 
Cytotoxicity assays using MG63 cells were performed for 40 h 
and showed no differences between samples with NanoCoat 
or reference surfaces. MG63 cells cultured on NanoCoat sur-
faces proliferated and spread well, i.e. exhibiting a healthy 
morphology (Fig. 4). Alkaline phosphatase (ALP) activity as an 
indicator of osteoblastic (bone-like) differentiation was evalu-
ated after 2 weeks and calibrated to protein content. The re-
sults of the ALP tests (Fig. 5) clearly identify differences among 
the four substrates tested. The NanoCoat surface induced os-
teoblastic differentiation with ALP activities being double in 
comparison to the gold-standard reference SLA surface. 
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Fig. 4 MG63 cell spreading and proliferation on a NanoCoat sub-
strate.  

Fig. 5 Comparative ALP assay carried out on four different sub-
strates. The machined sample corresponds to pure Ti Gr4 substrate; 
SLA denotes a sand blasted and acid etched titanium surface; GL 
identify substrates where the grafting layer were grown; NanoCoat 
corresponds to the NanoCoated surface according to the defined pro-
tocol. The error bar correspond to ±SD (n = 5).

In order to evaluate the adhesion strength of the coating layer 
on the metal substrate, dental implants were professionally 
placed into synthetic saw bone material (30 pcf) as well as in 
cortical bone of calf tibia (Fig. 6) up to a load of 60 Ncm, which 
corresponds to value much larger than what is normally ap-
plied in dental surgery. The samples were then removed by 
cutting the bone and the implant surface was analyzed. Both 
EDX analysis and FIB cross section confirmed that the Nano-
Coat layer was unaffected by the insertion into bone. No de-
fects due to delamination were detected on implants placed 
into saw bone (Fig. 7).

Fig. 6 Dental implants inserted into the calf tibia to test damaging 
of the coating.

 

Fig. 7 FIB cross section of a dental implant after mechanical inser-
tion test into sawbone. The NanoCoat layer is present and no delam-
ination defects were identified. 

The experimental results collected so far, combined with the 
process stability evidences show the potential of NanoCoat as 
a surface treatment for dental implants. 

Some of the results were presented during a conference talk 
[1,2] and it is the goal to present latest results in conferences 
in 2020. The technology transfer is ongoing and Medicoat AG 
will lead the continuation of the research activities and prod-
uct development, in collaboration with the project partners. 
In our opinion, it is remarkable that a new surface treatment 
was developed that far within a two-year timeframe project. 
Such a results, has been achieved thanks to the focused effort 
of all partners. We express our deepest gratitude to the essen-
tial support of the Swiss Nanoscience Institute that made this 
project possible.
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Nano-switchable GPCR-arrestin biochip for drug 
discovery

Introduction
G protein-coupled receptors (GPCRs) are the largest family of 
membrane proteins. As cellular master regulators, they con-
trol a multitude of vital signal transduction processes with 
high pharmacological relevance. They are in fact the single 
most important class of drug targets. However, for more than 
70% of all pharmacologically relevant GPCRs, the therapeutic 
potential remains so far untapped as they are challenging tar-
gets due to their inherent instability outside of their native 
environment. Thus, many of the current drug screening and 
characterization assays are not applicable. Besides the epony-
mous G proteins, arrestins are the most prominent intracel-
lular binding partners for GPCRs. Arrestins play an essential 
role in signal-termination: By binding to the core region of 
the receptor, they sterically hinder the agonist-activated GPCR 
to further propagate G protein-dependent signaling and they 
trigger receptor internalization. Lead compounds that may be 
further developed into drugs, are usually characterized with 
respect to their direct interaction with the receptor and their 
ability to alter signaling processes, mainly G protein signaling 
and desensitization by arrestins.

Materials and methods 
The GPCR JSR1 was constitutively expressed in HEK293 cells. 
Cells were lysed and the lysate was reconstituted with 9-cis 
retinal. After solubilization in the detergent DDM, the protein 
was purified by affinity chromatography using an anti-1D4 
antibody followed by size exclusion chromatography (Super-
dex 200). His-tagged constructs of arrestin 3 (Arr3) WT and 
mutants I386A (Arr3-X) and R393E (Arr3-Y)  were expressed in 
E-coli and purified with Metal Affinity Chromatography fol-
lowed by Heparin chromography. Sample concentration and 
purity were assessed using SDS-PAGE, and in addition for JSR1 
UV-Vis spectroscopy. Quartz crystal microbalance with dissi-
pation monitoring (QCM-D), surface plasmon resonance (SPR) 
and biolayer interferometry (BLI) were employed to character-
ize the interaction of GPCRs with Arr3 proteins that were im-
mobilized on functional biosensors. Ni-NTA functional lipids 
(1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl) iminodi 
acetic acid) succinyl] (nickel salt), DGS-NTA (Ni2+)) containing 
supported lipid bilayer (SLB) and supported lipid monolayer 
(SLM) were created on QCM-D and SPR biosensors (Fig. 2), re-
spectively, and Arr3 proteins were immobilized through their 
his tag. In BLI, commercially available, NTA (Ni) functional BLI 
tips were used.

Results 
JSR1 was chosen as a target as it is a temperature stable bi-sta-
ble photoreceptor. Activation upon photon absorption trig-
gering cis-to trans isomerization can be followed using UV-Vis 
spectroscopy (Fig. 1) to assess the activity of the receptor.          

Interaction of GPCR with Arr3 proteins on BLI, SPR and 
QCM-D sensor surfaces
Interactions of purified JSR1 in DDM micelles with Arr3 and 
its mutants Arr3-X) and Arr3-Y were monitored by different 
biosensor technologies including BLI, SPR and QCM-D. In or-
der to immobilize Arr3 proteins, a SLM was deposited on the 
hydrophobic HPA sensor chip for the SPR assay whereas a SLB 
was deposited on a silicon oxide sensor for QCM-D. Immobili-
zation of Arr3 proteins was achieved through interactions of 

the his-tag of Arr3 and the nickel charged tris-nitrilotriacetic 
(NTA (Ni2+)) exposed BLI tips, SLM, and SLB.  

Fig. 1 In vitro activation of JSiR1. Normalized UV-vis spectra of 
JSiR1 (9-cis retinal, λmax 505 nm). Ground state (inactive) is de-
picted in blue and the active state (λmax 535 nm) in black. 

Fig. 2 Schematic representation of platforms used to measure the in-
teraction between JSR1 and Arr3 proteins

Fig. 3 Immobilization of Arr3 proteins to on the Ni2+-NTA function-
alized BLI tips (A), addition of (B) heparin or (C) JSR1 in DDM mi-
celles to Arr3 proteins immobilized on the tip. 

The interaction of the GPCR, e.g. the light-activated JSR1 in 
DDM micelles, with the surface-immobilized Arr3 and its mu-
tants was validated using all three biosensor platforms (Fig. 
2). Arr3 proteins (Arr3-WT, Arr3-X, Arr3-Y) were added to NTA 
(Ni2+) functionalized BLI biosensors. Upon immobilization of 
Arr3 proteins on the BLI biosensor, the interference pattern 
of the reflected light changes causing a wavelength shift that 
was recorded as a function of time (Fig. 3A). Arr3 activity was 
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tested by adding 100 nM heparin yielding a dissociation con-
stant, KD = 400±103 nM (Fig. 3B). Binding of JSR1 stabilized in 
DDM micelles to immobilized Arrr3 proteins was tested at 5 
different concentrations (0.125, 0.250, 0.500, 1, and 4.3 µM) (Fig. 
3C). The highest KD was observed for Arr3-X (389 ± 59 nM) and 
the lowest KD for Arr3-Y (112 ± 12 nM). Association and dissoci-
ation kinetic constants show that JSR1 binds relatively fast to 
Arr3-WT or its mutants.

The SLM formation process on an HPA sensor was monitored 
by SPR (Fig. 4A). Real-time changes in the refractive index at 
the sensor surface were recorded as resonance units (RU), be-
ing proportional to the amount of the material deposited on 
the sensor. After SLM formation, the typical SPR response was 
obtained within the range of 1500-2500 RU as is expected for 
a good lipid monolayer formation on the sensor chip surface. 
When Arr3 proteins were immobilized to SLM, the results in-
dicated that Arr3-WT led to a final response of 306 ± 52 RU 
whereas the final responses from Arr3-X and Arr3-Y were sim-
ilar (about 1000 RU) and higher than the Arr3-WT response 
(Fig. 4B). For more quantitative equilibrium and kinetic bind-
ing analyses, a number of JSR1 concentrations (16.5, 31.25, 62.5, 
125, 250, 500, 1000 nM) were injected into all flow channels fol-
lowed by 0.2 M NaOH to remove JSR1 between concentrations 
(Fig. 4C). After the reference subtraction, the sensorgrams 
were fitted using a 1:1 binding model to obtain the kinetic con-
stants (Fig. 4C) or the response vs concentration was plotted 
and fitted to the Langmuir isotherm (Fig. 4B). The kinetic and 
equilibrium dissociation constants derived from SPR measure-
ments indicate that binding of JSR1 to Arr3-X and Arr3-Y was 
similar, but different to the binding to Arr3-WT. 

Fig.4 (A) Changes in the SPR response upon formation on SLM on 
the HPA sensor chip. (B) Immobilization of Arr3 proteins to SLMs, 
and (C) addition of JSR1 in DDM micelles to SLMs corrected for the 
response in the reference channel together with the kinetic fits (red 
solid lines) (D). JSR1 binding response was also plotted depending 
on the JSR1 concentration, and KDs were obtained by fitting to Lang-
muir isotherm.

A supported lipid bilayer (SLB) was deposited on a silicon 
oxide sensor for QCM-D (Fig. 5A). The decrease in frequency 
reflects an increase in adsorbed mass. For SL formation, the 
final frequency corresponded to ΔF values of -24.04 ± 2.17 Hz 
which agrees well with literature values obtained for SLB 
formation. Upon injection of Arr3 proteins, a decrease in fre-
quency was observed (Fig. 5B). Injection of Arr3-WT led to a 
frequency shift of -29.87 ± 6.10 Hz, indicative of an immobi-
lization of the Arr3-WT protein to the SLB. Similarly, ΔF was 
obtained when Arr3-X and Arr3-Y were added to a correspond-
ing platform. When heparin was injected to SLBs with immo-
bilized Arr3 proteins, a decrease in ΔF was observed (Fig. 5C). 
Although heparin specifically bound to all three Arr3 proteins, 
the surface density of heparin on the SLB platforms contain-
ing Arr3-X and Arr3-Y was higher than on SLB functionalized 
with Arr3-WT. The interaction of light-activated JSR1 in DDM 
micelles with different Arr3 proteins immobilized on SLBs is 
shown in figure 5D. The binding of JSR1 to Arr3 was analyzed 

by fitting to the data to a 1:1 binding model. The results from 
JSR1-Arr3 complex formation indicated that JSR1 has the stron-
gest affinity for Arr3-Y. 

Fig. 5 Changes in frequency was recorded upon formation of SLB 
on silicon dioxide (A), immobilization of Arr3 proteins to SLBs (B), 
addition of heparin on SLBs with and without Arr3 proteins (C), and 
addition of JSR1 in DDM micelles to SLBs with and without Arr3 (D).

Summary
We have developed biosensor-based assays that directly and 
specifically report GPCR binding to arrestin. Different Arr3 
proteins (wild type, mutant Arr3 I386A and R393E) could be 
stably immobilized on sensors in a defined orientation. The 
Arr3 proteins were immobilized via his-tags to NTA (Ni+2) con-
taining sensor coatings. Using BLI, SPR, and QCM-D, we were 
able to follow the interactions between Arr3 proteins and a 
representative GPCR, JSR1, in a label-free manner in real-time. 
The interactions were quantified as binding affinity, associa-
tion and dissociation rates. With a KD of 112 nM from BLI, 
96.7 nM from SPR and 914 nM from QCM-D measurements, 
the Arr3-R393E  mutant showed the strongest binding to JSR1. 
Taken together, this work introduces direct, label-free biosen-
sor-based screening approaches that can be easily adapted for 
testing interactions of GPCRs with any effector protein.
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Nanophotonics for quantum sensing technology

Introduction
Magnetic field imaging at the nanoscale is of paramount im-
portance for researchers and industries with applications 
ranging from basic science to biology. Developing novel mag-
netic and electronic nano-devices as well as investigating pro-
teins or other biomolecules requires sensitivity and resolution 
that current classical sensing technologies fail to address.

Quantum sensing based on spin defects in diamond offers a 
disruptive approach to these challenges. The nitrogen-vacancy 
(NV) center in diamond presents excellent properties for such 
nanoscale magnetic field sensing. This optically addressable 
spin has already been successfully used in several break-
through applications [1]. 

Scanning probe microscopy (SPM) employing NV-centers in 
diamond for magnetic imaging has been originally developed 
and implemented by Prof. P. Maletinsky [2]. The successful 
research and vast application areas of this technology have 
triggered the creation of QNAMI, a spin-off company that is 
bringing diamond based quantum sensing technologies to the 
market by offering, e.g. a full, turn-key solution for magnetic 
nano-imaging using spin defects in diamond.

During the Nano-Argovia project NQsense, activities were fo-
cused towards improving performance of diamond sensors by 
optimizing geometry of the scanning probes and by establish-
ing a scalable route of device fabrication via collaboration be-
tween the partners from the public and private sectors in the 
region of Northwestern Switzerland. The main project out-
comes are 1) the improved sensor performance as a result of 
numerical simulations and concomitant design optimization, 
as well as 2) to establish a route to scaling up the production 
by using the industry-standard nano-fabrication facilities at 
the PSI.

Theoretical investigation of the photon collection effi-
ciency for improved sensitivity
The single-spin quantum sensors pursued within the NQsense 
project consist of an all-diamond cantilever with a sub-mi-
crometer sharp tip containing a single NV center spin at its 
apex. The signal from the embedded NV center sensor is read 
out optically using spin-dependent fluorescence, where the 
sensitivity to magnetic fields is inversely proportional to the 
square-root of the number of collected photons [1]. However, 
due to high refraction index of diamond, only a very small 
fraction (a few percent) of photons emitted by the embedded 
NV center manage to reach the collection optics. Thus, by in-
creasing the number of collected photons, one significantly 
increase the sensitivity of the sensor.

The sharp tip containing the NV center not only acts as a high 
resolution scanning probe, but also serves as a wave-guide for 
the emitted photons. Hence, optimizing the tip geometry to 
guide more photons towards the detection optics leads auto-
matically to devices with improved sensitivity. The design was 
first numerically optimized employing Finite Difference Time 
Domain (FDTD) simulations.

 

Fig. 1 FDTD simulation results of wave-guiding properties of na-
noscale quantum sensors. The figure presents the photon collection 
efficiency vs different top diameters (d) of the wave-guide for collec-
tion optics with different NA values.

Tapering of the cylindrical pillar (making it a cone-like struc-
ture, see inset of Fig. 1) was investigated to shape the far field 
emission profile to better match the numerical aperture (NA) 
of the detection optics. Simulation results are summarized 
in figure 1 where dependence of the photon collection effi-
ciency on the top diameter of the wave-guiding structure is 
presented. The graph presents results for two NA values 0.7 
and 0.8, which are typical for sensor implementation.

As shown in figure 1, the collection efficiency increases by ta-
pering the structure and reaches a maximum of ~70% (into 
NA=0.7) at a top pillar diameter of 1000 nm. To further in-
crease the efficiency, losses occurring due to internal reflec-
tion in the diamond are mitigated by introducing a ~110 nm 
thin SiO2 anti-reflection (AR) coating on top of the cantilever 
to the simulations. This further increased the predicted col-
lection efficiency to around 76% for NA = 0.7 – a two times 
enhancement compared to the cylindrical pillar, that was the 
established geometry before starting the project. Moreover, a 
compact readout configuration using pigtail fiber instead of 
free space optics was numerically investigated. The simula-
tion results indicate that collection efficiencies of ~50% could 
be achieved in an optical fiber having NA of 0.12 (Fig. 1).

Nano-fabrication of quantum sensors with enhanced 
properties
The numerically optimized geometries were experimentally 
implemented in the next generation of prototype sensors. A 
careful and extensive optimization of diamond dry-etching 
processes allowed to achieve a half-taper wall angle of 6º in 
prototype devices, which agrees well with the targeted value 
from simulations (5º to 10º). 
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Fig. 2 a) and b): SEM images of the wave-guide shapes from the new, 
tapered diameter sensor and the previous, cylindrical, sensor geome-
tries, respectively. c) Total photon count rate of wave-guides contain-
ing single NV centers. Blue and green correspond to the cylindrical 
and tapered wave-guide geometries.

Figure 2a and b present scanning electron microscopy (SEM) 
images of the new generation (tapered) and the previous gen-
eration (cylindrical) wave-guides, respectively. The devices 
were then benchmarked against each other using fluorescence 
confocal microscopy. As seen in figure 2c, the total number 
of photons emitted by individual NV centers embedded into 
wave-guides with the two described geometries is increased by 
a factor of six using the tapered walls, with a corresponding 
improvement in the device sensitivity to magnetic fields.

Scaling up the production
The last phase of the project was dedicated to establishing a 
scalable route of device production. Fabrication flows devel-
oped during the prototyping phase at the University of Basel, 
were successfully transferred to the industry-standard clean-
room at the PSI. The achieved production throughput and 
yield satisfies demand projected by Qnami for the upcoming 
years. As a figure of merit, the production yield increased 
from < 25% to more than 75% by transferring the fabrication 
process from the University of Basel to the PSI. This is mainly 
attributed to a higher clean room class and the use of indus-
try-standard machinery that reduce significantly the failure 
rate due to i.e. human inaccuracy.

An optical micrograph of a fragment of a large area chip fab-
ricated at the PSI containing hundreds of quantum sensors is 
shown in figure 3a. The developed processes at the PSI allow 
for large area patterning with excellent uniformity. As seen in 
figure 3b and c, the optimized dry etching steps yield smooth 
cantilever surfaces while still preserving optimal tapering 
angle of the wave-guiding structure. The new generation of 
devices are now the main magnetic sensor line in QNAMI’s 
product portfolio.

Summary
The results of the NQsense project have led to significant im-
provements in sensor performance for magnetic field imaging 
at the nano-scale and set up a path for scalable production. 
This represents not only advances in the technology capabil-
ities, but also positions Qnami as a leader in the commercial-
ization of highly sensitive quantum sensors made of diamond. 
The new generation of sensors commercialized by Qnami is al-
ready in use in several countries world-wide, which represents 
significant traction for the young start-up and provides the 
needed feedback to further establish and advance the tech-
nology. With this, project NQsense also contributed to the cre-
ation of two new positions that are now part of the growing 
team of the company Qnami.

Fig. 3 a) optical micrograph capturing a few cantilever sectors pro-
duced at the PSI. b) and c) 45-degree-tilt view SEM images of etched 
nano-photonic structures and close-up view of the tapered pillar with 
the top diameter of 200 nm, respectively. 
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Introduction
The foremost goal of the DeePest project (a Detector for Pes-
ticides in Drinking Water) is to develop a novel pesticide 
monitoring system based on the remarkable molecular rec-
ognition capabilities of engineered nanostructured polymers 
associated to a bimodal electronic detector. The system shall 
first concentrate the pesticide by flowing water through the 
polymer and then detect it with a bimodal detector.

Nanostructured polymers: glyphosate-binding gels
DeePest detector relays on the high adsorption properties of 
a polymeric based pesticide concentrator cartridge. We are 
developing a polymeric system capable of molecular recogni-
tion [1], with targets ranging from small molecules and ions to 
large molecular assemblies. 

Currently, several types of hydrogels have been synthesised 
in order to optimise their structural and mechanical proper-
ties such as porosity, swelling, durability, strength as well as 
the pesticide-unique recognition, adsorption and triggered 
release capabilities (Fig. 1). Hydrogels with diverse monomer 
composition and different density of cross-links were formu-
lated through a free radical polymerisation with azobisisobu-
tyronitrile (AIBN) as a radical initiator. We used three types of 
monomers i.e. maleic anhydride (MA), N-Isopropylacrylamide 
(NIPAM), acrylamide (AAm) and a cross-linker N,N’-methy-
lene-bis-acrylamide (MBA) to first form unfunctionalised gen-
eration of hydrogels H1-H8 (where H4 is a physically cross-
linked gel). On account of different polymeric backbone, 
these hydrogels display distinct morphology, water content 
and swelling behaviour. Hydrogels H1 and H2 that were syn-
thesised with higher density of a cross-linker are brittle and 
have microporous structure (Table 1 and Fig. 2 right). Hydrogel 
H2 has also high water absorptivity. The swelling degree Q, 
measured as the weight ration of absorbed water to dried hy-
drogel, for H2 at room temperature is 14 g/g. Hydrogels with 
lower cross-linker density have more homogeneous structure 
(Table 1 and Fig. 2 left), and the swelling degree for H3 at room 
temperature is only 3.5 g/g. Further test on morphology and 
mechanical properties of hydrogels will be conducted. 

Described above, polymeric systems after appropriate modifi-
cation will be used to adsorb glyphosate from drinking water. 
First steps in synthesis of functionalised hydrogels MA1, MA2 
and MA3 have been done (Fig. 1). Maleic anhydride monomers 
bearing recognition units for glyphosate molecules such as 
amine or urea moiety are currently in preparation. Based on 
controlled pH change, the adsorption or desorption of pesti-
cide will be achieved. 

Table 1 Hydrogels composition. Molar ratio of monomers and a cross-
linker used in free radical synthesis (water/ethanol (1:1), AIBN)

Fig. 1 Schematic representation of hydrogels structure, where R= 
-NH2 or -NMe2

Fig. 2 SEM image of 60°C oven dried hydrogel H3 (left) and H2 
(right)

Miniaturized NMR-detector
The first detection modality is based on an NMR signal ac-
quisition. We developed an NMR probe (Fig. 3A) capable of 
working within a low magnetic field generated by palm size 
permanent magnets (typically 0.5 to 1.5 T). The circuitry (NMR 
transceiver TxRx) necessary to generate the proton excitation 
and to perform the resonance signal acquisition is under de-
velopment. The NMR signal can be acquired with a validated 
in-house mixer ASIC (Receiver electronics Rx). The excitation 
signal (Excitation Tx) has been so far applied with a commer-
cial benchtop NMR device.

Beside the development of an NMR probe including miniatur-
ized coil, matching capacitor and transceiver electronics that 
has been described above, we have characterized different 
palm size permanent magnets, mainly Halbach structures and 
ring shape magnets as well as electromagnets. Those magnets 
shall reach sufficient homogeneity for NMR spectroscopy and 
for the detection with a 0.5 T magnet of atrazine and glypho-
sate within a solvent such as acetonitrile. We obtained a field 
strength of maximal 0.9 T and homogeneity of 1% over 1 mm3. 
This lack of homogeneity leads us to the integration of shim 
coils in order to reach a field homogeneity sufficient for the 
pesticide detection with an NMR experiment. Depending on 
the NMR method (relaxometry based on spin-echo sequences 
or spectroscopy), we shall reach a homogeneity of 10 ppm to 
max 1000 ppm.
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Fig. 3 DeePest NMR detector A) Miniaturized coils are inserted 
within a 5 mm NMR-tube with matching capacitors at the tube output. 
B) Free Induction Decay FID signal obtained in a 1.5 T permanent 
magnet. C) 1H NMR spectrum of water obtained with DeePest probe.

Fluorescence Detection of PAHs and Pesticides
The third module of the continuous monitoring system is a 
development to detect PAHs and pesticides by fluorescence. A 
literature research showed the similarity of the fluorescence 
properties of various PAHs and pesticides: Excitation light 
needs a wavelength in the range of around 220 to 280 nm 
while fluorescence emission light wavelength is around 330 
to 420 nm [2]. A first measurement setup with a cuvette and a 
mercury lamp was established for the proof-of-concept (Fig. 4).

Fig. 4 Setup for proof-of-concept of fluorescence detection of PAHs 
and pesticides

The above mentioned investigations allowed a detailed over-
view concerning the requirements for an improved setup 
(numbered regions see Fig. 5):

1: No absorption of eluent/PAHs/pesticides desired 

2: No absorption or fluorescence of eluent allowed    

3, 4: High Stokes Shift (3) leads to few overlap (4)

Fig. 5 Requirements for an improved fluorescence setup 

The improved setup will use a continuous flow cell for in-situ 
measurements as well as optical filters to prevent cross-sen-
sitivity to direct excitation light. Furthermore, the design 
is planned to be optimised for maximum light emitting ef-
ficiency by using a spiralled or coiled glass tubing with the 
liquid inside. The excitation light will be guided through the 
tube walls by total reflexion while the fluorescence light will 
be detected from above by a photomultiplier.

Conclusion
The combination of a concentrator cartridge based on nano-
structured polymers with a bimodal electronic detector opens 
the way to the design of a low cost and portable device, capa-
ble of detecting pesticides in drinking water.
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Origami heart model based on nano-patterned 
paper scaffold for tissue engineering

Myocardial infarction is the leading cause of death (34% in 
2015) and the third-leading cause of hospitalization (13% in 
2015) in Switzerland. Current research efforts focus on in-vitro 
heart models for understanding the mechanistic function of 
healthy and diseased hearts, and test the efficacy of potential 
therapeutics. In particular, 3D contractile cardiac chambers 
are required to assess the effect on ventricle pressure, contrac-
tile forces, electro-physiological aspects and volume dynam-
ics. Current efforts in 3D bioprinting such chambers, resulted 
in fragile structures, rather suited for single prototypes [1 - 3]. 
However, for a representative assay, a much larger number of 
models is necessary. The current project aims to address this 
challenge by developing nano-structured cellulose scaffolds 
for vascularized myocardial tissue growth. By origami meth-
ods, the planar tissue will then be folded into an anatomic 3D 
heart ventricle shape. Figure 1 shows a schematic representa-
tion of the project goals.

Nano-Patterned Cellulose Scaffold Fabrication
Different micro cellulose slurries were prepared in order to 
obtain scaffolds with the desired elasticity and fiber orien-
tation, promoting myocardial cell differentiation and align-
ment. To simplify the process, the optimal dimensions for cell 
alignment were first assessed and validated on patterned gel-
atin. For this purpose, line patterns with various line width, 
heights and spacings were transferred into gelatin beds on top 
of the cellulose scaffolds by molding techniques. Fibroblast 
model cells were seeded and their alignment was evaluated. 
As a result, cellulose fibers in the range of 25 µm were chosen 
to fabricate the scaffolds. The bio-compatibility of the cellu-
lose sheets was validated trough cytotoxicity assays. This im-
plicates that paper samples with oriented cellulose fibers as 
such, could induce cell alignment. Different origami patterns 
for folding a heart ventricle were evaluated. A slightly modi-
fied Miura pattern was selected due to its unilateral deforma-
bility (Fig. 2A). In order to enable the folding of a miniaturized 
origami pattern, we developed an imprinting method to man-
ufacture pre-folded cellulose scaffolds (Fig. 2B). 

3D Bioprinting and Hydrogel Development 
Different blends of cell-laden hydrogels have been assessed for 
patterning cells onto the cellulose scaffolds. The cell-laden hy-
drogel showed high biocompatibility, printability and stabil-
ity during cell culture. The printed structures kept stable for 
over 6 days in cell culture and the cardiomyocytes successfully 
developed into pacing cells. Printed cells showed excellent 
long-term viability, comparable to the control cell cultures in 
dishes and cells embedded in casted hydrogels. 

 

Fig. 2 A) Prototype origami heart ventricle model; B) Preformed cel-
lulose scaffold. (all scale bars are 1cm).

Vascular Cells 3D Culture and Differentiation 
We investigated the combination of endothelial cells (HU-
VEC) with bona fide pericyte-like cells (adipose-derived stro-
mal cells, ASC), in order to establish the cell type composi-
tion required to generate vascular structures. Only this cell 
combination gave rise to organized multi-cellular structures 
with a clear vessel morphology, indicating that the presence 
of mural cells is required for vascular structure establishment. 
The embedding of cells in a fibrin hydrogel ensured a true 
3D distribution of the cells with the consequent formation 
of three-dimensional vascular networks. Hydrogel composi-
tion (fibrinogen and crosslinking enzyme concentrations) sig-
nificantly regulates the process of endothelial cell assembly. 
Cell densities between 1 and 10x106/ml were tested. After two 

Fig. 1 Schematic representation of project goals: (A) A cellulose scaffold with the desired stiffens and nano-patterns. (B) Hydrogels containing 
myocardial cells and vascularizing cells will be 3D bioprinted onto the scaffold. (C) The scaffold sheets containing the differentiated/aligned myo-
tubes will be folded into a heart shape by origami techniques.
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weeks of culture, the number of vessels clearly increased with 
cell density. To determine whether the generated vascular 
structures displayed features of physiological blood vessels, 
gels were stained for laminin and podocalyxin, which mark 
specifically the basal and luminal compartments of function-
ally differentiated vascular cell structures in-vivo, respectively. 
The network composed of vascular structures showed a  clear 
apicobasal polarization of the endothelium, with laminin on 
the basal side, podocalyxin on the luminal side and physiolog-
ical lumens (Fig. 3). The same experiments were performed on 
cellulose scaffolds which were covered with a layer of gelatin 
similar to the hydrogel system described before. Preliminary 
experiments showed that the presence of cellulose and gelatin 
did not significantly affect the efficiency of vascular network 
formation, showing the feasibility of the overall construct.

 

Fig. 3 Immunostaining of vascular structures showing physiologi-
cal apicobasal polarization of endothelium (marked by podocalyxin 
(red) and laminin (green), respectively) and a hollow lumen (scale 
bar is 30 µm).

Myocardial Cells Differentiation and Contraction
Cardiomyocytes have been cultured on different gelatin con-
centrations to assess the effect of substrate stiffness on the 
cell maturation.  Cells cultured on substrates with a stiffness 
of 11 kPa promoted the best cardiomyocyte functionality in 
terms of lower excitation threshold (ET) and increased area 
of deformation. Cardiomyocytes have been cultured on tissue 
culture plastic and gelatin with or without electrical stimula-
tion. The tissues cultured on gelatin with electrical stimulation 
showed a superior functionality in terms of lower ET. The car-
dio-myocyte alignment on fibronectin-coated elastomer line 
patterns with different dimensions was evaluated after 5 days 
in culture. As predicted by the preliminary alignment experi-
ments, 25 µm spaced line patterns showed the most promising 
results. Therefore, cardiomyocytes were cultured on gelatin 
coated paper-scaffolds with and without 25 µm line patterns 
for 6 days, again with and without electrical stimulation. The 
assay showed that only the patterned paper substrates pro-
moted sufficient cell maturation to enable the tissue sheet 
contraction upon electrical pacing. In addition, cell alignment 
and contractility have been investigated in 3D fibrin gel based 
constructs. The excitation threshold results showed, that there 
is a trend of improving the cardiac functionality by applying 
electrical stimulation. Preliminary analysis of the deformation 
map (Fig. 4) demonstrate that the presence of line patterns on 
one side of the 3D construct supported a uniform contraction 
throughout the entire tissue.

 

Fig. 4 Deformation map of the cardiac layer in finite strain equiva-
lent %. 250 x 250 µm image.
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Introduction
The creation of complex 3D topographies by different origi-
nation pathways is receiving increasing attention from both 
the academic community as well as a wide range of industry 
sectors for applications in microfluidics, micro-optics and pho-
tonics, security, advanced design elements and functional sur-
faces in general. For laser micromachining of polymers, there 
is a clear trend towards ultrashort pulse durations (10’s of ps 
to 100’s of fs), which reduce the thermal impact and lead to 
higher shape accuracy. UV lasers generally show better abla-
tion characteristics with smaller heat-affected zones and virtu-
ally no recast layers as observed for IR-Lasers [1].

The aim of this project is to develop an advanced manufac-
turing technology enabling origination of tailored three-di-
mensional surface topographies with sub-micron feature res-
olution and very low surface roughness, suitable for use as 
optical elements and/or security features. For this purpose, we 
combined high precision laser-based subtractive manufactur-
ing of polymeric substrates with strategies for contactless pol-
ishing of structured polymer surfaces to yield optical quality 
roughness levels. This required extension of the contactless 
polishing procedure [2], previously applied to microlens arrays 
in the Nanoargovia project SurfFlow, to smoothening of to-
pographies with higher initial surface roughness.

Laser micro machining on polymers
The interactions of a laser beam with the polymer are very 
complex, since different phenomena such as self-focusing, ab-
sorption mechanism and melting effects occur simultaneously 
and interact with each other. Due to this inherent complexity, 
it was necessary to investigate and optimize the laser ablation 
of structures in depth, initially starting with single pulses, fol-
lowed by 1D (lines), 2D (surfaces) and finally 3D topographies.

The thermoplastic material used is amorphous and thus trans-
parent in its unprocessed state. Due to the high level of trans-
mission at the wavelength used (355 nm), only a small fraction 
is absorbed by the material within the top layer, thus ham-
pering the coupling into the medium at the low laser energy. 
Therefore, samples were coated with graphite and the effect 
of single laser pulses on the material was compared. If the 
degree of absorption is increased by coating of the surface, an 
ablation process can be triggered even if the pulse energy re-
mains the same. However, the coating was detached after sin-
gle pulse, which is not suitable for writing 2D or 3D structures.

Laser micromachining of 3D topographies into high per-
formance polymers (PEEK, PI)
Due to the encountered limitations for PMMA, i.e. melting 
effects and high surface roughness after laser ablation, the 
focus of the project was switched to the laser processing of 
poly(ether ether ketone) (PEEK) and polyimide (PI) in order to 
use them for embossing of PMMA. Both of these materials fea-
ture strong absorption at the wavelength of 355 nm and are 
thermally more resistant than engineering thermoplastics. 
Effects as seen for PMMA (Fig. 2) are no longer visible on PI at 
similar laser energies. The achieved roughness is currently at 
Ra = 0.25 µm, which corresponds to a very good surface rough-
ness, but is still not sufficient for micro-optical structures.

 

Fig. 1 If the absorption coefficient is increased by coating of the sur-
face, an ablation process can be triggered at constant pulse energy.

Fig. 2 SEM analysis of a single pulse on a single coated substrate. It 
is clearly visible that the material in the laser irradiated area has not 
been removed. The observed deformation of the surface most likely 
results from the Kerr effect (visualized on the right side). The latter 
causes the absorption of the laser radiation to take place below the 
surface (within the material) and a swelling of the observed area can 
be detected [3].

Fig. 3 Investigation of the laser ablation on PI and PEEK foils. Here: 
On-off-focus analysis for Θ0=0.684 J/cm2 on polyimide. If the sub-
strate surface is not perfectly in the focus of the laser (on-off-focus), 
the material is degraded.

 

EP = 2.52 µJ
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Fig. 4 Changes in surface roughness of PI over nine successive abla-
tion steps. The roughness is transferred to the lower layer and there-
fore steadily increases.

 
Fig. 5 Slicing of structures: Contour resolution can be controlled via 
the layer height Δz. Errors in layer thickness lead to visible contour 
errors at the vertex. The resolution is improved by simply increasing 
the number of layers: More layers → thinner layers → less energy 
needed.

Fig. 6 SEM analysis of laser ablated structures on PI: Wave-like pat-
terns are present in the boards area. These patterns are caused by the 
polarization of the laser beam. Intensity and fluence of the Gaussian 
beam are highest in the center [3]. In general, the structures do not 
appear to be 100 % continuous due to the layered structure.

Surface smoothening
The TASTE process was originally established for thin layers of 
PMMA resists [4]. For smoothening out surface roughness, sur-
face confined exposure can be done with a range of processes. 
Among all processes performed, UV-C (172 nm) is clearly the 
best pre-treatment. The glass transition temperature Tg is 
thereby lowered within a top layer extending  approximately 
200 nm into the material. Due to the shift from engineering 
plastics to high performance polymers (PI and PEEK), the pro-
cess chain was adapted, i.e. PMMA was embossed with the la-
ser structured PI or PEEK foil and subsequently subjected to 
a smoothening process. PMMA samples were irradiated with 
UV-C for up to 5 minutes and then smoothened at 10°C be-
low Tg for 15 minutes. The micro roughness can thereby be re-
moved very efficiently, while the macro roughness originating 
from the different layers is still present.

 

Fig. 7 Surface smoothening of embossed PMMA. Due to the low pen-
etration depth of the UV-C rays, only the micro roughness is reduced, 
the macro roughness remains.

Conclusions and outlook
The originally targeted process chain currently cannot be ap-
plied. The roughness on PMMA is too large to be completely 
removed by the UV-assisted reflow process. However, laser ab-
lation on PI and PEEK shows good dimensional accuracy and 
lower surface roughness, but still too high for optical struc-
tures. More fundamental research on the laser ablation of 
transparent thermoplastic is required. The reflow process on 
PMMA is still interesting. Further investigations on the pen-
etration depth of the UV radiation are in process and should 
be completed by the end of the project. Furthermore, the for-
mation of an amorphous boundary layer during laser ablation 
will be further investigated, taking into account the degrada-
tion pathways of polymers during the laser ablation process 
[5].
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Novel cancer-targeted nanoparticles
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ing (DLS) measurements, nanoparticle tracking analysis (NTA) 
and transmission electron microscopy (TEM). By utilizing 
these three complementary techniques, we were able not only 
to determine the particle size distribution, but also estimate 
the particle concentration (NTA) and study their morphology 
and shape (TEM). Moreover,  the stability of the samples was 
assessed by investigating changes of the z-average diameter 
obtained from DLS measurements in backscattering mode 
over time. With this panel of physicochemical methods, we 
systematically studied the influence of the API’s molecular 
weight, the vector composition and the formulation on the 
nanoparticles and their reproducibility. 

Figure 2 shows that the chosen techniques gave coherent re-
sults and were suitable to identify some critical quality attri-
butes of the nanoparticles. Utilizing nanoparticles varying in 
composition and formulation, we found that the high aspect 
ratio seen in TEM correlated to drastic increase in z-average 
diameter over time and multiple particle populations in NTA. 
Low efficiency in particle formation could be identified by 
ill-defined shapes in TEM, low concentrations and smaller 
particle sizes in NTA and DLS. Cross-correlation of the physi-
cochemical properties of different nanoparticles and formula-
tions with their biological activity in vitro, enabled us to pro-
pose draft specifications of our API, gain better understanding 
of TAR001 structure-activity relationships and advance the fur-
ther formulation development.

Components of TAR001 were fluorescently labelled by random 
alkylation of RNA (Cy5 label) and covalent binding of Alexa 
Fluor 488 to the vector. The labeling density of RNA was opti-
mized by measuring size distribution (DLS), cytotoxicity and 
brightness of three differently labeled molecules. Fluorescence 
correlation spectroscopy (FCS) measurements confirmed suf-
ficient brightness of the lowest dye concentration labeling. 
Further studies with fluorescently labeled nanoparticles will 
facilitate quantification of the free components, evaluation of 
the stability in biofluids as well as understanding the uptake 
mechanism and intracellular fate of the nanoparticles.

Challenges in cancer therapy
Significant advances have been made in the field of cancer 
therapy in the past few years. Numerous treatment modalities 
have been developed and approved for solid tumors including 
small molecules, antibodies and cell-based therapies. How-
ever, most of them are non-curative and resistance continu-
ously emerges due to tumor heterogeneity as well as escape 
from anti-tumor immune responses. Thus, cancer remains a 
major contributor to morbidity and mortality worldwide. In 
the last decade, the huge potential of immune system acti-
vation has been recognized and several approaches were de-
veloped such as: anti-cancer antibodies, therapeutic and pro-
phylactic vaccines, pattern recognition receptor agonists [1] or 
CAR-T cells [2]. 

Profound effects of synthetic dsRNA analogues in anti-tumor 
therapy have led to cancer-directed human immunotherapy 
studies, with some limited success as adjuvants [3]. However, 
as in the case with any nucleic acid-based therapy, the bottle-
neck is payload delivery: it has to be protected from enzymatic 
degradation, delivered to the target cells, internalized and re-
leased from endosomes into the cytosolic compartment de-
pending on the final cellular target. Therefore, the focus in the 
field has shifted towards designing efficient delivery systems. 
In this respect, nanoscience-based solutions are the main focal 
point due to their ability to combine efficient protection of 
the payload with targeting and improved cellular uptake [4]. 
Since systemic delivery of nucleic acid analogues in a non-tar-
geted manner can be toxic due to strong systemic immune 
response, targeted delivery systems are highly desired [1]. 

Generating a holistic therapy by Novel Cancer-Targeted 
Nanoparticles
A unique chemical vector system for nucleic acid delivery that 
can potentially overcome these challenges is developed by 
TargImmune Therapeutics. This vector exploits receptor over-
expression as a trojan horse to target cancer cells selectively 
for the efficient delivery of a synthetic dsRNA analogue as ac-
tive pharmaceutical ingredient (API). Successful intracellular 
delivery mimics viral infection and thus induces cancer cell 
death while simultaneously stimulating anti-tumor immu-
nity, generating a holistic anti-tumor therapy. The primary 
aim of the NCTNano project is to obtain detailed insights into 
the structure and morphology of the nanoparticles assem-
bled from the chemical vector and the API, called TAR001. 
Secondly, the project addresses the Mode of Action (MoA) and 
uptake mechanisms of TAR001 to validate their in vitro be-
havior. These data will be useful to deduce structure-activity 
relationships that will help to evaluate the efficacy of differ-
ent formulations, and to define Drug Product Specifications 
suitable for an Investigational New Drug (IND) submission and 
progressing to Phase I clinical trials. 

Physicochemical characterization: nanoparticle morphol-
ogy
Nucleic acid delivery by nanocarriers (efficacy and safety), is 
strongly affected by their physicochemical properties such as 
size, shape and surface charge (represented by zeta potential) 
[5]. Importantly, these properties might change over time de-
pending on the storage medium or temperature. Freshly pre-
pared nanoparticles were subjected to dynamic light scatter-

Fig. 1 Concept of anti-tumor immunotherapy using TargImmune 
Therapeutics’ platform technology Cancer-Targeted Nanoparticles.
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Fig. 2 Three exemplary characterization results of TAR001 depending 
on formulation as well as chemical composition of vector and API. 
Compound and formulation from Left to right; A (Blue), B (Grey), C 
(Red). From top to bottom: TEM, NTA, and DLS measurements.

Mode of Action: pathway activation and downstream ef-
fects 
To shed light on Cancer-Targeted Nanoparticles’ mode of ac-
tion (MoA), we deep sequenced treated and untreated cells on 
Illumina’s Nextseq platform. 2'600 out of 50'000 transcripts 
were differentially regulated, with high consistency between 
duplicates. Key results include: i) Cancer-Targeted Nanoparti-
cles caused differential gene expression in a dose-dependent 
manner and ii) TAR001-regulated transcripts included genes 
with immunological relevance and distinct transcription fac-
tor families. Both are eligible to serve as genetic reporters in 
future experiments. 

Following the successful completion of the pilot experiment, 
we are now re-examining the TAR001-mediated transcriptional 
changes, using the necessary replicates for a comprehensive 
statistical analysis, and including as controls cell lines that are 
unresponsive towards TAR001 due to low receptor expression, 
non-tumorigenic cells, and cells treated with non-functional 
API-mimics or without the payload. 

In parallel, suitable gene candidates, which are differentially 
expressed could be exploited to develop reporters for TAR001 
efficacy. We have selected a set of cytokines to be tested in 
ELISAs, as well as transcription factors, for which appropriate 
transcriptional activity assays can be developed. This could 
form the basis for medium-throughput screening of the for-
mulations and facilitate biomarker choice for clinical studies.

Summary and conclusion
The obtained data, supported by SNI, significantly contributed 
to the development of TAR001 and advanced the program to-
wards IND. The studies conducted, supported setting the spec-
ifications for the TAR001 components and its formulation de-
velopment as well as preliminary insight on the MoA. 

A panel of physicochemical methods for the characterization 
of TAR001 nanoparticles were established during this project 
along with preliminary understanding of the structure-activ-
ity relationships. Further studies will be also complemented 
by additional methods including  atomic force microscopy, 
cryo-TEM and static light scattering experiments. 

The pilot MoA study revealed transcriptional changes indicat-
ing the pathways activated upon TAR001 treatment. Further 
studies will enable selection of potential molecular reporters 
of TAR001 efficacy that will be utilized for medium-through-
put screen of TAR001 variants. 
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Nano-in-nano composites for bioresponsive drug 
delivery 

Introduction
Peri-implant inflammations represent serious diseases after 
dental implant treatment, which affect the surrounding hard 
and soft tissue. Due to prevalence of up to 56%, peri-implan-
titis can ultimately lead to the loss of the implant without 
prevention and appropriate therapeutic treatment. For the 
treatment of peri-implant disease, various conservative ap-
proaches are available, such as application of systemic or local 
antibiotics. Most of the current therapeutic approaches aim 
at eliminating the bacterial infection. However, a treatment 
strategy that possesses antimicrobial as well as regenerative 
potential is still missing. 

Within this project, an easily applicable construct based on 
self-assembling peptides that possess antimicrobials as well as 
regenerative potential will be developed. To this end, a vari-
ety of nano- and microcapsules containing different drugs will 
be combined with a hydrogel matrix possessing regenerative 
potential. This composite material is intended to support the 
physiological wound healing process by providing a suitable 
environment for cell migration, tissue regeneration and local 
suppression of microbial growth. 

Evaluation of therapeutic compounds
Prior to the development of compound-loaded particles, a de-
tailed evaluation of suitable compounds was performed. This 
evaluation on the one hand included selection of compounds 
based on review of the scientific literature, and on the other 
hand on the investigation of key properties of the selected 
compounds. 

Eight different compounds were selected for further investiga-
tion within the study based on a literature study focusing on 
the indication and route of application of the envisaged drug 
delivery system, on the availability of drug master files as well 
as on physicochemical properties such as solubility in aque-
ous media, estimated diffusivities and molecular properties 
(e.g. molecular weight, charged moieties at physiological pH). 
These compounds belonged to different therapeutic classes, 
ultimately enabling a drug delivery system combining differ-
ent therapeutic actions.

Subsequently, several of the selected compounds were investi-
gated with regards to their regenerative potential in vitro. Two 
different cell culture models were applied, focusing on pro-
liferative potential and osteogenic differentiation. The results 
showed incubation time dependent effects of the investigated 
compounds, necessitating careful optimization of time until 
readout. However, a key biomarker for cell proliferation was 
affected by most of the selected compounds, further support-
ing their proliferative potential. 

The proliferative potential was also assessed by scratch as-
say, monitoring the efficiency of closure of a cell gap in a cell 
monolayer in vitro. Compounds with proliferative potential 
result in increased cell spreading and proliferation leading to 
faster closure of the cell gap compared to cell culture medium 
control without the compound. The assay was established us-
ing a suitable cell line and was tested using two different com-
pounds at different concentration and at different timepoints 
(Fig. 1). Pronounced improvement of cell proliferation was ob-

served in the presence of both compounds after incubation for 
21 h, confirming results of the previously performed assays. 
Investigation of the remaining compounds and quantitative 
analysis of the results is ongoing.

Fig. 1 Evaluation of proliferative potential using scratch assay af-
ter 21 h incubation. Cell culture medium without fetal bovine serum 
(FBS) was used as negative control, medium with FBS was used as 
positive control. Incubation of compounds was performed in the ab-
sence of FBS.

These experiments confirmed effective concentrations in the 
range of 0.1 to 1 μg/mL, which will be used as a starting point 
for the development of compound-loaded particles and will 
be further refined in the course of the following experiments.

Preparation of compound-loaded particles
The envisaged composite system requires development of 
various particulate delivery systems employing different 
compounds. The focus of the first stage of development was 
put on efficient generation of various particle types, efficient 
compound encapsulation within these particles and suitable 
release characteristics. A biodegradable and regulatory accept-
able polyester matrix was used for the preparation of micro- as 
well as nanoparticles. Furthermore, several different natural 
polymer matrizes were investigated.

Development of compound-loaded microparticles was initi-
ated using one of the selected compounds by testing several 
different preparation techniques, including single emulsion, 
double emulsion, and suspension-based encapsulation. As ex-



85

pected, preparation technique affected microparticle diame-
ter (Fig. 2), encapsulation efficiency and drug release. As the 
selected compound was quite hydrophilic, suspension-based 
encapsulation was found to be the most efficient encapsula-
tion method. However, encapsulation efficiency was still not 
fully satisfactory; further optimization of the process is ongo-
ing.

Fig. 2 Evaluation of particle size and morphology of compound-loaded 
particles by scanning electron microscopy. (A) particles obtained us-
ing single emulsion technique, (B) particles obtained using double 
emulsion process and (C) particles obtained from suspension-based 
process

Based on the results obtained in the first set of encapsulation 
experiments, subsequent encapsulation of hydrophilic com-
pounds was mainly performed by suspension-based methods. 

Four further compounds were successfully encapsulated us-
ing suspension-based processing into microparticles and com-
pound release was investigated using compound-specific ana-
lytical methods (Fig. 3). 

Fig. 3 Encapsulation of Compound A into polyester-based micropar-
ticles using suspension-based process. (A) Scanning electron micro-
graph of particles, (B) macroscopic appearance of microparticles 
after first centrifugation step, (C) drug release form microparticles 
using water (blue points) and phosphate buffered saline solution with 
Polysorbate 80 (green points) as release medium.

It was found that the developed encapsulation method re-
sulted in microparticles of appropriate size and morphology 
and with suitable encapsulation efficiency for most com-
pounds. Drug release characteristics varied significantly, 
which can be mainly attributed to different physico-chemical 
characteristics of the compounds.

Finally, preparation of compound-loaded nanoparticles was 
established. The preparation was based on single emulsion 
– solvent evaporation process. Through selection of suitable 
surfactants and process conditions, not only microparticles, 
but also nanoparticles could be prepared. It was found that 
compound-loaded nanoparticles of approximately 300 nm 
with zetapotential of approximately -25 mV with appropriate 
encapsulation efficiency could be prepared. Drug release was 
investigated using a compound-specific analytical method and 
was found to be quick and characterized by drug supersatura-
tion in the release medium at early timepoints. 

Summary and outlook
Several compounds were evaluated with regards to their suit-
ability for the intended delivery system and indication, both 
through literature review as well as in vitro testing, and were 
selected for further investigation. Subsequently, different 
methods for the preparation of micro- and nanoparticles were 
evaluated. It was found that both, micro- and nanoparticles 
could be successfully prepared. Future studies will focus on 
optimization of compound encapsulation and -release. Subse-
quently, compound-loaded particles will be incorporated into 
a hydrogel matrix, and stability of this composite as well as 
compound release will be optimized.
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Introduction
Grating compressors are widely used in the field of ultrafast 
lasers, as they allow for a technique of so called “chirped pulse 
amplification” (CPA). CPA is the process of stretching an ultra-
fast laser pulse spectrally and temporally before amplifying 
and finally recombining it with said compressor. This tech-
nique has proven to be absolutely crucial for reaching state 
of the art pulse energies as prior to CPA, the amplifier could 
simply not support the enormous peak energies reached in 
such systems. 

The goal of UltraNanoGRACO is to not only build an efficient, 
compact and robust grating compressor, but also to find a way 
of customizing it for the innovative laser source developed 
by Menhir Photonics AG. The ambitious goal thereby is the 
recompression of higher order phase components present in 
the pulse, which cannot be compensated for by simple adjust-
ments in the compressor. To that end, nanostructured optical 
components will be developed and tested during the project.

The grating compressor
The operating principle of a grating compressor as used in 
the current project is outlined in figure 1: The stretched pulse 
impinges on a first grating, which disperses the pulse into 
its spectral components. Two lenses focus and re-collimate 
this output, before the laser light is sent through the setup a 
second time in reverse. This specific geometry is called a “4-f 
compressor layout”, where f stands for the focal distance of 
the lens used. Assuming L=f in figure 1, the distance between 
the two gratings would be exactly four times f. In that case, 
the pulse would pass through the system without any distor-
tions. By changing L, the quadratic dispersion introduced to 
the incoming light pulse can seamlessly be tuned. 

Fig. 1 4-f compressor layout

Fig. 2 Example of a folded compressor design

The final layout in development at FHNW will rely on a folded 
version of this compressor, which minimizes the footprint of 
the system and will rely on a single grating operated in trans-
mission. The detailed design will be one of the main topics of 
the second phase of the project but figure 2 gives an impres-
sion of how such a folded version could look like.

The gratings
The clearly most important components in a grating compres-
sor are the actual gratings. The optical grating separates the 
light pulse into its spectral components much like a spectro-
photometer. It is worth noting that the light travels through 
each grating twice, which means that there are four diffrac-
tion events taking place. This underlines the importance of 
the grating quality, as any loss would scale to the power of 
four and a respectable grating efficiency of about 80% would 
lead to an overall performance of only 41%. The ambitious tar-
get for the efficiency in this project was hence set to be 97% at 
the main wavelength of 1550 nm, which could be reached in 
the simulations shown in figure 2 with a rather simple grating 
geometry. The best fabricated grating could achieve 88% so far 
and by applying an antireflective coating, this number could 
ideally increase by another 6 - 7% and come very close to the 
theoretical maximum.

Fig. 3 Grating model used to reach 97% efficiency

Sub-wavelength nanostructures were determined to be the 
best solution for antireflection as they should achieve decent 
anti-reflective properties with < 1% residual reflectivity, while 
being easily scalable in fabrication. Multilayer stacks, so called 
Bragg reflectors, would be the main alternative and the gold 
standard for antireflection, but they are much more intricate 
to fabricate. In this project we aim for a purely replication-
based production, with the diffraction grating replicated on 
the front side, and an antireflective structure on the back-side 
of a quartz substrate. Clear advantages of such a process are its 
reproducibility and cost-efficiency. 
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While the antireflective structure is straight-forward to repli-
cate, the deep grating structure is not. A process relying on a 
semi-soft mold was developed and could successfully be uti-
lized to replicate ¼ of a wafer (Fig. 3), but scaling the pro-
cess to full-wafer is still a final challenge to be tackled in the 
second phase. In summary, the development of the grating 
solution was very successful, and all preliminary tests suggest 
that a reliable supply of efficient components can be ensured 
with a cost-efficient process for the 2nd phase of the project 
and beyond.

Fig. 4 The original grating (left) and its replica (right)

The laser
The first lasers developed and assembled by Menhir Photonics 
AG were already able to reach more than 1 W of power at 1 
GHz frequency after the first year. They are a turn key solution 
with a very compact and robust design; all properties which 
should finally also apply to the compressor. 

Fig. 5 The compact laser source of Menhir Photonics (without am-
plifier/compressor) shown together with the FROG from FemtoEasy.

Pulses have been measured with a FROG instrument from 
FemtoEasy (Fig. 5) after compression with an assembly based 
on the design from FHNW detailed in figure 1 and built with 
the gratings manufactured by CSEM. The results are shown in 
figure 5.

The pulses were stretched to 8 ps during amplification but 
could be properly recompressed to < 250 fs with the compres-
sor developed in the project. Figure 5 shows the presence of 
higher order residual phase though, which has to be compen-
sated if pulses should become even shorter. In the end, this 
very specific phase behavior asks for a customized solution 
and tackling this very problem will be the main subject of the 
second phase of the project.

Fig. 6 Pulses of Menhir Photonics’ laser after recompression
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