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We present an ultrafast vector microscope with 10 nm spatial and subfemtosecond temporal resolution which

is capable of mapping all three vector components of the electric field as well as the magnetic field of light

on nanophotonic structures (see figure). As first application, we record and analyze the temporal evolution of

plasmonic skyrmions and the skyrmion number on a nanostructured gold surface.

This work was carried out by Tim Davis (University of Melbourne), Pascal Dreher, David Janoschka and Frank

Meyer zu Heringdorf (CENIDE, University of Duisburg-Essen) as well as Bettina Frank (University of Stuttgart).

We acknowledge support from DFG, ERC, BMBF, BW Stiftung as well as MPI FKF.
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“We are at the dawn of a new industrial revolution of the twenty-first century, and the future will show how

molecular machinery can become an integral part of our lives. The advances made have also led to the first steps

towards creating truly programmable machines, and it can be envisaged thatmolecular roboticswill be one of the

next major scientific areas.”1

The 2016 Nobel Prize in Chemistry Committee, October 2016

Over the past few years some of the first examples of synthetic molecular level machines and motors—

all be they primitive by biological standards—have been developed.2-7 These molecules respond to light,

chemical and electrical stimuli, inducing motion of interlocked components held together by hydrogen bond-

ing or other weak molecular interactions. Recently the first programmable systems have been developed,4,5

the forerunners of a new technological era of molecular robotics.

Perhaps the best way to appreciate the technological potential of controlled molecular-level motion is to

recognise that nanomotors and molecular-level machines lie at the heart of every significant biological process.

Over billions of years of evolution Nature has not repeatedly chosen this solution for achieving complex task

performance without good reason. In stark contrast to biology, none of mankind’s fantastic myriad of present

day technologies exploit controlled molecular-level motion in any way at all: every catalyst, every material,

every plastic, every pharmaceutical, every chemical reagent, all function exclusively through their static or

equilibrium dynamic properties. When we learn how to build artificial structures that can control and exploit

molecular level motion, and interface their effects directly with other molecular-level substructures and the

outside world, it will potentially impact on every aspect of functional molecule and materials design. An

improved understanding of physics and biology will surely follow.

[1] The Nobel Prize in Chemistry 2016–Advanced Information. Nobelprize.org. Nobel Media AB 2014. Web. 6 Oct,

2016, http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2016/advanced.html. [2] E. R. Kay and D. A.

Leigh, Angew. Chem. Int. Ed., 2015, 54, 10080. [3] B. Lewandowski, et al., Science, 2013, 339, 189. [4] S. Kassem,

et al, Nat. Chem., 2016, 8, 138. [5] S. Kassem, et al, Nature, 2017, 549, 374. [6] S. Erbas-Cakmak, et al, Science,

2017, 358, 340. [7] M. R. Wilson, et al, Nature, 2016, 534, 235.
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1. University of Potsdam

Surface-enhanced Raman scattering (SERS) is a powerful technique that allows for a sensitive detection of

molecules and basically also for a monitoring of chemical reactions up to the single-molecule level. However,

the signal enhancement is limited to nanoscale cavities in-between gold or silver nanoparticles, and it is inher-

ently difficult to control the positioning of both, nanoparticles and analyte molecules. To tackle this challenge

we are using DNA origami nanostructures, which allow for the precise placement of functional entities such

as metal nanoparticles, [1] fluorescent dyes [2] and proteins [3]. DNA origami nanostructures are formed from

a long DNA scaffold strand and a suitable set of short staple strands, and through the specific choice of the

set of staple strands, almost arbitrary 2D and 3D nanostructures can be formed.[4] Gold or silver nanoparti-

cles can be attached to the DNA origami nanostructures to create dimeric or even more complex plasmonic

nanostructures,[5] in which light is focused into nanoscale cavities creating intense hot spots for SERS. Using

such nanolenses made from three silver nanoparticles single streptavidin molecules could be detected by SERS

(figure 1).[3]

We have recently designed a new and dedicated three-dimensional DNA origami nanostructure with the aim

to create a versatile platform for reliable single-molecule SERS measurements. Using this DNA origami nanos-

tructure single molecule detection of three different dyes precisely placed into gold and silver nanoparticle

dimers could be demonstrated. Furthermore, the label free single-molecule detection of two different proteins

could be achieved by SERS.

[1] J. Prinz et al., Nanoscale 2016, 8, 5612.

[2] Y. Choi et al., ACS Appl.Mater. Interf. 2018, 10, 23295.

[3] C. Heck et al. Angew.Chem. Int. Ed. 2018, 57, 7444.

[4] P.W.K. Rothemund, Nature 2006, 440, 297.

[5] C. Heck et al., ACS Photonics 2017, 4, 1123.

Scheme 1.png
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Introduction
The metabolic composition of the tumor microenvironment dictates and sustains cancer growth and prolifera-

tion. As a consequence, monitoring alterations among multiple extracellular metabolites could harbor diagnos-

tic and therapeutic relevance.1 A growing interest in these phenomena has inspired the development of novel

technologies with sufficient sensitivity and resolution to monitor such metabolic modifications in the tumor

microenvironment. In this context, surface-enhance Raman scattering (SERS) can be used for the detection

and imaging of various molecules of interest among extracellular components.2 In this case, the application

of nanostructured plasmonic substrates comprising Au nanoparticles, self-assembles as ordered superlattices,

allows the precise SERS detection of tumor metabolites in complex conditions. (Fig.1A)

Material and methods
We studied the application of SERS to identify the presence of selected metabolites, commonly secreted by can-

cer cells and relevant to tumor biology, including tryptophan, kynurenine, and purine derivatives. Two types

of plasmonic substrates were tested, both materials were produced by the deposition of 30 nm spherical Au

nanoparticles on glass substrates following different methodologies, which results in radical different nanopar-

ticles distributions.

Discussion
The potential of this technology is demonstrated through the analysis of selected metabolites which are con-

sumed or release to the extracellular environment under specific stimuli, providing a better understanding

about the fluctuations of such molecules within the tumor milieu.3 SERS facilitates the rapid identification

of trace metabolites in these experiments where plasmonic substrates are combined with three-dimensional

cancer models, which aim to recreate tumoral niche (Fig.1B). Finally, the effective SERS sensing supports the

nondestructive classification of varying cellular state, clusterized with PCA analysis, based on the detection of

extracellular changes in cell metabolites (Fig.1C).

[1] Lyssiotis, C. A. et al. Metabolic Interactions in the Tumor Microenvironment. Trends Cell Biol. 2017, 27 (11),

863–875.

[2] Langer J. et al.Present and Future of Surface-Enhanced Raman Scattering. ACS Nano 2020, 14, 28-117

[3] Plou J, et al Multiplex SERS Detection of Metabolic Alterations in Tumor Extracellular Media. Adv. Funct.

Mater. 2020, 30, 1910335
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Photothermal microscopy is an incredibly powerful technique which allows background-free single particle

detection in live cells and exhibits sensitivities down to the single molecule level without relying on fluores-

cence. The main limitation of this technique is that it relies on point-by-point image acquisition which makes it

intrinsically ill-suited for single particle tracking applications.

We recently circumvented these limitations and implemented a holographic photothermal widefield micro-

scope which allows single-shot 3D single particle tracking, of many particles simultaneously, over field of views

>80x80µm at frame rates > 50Hz.

I am going to present a detailed discussion of our experimental implementation alongside proof-of-concept work

as well as our first single-shot 3D single particle tracking experiments performed on small gold nanoparticles.

Refocus.png
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Metal oxide semiconductors (MOS) are extensively used for a wide range of industrial applications and prod-

ucts, such as photocatalytic processes, solar cells, toothpastes and sun creams. The overall performance of MOS

is strongly affected by defects states, even at very low concentrations. The functionality of MOS has been re-

ported to be significantly altered through the addition of defects, whereby the materials can become more/less

chemically active or the electronic properties are altered. MOS have also recently been shown to cause high

enhancements for detection application through Raman spectroscopy. Here we show how high energy (UVC)

photons can be used to photo-induced surface atomic vacancies, VO, for PIERS (photo-induced enhanced Ra-

man spectroscopy), Figure 1. These vacancies enable enhanced Raman transitions due to resonant conditions

(known as charge transfers) which can then be used for trace molecular detection. Through monitoring real

time changes in Raman bands one can then indirectly track the dynamics of induced surface atomic defects.

Au nanoparticles and analyte molecules were deposited on different MOS after/before UVC (254nm) exposure.

Series of Raman spectra were taken over time, tracking the changes in band enhancement directly related to

VO, which were used to calculate vacancy dynamics.

The PIERS mechanism relies primarily on the generation of VO and charge transfers between the metal-

semiconductor-vacancy-analyte system. As a result, PIERS is a versatile non analyte specific mechanism allow-

ing a wide potential applications for the technique. The mechanism has been found to work effectively under

air and water environments, including vapour phase detection. Figure 2 shows a significant enhancement be-

yond both the solid and SERS spectra for different classes of important explosive and biomarker molecules for

detection and sensing applications. It is important to note, inexpensive substrates with high sensitivity are re-

quired for practical sensors for security and environmental monitoring applications. The use of photocatalytic

MOS substrates for PIERS applications fulfil all these criteria with the further benefit of self-cleaning surfaces

during PIERS charging, making the substrates reusable.

Inherent low concentrations and high reactivity results in it being very challenging to probe VO. Current tech-

niques often rely on single crystal flat substrates under ultra-high vacuum conditions, significantly different

from commercial conditions. Using PIERS, real time changes in Raman enhancement, directly related to VO

concentrations, can be monitored under operando conditions. Figure 3 shows series of Raman spectra for three

archetype photocatalytic MOS showing how dynamics of VO on different MOS can be indirectly probed.
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1. Italian Institute of Technology

Surface-enhanced Raman spectroscopy (SERS) as a powerful label-free detection method with single-molecule

sensitivity could pave a way to new generation single-protein sequencing platforms. While many single-

molecule SERS substrates work in dry status, biomedical applications of SERS need to be in solution phase and

encounter many challenges. Most solution-phase colloid SERS systems rely on the instantly-formed colloid clus-

ters to achieve single-molecule sensitivity of dye molecules under resonant Raman conditions. However, single-

molecule SERS detection of nucleobases and amino acids that have Raman cross-sections ~100 times smaller

than those of dyes were not demonstrated in solution phases. Furthermore, colloid clusters flow so rapidly in

solution that the SERS signals collected are not sufficient for single-molecule analysis.

Here, we report an electro-plasmonic trapping approach (Figure 1a-c) to control the time that molecules reside

in single hot spot in fluid by adsorbing them onto a gold nanoparticle and then trapping the single nanoparticle

in a plasmonic nanopore.1 The electro-plasmonic trapping is due to a balance between the electrophoretic (EP),

electroosmotic (EO), and optical forces (OF) (Figure 1d). The optical force pulls a gold nanostar (AuNS) near

the nanohole sidewall upon laser excitation. As a result, it induces a plasmonic hot spot on the AuNS tip that

has a small size comparable to an amino acid and strong intensity capable of single-molecule SERS sensing

(Figure 1e).2 By trapping the AuNS for up to minutes, we demonstrate single-molecule SERS detections of single

nucleobases in a single oligonucleotide (Figure 2) and single amino acids in a single polypeptide (Figure 3) in

liquid for the first time. Correlated with Molecular Dynamics simulation, our experiment further monitors

conformation dynamics of single polypeptide on the AuNS (Figure 3).2 Our method show potentials for single-

protein detection and sequencing.

References:
1. Huang, J.-A.; Mousavi, M. Z.; Zhao, Y.; Hubarevich, A.; Omeis, F.; Giovannini, G.; Schütte, M.; Garoli, D.; De

Angelis, F., SERS discrimination of single DNA bases in single oligonucleotides by electro-plasmonic trapping.

Nature Communications2019, 10 (1), 5321.

2. Huang, J.-A.; Mousavi, M. Z.; Giovannini, G.; Zhao, Y.; Hubarevich, A.; Soler, M. A.; Rocchia, W.; Garoli, D.; De

Angelis, F., Multiplexed Discrimination of Single Amino Acid Residues in Polypeptides in a Single SERS Hot Spot.

Angewandte Chemie International Edition2020, 59 (28), 11423-11431.
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The real time fingerprint recognition of specific molecules is critically important in various fields such as

biomedicine and homeland security for detection of volatile compounds, etc. Most of the established sensors-

based on different detection methods such as electrical, optical, electrochemical etc. are widely employed for

recognising themolecular binding, but are inefficient for the identification of specific moleculesby providing

molecular level information.In past years, efforts are witnessed towards molecular recognition by employing

single molecule approaches such as mechanically controlled brake junctions, nanogap devices for molecular

contacts, STM, etc. However, these techniques require complex fabrication process and ultrahigh vacuum.

Moreover, the single molecule approaches are not desired for sensing owing to their low sensitivity.Therefore,

it is highly challenging to develop a facile methodology which is beneficial for molecular recognition and for

sensing applications. The intriguing structure of hybrid nanofloret (NF), developed by our group, featuring

metal tip (Au) coupled to high aspect ratio semiconducting nanowire (SiGe), enables the feasibility of designing

an array of nanogap junctions. We propose a simple, water compatible, robust methodology for the detection

of specific molecules by employing the hybrid nanofloret suspended between two macroscopic contacts as pre-

sented in Figure 1a. Devices are realized using photolithography and bottom up methods.Molecular junctions

are achieved by drop casting the molecular solution on the macroscopic contacts where the molecules interca-

late between the gold tip and the macroscopic electrode. We have employed this simple device configuration for

identifying the electronic properties of various molecules by studying the changes in the conductance of molec-

ular ensembles intercalated between the nanogap electrodes. Charge transport characteristics of cysteamine

molecules is illustrated in Figure 1b.The change in the conductance of different molecules enable molecular

recognition. The analysis of conductance of molecules provide information about molecular density of states.

This study demonstrates the potential use of NFs device structures for fingerprint molecular recognition and

molecular sensors.

Figure 1.png
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In recent years, DNA nanotechnology has matured to enable robust production of complex nanostructures and

hybrid materials. We have combined DNA nanotechnology with sensitive optical detection to create functional

single-molecule devices that enable new applications in single-molecule biophysics. Using brightness refer-

ence samples with defined numbers of fluorescent dyes we determined the sensitivity of smartphone camera

microscopes [1]. To improve the sensitivity in DNA detection assays, we created DNA origami optical anten-

nas for metal enhanced fluorescence [2,3]. Furthermore, we developed a new single-molecule force technique

that does not require connection to the macroscopic world. Instead an entropic force is applied within DNA

origami nanostructures and the ability of single proteins to bind and bend DNA under tension is visualized by

single-molecule Fluorescence Resonance Energy Transfer [4]. With DNA origami, we also uncouple the molec-

ular recognition event from the signal transduction mechanism for a new approach of modular biosensors that

can be adapted to a broad variety of target molecules. Finally, we use DNA origami nanopositioners to place

biomolecular assays at defined distances to graphene to optimally exploit changes of fluorescence quenching

by graphene for sensing binding events as well as conformational changes [5].

References
[1] C. Vietz, M. L. Schütte, Q. Wei, L. Richter, B. Lalkens, A. Ozcan, P. Tinnefeld, and G. P. Acuna, “Benchmarking

Smartphone Fluorescence-Based Microscopy with DNA Origami Nanobeads: Reducing the Gap toward Single-

Molecule Sensitivity,” ACS Omega 4, 637-642 (2019).

[2] A. Puchkova, C. Vietz, E. Pibiri, B. Wunsch, M. Sanz Paz, G. P. Acuna, and P. Tinnefeld, “DNA Origami Nanoan-

tennas with over 5000-fold Fluorescence Enhancement and Single-Molecule Detection at 25 muM,” Nano Letters

15, 8354-8359 (2015).

[3] S. E. Ochmann, C. Vietz, K. Trofymchuk, G. P. Acuna, B. Lalkens, and P. Tinnefeld, “Optical Nanoantenna for

Single Molecule-Based Detection of Zika Virus Nucleic Acids without Molecular Multiplication,” Anal Chem 89,

13000-13007 (2017).

[4] P. C. Nickels, B. Wunsch, P. Holzmeister, W. Bae, L. M. Kneer, D. Grohmann, P. Tinnefeld, and T. Liedl, “Molec-

ular force spectroscopy with a DNA origami-based nanoscopic force clamp,” Science 354, 305-307 (2016).

[5] I. Kaminska, J. Bohlen, S. Rocchetti, F. Selbach, G.P. Acuna, P. Tinnefeld, “Distance Dependence of Single-

Molecule Energy Transfer to Graphene Measured with DNA Origami Nano-Positioners,” Nano Letters 19, 4257-

4262 (2019.
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DNA can be used as a tool to rationally assemble metallic nanoparticles (NPs) and single photon emitters (e.g.

organic fluorophores) with a defined arrangement, nanometer spacing, and tunable plasmon resonance. These

structures can be tailored to have unique optical properties such as fluorescent intensity and rate enhance-

ment, and emission directionality. Here, we used the DNA-origami technique to position a single fluorophore

(cy5) between two 60 nm gold nanoparticles (Fig. 1a). The structures are first immobilized on a substrate and

fluorescent measurements are performed. The radiation pattern is extracted by wide-field defocused imaging.

Since the antennas are immersed in solution, the dipole orients in all directions in the course of the acquisition

measurement.

Figure 1c shows the radiation patterns of single fluorophores and when in presence of the optical antenna. The

two lobes show that the radiation is mediated by the main plasmon mode (longitudinal) and not the transver-

sal mode. This becomes intuitive when considering that the image charges induced on the nanoparticle are

reinforced when the dipole is aligned to the main axis while quenched when transversal (Fig. 1d). We then

measure the fluorescence intensity as a function of incident polarization to identify the direction of maximum

enhancement. As expected, the incident angle that displays maximum intensity corresponds to the emission ori-

entation of the dipole pattern. Single bleaching steps ensure the measurements are from individual structures

the decreased lifetime (Fig. 1b) indicates further that the antennas consist of two nanoparticles.

Using the DNA origami technique we self- assembled optical antennas consisting of a single fluorescent molecule

positioned between two closely spaced gold nanoparticles. Through single-molecule measurements of the po-

larization of maximum excitation and of the emission pattern, we showed that the excitation and emission of

single fluorophores can be made directional with optical antennas through its main resonant mode.
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Introduction
Biological nanopores have been playing a dramatic role in not only evaluating the details of DNA, RNA and

protein that are helpful in the prognosis of life-threatening ailments, but also hold the sensitivity for analyzing

nanoparticles. Biological nanopores are expedient over solid-state nanopore in their geometry (comparable

with DNA/ RNA), reproducibility, sensitivity and tendency to be engineered easily. Among many protein chan-

nels, MspA is found to be fairly ideal for DNA sequencing owing to its single-constriction of ~ 1.2 nm. However,

the speed of DNA through their mutants M1MspA and M2MspA is too fast to be analyzed.

Methods
In this study we employed a new mutant of MspA (L88R/D90N/D91N/D93N/A96R/S116R) termed as “M3MspA”,

previously expressed and produced in our laboratory. We utilized three kinds of ssDNA molecule to analyze the

detection sensitivity of M3MspA. At First, homopolymers poly dA50and poly dC50were allowed to translocated

and analyzed individually. Later on, a hetero-homopolymer poly (dA50dC50) was analyzed through M3MspA

and the data were compared with both the homopolymers, statistically.

Results
We, for the first time, detect ssDNA at a voltage-threshold of 40 mV at pH 8.0. M3MspA showed clear discrim-

ination between two homopolymers, poly dA50and poly dC50, with well-resolved signature current blockages

and dwell time up to few milliseconds, without any modification to ssDNA. Moreover, the pattern of current

blockage indicates the site of molecule (3 or 5) entering into the pore. Remarkably, M3MspA determines the

exact length of a hetero-homopolymer, poly (dA50dC50) by producing a dwell time congruent to the sum of the

time spent by their constituent-homopolymers, individually.

Discussion
On account of their specificity and sensitivity, we envision that M3MspA would be a promising nano-sensor in

perusing the insights of translocation dynamics induced by a biomolecule captured in its nano-captive environ-

ment. Last but not the least; it would also be favorable in sequencing DNA.

Fig. 2 poly da50.jpg Fig. 3 poly dc50.jpg
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Fig. 4 poly da50dc50 .jpg

Fig.1 graphical abstract.jpg
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DNA nanotechnology enables to create complex and robust DNA origami nanoantennas for biosensing appli-

cations. In the hotspots of these plasmonic nanoantennas, the fluorescence signal of single molecules can be

strongly enhanced. We use the DNA origami technique to build these nanoantennas containing two metallic

nanoparticles, which are connected by the DNA origami structure. The unique advantage of our approach is

that bait molecules for biosensing assays are explicitly placed in the plasmonic hotspots. The plasmonic en-

hancement enables the detection of single molecules on low-tec devices such as a modified smartphone device

and allows the clear discrimination between fluorescent molecules in the hotspot and unspecific binding to the

biochip.

In this work, we show an efficient approach to employ these plasmonic nanoantennas for biosensing of Zika-

virus related nucleic acids and for antibiotic resistance detection with the vision of developing cost-effective

point-of-care diagnostics.

1. G.P. Acuna, et al. Science 2012, 338, 506.

2. C. Vietz, I. Kaminska, et al. ACS Nano 2017, 11, 4969.

3. S. Ochmann, et al. Analytical Chemistry 2017, 89, 13000.

4. C. Vietz, M.L. Schütte, et al. ACS Omega 2019, 4, 637.
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Introduction

The ability to detect low concentrations of DNA or RNA sequences is highly important in diagnostic techniques.

As one of the novel methods, hybridization chain reaction has increasing popularity for detection of sequence

specific DNA or RNA sequences, however, the extension of the chain complex is often inhibited due to low

dissociation constants of the hybridized probes. In order to promote the formation of longer complexes, we

suggest the use of G-quadruplex-forming guanine stretches that are brought together upon hybridization of

three or more probe sequences. The addition of K+ ions stabilizes the complex further and limit the dissociation

of hybridized products.

Methods

Four hybridization chain reaction probe sequences (GH1-4) were designed with partial complementary. Two

probes (GH1 and 3) were synthesized with stretches of guanines that are not long enough to form G-quadruplex

intramolecularly. GH2 was designed with FAM fluorescent moiety and BHQ-1 quencher moiety at 5’ and 3’ ends,

respectively.

The hybridization probes were incubated 3 hours prior to detection at 100 nM and varying concentrations of the

target sequence, GT, or varying concentrations of K+ as G-quadruplex stabilizing agent. The change in molecu-

larity was detected through native gel electrophoresis and fluorescence spectrometer.

Results and Discussion

The fluorescence emissions were enhanced with increasing target sequence concentration. It is expected that

the probes associate fast, however dissociation is slowed as G-quadruplex is formed between GH1 and GH3

probes that are held together through GH2. The results indicate it is possible to detect DNA/RNA as low as 100

pM using G-quadruplex-assisted hybridization chain reactions. Further improvement may be possible using

alternative detection methods instead of fluorescence. The addition of K+ was able to affect the molecularity of

the products. No side product has been detected in the absence of the target sequences.
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Read-out is an important problem in developing molecular motor-based network biocomputation devices [1].

Optical check-point read-out has been demonstrated [2] but an electronic analog is highly desirable towards

interfacing with traditional solid-state computation platforms. One electronic read-out concept features a

nanoscale transistor where the conducting channel is a single carbon nanotube spanning the floor of the fil-

ament guiding structure. Negative charge on the passing actin filament or microtubule causes partial electro-

static gating of the nanotube, generating a measurable electrical signature. An important consideration is Debye

screening due to the buffer solution between the nanotube and the passing filament. This can significantly re-

duce the electrostatic effect to the point of eliminating any signal entirely.

We present numerical modelling of likely signal strength based on a combination of literature precedent for

electrostatic detection of single biomolecules using single carbon nanotubes and basic electrostatic modelling

using realistic numbers for filament properties and accounting for Debye screening within the Debye-Hückel

approximation [3]. We show that electrostatic detection is likely feasible providing known lower ionic-strength

assay buffers are used. We also find the detection prospects are slightly better for microtubules than for actin

filaments due to the comparative physical properties of the microtubule-kinesin motor system.

References
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At biological interfaces, water molecules own organized structures and form highly ordered molecular layers.

The degree of order and the thickness of such an interfacial layer is sensitive of the physicochemical and dy-

namical processes at the interface, so that its measure provides deep information of the bio-interface. In this

work, we used the nonlinear optical response of interfacial water to investigate and quantify the interaction of

nanoparticles (NPs) with models of cell membranes. We measured the vibrational NLO response of the inter-

facial water around such nano-bio-interfaces using sum frequency generation (SFG) spectroscopy, which is a

second order NLO technique intrinsically sensitive to interfacial systems.

We will show how the vibrational NLO response of interfacial water can unravel new qualitative information

of the physicochemical properties and of the mechanisms driving the first contacts of NPs with cell membranes,

and we will demonstrate a novel strategy to turn SFG spectroscopy in a label-free, highly sensitive, and rapid

method to quantify NPs/membranes interactions.

As model sensor platforms, we used solid-supported lipid bilayers (SSLBs), either of 1,2-dipalmitoyl-sn-glycero-

3-phosphocholine (DPPC) or 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) on SiO2, while the target NPs were

5 nm gold nanoparticles (AuNPs).

One of the key advantage of this approach is that it does not detect the interacting species directly, but it probes

the modifications of the water signal that these latter induced. The same principle could be extended to inves-

tigate, and quantify any NP, molecule or biomolecule, as long as their injection with the sensor platform would

induce a measurable water signal change.

Sfg.jpg
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Photothermal-Induced Resonance (PTIR) relies on deflection of an AFM probe to detect local light absorption,

by measuring the photothermal expansion of the sample. The technique is popular because of its promise

to provide infrared absorption spectra and images with nanometric resolution. Nonetheless PTIR signal

generation is still poorly understood. In this work I perform a study of PTIR intensity and spatial resolution

versus the pulse structure of the excitation laser (Figure 1).[1] I demonstrate that by controlling the pulse

structure we can control intensity, depth response and spatial resolution (Figure 1). The results can be

interpreted by analyzing the thermomechanical response of the system as a micro-mechanical engine.

Figure 1. PTIR signal from PMMA with excitation at 1730 cm-1. A. PTIR signal intensity vs. duty cycle at constant

power. B. PTIR signal intensity vs. pulse length at constant power. C. PTIR signal intensity vs. pulse interval at

constant power. D. PTIR resolution vs. pulsing frequency. E. AFM topography image of the section of a PMMA

bead. F, G. Depth resolved PTIR images at constant power (1730 cm-1). F. 61 kHz, 10% duty cycle. G. 760 kHz 10%

duty cycle. H. Thermodynamic cycle of the PTIR experiment. Adapted from ref. 1.

I show how such information can help us to measure the surface of a eukaryotic cell. This sample typology

requires us to monitor the response from a thin layer against the background photothermal expansion of the

whole cell. This is achieved by using laser pulsing to provide high surface selectivity. [2] I demonstrate the

capability to record both PTIR spectra and single wavelength images of the cellular surface of eukaryotic cells.

I discuss how the micro-mechanical detection scheme limits spectroscopic analysis of the sample because of

underlying complexity. Nonetheless, the interplay of optical, thermal, and mechanical properties provides

rich contrast and allows us to identify components of the membrane without external labeling. [2] We can

see structures of size as low as 30 nm, consistent with larger biopolymers (Figure 2). The smaller structures

are embedded in domains that appear to be separate phases of the membrane, in agreement with theoretical

models. Overall, the method provides rich information on the properties of cellular surfaces, with sensitivity

that can reach the single molecule level.
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Figure 2. PTIR imaging of the surface of a eukaryotic cell. A. AFM topography image. B. PTIR image of the same

region with excitation at 6 µm. C. Detail of B. Adapted from ref. 2.

References:
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Following the fate of individual molecules in living cells is crucial to understand biological functions. How-

ever, detecting this task requires working at diluted labelling concentrations because of the diffraction limit

of light. Recently, 2D-plasmonic antennas have emerged as excellent candidates to confine and enhance light

at the nanoscale enabling the dynamic investigation of individual lipids in both mimetic and living cell mem-

branes at high labelling conditions. Nevertheless, extending this approach to multi-colour applications has been

challenged by the fact that field enhancement occurs at a narrow bandwidth where the antenna is maximally

resonant. Here, we applied broadband bowtie nanoaperture antennas (BNA)-on-probes to follow the diffusion

of individual lipids and membrane receptors in living cells in a multi-colour fashion. We first demonstrate

that BNA-on-probes achieve similar degree of nanoscale light confinement in the blue and in the red regions of

the visible spectrum. We then combined this approach with fluorescence correlation spectroscopy (FCS) to fol-

low the diffusion of PE lipids on living cell membranes, obtaining confinement volumes 1000-fold smaller than

in confocal microscopy. We further demonstrated simultaneous dual-colour detection of individual receptors

in living cells, and resolved receptor nanoclustering by means of fluorescence cross-correlation spectroscopy

(FCCS). Importantly, we discriminated nanoclustering diffusion from molecular diffusion inside nanoclusters

thanks to the high spatial resolution provided by the BNAs. Hence, our combined approach allows investigation

of individual molecules and their interactions at the nanoscale, with ultra-high temporal resolution at endoge-

nous expression levels.
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Recently, paper-based microfluidic analytical devices (μPADs) have been used because they are inexpensive, re-

quire no external power, and are easy to handle. However, the conventional μPADs are limited to the amount of

the sample, which was required a respectively large amount for multiple biomarkers and is vulnerable to evap-

oration due to the open channel structure. In this paper, three-dimensional μPADs (3D-μPADs) with a reservoir

were fabricated using a 3D printing technique to detect multiple biomarkers simultaneously. Microchannels

and reservoirs of the 3D-μPADs were each printed on both sides of a piece of filter paper with photocurable poly-

mer using a digital light processing (DLP) printer. The microchannels can prevent evaporation of the sample

and prevent the uncontrolled flow of colorimetric reagents outside the detection zones by separating the detec-

tion zones and the microfluidic channels and transporting the sample solution to the detection zones indirectly

through 3D microfluidic channels. The reservoir makes a large amount of sample could be loaded and stored

in μPADs of limited size. Since there are three detection zones for each biomarker, the standard deviation can

be easily calculated and false can be reduced. To verify the feasibility of our 3D-μPADs for point-of-care-testing

(POCT) devices, diabetes, liver function, renal function, and lipid were diagnosed using 8 biomarkers including

glucose, creatinine, albumin, aspartate transaminase (AST), alanine transaminase (ALT), alkaline phosphatase

(ALP), total cholesterol, and urea nitrogen. Our results suggest that the possibilities of μPADs as a POCT have

been expanded.
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The single-molecule methods for studying proteins are at the frontiers of biophysics research for past decades.

Despite the beauty of these approaches they rely on controlling positions of biomolecules through chemical

tethering, which is a tedious procedure that may alter the behavior of the molecule of interest. We aim to

develop a tether-free technique for interrogating single-protein molecules, which will be less invasive than

currently established methods.

From the growing variety of label free single-molecule trapping methods we choose dielectrophoresis (DEP)

which can be used to agitate dielectric particles in inhomogeneous electric fields defined by fabrication. This

method is label-free and flexible. We aim to develop a trap, which will allow a molecule to be actuated and

optically probed at the same time. Periodic actuation will provide a means to isolate the single-molecule signal.

The response of the dielectric particle to the actuation will also report on the balance between the Stokes drag

and dielectrophoretic force, and thereby the hydrodynamic radius of the studied molecule.

Trapping of nanometer sized particles inside a dielectrophoretic trap requires very large electric field gradients

(up to 1012 V/m2), while maintaining relatively low applied voltages to prevent electrolysis. We have fabricated

of electrodes with sub-100 nanometer gaps (Figure 1a), which allow trapping of 50 nm polystyrene particles at

voltages under 50 mV according to our simulations. Moreover in our modelling we show that it is possible to

engage spherical particles in a controlled movement in such a trap (Figure 1b) and the amplitude of the particle

trajectory is a function of the particle radius (Figure 1c) which provides an in-situ way for measuring particle

sizes in our experiments.

Figure 1. (A) SEM image of gold electrodes with a ~75 nm gap on glass. (B) Simulation of a trajectory (orange

line) of a 20 nm polystyrene particle engaged in a periodic motion in our trap. The AC voltage of 10kHz is applied

to the electrode 1 the rest of electrodes are grounded. To engage the trapped particle in motion the AC voltage is

flipped between electrode 1 and 2 at 100kHz rate. Color code of the image reflects the square of the electric field

generated by a COMSOL simulation at 300 mV peak to peak amplitude. (C) Amplitude of the particle trajectory

plotted as a function of the particle size.

Figure1.png
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Abstract: Optical and radio-frequency physical effects are demonstrated that allow spin manipulations at

room temperature using magnetic resonance, level anti-crossing effects in the ground and excited quadruplet

spin states. The effect of mechanical stresses of the interface between silicon carbide and aluminum nitride on

the spin properties of spin centers has been recorded.

Atomic-scale defects in bulk and nanocrystalline SiC are promising for quantum information processing, pho-

tonics and sensing. Breakthrough quantum properties have recently been discovered for a family of uniaxially

oriented silicon vacancy-related colour centres with S = 3/2 in the ground and excited states in a hexagonal

4H-SiC, 6H-SiC and rhombic 15R-SiC crystalline matrix [1-4]. It was demonstrated that these centres exhibit

unique characteristics such as optical spin alignment up to the temperatures of 250°C. Silicon vacancy-related

colour centres with half-integer ground spin state (S=3/2) have recently been proposed to form the basis for

quantum spintronics, sensorics, and quantum information processing because of the unique properties of their

electron spins, which can be optically polarized and readout even at room temperature by means of a standard

optically-detected magnetic resonance (ODMR) technique.

We revealed hole-burning effects on ODMR lines of spin centres in SiC on the simultaneous application of two

radio-frequency fields at room temperature. Method hole-burning effects in ODMR made it possible to sig-

nificantly reduce the widths of optical response lines at synchronous detection and, thereby, to significantly

increase the sensitivity of measurements. Radio-frequency pumping saturates the MS = +1/2 ↔ MS = –3/2 spin

transition with a single particular D value. In view of spin relaxation, this RF pumping affects the MS = +1/2 ↔

MS = +3/2 transition with the same D value. For the first time, we present the effect of mechanical stresses on the

crystal structure of spin centres in silicon carbide on the splitting of D in a zero magnetic field. The relationship

between the mechanical stress in SiC at the SiC/AlN interface and the parameter D of the spin Hamiltonian is

established.

The study was carried out with a grant from the Russian Science Foundation (project No. 19-72-00154)
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Transition metal ions like Cu2+and Zn2+ are essential for our health. However, their deficit or excess may cause

damage to the human organism leading to various diseases [1]. Therefore, precise monitoring of transition

metal ion concentrations is important to diagnose and prevent related complications. Currently, existing detec-

tion methods are cumbersome, time-consuming, and require expensive equipment [2, 3]. Herein, we developed

a convenient potentiometric chemical sensor that provides flexibility in terms of sample simplicity and cost ef-

ficiency at large scale.

Our sensor, based on gold-coated ion-sensitive field-effect transistors, is functionalized with a monolayer of the

receptor molecules (Fig. 1). Our initial system is based on Gly-Gly-His (GGH) tripeptide, which selectively binds

Cu2+, as a recognition element [4, 5]. We reported that measurement conditions like composition and pH in

the media influence the signal of Cu2+ by GGH [4]. We demonstrate how potentiometric sensing can provide

valuable insights into the existing picture of peptide-metal binding mechanisms. Our approach of detecting a

change in surface potential upon specific binding of ions can further be extended to more complex systems.

1. World Health Organization. Trace elements in human nutrition and health, WHO, Geneva, Switzerland

(1996).

2. Angelova, M. et al. Copper in the human organism. Trakia Journal of Sciences 9, 11 (2011).

3. Daniele, P. G. et al. Thermodynamic and Spectroscopic Study of Copper(II)-GIycyl-L-histidylglycine Com-

plexes in Aqueous Solution. J. CHEM. SOC. DALTON TRANS. 5 (1991).

4. Synhaivska, O. et al. Detection of Cu2+ Ions with GGH Peptide Realized with Si-Nanoribbon ISFET. Sensors

19, 4022 (2019).

5. Mervinetsky, E. et al. Copper Induced Conformational Changes of Tripeptide Monolayer Based Impedi-

metric Biosensor. Scientific Reports 7, 9498 (2017).

Fig. 1. a. schematics of the isfet device structure and the measurement setup b. transfer characteristics of the

isfet for two concentrations of copper nitrate in ammonium acetate.png
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Biogenic amines (BA), such as serotonin, dopamine (DA), noradrenaline (NA) and adrenaline (AD), are impor-

tant foundation for regulation activities of the central and peripheral nervous systems. Pathological violations

of their metabolism lead to neuroendocrinal (neuroblastoma, pheochromocytoma, paraganglioma, etc.) and

neurodegenerative (Alzheimer’s, Parkinson’s, etc.) diseases. Due to the fact that the level of BA in the body of

a healthy person and a patient with the pathology is different, biogenic amines are markers for the diagnosis

(including early) diseases.

The difficulty in determining BA in blood plasma, cells and other biological samples is extremely low normal

concentrations (from 10 pM), and for some neurodegenerative disorders they become an order of magnitude

lower.

In this work, we propose new fluorescent system for ultra-sensitive determination of these compounds (at the

level of single molecules) in biological samples (blood plasma, urine, cells, etc) based on forming of intensely

fluorescing ternary complexes of BA with europium and oxytetracycline (OTC) (fig.1) in hydrogels.

The hybrid polymeric hydrogels (chitosan, alginate and collagen) serve as the matrix for the formation of ar-

tificial models of neural and vascular networks, as well as the basis for optical sensor elements adapted for

commercially available equipment.

The fluorescence spectra was measured in the 96-well microplates. Analytical signals were detected at excitation

wavelength of 416 nm and emission wavelength of 617 nm.

All conditions for ternary complex formation for BA determination were carefully optimized. Using the example

of the PC 12 cell line, a possibility to use such polymer matrices as a culture medium for growing artificial 3D

cell structures has been demonstrated. Based on the toxicity data, recommendations have been made for the

practical use of the obtained optical sensor systems for imaging of neurotransmitters in biological liquids and

living cell structures without sample pretreatment.

We are grateful to RFBR for the financial support of this research (grant no. 19-0300901).

Fig. 1 complex formation.png
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In the present work, a combined label-free and fluorescence surface optical technique is used to study binary

biomolecular coatings for biomedical applications. These coatings were constituted by fibronectin (FN) to stimu-

late endothelialization and by phosphorylcholine (PRC) for its hemocompatibility, which are two relevant prop-

erties for cardiovascular applications [1,2].

One-dimensional photonic crystals sustaining Bloch surface waves (BSW) are used to characterize different

FN/PRC coatings deposited by a combination of adsorption (A) and grafting (G) processes. As shown in Figure

1a, the label-free results permitted to quantitatively assess the mass deposited in FN adsorbed (185 ng/cm2) and

grafted (160 ng/cm2). PRC binding to grafted FN coatings is also quantified, showing a coverage as low as 10 and

12 ng/cm2 for adsorbed and grafted PRC (Fig. 1b), respectively [3]. Furthermore, the proposed optical approach

enables to work in a fluorescence configuration exploiting resonant excitation conditions to enhance emission

features. This aspect permits to improve the resolution of the system and further to confirm label-free results

[3].

In Figure 1 we show: (a) the temporal dependency of the BSW resonance position recorded during the FN and

PRC injection and recirculation for different adsorption (A) and grafting (G) combinations; (b) mass surface

coverages for all coating combinations.

To summarize, this approach yields experimental evidence of the growth of bioactive films in real-time, thus

offering a new effective tool for the further understanding the biological performance of such biomolecular

coatings for biomedical applications.

References:

[1] A. L. Lewis, et al., Biomaterials, 21, 1847–1859 (2000).

[2] G. Li, F. Zhang, Y. Liao, P. Yang, N. Huang, Colloids Surf B Biointerfaces, 81, 255–262 (2010).

[3] A. Sinibaldi et al., ACS Appl.Mater. Interfaces, 10 (39), 33611–33618 (2018).

S3ic michelotti abstract 5 fig 1.jpg

33



Single-Molecule Sensors and NanoSystems International Conference 2020

Target-triggered exponential signal amplification reaction for
RNA detection

Poster - Abstract ID: 81

Ms. Seoyoung Lee 1, Prof. Hyun Gyu Park 1

1. Korea Advanced Institute of Science and Technology (KAIST)

We, herein, developed a target-triggered exponential signal amplification reaction for RNA detection. In this

strategy, target RNA is made to produce nicking recognition site-containing double-stranded DNA (nrs-dsDNA)

by utilizing reverse transcription with a specially designed primer, RNA degradation, and DNA extension. The

nrs-dsDNA produces a large amount of trigger 1 strands through the combined activities of nicking endonucle-

ase and DNA polymerase. The trigger 1 strands then initiate the exponential signal amplification through bind-

ing to the overhang of molecular beacon (MB). The following extension and nicking reaction with the concomi-

tant displacement are continuously repeated, producing a large amount of another trigger 2 strands, capable of

opening intact MB and initiating another signal amplification cycle. As a consequence of these interconnected

reaction pathways, a large amount of MBs are opened, consequently recovering the quenched fluorescence

signals under an isothermal condition, which can be monitored in real-time. Based on this principle, we suc-

cessfully detected total RNA of Brachionus rotundiformis down to 1.88 ng/μL, which is equivalent to that from

4 individuals. This sophisticated design principle employed in this strategy would provide great insight for the

development of self-operative isothermal amplifying system enabling target RNA detection.

Fig1. schematic illustration of target-triggered

exponential signal amplification reaction for rna

detection.jpg Fig2. real-time fluorescence curves during

reaction for confirmation of whole scheme

feasibility.jpg
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Fig3. polyacrylamide gel electrophoresis image of

the reaction products for confirmation of whole

scheme feasibility.jpg

Fig4. real-time fluorescence curve during

reaction by employing extracted total rna of

brachionus rotundiformis br at varying

concentrations.jpg
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Herein, we developed a novel, label-free, and enzyme-free strategy for the colorimetric detec-tion of microRNA

(miRNA), based on target induced toehold-mediated strand displacement (TMSD) reaction. The system utilizes

a detection duplex probe that specifically binds to the tar-get miRNA and sequentially releases a catalyst strand

(CS) which is intended to trigger the sub-sequent TMSD reaction. In the presence of target miRNA, CS is released

to mediate the for-mation of an active G-quadruplex DNAzyme which is initially bound and inactivated by a

blocker strand (BS). In addition, a fuel strand (FS) that is supplemented for the recycling of the CS promotes

another TMSD reaction, consequently generating a large number of active G-quadruplex DNAzymes. As a re-

sult, a distinct colorimetric signal is generated by the ABTS oxi-dation promoted by the peroxidase mimicking

activity of the released G-quadruplex DNAzymes. Based on this novel strategy, we successfully detected miR-

141, a promising biomarker for hu-man prostate cancer, down to 0.48 nM with high selectivity. The diagnostic

capacity of this sys-tem was also validated by reliably determining target miR-141 in human serum, showing

its great potential towards real clinical applications. Notably, the proposed approach is composed of sep-arate

target recognition and signal transduction modules. Thus, it can easily be applied to analyze different target

miRNAs by simply redesigning the detection duplex probe while keeping the same signal transduction module

as a universal signal amplification unit. The universal applica-bility was also successfully demonstrated by ana-

lyzing another target miRNA, let-7d. Important-ly, the proposed system does not require expensive fluorophore

and quencher modifications or enzymes, which sets it apart from previous methods that rely on TMSD and

G-quadruplex DNAzyme, enabling convenient and cost-effective analysis of target miRNA. We believe that the

proposed approach will provide excellent insight for future development of novel biosensors that can sensi-

tively detect various biological entities such as small molecules, proteins, and cells by rationally designing the

detection probe.

Schematic illustration of the target mirna

detection system based on tmsd reaction.jpg

Sensitivity of the target mirna detection system

based on tmsd reaction.jpg
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Selectivity of the target mirna detection system based on tmsd reaction.jpg
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Herein, a novel H-shape adaptor-mediated isothermal exponential amplification reaction (HS-EXPAR) strategy

was developed for target nucleic acid detection. In this strategy, target nucleic acid induces the formation of

a three-way junction (3WJ) structure by associating two specially designed adaptors. The 3WJ structure would

invite the EXPAR template, which promotes the repeated extension and nicking reaction, consequently produc-

ing a large number of trigger strands. The trigger then initiates the exponential amplification reaction through

binding to either the free EXPAR template or the one complexed with the 3WJ structure. As a result, a large

number of double-stranded EXPAR templates are produced, which can be monitored by SYBR Green I staining.

Based on this design principle, we successfully detected target single-stranded DNA with excellent specificity

capable of discriminating even single-base mismatch. The practical capability of this method was also verified

by reliably detecting target genomic RNA from the respiratory syncytial virus (RSV). The HS-EXPAR technique

may provide profound insight for the design of isothermal amplification system and hold great potential in the

field of molecular diagnostics.

Fig.1. graphical explanation of hs-expar

strategy.jpg
Fig.2. feasibility of hs-expar.jpg
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Fig.3. specificity of hs-expar.jpg
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We herein describe a novel isothermal method to detect insertion mutation of lung cancer, called CRISPR/Cas9

triggered isothermal amplification reaction (CRISPR-EXPAR) strategy. In the presence of mutated part of the

target, sgRNA/Cas9 complex bind to the target and DNA cleavage occurs by two sgRNA at two different sites

at 3bp ahead of PAM “NGG” sequence. Then, the inserted mutation part is departed from the target sequence

and binds to EXPAR template. Inserted mutation part is then extended by DNA polymerase to make template

containing NEase recognition site. Then, it triggers amplification at isothermal condition “37°C”. After repeated

amplification in the EXPAR reaction, a large amount of dsDNA can be synthesized. Therefore, the CAS-EXPAR

can report the presence of the target followed by real-time fluorescent tracking by SYBR green I. On the other

hand, in the absence of the mutated part of the target, the Cas9/sgRNA cannot recognize the PAM region in the

mutated part and no further cleavage reaction occurs. Based on this strategy, we successfully detected mutant

gene insertion of target with high specificity and sensitivity with a low detection limit of 437 aM. This method

could serve as a new isothermal amplification platform to detect any mutant gene by re-designing guide RNA

for disease diagnostics. This method has several promising advantages for research and diagnostic applica-

tions as follows : (1) The mutant gene at any site of the target has cleaved out by two sgRNAs because of the

specific cleavage of Cas9/sgRNA. With this mechanism, the inserted mutant gene of lung cancer gene can be

detected. The applicability of this method to detect mutant DNA in human serum is also demonstrated. (2)

The suggested strategy has high specificity in discriminating single-nucleotide mismatch. The high specificity

is caused by three sides: two sgRNAs, high specificity of CRISPR/Cas9 and sequence-dependent amplification of

DNA polymerase from the 3’ end of the cleaved fragment. (3) Signal amplification by EXPAR can be possible fast

and sensitive detection. With this developed technology, we can detect target of 437aM within 30min at 37°C

which is physiological human temperature. So it shows the possibility that this experiment can be applicable

in vivo experiment. For conclusion, the CAS-EXPAR strategy is a useful tool for mutant gene detection related

to disease. High specificity and rapid amplification make great potential for applications in disease diagnostics

and bioanalysis of diseases.

191128 scheme jayeon song.png
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We herein describe fully automated lab-on-a-disc to identify foodborne pathogenic bacteria in a real-time man-

ner. All the processes for molecular diagnostics including microbeads-based DNA extraction and purification,

isothermal DNA amplification, and fluorometric detection were compactly integrated into a single rotary disc

system equipped with a laser irradiation module for automated ferrowax-valve actuation and a heating module

for isothermal DNA amplification reaction. By conducting isothermal target and probe amplification (iTPA) to

amplify the target-specific regions, the three major foodborne pathogens (Escherichia coli O157:H7, Salmonella

typhimurium, and Listeria monocytogenes) were fully automatically and simultaneously identified down to the

dozens of CFU levels in 90 min. The lab-on-a-disc system developed in this work could greatly advance point-

of-care or on-site molecular diagnostics in the resource-limited environment.
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Introduction
Interface between neuron cells and biomaterials is the key to real-time sensing, transmitting and manipulat-

ing of neuron activities, which are the long-term pursue of scientists and gain intense research focus recently.

Sensing techniques including electrodes, optogenetics, and nanowire-based cell penetration systems have been

developed to monitor the neuron activities. Taking the advantage of the nature of the membrane protein,

nanopore technology has been developed for real-time, single-molecule sensing of a variety of analytes such

as DNA and small molecules. Sensors with exquisite sensitivity and excellent selectivity for real-time moni-

toring neurotransmitters transport through single live cell could be developed. In this study, we developed a

biomimetic neurotransmitter sensing system by embedding functionalized nanopores in a single live cell.

Methods
In this study, nanopore protein MspA was engineered through site-directed mutation, which creates binding site

for copper (II) and neurotransmitters (Figure 1a, b). The MspA nanopores were inserted into lipid bilayer under

an applied voltage. Once a protein is inserted into lipid bilayer and formed a pore, the current will increase

(Figure 1c). Then, copper (II) and neurotransmitters were added to test their affinities with the engineered

protein. (Figure 1f) Finally, cell patch-clamp experiment was conducted to monitor the incorporation of MspA

into HEK293T membrane and L-glutamate transport.

Results
A robust, functional nanopore M2MspA-N91H was successfully engineered, which had a strong binding abil-

ity to copper (II) (figure 2a). This copper (II) coupled M2MspA-N91H nanopore showed high sensitivity for L-

glutamate, norepinephrine and dopamine translocation in BLM single channel recording (figure 2c). Control

experiments and conformational analysis on the binding between L-glutamate and copper (II) coupled M2MspA-

N91H nanopore revealed details of their molecular interaction. Based on this sensing system, norepinephrine

and L-glutamate was distinguished based on their different blockade and dwell time. Further demonstration of

real time, in situ detection of the L-glutamate was completed by the M2MspA-N91H nanopore incorporated in

live HEK-293T cell membrane (figure 3).

Discussion
The developed sensor shows potential in developing sensitive and portable devices for clinical diagnosis of

neuron-related diseases, and provides a platform for the study of neural signaling, design of artificial synapse,

and development of nano-neuron interfaces.
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One of relevant fundamental problems of modern science is the investigation of biochemical processes under

conditions close to physiological. Modern advances in molecular biology and the development of highly sensi-

tive non-invasive or minimally invasive methods (laser fluorescence, confocal microscopy, CT and PET) have

stimulated the development of a new direction - the identification or visualization of individual biomolecules

in vivo and ex vivo.

Nowadays, there are several limitations of such methods implementation from the field of biomedical research

into the widespread practice of chemical analysis and laboratory diagnostics. Such limitations are primarily

in the high cost of equipment, the need for highly qualified personnel; in some cases, they include insufficient

sensitivity and selectivity; the ability to detect, but not to quantify biomolecules.

One of the promising approaches to solving these problems is the creation of highly sensitive and selective op-

tical sensor systems (elements) for determining biomolecules - diagnostic markers of various diseases, adapted

for serial laboratory equipment (fluorescence and Raman spectrometers).

These optical sensor elements can be used for analysis ex vivo or in vivo; without taking any biopsy and/or

blood tests, in accessible areas of the patient’s body (on the skin, oral mucosa) or in cell cultures they allow one

to detect a number of diagnostic markers, such as protein compounds of the porphyrin series (oxyhemoglobin,

cytochrome, peroxidase), collagen of connective tissue, peroxides of various structures, and biogenic amines.

In the framework of these studies, novel approaches to the creation of modified chemo- and bio-identifying poly-

meric materials using natural polymers - collagen, chitosan, and alginate, as the basis for optical (fluorescence

and Raman scattering) sensor elements for determination of markers of oxidative stress and neurodegenerative

diseases (in the case of biogenic amines at the picomolar concentration level and lower) were developed.

The conditions for obtaining homogeneous, reproducible by properties and thickness of coatings based on the

above mentioned natural polymers on the surface of optical slides and plates for microscopic studies were

selected.

Systematic studies of morphology, stability during storage and performing experiments

under conditions of real samples analysis of the sensor elements have been carried out.

Adaptation of the polymer coatings has been carried out already at the stage of fundamental research and design

development of optical sensor elements using model compounds for simple serial fluorescence and portable

Raman spectrometers.

The authors are grateful to RFBR for the financial support of this research (grants NN 19-0300901 and 20-33-

70264).
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Specialized stress/strain-sensitive neurons transduce physical stimuli into biochemical signals, which are the

base for hearing, touch sensation and proprioception. Although the molecular bases of mechanosensation was

subject to avid research in the past decades, our understanding of how these molecules get activated upon

mechanical stresses is still limited. Several hypotheses have been proposed that emphasize the importance of

the material properties of the membrane and/or the cytoskeleton/ECM as a major force transmission pathway

involved during neuronal mechanosensation. Here, we use an optically-trapped microsphere to apply local,

pN-forces to the membrane of C.elegans isolated mechanosensors. We aim to decipher the mechanotransduc-

tion pathway in touch sensitive neurons (TRNs) and ‘stretch’-sensitive proprioceptors and aim to correlate the

changes in membrane tension to calcium activity as an indicator for neuronal activation.

A short contact with the axon was sufficient to extrude membrane nanotubes (Fig.1a), with forces increasing

with pulling velocity. Membrane tension rapidly increases - Fig.1b-i (decreases - Fig.1b-ii) upon pulling (releas-

ing), and relaxes to the static tension after the bead stops, indicative for tension homoestasis. This mechanical

behavior was similar among the two mechanosensory neurons tested. However, we identified that the ‘stretch’-

receptor neurons primarily activated under compression or relaxation. The Ca2+ unexpectedly drops during

the second pulling process. Such inverse correlation between membrane tension and biochemical signaling

connects with in-vivo observations on the proprioceptive functioning of DVA in the locomotion phenotype of

C.elegans, which has been determined to respond to mechanical compression during the worm cyclical bend-

ing.

We also observed that the signal originated at the tether neck and propagated along the axon (Fig. 1c-d), indica-

tive for a local activation of the mechanosensitive ion channel, responsible for the Ca2+ increase. Indeed, we

directly measured membrane tension propagation along the axon using a pair of single nanotubes and observed

that the tension generated in the second tether drops to zero rather than permeating deep into the axon.

To identify if this behavior is a unifying scheme of mechanoreceptor activation, we replicated the pulling pro-

files on TRNs. In contrast to proprioceptors, tether extrusion does not translate into calcium activation, despite

the generation of membrane tension gradients exceeding 0.25mN/m.

Taken together, our observations are consistent with a scenario that argues against a long range force transmis-

sion through the membrane. Future studies will have to device a sensitive strategy to exert mechanical forces

directly onto single ion channels or their intracellular attachments to the cytoskeleton.
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Single molecule force spectroscopy (SMFS) using atomic force microscopy (AFM) is a frequently used to study

ligand-receptor interactions, adhesion events and protein folding. The common setup of such an experiment

includes the approach of a functionalized AFM probe to the substrate of interest. These two entities interact

when the probe approaches the surface and when the probe is retracted the pull-off force can be recorded.

SMFS experiments typically produce thousands of force vs. distance curves. The manual analysis of these data

is cumbersome and prone to human error and bias, and is usually very time consuming. Most available data

analysis software offer limited automation of specific interaction detection. Moreover, the automatic open-

source programs commonly employ force thresholding to distinguish specific interactions from non-specific

interactions. This approach is sensitive to low signal/noise ratio (SNR) and requires optimization for each set of

results.

Here, we present ForSDAT, the Force Spectroscopy Data Analysis Toolkit, as a tool for completely automated data

analysis. Our results show the high success rate of the algorithms developed for ForSDAT. Moreover, ForSDAT is

a modular toolkit which can be easily fit to different analysis processes and extended with custom components.

Analysis process workflow.png
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Introduction:Many peptides and proteins undergo misfolding into amyloid fibrils. The presence of mentioned

assemblies is related to some dysfunctions including Alzheimer’s or Parkinson’s disease. Elevated temperatures

and low pH favor formation of amyloid fibrils in laboratory conditions.1-2 The most commonly-known method

to detect amyloid fibrils is Thioflavin T (ThT) binding assay. Incorporation of the dye induces characteristic

fluorescence – upon excitation at ~450 nm fluorescence emission occurs at ~480 nm.3 However, a promising

alternative for fibrils detection constitutes their intrinsic fluorescence assay. Fibrils, when excited at ~360 nm

emit in the visible range, with a maximum at ~450 nm.4-5

Methods:Bovine insulin was dissolved at c=2 mg/mL in a solution of HCl (pH=1.4) containing 100 mM NaCl.

In parallel, insulin was dissolved in the same solution, with ThT at concentration cThT=20 μM. The samples

(with/without ThT) were incubated during 43 hours 30 minutes, agitated at 700 rpm, at temperature T=45 ⁰C.

During the incubation, at several time-points extinction and fluorescence spectra were measured. Morphology

of investigated samples was checked before and after incubation using AFM imaging.

Results:In our studies standard physicochemical approaches were used to monitor formation of amyloid fibrils

with and without the presence of ThT. According to the extinction spectra, both label-free and ThT assays gave

rise to a sigmoidal growth curves. In the case of ThT-containing sample, time-dependent fluorescence spectra

also provided characteristic growth curve. For insulin incubated in label-free conditions, upon excitation at

360 nm emission was observed in the visible range (from 400 to 500 nm). Within this study we demonstrate

that label-free assay can be used for studying amyloid fibrils formation and there is no need to add fluorescent

dye ThT. These results are very promising for future in vivoexperiments for other amyloidogenic peptides and

proteins.
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Cytoskeletal motors drive many essential cellular processes like vesicle transport along microtubules. To en-

hance transport, kinesin-1 motors operate in small teams. Key for team performance is how loads due to un-

synchronized motors or obstacles affect transport distance. This distance and force generation are limited by

motor detachment. However, how kinesins detach from microtubules is poorly understood. To measure how

kinesins detach under load, here, we developed and used high-refractive index germanium nanospheres that

enable superior spatiotemporal precision in optical tweezers.

We found that single kinesin-1 motors approached stalling conditions by alternating force dependent and inde-

pendent 4-nm-center-of-mass steps. At stall, motors did not detach but took a last force independent, interme-

diate 4-nm step before switching to a weakly-bound state. In this state, motors slid back to the trap center with

8-nm steps on a microsecond time scale.

Kinesins remained in this intermediate slip state for about 112 ms before either truly detaching or reengaging

in directed motion. Surprisingly, reengagement and, thus, rescue of processive motion occurred in about 80

percent of events. Such rescue events suggest that macroscopically observed run lengths of individual motors

are concatenations, teams may be synchronized through the weakly-bound slip state, and rescues need to be

accounted for to understand long-range transport.
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Owing to the tiny mode volume and ultrahigh quality factor, the whispering gallery modes (WGM) of micro-

cavities have been used in a wide variety of fundamental studies, from the single-molecule sensing [1,2] to the

parity-time symmetry breaking [3]. Nonetheless, the strong coupling between one WGM and a single dynamic

molecular dipole, i.e., the so-called cavity QED, via the evanescent field is still in challenge. The main reason lies

in the fact that due to the relatively large WGM volume the molecular-cavity coupling strength cannot exceed

the energy loss of the quantum system. To address this issue, the localized surface plasmon resonance (LSPR)

may be utilized to enhance the local electric field at the position of molecule by hundred times. As a result, the

cavity-QED regime can be reached.

Figure. Schematic diagram of single-molecule laser.

This experimental project is dedicated to the single-molecule laser, where one molecule indirectly talks to an

optical cavity in the microsphere shape via a gold nanorod, as illustrated in Figure 1. The single molecule plays

the role of gain medium and is modelled by a four-level system. The optical WGM wavelength of the microcavity

matches the molecule’s lasing transition. The nanorod directly contacts the microsphere and interacts with the

evanescent field. The nanorod’s structure is carefully designed so as to achieve the LSPR. The near field of

nanorod is coupled to the molecule’s lasing transition. An external light is applied to pump the molecule. The

photons emitted by the molecule are collected by the microcavity. The probing is implemented via the weak

coupling between the microcavity and an optical fiber.

The lasing action will be identified by the threshold behaviour of output vs. pump and the narrowing of spec-

trum. In addition, the Hanbury Brown-Twiss experiment will be performed to qualify the single-photon emis-

sion. This microcavity-nanoparticle-molecule structure provides a vivid platform for cavity QED and may be

potentially used as the photon source in highly-integrated photonic circuits.
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Quantum optical metrology offers methods to build optical sensors operating below the quantum noise limit,

which ultimately limits the noise floor in a sensor using a coherent probe beam. Several biosensing experiments

have now demonstrated these enhancements in sensitivity too. Squeezed light and interferometry using path

entangled N00N states have been used for refractive index sensing [1] and particle tracking [2] at a precision

beating the quantum noise limit, in biologically relevant samples. Subject to limited optical power, quantum

enhanced sensing techniques offer an improvement in the sensor precision per photon used in a measurement,

which is inaccessible in the classical optics regime. To date, quantum enhanced sensing has not been extended to

single molecule measurements. The state-of-the-art in single molecule detection is currently capable of quantum

noise limited performance [3]; quantum optical probe states are needed to reduce this noise further at a given

optical power.

In the present investigation, we show our work in producing a stable, tuneable source of both heralded single

photons and squeezed light. The approach will be to use spontaneous parametric down-conversion in a lithium

niobate whispering gallery mode (WGM) resonator; an already proven system [4, 5]. The main advantages of

this particular source for sensing are the tuneability of the central wavelength and bandwidth of its emission

over a wide spectral range. The experimental setup and characterisation methods are shown, the most impor-

tant being a Hanbury Brown and Twiss measurement to determine the purity of the heralded single photon

states generated. The presented source is intended to provide probe states for single molecule sensors. In using

quantum optical probe states and measurement schemes inspired by quantum metrology lies the possibility of

achieving quantum enhanced precision in the detection of single molecules [6]. Technical challenges in realis-

ing a quantum enhanced single molecule sensor will include minimising optical losses throughout the system,

since loss channels will degrade the photon statistics of a quantum optical probe state. High efficiency coupling

techniques including tapered fibre coupling are being developed to meet this challenge.
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Scanning probe microscopy (SPM) is traditionally based on very sharp tips where the small size of the apex

is critical for resolution, as in for example atomic force microscopy. This paradigm is about to shift, since a

new generation of planar probes, such as SQUIDs [1], scanning SETs [2] and nitrogen-vacancy (NV) centers in

diamond [3][4], promises to image hitherto inaccessible quantities such as very small magnetic and electric

fields. So far, much effort is put into fabricating these planar sensors on tip-like structures to be compatible

with traditional SPM techniques and to bring the sensor close to the sample surface. This poses a significant

engineering challenge, which is mastered by only a few groups.

On this poster, we present a novel, tipless approach - a technique to scan a planar probe parallel to a planar

sample at a distance of few tens of nanometers.

The core element of our scheme are optical far-field techniques to measure both distance and tilt between the

two surfaces of probe and sample with 1 nm position and sub-1 mrad tilt resolution. These measurements are

then employed as a feedback signal to control the distance for scanning probe measurements.

We show the application of this new method using shallow NV centers in bulk diamond for scanning near-field

optical microscopy (SNOM) of plasmonic modes in silver nanowires [5].

In addition we propose that planar scanning probes will offer a new method to use nanoparticle-on-mirror

(NPoM) cavities as probes for SPM. We show that single cube shaped nanoparticles with 100 nm side length can

be integrated on to planar probes. The NPoM cavity is then formed by approaching the planar probe to a metal

thin film with a distance of several nm. Our technique will allow precise positioning of the cavity relative to a

single emitter. It will also enable the use of a variety of nanostructures as scanning probes, dynamic tunability

of the cavity’s resonant wavelength and a high collection efficiency of the emitted light, while being easy to

fabricate.

[1] A. Finkler et al., Nano Letters 10, 1046 (2010).

[2] M. J. Yoo et al., Science 276, 579 (1997).
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This contribution reports on modifications in optical transparency and electrical conductivity of nickel

nanowires (Ni-NWs) mesh by 5 MeV C+ ions beam irradiation at various beam fluencies. The C+ ions irradi-

ations of Ni-NWs meshes are done at room temperature and beam fluencies of C+ ions are varying in the range

~1x1014 ions/cm2 to ~1x1017 ions/cm2. Optical and electrical characterizations of Ni-NWs meshes are done us-

ing ultraviolet-visible (UV-VIS) spectroscopy and four probe techniques. X-ray diffraction (XRD) and Transmis-

sion electron microscopy (TEM) techniques are employed to describe the structural changes in Ni-NWs meshes

before and after C+ ions irradiation. Ni-NWs meshes are found to be optically transparent and optical trans-

parency is increased with increase in beam fluence of C+ ions. The increment in optical transparency is might

be due to C+ ions beam irradiation-induced reduction in diameters of Ni-NWs. The reduction in diameters of

Ni-NWs increases spaces between Ni-NWs in the mesh and leads to enhance the optical transparency of the

mesh. Initially at low beam fluence of C+ ions, the electrical conductivity of Ni-NWs mesh decreases and after

that increases with increase in beam fluence of C+ ions. The decrease in electrical conductivity is might be due

to production and accumulation of defects in form of amorphous clusters into Ni-NWs by C+ ions beam irradi-

ation whereas the increase in electrical conductivity may be due to reduction in wire-wire contact resistance

which occurred due to ion beam irradiation-induced coalescence or fusion of Ni-NWs at contact positions. At

high beam fluence of C+ ions, i.e., 1x1017, conductivity again starts decreasing due to slicing and melting of

NWs.

KEYWORDS: Nickel Nanowires; C+ Ion; Irradiation; Electrical Conductivity; Optical Transparency
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Figure- variation in relative conductivity versus beam fluence of carbon ions.png
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Photoactive proteins, including photoswitchable and photoconvertible proteins, form a class of structures with

unique and exciting properties [1]. Combining them with active plasmonic nanostructures offers a possibility

to build a system with new, breakthrough functionality in biosensing. The plasmon resonance, characteristic

for metallic nanoparticles, allows for enhancing the optical properties of fluorophores located in their vicinity

[2].

In this work we study several photoactive proteins using fluorescence microscopy and spectroscopy. We have

carried out ensemble measurement as well as single-molecule studies in order to understand the influence of

excitation wavelength on the photostability of proteins. Also, we have fabricated hybrid nanostructures with

or without proteins attachment to silver nanowires. The emission of these proteins is increased due to the

plasmon coupling with silver nanowires, as evidenced by fluorescence microscopy. An important step towards

the controlled assembly of such systems has been developed by depositing microdroplets on silver nanowires. In

this way, the optical properties of the photoactive proteins can be remotely controlled with a defined excitation

wavelength.

Accordingly, the experiments show that it is possible to control the fluorescence of photoactive proteins both

via plasmon resonance and remote excitation with precisely tuned excitation wavelength. Understanding the

specifics of this interaction is essential for applying silver nanowires as building-blocks of sensing devices.

The research was partially financed by the National Science Centre (Poland) within the OPUS grants

2016/21/B/ST3/02276, 2017/27/B/ST3/02457, and 2017/26/E/ST3/00209, project 3/DOT/2016 funded by the City of

Gdynia, and project nr POWR.03.05.00-00-Z302/17 “Universitas Copernicana Thoruniensis In Futuro” (2018-

2022) co-financed by the European Social Fund – the Operational Programme Knowledge Education Develop-

ment. Module 5. Interdisciplinary PhD School “Academia Copernicana”.
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Single-molecule spectroscopic techniques have become indispensible for quantitative and qualitative chemical

analysis. Label-free absorption-based microscopy has been demonstrated with high sensitivity at room tem-

perature [1-3]. Recently, we introduced nanoelectromechanical photothermal microscopy with single-molecule

sensitivity reaching a single-molecule SNR >70 and a position accuracy of 30 nm based on silicon nitride drum

resonator. [4] During scanning, the absorption of analyte results in local heating of the drum, which causes a

detectable detuning in the mechanical resonance frequency of the nanoelectromechanical drum. In our previ-

ous work, our experiment was limited to a single wavelength given by a commercial vibrometer that served as

scanning and readout instrument. Based on the high sensitivity of the nanoelectromechanical detection scheme,

we designed an updated optical setup allowing for a spectral analysis. Here, we present the multi-wavelength

analysis of two-color fluorescence beads as the first step towards the single-molecule spectroscopy, as shown in

Figure 1a with 532-nm excitation and Figure 1b with 633-nm excitation. Moreover, with the newly integrated

nano-positioning system, the scanning resolution of the nanoelectromechanical photothermal microscopy is

further improved, as shown in Figure 2a-c, with scanning step of 400 nm, 200 nm, and 80 nm, respectively.

The localization accuracy could be thus further improved for single-molecule imaging. With the extraordinary

sensitivity, the capability of both quantitative and qualitative spectroscopic analysis and high localization ac-

curacy, this study provides a first step towards single-molecule absorption spectroscopy, which opens up new

possibilities for microscopic chemical trace analysis and related applications.

[1] Celebrano, M., Kukura, P., Renn, A. & Sandoghdar, V. Nat. Photonics 5, 95–98, 2011. DOI: 10.1038/npho-
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Mid-Infrared (Mid-IR) spectroscopy is a powerful label-free technique capable of detecting and identifying

biomolecules thanks to the specificity of vibrational fingerprints in the 2-20 µm spectral region. Considerable

efforts are being directed towards the fabrication of biosensors in such a region. In order to increase the IR

spectroscopy sensitivity, in terms of number of probed molecules, it is necessary to enhance the electromag-

netic field by confining it in sub-wavelength volumes, comparable to the biomolecular scale. Among the most

widely used approaches, Surface Plasmon Polaritons (SPPs) provide strongly enhanced and confined electro-

magnetic fields at a metal-dielectric interface. As an alternative to SPPs, one could instead exploit Bloch surface

waves (BSWs), which are surface modes sustained by a 1D photonic crystal (1DPC) [1]. Mid-IR BSW biosensors

show several advantages with respect to those based on SPPs due to the intrinsic low losses that give rise to a

high resonance quality factor and a long propagation length. Moreover, BSWs can be both transverse-electric

and -magnetic (TE and TM) polarized [2], at variance with SPPs.

The proposed 1DPC consists of a periodic structure of alternating ZnS/CaF2 layers, both transparent up to 10 µm

wavelength. The 1DPC structure was designed and optimized by means of numerical simulations carried out

by the transfer matrix method (TMM) and the multilayers were directly deposited onto custom-designed CaF2

prisms by thermal evaporation under high vacuum (Fig.1a). The evaporated structures were characterized by

focus ion beam/scanning electron microscopy cross sectional analysis and normal-incidence reflectance mea-

surements to verify the stack quality. BSWs spectra were collected in the Kretschmann-Raether configuration

by means of a Fourier transform Michelson interferometer (Fig.1b) for several different excitation angles in the

prism θ (Fig.1c), in order to measure the BSW dispersion and compare to the theoretical prediction.

[1] Smolik, Gregoire M., et al, ACS Photonics, 5, 1164 (2018)

[2] Michelotti, Francesco et al, Optics Letters, 42, 2798 (2017)
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Although fluorescence spectroscopy and microscopy remain the most widely used tools in biological research,

they have significant limitations. They require fluorescent samples and are prone to photobleaching. Hence,

a great effort was made to develop approaches bringing all the benefits of fluorescence techniques (e.g. high

sensitivity, specificity) while not relying on fluorescent signal.

Manifold optical imaging methods has been proposed, including ground state depletion,1 stimulated emission2,3

and photothermal microscopy.4 All these approaches, based on modulation transfer scheme, has shown the

potential of detecting individual quantum emitters, yet so far they remain in the state-of-art state rather than

routine experiments.

In order to compare the capabilities of different modulation transfer detection schemes, we undertook system-

atic investigation in terms of their sensitivity and efficiency. We evaluated the effect the excitation/probing

wavelengths, laser intensities and modulation frequency. The influence of the analyte concentration and its

molecular environment were also studied.

Preliminary results suggest that the acquired contrast results from an interplay between both ground state de-

pletion and photothermal effect. We demonstrate that the relative contributions of the two contrast components

depend on the experimental conditions as well as on the exact nature of the sample, i.e. the matrix in which

the molecules of interest are embedded.

Furthermore, we have taken first steps towards fluorescence-free imaging of the biomimetic membrane con-

stituents. We demonstrate the potential of the modulation transfer microscopy for detecting liquid ordered and

disordered phases in the supported lipid bilayers. These experiments will be in the nearest future expanded to-

wards imaging of naturally occurring, weakly-fluorescent cholesterol analog - dehydroergosterol, which closely

mimics the structural and functional properties of cholesterol in membranes.5
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Formaldehyde (FA), a simple reactive carbonyl molecule, is endogenously produced in the cell at the various

physiological conditions. At elevated level, FA causes severe cell toxicity as well as damage in macromolecules

such proteins and DNA. For detecting FA in living cells, herein we identify a small but effective fluorescent turn-

on probe comprising a single benzene-based orothophenylenediamine compound. Further study reveals that

the carboxylic group in orothophenylenediamine plays important role in enhancing fluorescent signals than

other electron-withdrawing groups with the occurrence of fluorescent enhancement in the glutathione (GSH)

environment which is generally abundant in every cell.

The photophysical properties of the probes were studied by steady-state UV-Vis and fluorescence spectroscopy.

The further biological relevance of the probe in physiological conditions was studied by various cellular imaging

as well as biochemical assays. Finally, the end product of the reaction was confirmed from high resolution

mass spectrometric study with a precise confirmation from liquid chromatography hyphenated tandem mass

spectrometric technique.

The derivatives of mono-aminobenzene and o-diaminobenzene usually react with aldehydes to form Schiff

bases that are common enzymatic intermediates in biochemical assays. 3, 4-Diaminobenzoic acid (DAB) was

identified as a potent “turn on” fluorescent probe for formaldehyde in the buffer (Figure. 1). Monoamine

analogs (MAB, 8QA, AHB) persisted silent towards formaldehyde as no obvious change of either absorption or

fluorescence in PBS buffer. DAB having an extra carboxylic acid showed strong fluorescence enhancement indi-

cating the importance of an electron-withdrawing group. The zwitterionic form of DAB in buffer medium easily

can transfer protons from amines to neighboring formaldehyde to enhance the formation of Schiff base result-

ing in a fast response towards formaldehyde. Secondly, a favorable intramolecular charge-transfer (ICT) at the

excited state via electron donation from the dimethanimine to the electron-withdrawing carboxylic functional

group positioned at the end of a π-conjugated single benzene ring resulting in a strong push-pull chromophore.

A facilitated proton transfer from the GSH in the cellular system further enhances the fluorescence intensity

along with a red-shifted emission band due to the enhanced ICT was observed. These results also reflected in

the biochemical cellular experiments and providing a cost-effective molecular probe capable to provide a solid

platform for the development of FA sensing in hazards free environment.
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Defect centers in SiC are promising candidates for various applications, including coherent control of optically

addressable spin qubits at room temperature, magnetometry and thermometry. Previous investigations on

such colors centers were very often performed by means of optically detected magnetic resonance (ODMR)

experiments. The intensity of photoluminescence (PL) emitted by a quantum center varies by sweeping the

static external magnetic field. This effect is based on level crossing (LC) phenomena and can be used to probe

nanoscale environment. Investigation of the spin dynamics of colors centers in SiC is the key step to understand

the limits for the performance of devices using such defect centers.

The complexity of the study comes from two factors: (i) interplay between the spin dynamics in the excited and

ground state of the color center; (ii) the presence of high-spin states, specifically, of S=3/2 states. To solve this

problem, we generalize an approach [1], which we used earlier to describe optically induced spin polarization

formed in NV– centers in diamonds and in triplet states in molecular crystals. In this method, we explicitly treat

the spin dynamics in the ground and excited states; the transitions between the ground and excited states are

introduced using the Lindblad formalism, which can be efficiently exploited to describe relaxation phenomena

in color centers.

In the present work, we demonstrate that the proposed approach can be used to simulate a number of spin-

dependent phenomena, namely, magnetic field dependent PL intensity and ODMR signals, i.e. radio-frequency

driven PL changes. Theoretical study of magnetic field dependent PL intensity and ODMR spectra demonstrate

an important role of LC phenomena in the spin dynamics of the ground and excited states. Theoretical results

are in good agreement with previously reported experimental data [2]. We anticipate that the proposed method

can be utilized to describe spin-dependent phenomena in other defect color centers having high spin state.

[1] D. V. Sosnovsky and K. L. Ivanov, Mol. Phys. 117, 2740 (2018).

[2] D. Siminet al., Phys. Rev. X 6, 031014 (2016).
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Various studies on electrical, mechanical and physiochemical properties of planar lipid bilayers revealed that

they have a huge application potential from technological standpoint as biosensors and bio-coatings.1On the

other hand it has been demonstrated that interaction of water with lipids plays an important role in modulat-

ing membranes architecture, lateral diffusion and other properties of cell membranes. Thus it comes with no

surprise that the structure of the phase separated biomimetic cell membrane and its dynamics could strongly

depend on the hydration layer at the membrane surface.

We prepared stable, supported lipid bilayers in lowered hydration conditions and using fluorescence mi-

croscopy imaging and FRAP approach, studied their structural and dynamical properties. Such biomimetic

membranes exhibit significant changes in structure and diffusion coefficient with varying local hydration state

(relative humidity). We demonstrate that biomimetic cell membrane on mica surface can survive complete

dehydration showing 6-fold decrease in lateral mobility. Upon rehydration membrane gains back its natural

structural and dynamical properties.

Intuitively such biomimetic system can act as a very precise hydration sensor. It is highly sensitive to the hy-

dration state – change in the diffusion coefficient is observed with the change of hydration of the membrane

down to just a few water molecules per lipid.Moreover itshows very good repeatability – membrane can be

dehydrated and rehydrated multiple times.Interestingly this idea could be easily transferred to single molecule

experiments using FCS approaches, which would truly provide single molecule cell membrane hydration sens-

ing capabilities. This could potentially be utilized to study local heterogeneity in the hydration of biomembranes

in varying hydration states.
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Understanding how a fluid flows at a microfluidic channel’s boundaries at the micro/nanoscale is crucial for a

broad range of engineering and biology applications1,2. We experimentally characterized the slipping at a solid

boundary of the contact line between two water solutions with a relatively high refractive index mismatch (7.35

× 10−3) in a microfluidic channel (Fig.1). In the novel technique, we exploit as a boundary wall a flat 1D photonic

crystal (1D-PC) sustaining Bloch surface waves (BSW) at its truncation edge. The localization of the BSW at the

1D-PC/fluid interface is granted by Bragg and total internal reflection (Fig.1)3. The evanescent tail (about 100

nm) of the BSW probes the speed of the contact line, i.e. the triple junction separating three phases, in the low

Reynold’s number regime.

The measured contact line velocity curves are plotted in Fig. 2. For each value of flow rate used in the experi-

ments, we plot the velocity normalized to the average velocity across the channel vN(ξ)=v(ξ)·S/Φ, where ξ is the

distance of the contact line from the 1D-PC surface and S the microchannel cross-section.

The plots appear qualitatively different over the investigated range of Φ. Those obtained for the two lowest Φ val-

ues (blue, light blue) show that, within the ξ explorable interval, vN(ξ) decreases when approaching the bound-

ary (ξ=0). It is likely that vN(ξ) gets zero at the boundary, suggesting a still layer. With increasing Φ (red, green)

vN(ξ) gets larger in proximity of the boundary and, at ξmin=7 nm, it is still much different from zero, about 1/3

of the average speed (Φ/S) in the channel. The limitation due to noise does not permit to ultimately establish

whether a slipping layer is formed or not at the boundary. Further increasing Φ, we observe a fall of vN(ξ) back

to the behavior observed for small Φ.

In conclusion, we developed an optical system based on BSWs to evaluate the contact line speed of a fluid flow

in the low Reynold number condition in proximity of a micro-channel wall. The most important feature is that

the developed system permits to measure the contact line velocity at different distances from the boundary wall

with a nanometric resolution.

[1] A. Manz et al., Sens. Act. B Chem. 1, 244-248 (1990).

[2] R. Ledesma-Aguilara, et al., Phys. Fluids 19, 102113 (2007).
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Introduction
The contemporary biophotonics widely employs the additive technologies to produce 3D structures for biomed-

ical applications. In spite of the existence of a large number of various techniques based on photopolymer-

ization, performing the photocuring process in the depth of scattering medium remains challenging due to the

small penetration depth of UV light required for exciting the photoinitiator molecules. In order to overcome this

problem we produced the unique supramolecular complex containing photoinitiator in a combination with β-

NaYF4:Yb3+,Tm3+/NaYF4 upconversion nanoparticles (UCNP).[1] In this case activation of photopolymerization

process can be triggered by action of NIR light at 980 nm wavelength corresponding to the biotissue trans-

parency window.

Methods
The core/shell UCNP β-NaYF4:Yb3+,Tm3+/NaYF4 UCNP were synthesized by coordinate stabilization of yttrium,

ytterbium and thulium metal salts in the oleic acid with octadecene under heating up to 320°C in the oxygen-

free atmosphere[2]. Investigation of luminescent properties was conducted using spectrofluorometer Fluo-

rolog 3 (Horiba JobinYvon,France). Photocuring composition (PCC) was prepared on the base of UCNP and

commercially available photoinitiator irgacure 369 (Ciba,Switzerland) mixed with non-toxic linear polymer

polyethylene glycol diacrylate, Mn=575. Photocuring process was performed by focused laser beam of NIR

light (10W/cm2@980 nm) emitted by semiconductor CW-laser(ATC,Rusia). Moving the laser beam in x and y

directions was controlled by galvano scanning system (Ateko,Russia). Optical phantoms mimicking biotissue

scattering properties were fabricated by mixing submicron particles of nucleosil with agarose.

Results and discussion
Employing UCNP in PCC enables nonlinear absorption of NIR light in the beam waist. Local formation of

UV light source excites the photoinitiator molecules triggering the photopolymerization of polymer. Figure

1(a,b) illustrates the formation of star-shaped microstructures in the PCC volume conducted under 1 mm of

highly turbid phantom. After developing in water all samples have retained luminescence properties under

excitation at 980 nm (Figure 1(c)).

Fig.1.Photocuring of polymers under biological tissue-equivalent phantom: photocuring process(a), star-shaped

microstructure produced in the volume of liquid PCC(b), luminescence of the sample after developing under NIR

excitation(c).

This work was partly supported by the RSF no.18-79-10198(in part of 3D polymeric structure formation), RFBR

research project no.17-00-00118 (in part of the UCNP synthesis and characterization).

1.V.V.Rocheva, A.V.Koroleva, A.G.Savelyev, K.V.Khaydukov, A.N.Generalova, A.V.Nechaev, A.E.Guller,

V.A.Semchishen, B.N.Chichkov, E.V.Khaydukov, High-resolution 3D photopolymerization assisted by up-
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Introduction. All nanoparticles interact with blood vessels while they circulate in the body regardless of their

intended destination. The blood vessels imaging can be very helpful in the understanding of nanodrugs behav-

ior in the organism and the side effects that they can cause. In these researches, lanthanide-doped upconversion

nanoparticles (UCNPs) have the great potential. They gained attention as nanoplatforms for optical bioimaging

that works in the first near infrared region and has superior imaging sensitivity and spatial resolution com-

pared to traditional optical imaging utilizing visible light. The UCNP excitation light at 975 nm falls in to the

so-called “transparency window” (650 - 1300 nm) and penetrates in biological tissue with minimal absorption

and scattering. UCNPs usually have NaYF4host matrix co-doped with Yb3+ as a sensitizer, and Er3+ or Tm3+ as

emitter. Such UCNPs have been successfully used for in vivo bioimaging.

Methods. The UCNPs were obtained by solvo(hydro)thermal method and analyzed by spectrophotometry, spec-

trofluorimetry, IR-spectroscopy, cytometry, TEM-spectroscopy, cryo-TEM microscopy, epiluminescent home-

build microscopy.

Results and Discussion. Herein, we designed the non-invasive bioimaging agents able to visualize the nan-

odrugs distribution in blood vessels in the inflammation. UCNP were modified with two different polymers,

which appear to be excellent candidates in virtue of their good biocompatibility, low opsonization degree and

long circulation time. Bioimaging nanosystems for in vivoapplication were obtained due to UCNP surface modi-

fication with PEG-DGE and Colominic acid. Both modification approaches make it possible to organize nanosys-

tems with chemical and colloidal stability in buffer solutions with low toxicity.

The inflammatory response occurs in many pathologies including atherosclerosis, cancer, diseases of the ner-

vous system, etc. Inflammation is a phenomenon that causes tissue modifications such as changes in the vascu-

lar permeability and volume. The high number of nanoparticles falls into vessels in the inflammation model as

a target site via a “passive” delivery after mice intravenous injection.

This work was partly supported by the RSF no. 18-79-10198 (in the part of UCNPs synthesis), RFBR research

projects no. 18-29-01021 and 18-29-20064 (in the part of polymeric shell formation and UCNPs distribution).
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Gold nanoclusters (GNCs) are described as novel nanomaterials, which have received remarkable attention

due to their unusual physicochemical properties, associated with their atomically precise structure. Due to

their molecule-like behaviour and discrete electronic structure, they exhibit enhanced photoluminescence, sta-

bility and reactivity. All the unique properties have already been widely studied ensuring variety of favourable

applications. Most promising ones involve imaging in biological systems and detection of biomolecules.[1,2]

Here we propose crown-ether stabilized GNCs as a robust luminescent markers for amyloid fibrils studies. Cur-

rent studies on amyloids have classified them as a product of protein misfolding, which leads to aggregated

β-sheet rich structures deposited in various organs. The process of amyloid formation is pathologically associ-

ated with neurodegenerative diseases (e.g. Parkinson’s disease, Alzheimer’s disease). Thus, the identification

of amyloids morphology becomes crucial due to their broadly investigated polymorphism and its impact on

toxicity. [3,4]

In this work we report an application of gold nanoclusters for detection and labelling of amyloid fibrils. We

present synthesis of gold nanoclusters stabilized with thiol-derivative of crown ether (CE-GNCs), followed by

optical and structural characterization based on TEM imaging, extinction and emission measurements. CE-

GNCs present efficient transfer from hydrophilic to hydrophobic media within precisely defined pH range.[5]

One of the greatest advantages of using tunable hydrophobic-hydrophilic supramolecular GNCs system is the

possibility of interaction with defined parts of amyloid fibrils. Herein, we present the self-assembly of GNCs

dictated by hydrogen-rich amyloid fibrils. Observed phenomenon is confirmed via TEM in terms of morphology

as well as spectroscopic analysis. Due to highly controlled conditions and selectivity of the assembly process

towards amyloid fibrils, crown-ether stabilized GNCs serves as promising candidates for optical and electron

microscopy probe for amyloids detection.
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The surface-enhanced Raman scattering (SERS) technique is under development from the late seventies of the

previous century. During this time, plenty of analytical techniques based on SERS were developed with potential

application in biology, medicine, and industry. Despite that, some aspects of the SERS itself are still not fully

understood. That is limiting the real potential of the technique. Surprisingly small number of different chemical

species have been studied on the single-molecule level with the technique which has proven potential of the

single-molecule detectability more than twenty years ago. That may have its source in the fact that chemical

molecules can vary in plenty of different ways (spectrally, electronically, sterically, etc.). Similar molecules may

give dramatically different SERS signal strength at seemingly identical conditions even after minor chemical

modifications.

Herein we are considering the possible source of technical limitations in single-molecule SERS detectability and

in the prospect of pushing that limits forward. Particularly we are focusing on the tuning of the excitation

wavelength to the optimal strength of the SERS signal. The observed changes in SERS excitation spectra of

porphycene and its selected chemically substituted derivatives are showing that the chemical modification of

the parent molecule may have a complex influence on the strength of the SERS signal. On the one hand, such

substitution is changing the electronic structure of the molecule. As a result, the optimal excitation wavelength

spectral shift and the polarizability change may affect the Raman signal strength. On the other hand, the steric

effect caused by bulky substituents and the change of the orientation of the molecule on the metal nanostructure

may affect the interaction of the molecule with the nanostructure. Again it may cause booth the spectral shift

of the excitation profile and the SERS signal strength.

The understanding of such relationships would help to understand SERS and single-molecule SERS more pro-

foundly and would benefit in the development of a more universal analytical SERS method.
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Surface Enhanced Raman Scattering (SERS) tags are composed of a metal nanoparticle core (mainly gold or sil-

ver), a Raman-active molecule (RaRs) layer and an external hydrophilic shell. Developments in their fabrication

have opened up their use as suitable tools for SERS imaging, an interesting alternative to fluorescence-based

techniques. A remaining difficulty toward the general implementation of this method is the difficulty to corre-

late the SERS signal (spectral intensity) with SERS tag number. Therefore, a general correlation method, suitable

for arbitrary nanoparticle (NP) morphologies and RaRs, should largely improve the quantitative character of

SERS as an imaging technique. Therefore, we propose a protocol and developed an associated App (SERSTEM)

to determine the average SERS intensity per NP using Transmission Electron Microscopy (TEM) and SERS data.

As a proof of concept, we have demonstrated the method for gold-nanostars (AuNSs) and gold-

nanorods (AuNRs) synthetized following the seed-mediated growth method, stabilized with O-[2-(3-

mercaptopropionylamino)ethyl]-O’-methylpolyethylene glycol (PEG) and encoded with different Raman Re-

porter (RaRs) molecules: 4-methyl benzenethiol, benzenethiol, 2-naphthalenethiol and 4-biphenylthiol. Gold-

nanoparticles (AuNPs) enhance the Raman scattering effect of the molecules that are close to their surface.

Furthermore, the sharp edges and tips of the structures provide high sensitivity to local changes in the dielec-

tric environment, as well as larger enhancements of the electric field around the nanoparticles. In order to add

RaRs to AuNPs, we have used a phase-transfer method, which exploited the hydrophobicity of the RaRs to link

them directly onto NPs´ surface via thiol interactions. Finally, to obtain hydrophilic and biocompatible SERS

probes, an outer layer of amphiphilic polymer that effectively enwrapped the RaR and AuNP together has been

included.

The protocol consists in drop casting the SERS tags on a TEM grid and measuring the same area with SERS and

TEM (see Figure 1). We have prepared the grids with different dilutions, ensuring on one hand a sufficient SERS

signal-to-noise ratio and on the other, well separated AuNPs in TEM images to be correctly counted. The TEM and

SERS measurements are combined to determine the number of NPs according to the SERS signal. Subsequently,

the SERSTEM app1 has been developed to correlate these data and estimate accurately the signal intensity of

a single SERS tag. The results have indicated that the SERS signal per NP was similar in those samples with a

similar RaR/PEG ratio and lower for those with lower RaR/PEG ratios.

[1] “Nanostructure&Optics Laboratory- SERSTEM,” can be found under

http://wwwdisc.chimica.unipd.it/nanostructures.optics/SERSTEM.html.
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Statistical and quantitative measure of single-molecular species enable insights in the heterogeneity and

stochastic processes in various biological and chemical systems [1]. Techniques amenable to single molecule

detection help to achieve lower limits of detection (LoD) and thus open the path to addressing the needs of

demanding sensing applications such as multiplexed detection of biomarkers for early-stage disease diagnosis.

Some of the outstanding techniques for single molecule detection include detecting changes in refractive index

using surface plasmon resonance [2], nanopore sensing [3], whispering-gallery mode optical biosensing [4], and

surface enhanced fluorescence spectroscopy [5]. The introduction of SERS, however, has transformed single-

molecule detection by virtue of providing insights into its vibrational modes, conformational changes, and phase

transitions [6], [7].

Recently, we have shown that deep-subwavelength metal-insulator-metal (MIM) width-graded nano-gratings

provide a unique means of high sensitivity molecular detection using SERS [8]. The detection technique is un-

derpinned by the strong coupling of the surface plasmon polaritons on the sidewalls of the nanogrooves [9].

With appropriate modulation in groove width, we have shown that rainbow light trapping is possible for wave-

lengths ranging from the visible into the mid-infrared, and thus provide a platform for multiwavelength sensing.

Herein, we report on quantitative SERS detection of a small molecule, propylene glycol, at atto-molar concen-

tration. Single-molecule detection was achieved at three wavelengths using a bull’s-eye MIM nano-grating con-

struct as a SERS substrate. We quantify our results as a function of various Raman parameters including ex-

posure time and intensity. We show unprecedented LoD for a small molecule using a multiwavelength SERS

platform.

1-“Single-Molecule Sensors: Challenges and Opportunities for Quantitative Analysis,” Angewandte Chemie, 2016.

2-“Optical Detection of Single Non-Absorbing Molecules Using the Surface Plasmon Resonance of a Gold

Nanorod,” Nature Nanotechnology , 2012.

3-“Nanopore Sensing At Ultra-Low Concetration Using Single-Molecule Dielectrophoretic Trapping,” Nature

Communications, 2016.

4-“Combining Whispering-Gallery Mode Optical Biosensors with Microfluidics for Real-Time Detection of Pro-

tein Secretion from Living Cells in Complex Media,” Small,2018.

5-“Matix-Induced Linear Stark Effect of Single Dibenzoterrylene Molecules in 2,3-Dibromonaphthalene Crystal,”

Chemphyschem,2019.

6-“Molecular Cavity Optomechanics as a Theory of Plasmon Enhanced Raman Scattering,” Nature Nanotechnol-

ogy, 2016.

7-“Surface-Plasmon Raman Spectroscopy for in Vivo Biosensing,” Nature Reviews, 2017.

8-“Multiwavelength surface-enhanced Raman spectroscopy using rainbow trapping in width-graded plasmonic

gratings,” Advanced Optical Materials,2018.

9-“Rainbow-trapping by Adiabatic Tunning of Intragroove Plasmon Coupling,” Optics Express, 2016.
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The concentration of electromagnetic radiation by plasmonic nanostructures into sub-diffraction volumes is

the principle driver of plasmonics and its diverse applications. Tip-enhanced Raman spectromicroscopy is em-

blematic. With the aid of an atomically terminated silver needle, it is possible to focus light on atomic scales,

to see vibrations inside a molecule1 and to resolve individual atoms making up a surface.2 The attained 1.5 Å

resolution in TERS images recorded in the atomistic near-field illustrates that light can be atomically confined

and raises the question of the confinement of the photon, namely, the quantized electromagnetic displacement

or plasmon. Using TERS images of a single nitrogen atom, it is possible to show that the light source is the time

harmonic charge on the terminal Ag atom of the tip, and to equate the source with the apex mode of the quan-

tized tip plasmon: The photon and electron are indistinguishable in this quantum limit. In effect, the focusing

of plasmons on a conical tip entails the conversion of light to matter (field to polarization), which are unified

through the quantization of the dielectric. This gives direct access to optoelectronics in single molecules and

their applications as intricate electromechanical devices. An illustrative example is the scanning electrometer

consisting of a CO terminated tip, used to map out intramolecular electric fields and to measure the electrostatic

potential surface (EPS) of single molecules.3 The diatomic molecule serves as a complete device, incorporating

sensor, transducer and transmitter: the molecular dipole serves as a DC electric field sensor, its triple bond acts

as an electric-to-mechanical force transducer via the Stark effect, and the time-harmonic polarization along the

bond broadcasts the signal through the tip-antenna. Beside this ultimate limit in miniaturization, the device

specifications of the picoelectromechanical system, 0.034 Å oscillation amplitude, 10 mV/0.5 pN transduction

sensitivity, and 100 THz operating frequency, cannot be met by any mesoscopic system.

References:
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DNA optical mapping allows studying intact individual molecules with higher throughput than sequencing . In

optical mapping, a fluorescent barcode is first created, then the DNA molecules are elongated and the fluorescent

signal is read-out to get information about the molecule structure. Here we explore different techniques to

selectively label the DNA molecules with organic fluorophores (when the sequence of the DNA is known) as well

as by competitive binding (for unknown molecules). The DNA molecules are stretched in nanofluidic devices

made by nanoimprinting and the signal is read out in real time in a custom-made confocal set-up.

We investigate different methods to create a sequence-dependent optical barcode. For instance, marking the

DNA molecules with quantum dots or fluorophores (ATTO647 and Cy5) at specific locations of interest. Alter-

natively, the molecules are labeled by competitive binding using Netropsin and an intercalating dye to create a

barcode which is dark in AT-rich regions and bright in GC-rich regions.

To stretch the molecules, we fabricate complete fluidic devices in a one-step imprinting process. The all-

transparent polymeric devices have complex structures with multiple levels and multiple dimensions: mi-

crochannels and 3D-tapered inlets to guide the molecules, and nanochannels to stretch them.

We perform in-line detection of DNA molecules as they pass through the nanochannels with a focused laser as

point excitation and a photon-counter to read-out the signal (Figure 1(a)). In this configuration, the molecules

are detected as step-like peaks in time scans (see Figure 1(b) and (c)) allowing for real time read-out, with high

throughput and without limitation in the molecules length. Peak duration and intensity give information about

the molecule length and sequence-dependent barcode.

Different types of DNA molecules (bacteriophage, viral, human) were barcoded, stretched and detected in-line.

Figure 2 shows the optical maps of several molecules of lambda-bacteriophage DNA, where the barcode was cre-

ated by competitive binding using actinomycin D (a, b) or netropsin (c, d). Figure 3 (a) shows a DNA molecule of

Kaposi-Sarcoma Herpes Virus barcoded by selectively marking the TR region with ATTO647, and at the DR4 with

Cy5. The whole molecule is also stained with an intercalating dye to facilitate location of the regions of interest

along the molecule. Figure 3 (b) shows the barcode of a DNA molecule with a periodic sequence (pitch=7000bp),

where one fluorescent mark has been put in every period. The barcode clearly shows the periodic peaks on top

of the DNA backbone.
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The desire to create molecular sensors and molecular machines motivates an active search for bistable nanosys-

tems capable of reversible transitions between two well-defined states in response to weak stimuli. Molecular

structures that can perform such operations as accurately as mechanical devices and that are capable of detect-

ing signals against the thermal noise are of particular interest.

In my talk, I intend to present molecular dynamics simulations of an example of oligomeric systems only a

few nanometers in size, which respond to power loads exactly as nonlinear mechanical systems known as the

“catastrophe machines” [1]. In this regard, oligomeric systems, even of such small sizes, can act as classical

mechanical switches or triggers. In addition to the bifurcation and hysteresis effects typical for conventional

bistable systems, our simulations show spontaneous vibrations of the oligomeric system near the critical loads.

We show that this phenomenon allows the realization of stochastic resonance using the natural thermal noise.

Thus, by moving the oligomeric system through the critical load, one can provide mechanic-like switching be-

tween two well-defined states. At the same time, near the critical load, the same system can be used for sen-

sitive detecting based on thermally activated vibrations and stochastic resonance effects. It seems that such

oligomeric systems will become a promising platform for the design of synthetic molecular machines and

nanosensors.

The work was supported by the Molecular Machine Corporation Ltd.

1. V. A. Avetisov, A.A. Markina, A F. Valov. Oligomeric “Catastrophe Machines” with Thermally Activated Bista-

bility and Stochastic Resonance. J. Phys. Chem. Lett. 2019, 10, 5189-5192, DOI: 10.1021/acs.jpclett.9b01261.
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Binding of Transcription Factors (TFs) to regulatory elements at the promoters and enhancers of genes is a

central event in the regulation of transcription, and plays a vital role in development, reprogramming, and the

cell’s response to environmental stimuli. Previous studies have highlighted the existence of multiple layers of

complexity in the modulation of a TF binding to DNA, revealing the effects of the structure and flexibility of

the binding site, cooperativity between TFs, the presence of neighboring TF sites, DNA methylation and the

kinetic competition of TFs with nucleosomes [1]. However, a mechanistic understanding of all these factors is

lacking. We tackle these questions using single-molecule DNA unzipping with optical tweezers, an approach

that provides a direct measurement of the position and forces associated with proteins bound to DNA, thus

overcoming the inherent ensemble averaging in traditional methods. We use as a model Egr-1, a zinc finger TF

responsible for the regulation of a variety of genes in response to various stimulants, and its native binding

sites at the Lhb gene. Our data shows that both the core 9 base pairs bound to Egr-1 in each of the sites, and

the base pairs flanking them, modulate the affinity and structure of the protein-DNA complex [2]. Next, we

demonstrated a new assay to follow binding and dissociation of a single Egr-1 protein in real time and found

that methylation of the binding site modulates the binding kinetics, and that this modulation is sensitive to

the methyl position and the binding site sequence. Interestingly, ur results show that a single methyl group

modulates also the breathing dynamics of the DNA itself, suggesting that the differences in binding kinetics

are the result of a different structure for the methylated DNA. Finally, the high resolution of our instrument

allows us to simultaneously measure two TF bound in close proximity, and we demonstrated the existence

of negative cooperativity between Egr-1 and SF-1, an additional TF binding to the Lhb gene. Our findings

highlight the synergistic and complex regulation of TF binding to a natural binding site, and may shed light on

the organization of regulatory elements at promoters.

References
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We discuss the application of “DNA nunchucks” in monitoring the bending dynamics of dsDNA. The DNA

“nunchuck” is a nanoscale instrument we developed for measuring DNA bending at the single-molecule level

with standard laboratory equipment, minimal sample preparation, and simple analysis procedures. In previ-

ous work (see poster), we have established DNA nunchucks as reliable reporters of dsDNA bending and stiff-

ness at the single molecule level. Here, we analyze the bend angle time-series of short dsDNA with and without

sequence-encoded structural “defects” - a 6-base “bulge” and a 2-base pair (bp) “bubble” - and in the presence

or absence of a DNA-bending protein, integration host factor (IHF), with and without its specific binding se-

quence. From the variance of their angular distributions, we find that the 6-base bulge increases the flexibility

of a 37-bp dsDNA by 19±1%, whereas a 2-base bubble causes no significant increase in the flexibility of a 27-bp

dsDNA (<15% increase with 95% confidence) and the presence of IHF decreases the flexibility of 58-bp dsDNA.

The time-series of angular fluctuations of 37- or 58-bp DNA strands, as monitored by nunchucks, suggest that

short dsDNA explores rare, meta-stable bent states even at room temperature.

Dna nunchuck.png
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Structural DNA nanotechnology, of which DNA origami is the archetype, has enabled the design and construc-

tion of objects with molecular precision for a multitude of applications. However, challenges in characterizing

the assembly process at the molecular scale preclude the development of a quantitative understanding of the

self-assembly mechanisms involved. Without such an understanding, it is difficult to determine, and thus mit-

igate, the origins of structural defects, and their adverse effects on function. These shortcomings constrain the

practical use of these nanostructures. We are, therefore, exploring new measurement methods to determine

whether dynamic secondary structure fluctuations of single-stranded DNA, affect the assembly of DNA nanos-

tructures. By combining bulk measurement tools such as dynamic light scattering and small-angle neutron

scattering with single-molecule nanopore spectroscopy and molecular modeling we offer a detailed picture of

how the dynamic structures may affect the efficiency of nanostructure fabrication.
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Molecular folding is the process by which denatured molecules spontaneously fold into their unique and biolog-

ically functional structure. It has been hypothesized that proteins fold in a funnel-shaped free energy landscape,

a kind of golf-course ground with a native hole in configurational space [1]. However, the experimental quan-

titative characterization of the folding funnel is scarce. Here we present a single-molecule characterization of

the folding thermodynamics of protein barnase [2] using calorimetric force spectroscopy. We pulled barnase

with temperature controlled optical tweezers [3] operating in the range 7- 37°C and extracted the free energy,

enthalpy and entropy at different temperatures. Kinetics and thermodynamics results reveal a folding pathway

to a random-coil like transition state (the native hole) that does not form additional hydrogen bonds (kcal/mol)

with respect the denatured state. The major contribution to the heat capacity change upon folding (cal/mol

K) occurs between the unfolded state and the native hole. Folding to the native hole has been modeled as the

isothermal compression of an ideal gas of monomers, giving cal/mol K, in agreement with the experimental

results.

1. K. A. Dill & J. L. MacCallum, The Protein-Folding Problem, 50 Years On, Science 338,1042-1046 (2012).

2. A. Alemany, B. Rey-Serra, S. Frutos, C. Cecconi, and F. Ritort, Mechanical Folding and Unfolding of Protein

Barnase at the Single-Molecule Level, Biophysical Journal 110, 63-74 (2016)

3. S. de Lorenzo, M. Ribezzi-Crivellari, R. Arias-Gonzalez, S.B. Smith and F. Ritort,A Temperature-Jump Optical

Trap for Single-Molecule Manipulation, Biophysical Journal 108, 2854-2864 (2015)
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Introduction

Proteins are the physical and biochemical building blocks of the cell and are fundamental to biological function.

Thus, the field of proteomics has emerged over the course of last decades with the aim of systematically iden-

tifying the entire set of proteins within a given tissue or cell via established methods such as electrophoresis

and mass spectrometry. Amongst various analytical tools, electrophoresis has been used as the gold standard

assay for studying protein structures and proteomics. However, generally there are certain limitations inherent

to conventional electrophoresis techniques making them arduous and in some cases impossible to implement.

Over the course of the last few years we have developed a label-free optical technique that senses individual pro-

teins using the interferometric detection of scattered light (iSCAT) [1]. In this work, we extend electrophoresis

to single-protein sensitivity and real-time dynamics by employing iSCAT detection, reaching an unprecedented

detection sensitivity of 21 kDa [2].

Methods

iSCAT signals arise from interference between the protein’s weak scattered field and the incident excitation. The

method has been previously detailed in Ref 1. The amplitude of this interference is determined by the magnitude

of the scattered field and is thus linearly proportional to a protein’s mass. We define an iSCAT contrast as the

amplitude of the interference signal divided through the amplitude of the reflected part of the excitation signal

(Fig. 1). In order to image the proteins, an electric field between the pipette (containing the sample) and the

cover glass is applied. The electrophoretic flow delivers the sample to the field of view (Fig. 2).

Results and Discussion

iSCAT as an interferometric scattering-based microscopy has the capability of detecting single proteins. Since all

the particles inherently scatter light, using iSCAT enables circumventing the constraints which are associated by

the conventional techniques such as gel electrophoresis and mass spectrometry. In this work we have developed

an electrophoresis based apparatus which enables a quantitative analysis all in a label-free fashion. A total of

27 different analytes spanning the range of 24-465 kDa were analyzed through this apparatus. The iSCAT signal

of the protein samples were extracted to construct a contrast library which is then used to assess the molecular

weight of the protein samples and compare it to their actual mass.

1. Piliarik, M.; Sandoghdar, V. Direct Optical Sensing of Single Unlabelled Proteins and Super-Resolution

Imaging of Their Binding Sites. Nat. Commun. 2014, 5, 1–8.

2. Dahmardeh, et al, in preparation.
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Introduction:
Nanomechanical sensors are usually operated in their linear regime for ease of controllability and avoiding

amplitude-noise to phase-noise conversion. However, as smaller sensors generate smaller signals generally,

the ability to operate beyond the linear regime becomes critical to obtain a decent Signal-to-Noise Ratio (SNR).

Moreover, emerging mechanical sensors based on 2D materials usually have very small dynamics range of

operation in the linear regime. For these reasons, operation at the nonlinear regime holds great promise for

sensing applications

Methods:
The main ineffectiveness for the frequency tracking in the nonlinear regime comes from the lack of a powerful

and robust method like phase locked loop (PLL) that is used for linear resonators (Figure 1a,b). Although PLLs

can conveniently track resonance frequency in the linear regime, the sharp phase transition and bistable re-

sponse of nonlinear resonators (Figure 1c,d) prevent locking to a single phase at the resonance. Therefore, the

nonlinear regime is generally avoided for mass sensing applications especially since performing a PLL does not

look feasible in this regime.

To overcome this problem, we developed a technique to keep the sensor trapped inside the hysteresis window

of the phase response (Figure 1c) rather than locking to a single phase. Boundaries of the hysteresis window are

defined as the points where the sharp frequency jumps (fupand fdown) occur. With this arrangement, the jump

frequencies can be used for keeping the system circulating inside the hysteresis window. This way, we showed

that a Trajectory-Locked Loop (TLL), rather than a PLL, can track the resonance frequency of a nonlinear Duffing

resonator.

Results
To detect single nanoparticles one by one, we measured the analyte-induced frequency shifts in the first two

mode of the resonator, taking care to minimize intermodal coupling effects. By collecting several hundred single

nanoparticle frequency shift detection events (Figure 2), we were able to obtain the overall size distribution

curve for the commercial sample (Figure 3).

Discussion
Since PLL cannot be used with nonlinear resonators, we have developed a novel TLL architecture to individually

characterize the mass of gold nanoparticles. We verified the results by performing independent measurements

of the same nanoparticles based on linear mass sensing. The technique obtained here can be used for thin

nanomechanical structures which possess a limited dynamic range. We also show that TLL extends the dynamic

range of operation in mass detection.
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Introduction
Greenhouse gases currently cause an energy imbalance (1010 kWh of excess heat per day) that biases and accel-

erates the Earth system along a trajectory projected to bring it, within the next decades, beyond the physical pa-

rameter space compatible with the persistence of existing ecosystems. Solving the climate crisis is a herculean

challenge orders of magnitude in scale. Incidentally, analogous, orders-of-magnitude challenges have been

successfully addressed within the nanosystems science and engineering community. Technical advances have

enabled atomic-resolution milling (Fig 2a), single-atom mass detection, single-nuclear spin detection, single-

molecule electron diffraction, and single-molecule tracking.

(caption: Figure 1. Natural vs anthropogenic climate change visualized on a temperature-[CO2] plane. Data

are assembled from several studies (citation to be provided during talk) and color-coded on a logarithmic time

scale, highlighting a factor 102 acceleration over natural variabilities since the industrial revolution.)

Methods
We perform a pan-disciplinary review, targeted meta-analysis of science and engineering literature, and de novo

design across 17 orders of magnitude in length, from the atomic to the planetary to develop a comprehensive

climate remediation framework that aligns with the ecological functioning and resource availabilities of planet

Earth. (e.g. Fig. 2b).

(caption: Figure 2. Examples of engineering across length scales. (a) A milling stage (Tao lab) for Angstrom

level-precision milling of metal and ceramics in a scanning electron beam. (b) An illustration of floating mirror

arrays on in the open ocean as a component in an engineering framework for reversing anthropogenic climate

change.)

Results
We show that renewable energy technologies, regardless of speed and scale of implementation, are insufficient

for averting a temperature-induced environmental collapse (Fig. 3). I explain how our engineering framework

simultaneously addresses five global challenges: (1) planetary overheating, (2) renewable energy production,

(3) ocean acidification, (4) adverse climate feedbacks, and (5) water and food security. I make the case that

workers at the interface of biology and nanoscale engineering have a unique role and responsibility in solv-

ing the climate crisis to ensure our continued opportunity to push the boundary of sensing and measurement

beyond the 2020s.

(caption: Figure 3. Linear projections of climate trajectories under hypothetical renewable energy scenarios

assuming immediate, 100% implementation (year 2020). Current energy structure (grey) is included for com-

parison.)
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Performing Single-Molecule Force-Spectroscopy (SMFS) using Atomic Force Microscopy (AFM), has proved to be

a versatile tool when investigating physiologically relevant scenarios in vitro from investigating protein folding,

protein-protein interactions and characterising biological weak bonds. This is achieved either using molecular

pulling or force-clamp experiments. Conventional probe microscopy techniques rely on large scale piezoelec-

tric actuators combined with active feedback which leads to limited dynamics and artefacts in the resulting

signal. Other issues, however, arise due to practical limitations of the set up where other environmental effects

are introduced such as drift of the system coupled with hydrodynamic drag creating difficulties especially for

force-clamp mode where stability is more important. In this work, we introduce a method whereby alternative

actuation methods are integrated to an AFM setup for improved single-molecule and single-cell experiments.

The first actuator is based on miniaturized magnetic beads functionalised with a molecule of interest with its

counterpart functionalised on a cantilever (Fig 1.). The magnetic bead is then picked up by the cantilever before

a magnetic field is applied actuating the magnetic bead at a set force. We have characterised biotin/streptavidin

and heparin/FGF-2 molecular interactions via molecular pulling and force-clamp modes using this method. The

second actuator is based on an acoustofluidic transducer integrated to a sample holder (Fig 2.). The transducer

can generate travelling periodic acoustic waves on the surface of their substrate, with an amplitude range up to a

few hundreds of nanometers and with a frequency range from tens of kilohertz to a few hundreds of megahertz.

We have used these transducers to mechanically excite cells before they are probed with AFM for the measure-

ment of their viscoelastic properties. We have used this method to excite normal human dermal fibroblasts and

characterised their viscoelastic properties (Fig 3.), cell proliferation rates and protein expressions.

Fig 2 saw transducer and sample holder.png
Fig 3 widening distribution curves and increase

in stiffness as a consequence of stimulation.png
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Many types of cellular motility are based on the myosin family of motor proteins. There are now known to be

at least 35 different classes of myosins involved in cellular transport processes including endocytosis, cell mi-

gration and polarisation in morphogenesis and development. Although the ability to coordinate the timing of

motor protein targeting and activation lies at the very centre of this wide range of cellular motile processes, the

regulatory mechanisms remain largely unclear. On the other hand, active remodelling of the membrane curva-

ture is also key to the motile processes. While curvature-mediating proteins have been shown to induce specific

membrane shapes by direct insertion and nanoscopic scaffolding, it was understood that the cytoskeleton plays

a more indirect role by exerting forces onto the plasma membrane and intracellular membrane systems via

actin and microtubule polymerisation and motor protein activity. It remained unexplored, however, whether

the manifold direct interactions between lipid-binding motor proteins and the target membranes themselves

affect the membrane curvature, and if so, how?

Using a combined approach of recombinant protein expression, single molecule mechanical and fluorescence

techniques, electron and super resolution microscopy, we study the basic mechanisms of targeting and

activation, as well as motor protein interactions with the lipid cargo at the level of single molecules and

functional ensembles. Our findings highlight a dynamic membrane sculpting mechanism, a previously

unnoticed basic feature of protein–lipid interactions, that opens up unexplored avenues for the shaping of the

plasma membrane and intracellular organelle systems in eukaryotes.
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During protein synthesis, the ribosome translocates along messenger RNA in one-codon steps, catalyzed by

the GTPase activity of elongation factor EF-G. mRNA secondary structures constitute mechanical barriers that

must be overcome prior to translocation, since the entry tunnel on the ribosome can only accommodate single-

stranded RNA. Several positively charged amino acid side chains located at the entry tunnel are known to fa-

cilitate this opening but it is not known whether this disruption occurs prior to or concomitantly with translo-

cation. Likewise, what parts of the translation cycle are affected by the presence of the barrier is not known.

Specifically, does a barrier decrease the rate of EF- G catalyzed mRNA translocation? Does it result in several

futile EF-G catalysis events? These questions reflect the fact that, during their operation, molecular machines

progress simultaneously along multiple chemical and mechanical reaction coordinates. To adequately describe

their complex dynamics, it is necessary, therefore, to monitor several of these coordinates in a co-temporal

manner. We have built an ultra-high-resolution optical tweezers instrument which possesses single molecule

fluorescence detection capability and we have used it to grab an mRNA hairpin by its ends while it is being trans-

lated by a single ribosome. As a result, we can monitor in parallel hairpin opening (tweezers signal) and EF-G

binding (fluorescence signal) as a function of the tension applied to the hairpin, which can be used to increase

or decreased the magnitude of the barrier. We find that the helicase (barrier opening) and translocase activities

of the ribosome are tightly coupled taking place concomitantly and simultaneously. Surprisingly, the presence

of a mechanical barrier biases ribosomesprior to EF-G binding into an alternative 7-fold slower pathway (slow

‘gear’) that primes the ribosomes into a state competent for hairpin unwinding. Furthermore, the co-temporal

detection of the tweezers and fluorescence signals reveals that occasionally the hairpin is opened in two suc-

cessive sub-codon steps while EF-G remains bound to the ribosome. Our experiment suggests that these split

codons correspond to intermediate states of the head rotation which has been implicated in the movement of

the mRNA relative to the 30S body during translocation.
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Modern developments in quantum technologies are exploring a wide range of solid state based systems as qubits

for a wide variety of purposes of applications. Unlike atomic physics systems, which are operated under ex-

treme conditions to ensure isolation from their environment, solid state based systems are by their very nature

in direct contact with the environment that is constituted by uncontrolled phonon, spin and charge degrees of

freedom that form part of the host material. As a result solid state qubits suffer significantly from environ-

mental noise. In order to address this challenge a combination of material science to improve the hardware

properties and of quantum control methods to further decouple the solid state qubits from their environment

while maintaining desired interactions are needed to achieve the ultimate goal of practically usable coherent

quantum dynamics.

In this talk I will consider quantum sensors and discuss how we can address the control issues that arise in

such devices by means of quantum control techniques. Questions such as enhanced resolution and addressing

of single spins, high fidelity quantum gatesand cooling, i.e. polarization, of spin ensembles will be considered.

Methods to enhance the robustness of control procedures to control errorsas well as energy efficient control

schemeswill be discussed. While much of the discussion is motivated by the aim to control NV centers in dia-

mond, the concepts and protocols describe here are equally applicable to a wide variety of solid state qubits.
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This talk will exemplify our on-going interest and great effort in developing efficient lithographic methodologies

capable of creating molecular electronic devices through the combination of top-down micro/nanofabrication

with bottom-up molecular assembly. These devices use nanogapped carbon nanomaterials (such as single-

walled carbon nanotubes (SWCNTs) and graphene) as point contacts formed by electron beam lithography and

precise oxygen plasma etching. Through robust amide linkages, functional molecular bridges terminated with

diamine moieties are covalently wired into the carboxylic acid-functionalized nanogaps to form stable carbon

electrode-molecule junctions with desired functionalities. We have used these approaches to reveal the de-

pendence of the charge transport of individual metallo-DNA duplexes on �-stacking integrity, and fabricate

molecular devices capable of realizing label-free, real-time electrical detection of biological interactions at the

single-event level, or switching their molecular conductance upon exposure to external stimuli, such as ion, pH

and light.
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There is a worldwide race to find materials with high thermoelectric efficiency to convert waste heat in con-

sumer electronics and server farms to useful energy. Here, we propose radically new method to enhance simul-

taneously electrical conductance and thermopower and suppress heat transport through ultra-thin materials

formed by single radical molecules. This leads to a significant enhancement of room temperature thermoelec-

tric efficiency. The proposed strategy utilises formation of transport resonances due to partially filled orbitals

in radical molecules to enhance electrical conductance by couple of orders of magnitude and increase Seebeck

coefficient to high values of 200μV/K. In addition, the asymmetry and destructive phonon interference induced

by stable organic radical side group decrease significantly the phonon thermal conductance. These lead to sig-

nificant enhancement of room temperature ZT to values ca. 0.8. Our results confirms the great potential of

stable organic radicals to form ultra-thin film thermoelectric materials with unprecedented efficiency.

Toc.png
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The importance of identifying the sequence and the 3D structure of proteins is crucial to understanding their

function and behavior within living organisms; for instance, misfolding of proteins is believed to be related to

neurodegenerative diseases such as Parkinson and Alzheimer. Current methods require long sequencing times

that represent a serious bottleneck for the needs of the rising importance of proteomics. Then fast and effi-

cient techniques (especially for large protein chains) are required and solid-state nanopores and nanogaps are

emerging as promising tools for single molecule analysis1,2,3. In this framework, a new sequencer consisting

of arrays of nano-gaps between graphene nanoribbons is proposed4 (Device.pdf): the atomistic resolution pro-

vided by the measuring of the transverse current permits, in principle, to recognize the specific peptide bond

which is located between the two leads. A DFT-based ab initio study, in conjunction with the Non- Equilibrium

Green Function (NEGF) method5,6 and the Landauer-Büttiker approach7 has evidenced clear peptide bond fin-

gerprints made of two, well defined current peaks of the order of magnitude of nA in the case of glycine polypep-

tides translocating across the gap4. Now, we employed the same physical model for studying peptides made of

amino acids with larger side chain than Gly one, that is neutral amino acids having polar (Asp-Hydrogenated,

Asn) and non- polar side chains (Ala). The analysis of the tunneling current signals from the backbone of both X

homopeptides (Ala-Asn-Asp_Tunneling-Current.png) and Gly-X (X=Ala, Asn, Asp) heteropeptides encourage the

search of unique triggering signals related to the passage of each residue during translocation.

1. G. Goyal, Y. B. Lee, A. Darvish, C. W. Ahn and M. J. Kim, Nanotechnology, 2016. 2. F. Traversi, C. Raillon, S.

Benameur, K. Liu, S. Khlybov, M. Tosun, D. Kras- nozhon, A. Kis

and A. Radenovic, Nat. Nanotechnol., 2013. 3. J. Prasongkit, G. T. Feliciano, A. R. Rocha, Y. He, T. Osotchan, R.

Ahuja and R. H. Scheicher,

Sci. Rep., 2015. 4. A.E. Rossini, G. Zollo, ACS Nano., 2018. 5. J. Soler, E. Artacho, J. Gale, A. García, J. Junquera, P.

Ordejón and D. Sánchez- Portal, J. Phys.

Condens. Matter, 2002. 6. K. Stokbro, J. Taylor, M. Brandbyge and P. Ordejón, Ann. N. Y. Acad. Sci., 2003. 7.

Landauer, R., IBM Journal of Research and Development, 1957.
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A key landmark for molecular electronics is based on improving molecular junctions to reach more robust, sta-

ble and stronger connections towards the bottom and the top-contact electrode, that result in optimized charge

transport in molecular junctions and higher conductance values.1 The design of molecules, the strategies to

assemble functional materials, and also new approaches to fabricate the top contact electrode for large area

devices are key steps for the future implementation of molecular devices into the market. In this context, our

group has been working on these objectives in the last decade. In particular, we have worked on the synthesis,

assembly and characterization - including the electrical properties - of oligophenyleneethynylene (OPE) deriva-

tives incorporating different anchoring groups. Molecular wires with single to multipodal functional groups

have been explored at the single molecule level and also assembled on different bottom electrodes such as

gold or HOPG2–8 for the production of large area devices. Assembly of functional molecules was achieved by

self-assembly, Langmuir-Blodgett and electrografting methodologies. The fabrication of the top-contact elec-

trode is another noteworthy goal that must be overcome to implement molecular electronics devices to the real

market.9 In this field, we have developed novel and different approaches for deposition of the top contact elec-

trode without damaging the organic monolayer including a CO-confined growth of palladium nanodeposits,10

or the focused electron beam induced deposition technique (FEBID).11 In this contribution we will review some

of the most remarkable results obtained in our group in the field of molecular electronics.
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Figure 1. examples of robust molecular junctions and top-contact electrode..png
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Wiring single molecules into electrical circuits developed from being a scientific curiosity in the late 1990s into

the 2001 “breakthrough of the year” and is nowadays a vibrant research field. The bottom-up approach to device

fabrication and the possibility of tailoring the final properties of the junction by chemical design have been

hailed as the main advantages of molecular electronics, and several studies demonstrated single-entity electrical

junctions that behave, for instance, as resistors, transistors, diodes, and nanoelectromechanical systems. The

latter, where mechanical and electrical functionalities are integrated at the nanoscale, have received significant

attention in the last decade as they could spearhead the next generation of low-mass, high-performance sensors,

based on potentially large quantum mechanical effects.

We have studied several single-molecule systems showing remarkable sensitivity to mechanical stress, and we

reported in 2017 the first strategy of chemical control of such effect (Angew. Chem. Int. Ed. 2017, 56 (48),

15378-15382). In our devices, based on substituted 4,4’-bipyridyls, we were able to control the magnitude of the

electromechanical response (or completely turning it OFF) by adding different substituents on the molecular

wire, exploiting side-groups that could interact with the electrode upon compression of the junction. More re-

cently, we reported on a more general strategy, based on the use of hemilabile ligands as molecular termini,

that can transition between a monodentate to a chelate/bidentate electrode binding configuration as the junc-

tion is compressed (Angew. Chem. Int. Ed. 2019, 58(46), 16583-16589). These devices can be driven at very high

frequencies (up to 10 kHz), with no sign of fatigue or deterioration in the electrical response. DFT calculations

demonstrate that the above effects are quantum mechanical in origin, arising from a greater electronic cou-

pling of the molecules to the electrodes in the compressed state that gives broadened orbital resonances, more

efficient transport channels and significantly enhanced conductance.

We are now studying systems where mechanical stress triggers a change in the conformation of the whole molec-

ular wire, promoting a through-space charge transport pathway that effectively shortcuts a non-conjugated

portion of the molecular wire. Noise density analysis shows a through-space tunnelling contribution in the

compressed junction, thus highlighting a new strategy for the introduction of mechanosensitive behaviour in

single-molecule devices.

In all cases, junction size modulations of only 3-4 Å result in conductance changes of orders of magnitude,

making these devices exquisitely sensitive nanoelectromechanical systems.

Strategies for the introduction of mechanoresistivity in single-molecule junctions.png
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Chemical synthesis yields single-crystalline silver nanowires (AgNWs) with typical diameters about 100 nm

and lengths reaching tens of microns. Focusing electric field of incident light on one end of the wire enables

excitation and propagation of Surface Plasmon Polaritons (SPPs) in the nanowires. Therefore, AgNWs can be

used as plasmonic waveguides for remote fluorescence excitation and detection [1].

Herein we present wavelength dependence of coupling between SPPs propagating [2] in a single AgNW synthe-

sized using hydrothermal method [3, 4] and fluorescent CdTe QDs. Selected AgNW was excited on one end with

excitation wavelengths from 635 nm to 405 nm, as shown in Fig. 1. We observe that SPPs reach the other ned

of the AgNW, with the propagation length depending strongly on the excitation wavelength.

Combining fluorescence and electron microscopies provides a way to correlate the SPP propagation with diam-

eter of the nanowires, as well as their surface functionality, both of which are important for implementing the

AgNWs as remote plasmonic optical sensors.

Figure 1. Fluorescence intensity of CdTe QDs excited via SPPs propagating in a AgNW.

We acknowledge financial support by projects 2017/27/B/ST3/02457, 2016/21/B/ST3/02276 and

2016/22/E/ST5/00531 from the National Science Centre (Poland).
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Plasmonic nanojunctions enable deep sub-wavelength confinement of the electromagnetic field and enhance-

ment of the light-matter interaction by several orders of magnitude, with applications in sensing, energy har-

vesting and molecular and nano-electronics. Among the methods that have been demonstrated to realize fixed

gaps with sub-nanometer resolution, self-assembled nanojunctions offer the most stable and reliable platforms

to build hybrid nanostructures with well-defined microscopic interfaces.

In a variety of different contexts it was discovered that localized surface plasmon resonances can be used to

enhance dramatically the intrinsic light emission (ILE) from such metal-insulator-metal junctions under optical

or electrical excitation, heralding a new class of nanoscale emitters.

Here, we report the discovery of strong and ubiquitous intensity fluctuations (blinking) in the intrinsic light

emission from several types of plasmonic nanojunctions under continuous wave optical excitation with green

or blue light. We observe intensity fluctuations of ILE exceeding one order of magnitude and lasting several

seconds at room temperature with both gold and silver nanojunctions and with several gap materials, including

molecular layers, aluminum oxide and MoS2. Against expectations from previous studies on molecular Raman

signals, we show that this new phenomenon cannot be explained by fluctuations in the local density of state

of the plasmonic nanojunction (Fig. 1). Instead, our new observations suggest that intrinsic light emission

is a highly sensitive probe of hot carrier dynamics in the metal, naturally achieving nanoscale spatial resolution.

Our study demonstrates that plasmonic light emission is a sensitive probe for carrier dynamics at the metal

surface, which has direct implications for the understanding and development of hot-carrier harvesting and

photo-catalysis.

Ile blinking vs stable raman.png
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Surface plasmons are the collective oscillations of electron gas at a metal-dielectric interface, which have the

ability to concentrate light on subwavelength scales, produce high local-field intensities and generate energetic

hot electrons. Benefiting from the high sensitivity of plasmonic modes to changes in the local dielectric envi-

ronment, surface plasmons are very promising for optical sensing. In this talk, we will overview the sensing

applications of plasmonic metamaterials[1].

Firstly, we will discuss the enhanced sensitivity (more than 30,000 nm per/RIU) of Au nanorod array to refractive-

index variations of the medium between the rods for (bio)chemical sensing[2], benefiting from a substantial

overlap between the probing field and the analytes incorporated between the nanorods and a strong plasmon-

mediated energy confinement inside the porous nanorod layer. Secondly, we will discuss the extension of sens-

ing capabilities of the nanorod metamaterials by functionalization, for example, high-sensitivity optical hydro-

gen gas sensing with Au/Pd core-shell nanorod metamaterials[3] and ultrasound sensing with Au/polypyrrole

nanorod metamaterials[4]. Thirdly, we will introduce an extremely compact and versatile sensing platform

based on plasmonic tunnel junction array constructed on a nanorod metamaterial[5,6]. During the tunnelling

process, inelastic electron tunnelling excites plasmonic modes in the nanorod metamaterial, while elastic elec-

tron tunnelling produces energetic hot electrons in the nanorod tips. The hot electrons are harvested to activate

chemical reactions in the tunnel junctions with analytes, while the radiative decay of plasmons which can be ob-

served as a light emission from the metamaterial is used for the high-sensitivity detection of the highly-confined

reactions.

In conclusion, plasmonic nanorod metamaterials provide a versatile platform for the development of multi-

modal optical sensors with excellent performance.
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Ways of applying plasmonically active metallic nanoparticles in biosensing devices have been growing rapidly,

owing to the possibility of coupling such nanostructures with broad range of emitters. The coupling results

in significant enhancement of the optical response [1] enabling detection even down to single molecule level

[2], [3]. While high selectivity and specificity can be obtained by proper chemical functionalization [4], [5],

precise patterning of such nanostructures on surfaces is still challenging. Among the developed techniques

with position control are electron beam lithography [6] or DNA origami [7], however they are rather advanced

and both time- and resources-consuming.

We present simple, fast and cost-effective method of producing patterned metallic nanostructures by photo-

chemical laser printing. It is based on photo-triggered reduction of metal salts, results in metallic nanostructures

deposited with spatial resolution defined by the diffraction limit of a focused laser beam. The nanostructures

fabricated with this approach feature well controlled positions on a substrate, while the morphology can be

defined by parameters of the process (Figure 1a). Fluorescence microscopy studies indicate that emitters de-

posited on such plasmonically active nanostructures feature enhanced optical response. This effect is observed

for both inorganic semiconductor nanocrystals and photoactive proteins (Figure 1b).

The results render the photochemically defined metallic nanostructures as a viable strategy for fabricating re-

producible, scalable plasmonic chips for sensitive, high-contrast fluorescence imaging.

Research was supported by projects 2016/21/B/ST3/02276, 2017/27/B/ST3/02457, and 2018/31/B/ST5/01827 funded

by the National Science Centre.
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Figure 1. a photochemically printed metallic pattern imaged by scatered light microscopy and b fluorescence

intensity map of the same pattern covered with emitters nanocrystals .jpg
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In the past decade several mechanisms for plasmon-enhanced single-molecule detection have been demon-

strated, including (1) by plasmonically enhancing the emission of weakly fluorescent biomolecules, or (2) by

monitoring shifts of the plasmon resonance induced by single-molecule interactions. Successful implementa-

tion of these particle-based sensors critically relies on the functionalization of their surface. I will show how we

use super-resolution microscopy to guide the functionalization of the particles, and how we subsequently use

plasmonic structures for single-molecule biosensing,
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Force spectroscopy on single molecular machines generating piconewton forces is often performed using op-

tical tweezers. Since trapping forces scale with the particle volume, piconewton force measurements require

micron-sized probes practically limiting the spatiotemporal resolution. Here, we have overcome this limit by

developing high-refractive index germanium nanospheres as ultraresolution trapping probes. With a superior

spatiotemporal resolution, we have dissected the stepping and detachment behavior of the cytoskeletal motor

kinesin-1 that transports vesicles along microtubules. We found that single motors approached stalling con-

ditions by alternating force dependent and independent 4-nm-center-of-mass steps. At stall, motors did not

detach but took a last force independent, intermediate 4-nm step before switching to a weakly-bound state. In

this state, motors slid back to the trap center with 8-nm steps on a microsecond time scale. Kinesins remained in

this intermediate slip state before either truly detaching or reengaging in directed motion. Surprisingly, reen-

gagement and, thus, rescue of processive motion occurred in about 80 percent of events. Such rescue events

suggest that macroscopically observed run lengths of individual motors are concatenations, teams of motors in-

volved in transport may be synchronized through the weakly-bound slip state, and rescues need to be accounted

for to understand long-range transport. Apart from ultraresolution optical trapping, germanium nanospheres

are promising candidates for other applications in nanophotonics.
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The self-organization of individual molecular units into functional or pathological structures is fundamental

for life. The aggregation of proteins into fibrillar structures, though, may also yield toxic assemblies which are

connected to neurodegenerative disorders. This process is intensively studied on the ensemble level.

A major difficulty in the investigation of protein aggregation and other macromolecular nucleation and growth

processes is the heterogeneity of the ensemble studied. Ensembles contain aggregates of different sizes which

grow in an unsynchronized way. Therefore, single fibril optical microscopy studies aim to disentangle the het-

erogeneous ensemble, but none of those experiments has been able to follow the growth of a freely suspended

fibril without the perturbing immobilization at a solid interface. Secondary processes like fibril branching or

fracture have been proposed, but so far remained undetected.

We present a method based on thermophoresis that allows not only to spatially confine a single fibril over time

periods of several hours in solution without any surface immobilization, but also to observe the single fibril

growth in situ. We show that the rotational diffusion coefficient provides a unique indicator for the growth of

fibrils with a precision down to a few 10 nm. The extremely long observation periods enable us to identify rare

events of fibril fracture visually in the recorded images as well as in the time traces of the rotational diffusion

coefficient confirming directly the existence of secondary processes during the growth of amyloid fibrils.

[1] M. Fränzl, T. Thalheim, J. Adler, D. Huster, J. Posseckardt, M. Mertig, and F. Cichos, Nat. Methods 15, 1 (2019).
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Cells have the ability to sense and respond to their mechanical environment. Cellular functions such as at-

tachment, migration and signaling are processes that can depend on the adhesion of cells to other cells via cell

adhesion proteins. These proteins are constantly under tension, working like force sensors, regulating the me-

chanical and elastic properties of tissues. Unlike rigid force transducers such as metal shafts in macroscopic

motors, elastic proteins are highly dynamic molecular entities, composed of tandem domains which naturally

unfold, extend, collapse, and refold when placed under force. In the brain, the neural cell adhesion molecule

(NCAM) is a neuron-surface protein made of immunoglobulin-like domains that mediate cell-cell binding, synap-

tic plasticity, and signaling. For the first time, we have obtained the mechanical fingerprint of the extracellular

NCAM domains using single-molecule force spectroscopy. In addition, we study accelerating ageing of these do-

mains yield to oxidative stress. We show that ageing timescales of this protein are much slower than expected

(for Ig-like domains), and speculate that this phenomenon arises from the appearance of cryptic disulfide bonds.

Our ultimate goal is to shed some light in understanding the mechanical nature of degenerative brain diseases.
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Biological processes performed by proteins interacting with DNA/RNA, cell membranes or cytoskeletal protofil-

aments are key to cell metabolism and life. Detailed insights into these processes provide essential information

for understanding the molecular basis of life and the pathological conditions that develop when such processes

go awry. The next scientific breakthrough consists in the direct, real-time observations and measurements of

the individual mechanisms involved, in order to validate and complete the current biological models. Single-

molecule and single-cell technologies offer an exciting opportunity to meet these challenges and to study dy-

namic protein function and activity in real-time and at the single-particle level. Here, we present our efforts

for further enabling discoveries in the field of biology and biophysics using both the combination of optical

tweezers with correlative fluorescence microscopy (widefield, TIRF, confocal and STED) and label-free Inter-

ference Reflection Microscopy (IRM). We present several examples in which our technologies enhanced the

understanding of protein structure, cytoskeletal mechanics, protein-membrane interactions and genome struc-

ture and organization. Furthermore, we show that advances in hybrid single-molecule methods can be turned

into an easy-to-use and stable instrument that has the ability to open up new venues in many research areas.
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Introduction

Stable organic radicals serve as model systems for investigating metal-free magnetic phenomena at

(sub)nanometer length scales. I will present a single-molecule study of the archetypal stable Pi-radical 2,2-

diphenyl-1-picrylhydrazyl (DPPH) physisorbed on Au(111) and describe its adsorption configuration as well as

the frontier orbital-related electronic structure.

Methods

DPPH was thermally evaporated from a quartz crucible heated to 393 K onto Au(111) surface at a pressure of

2 x 10ˆ(-9) mbar resulting in a submonolayer coverage of less then 0.02 ML (monolayers). The adsorbed DPPH

monomers were investigated by low-temperature scanning tunneling microscopy (STM) and -spectroscopy (STS)

at 8 K under ultrahigh vacuum conditions.

Results

DPPH monomers preferably adsorb on the elbow sites of the Au(111) herringbone reconstruction (see fig. 1)

which restricts their orientation with respect to the substrate to three symmetrically equivalent options. Sec-

ond preferred adsorption site is on the FCC-regions of the Au(111) substrate (dark areas in fig. 1), followed by

hcp-regions (bright in fig. 1). The study of the electronic structure restricts to the monomers adsorbed on the

elbow sites. The obtained STS-spectra reveal several distinct occupied state resonances, a broad band of quasi-

continuous occupied states and a Kondo-like state close to the Fermi energy. The Kondo-like spectroscopic sig-

nature indicates the preservation of the unpaired electron spin state of the DPPH monomer on Au(111). The

center of the Kondo-like resonance lies slightly above the substrate Fermi level (see fig. 2) which implicates par-

tial depopulation of the single occupied molecular orbital (SOMO) of DPPH. Such depopulation can be caused by

electronic charge transfer between the adsorbed radical and the substrate, accompanied by electronic charge

localization at the adsorption site. However, spectroscopic images provide no evidence for significant increase

in charge localization at the radical’s adsorption site, suggesting that a possible charge transfer between the

molecule and the substrate is rather small.

Discussion

The preservation of the unpaired electron spin of DPPH monomers upon adsorption on the elbow sites of the

Au(111) surface reconstruction is supported by the observation of the Kondo-like resonance near the Fermi level

but the origin of the peculiar shape of this state revealed by spectroscopic mapping remains unclear. Another

puzzle to be solved is the origin and nature of the regular molecular clusters which were observed on the Au(111)

surface together with the DPPH monomers upon thermal evaporation (see fig. 3).
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Fig1 stm topography of dpph.png

Fig3 regular molecular clusters.png

Fig1 kondo spectra of dpph.png
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Introduction. In the 1970s it was established that chemical reactions proceeding through the formation of

spin-correlated radical pairs (RPs) are sensitive to the application of magnetic fields through the radical pair

mechanism (RPM). The magnetic field influences the rate and efficiency of electron spin-state mixing in the RP

and spin selective reaction means this influence is reflected in RP reaction rates and yields. Such reactions have

subsequently been studied extensively, and in recent years, the RPM has become a leading hypothesis to account

for the magnetic compass ability of migratory birds and other animals2.

Methods. To date, electron spin effects in RPs have only been observed in molecular ensembles. Single-molecule

experiments potentially allow access to the spin dynamics of a RP in a specific nuclear spin state, which offers

the tantalizing possibility of obtaining additional information that can be lost after ensemble averaging. To this

end, we are working to develop reaction systems that show fluorescence yields that depend on the spin dynamics

of a cyclic photochemical reaction proceeding through RP formation. The basic principle is illustrated in figure

1.

Experimental. We recently published calculations for the well-studied magnetically sensitive photochemical

reaction of flavin adenine dinucleotide (FAD) in acidic solution (DOI: 10.1080/00268976.2018.1559954), conclud-

ing that the observation of magnetic field effects on single FAD molecules is possible but experimentally ex-

tremely challenging. Based on these ideas, we have been working to develop cyclic photochemical reaction

systems that show both high fluorescence brightness (to allow single molecule detection) and substantial flu-

orescence magnetic sensitivity. In this presentation we will introduce the basic principles of RP based single

molecule sensors and present data on our latest experimental achievements.

Discussion.Beyond the possibilities offered by studying the spin-dynamics of single radical pairs, the magnetic

field sensitivity of RPs is highly sensitive to their local environment. Thus RP-based single molecule systems

exploited as sensors offer the possibility of using the magnetic field response of the fluorescence to provide

additional information about the sensor environment. As sophisticated techniques involving rapidly switched

magnetic fields and pulsed resonant oscillating magnetic fields exist for manipulating RP spin states, RP based

single molecule sensors have the potential to bring some of the analytical power of magnetic resonance tech-

niques to single molecule spectroscopy.
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As applications in fields like security or medicine require sensitive schemes in order to detect THz photons,

an interesting strategy consists in converting weak THz signals into the optical domain where detectors with

single photon sensitivity are readily available. We introduce here a novel platform for efficient conversion and

detection of THz signals which is inspired by our previous work where we describe the interaction between

molecular vibrations and plasmonic antenna using the model of cavity optomechanics. Our study quantified

the nonlinear coupling rateand revealed that it could be as high as tens of THz. We also predicted signatures of

optomechanical amplification that should be observable in state-of-the-art systems. Novel plasmonic platforms

could thus enable the realization of protocols inspired by cavity quantum optomechanics.

The protocol that we suggest here benefits from the intrinsic ability of specific molecular vibrations to interact

both with optical and THz fields as routinely observed in Raman and resonant absorption spectroscopy. To

insure an optimal overlap between the two beams and the molecular system doubly resonant nano-antennas

confine the fields into similar mode volumes. This platform increases in addition the interaction of each field

with the targeted vibrational mode enabling the conversion process.

In this conversion scheme an incoming THz field drives resonantly a vibrational mode and increases its excited

state population, which is mapped onto the scattered anti-Stokes Raman signal produced during the interaction

between the same vibrational mode and an optical pump beam (Fig. 1a). When the optical beam is red-detuned

from the plasmonic resonance the interaction Hamiltonian reduces to a state swapping Hamiltonian, enabling

an efficient optomechanical conversion process. Consequently the additional vibrational population gives rise

to an additional emission of coherent optical photons on the anti-Stokes sideband.

The noise equivalent power (NEP, dashed lines) and the internal conversion efficiency (dotted lines) of the

molecular platform as a function of intracavity optical photon number and for several detunings are shown

in Fig. 1b. Our study demonstrates that the NEP can be as low as few pW∙Hz-1/2, improving on the state of the

art for devices operating at ambient conditions. The sub-wavelength dimensions of the proposed converter

in addition to its low noise figure promises the development of a novel technological platform harnessing the

coherent nature of the conversion process and multi-spectral systems designed for THz source recognition.
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Photoluminescence from individual emitters and ensembles can be very different in their properties and appli-

cations. It is noteworthy that the ensemble radiation may be not just a collection of light from several separate

sources. It is known that ensemble photoluminescence can produce coherent light, have more than one steady

state, and show long transients or dynamic chaos if certain conditions are met. The class of luminescent ma-

terials which has been proven to demonstrate both single source and ensemble emission are diamonds with

different atom-vacancy defects known as diamond color centers. They are used in a lot of applications includ-

ing luminescent markers, magnetic field sensing, single photon sources for quantum cryptography and infor-

mation processing, temperature sensors, and others. We report discovery of a GeV-associated phenomenon

which is strong (up to an order) stochastic reversible enhancements of photoluminescence intensity in a single

GeV diamond synthesized with the high-pressure, high-temperature technique. We were lucky to observe this

effect with only one crystal among dozens of similar microdiamonds. Each rise and fall of the intensity above

its stable moderate level may be referred to as a superflare with smooth dynamics of the transients which de-

velop on the timescale of seconds. These flares tend to recur infinitely at ambient conditions under cw-laser

excitation above a certain input power threshold. To explain this phenomenon, we propose a theory of intrinsic

optical instabilities which develop in a dense ensemble of quantum emitters. The intrinsic mechanism lies in

coupling between the emitters through the mean field while switchings occur because of changing parameters.

The discovered macroscopic phenomenon and theoretically supported understanding of its microscopic nature

open a way for engineering photonic structures for applications in quantum optics and related areas. We see

it as a promising new direction in the race for ultra-sensitive compact detectors. Since the superflares are easy

to detect and determine their distinctive features, this is very likely to simplify manufacturing and reduce the

equipment costs.
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Nitrogen Vacancy (NV) centers in diamond have emerged over the past few years as well-controlled quantum

systems, with promising applications ranging from quantum information science to magnetic sensing.

In this talk, I will first briefly introduce the NV center system, as well as the experimental methods used for

measuring them and controlling their quantum spin dynamics. I will then describe two recent experiments

utilizing the magnetic sensing capabilities of NVs:

• Recently the effect of magnetization induced by chiral structures has been identified, for example the

magnetization of a thin Co layer induced by the adsorption of chiral molecules on the surface. The nature

of this effect is still unknown, leaving several open questions, such as whether this is a transient or

steady-state effect (which would then require some form of time-symmetry breaking). We measure such

samples using an NV-based magnetic microscope, capable of obtaining quantitative vectorial magnetic

field information. Our data indicates that the magnetic field follows the chiral axis of the molecules, and

thus supports the steady-state (time-reversal symmetry breaking) model.

• 2D materials have emerged as intriguing systems, leading to novel properties and potential applications.

Specifically, magnetic van-der-Waals materials have gained interest from a fundamental stand-point (2D

magnetism, magnetic structures) and in the context of potential applications (e.g. spintronics). We study

the magnetization properties of Fe5GeTe2 flakes using a diamond magnetic microscope. We present

data depicting magnetic domains within the flakes, as well as magnetization decay over time (associated

with oxidation). Future studies aim to focus on magnetization fluctuations across the critical point as a

function of flake thickness.

These results demonstrate the capabilities and potential of optical magnetic microscopy using diamond-NV

quantum technology, and provide new insights into state-of-the-art magnetic materials, including chiral struc-

tures and 2D magnets.

Nv microscope.jpg Chiral.jpg
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Diamond with nitrogen-vacancy (NV) centers is the quintessential material used in quantum sensing and

other high precision measurements. One promising application of such novel NV sensors is to study single-

molecule biophysics, which can provide new insights about the structure, dynamics, and function of im-

portant biomolecules including proteins and nucleic acids with unprecedented sensitivity and resolution.

Single-molecule measurements generally require chemical modification of the substrate to immobilize target

molecules of interest and prevent nonspecific adsorption of unwanted molecular species. However, diamond

surfaces have proven to be an exceptionally challenging substrate for chemical modification, making it ex-

tremely difficult to perform single-molecule experiments on target molecules under their biologically relevant

conditions.

Here, we introduce a general strategy to tackle this challenge. A thin layer of alumina is uniformly laid on di-

amond surface by atomic layer deposition (ALD), which is then passivated with functional polyethylene glycol

(PEG) molecules. The functional PEG layer recruits target molecules via highly specific covalent interactions

while greatly reducing nonspecific binding. The grafting density can be precisely controlled, and the func-

tionalization is stable over days. This biocompatible immobilization method can be applied to virtually any

proteins and nucleic acids because of the simplicity of tag incorporation. The impact of the functional lay-

ers on NV spin properties will also be discussed. This method should facilitate the realization of NV-based

single-molecule electron paramagnetic resonance (EPR) or nuclear magnetic resonance (NMR) experiments on

a variety of biomolecules to deepen our mechanistic understanding of their biological functions.
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The conjugation of dye-labeled DNA oligonucleotides with gold nanorods has been widely explored for the devel-

opment of multifunctional fluorescent nanoprobes [1]. In this contribution, we show that the functionalization

route is crucial to achieve enhanced emission in dye nano-assemblies based on gold nanorods. Firstly, a non-

selective functionalization of gold nanorods was employed to produce highly loaded dye-nanoparticles (Fig. 1,

bottom). This non-selective approach failed to produce fluorescence enhancement, because the surface distri-

bution of dye results in an average between regions of high and low enhancement and, eventually, there could

be quenching due to closely packed dye molecules. Next, a tip-selective functionalization was implemented in

order to specifically attach the fluorescent DNA’s at the tip hot-spots (Fig. 1, top). This approach improved sig-

nificantly the fluorescence emission from the dye-particle nano-assemblies resulting in emission increases of

more than 10-fold relatively to the same amount of free dye. Simulations of discrete dipole approximation gave

further insight into the surface distribution of plasmon-enhanced emission by confirming that tip regions afford

an effective enhancement, while side regions give a negligible effect or even emission quenching. The contrast

between dye nano-assemblies obtained from tip- and non-selective functionalization was further characterized

by single-particle fluorescence emission [2]. These studies showed that tip-functionalized gold nanorods with

an average of only 30 dye molecules have a comparable, or even stronger emission, than non-selectively func-

tionalized particles with approximately 10 times more dye molecules. These results highlight the importance of

site-selective approaches for hot-spot functionalization, in order to maximize plasmonic effects for applications

in imaging or biosensing [3].

Figure 1. Scheme of dye-labeled dsDNA oligonucleotide and preparation of dye-particle nano-assemblies: (top)

“tip-selective” or “Tip” is based on the CTAB bilayer in order to direct thiol attachment toward the nanorod’s

tips; (bottom) “non-selective” or “NS” is a two-step coating process in which CTAB is first replaced with thiolated

PEG and then fluorescently-labeled DNA oligonucleotides are inserted.
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When one investigates the interaction between electromagnetic radiation and molecules inside a microcavity,

the vacuum electromagnetic fields of the cavity can modify the optical properties and reactivity of molecules,

depending on the strength of the coupling.1 In the weak coupling regime, the energy levels of the molecules are

not significantly altered, and only the spontaneous emission rate is modified; this has been used to modulate the

photophysical properties of molecules.2 On the other hand, if the rate of energy exchange between the cavity

mode and the molecular transitions is faster than the decay rates of individual constituents, the system enters

the strong coupling (SC) regime. SC leads to the formation of new spectroscopically accessible molecule/cavity

hybrid polaritonic states. As this opens a way to tune energy levels of molecules, SC has been widely used to

modify materials properties and chemical dynamics without altering the chemical structure or constitution of

molecules.3

An infrared microcavity made from two Au-mirrors was used to study the influence of the confined optical fields

of the microcavity on the vibrational energy levels of methyl salicylate (MS) and benzonitrile (BN). The cavity

can be voltage-tuned4,5 to essentially any molecular vibration in the mid-infrared region. Multiple vibrational

polaritons are formed when a single cavity mode is hybridized with various vibrational transitions of MS (Figure

1b). A classical model based on coupled harmonic oscillators has been utilized to explain the dynamics of the

coupling. The results confirm that the absorption of uncoupled molecules must be considered to simulate the

experimental spectra properly.4
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A simple signal-on plasmonic optical assay for the detection of Parkinson biomarker by using gold-nanoparticle

clusters (AuNCs) for signal amplification is presented. This approach is based on the improvement of the optical

density (OD) change of plasmonic band of a localized surface plasmon resonance (LSPR) Au nanoparticle (AuNP)

sensor interface by using Au NCs conjugated antibodies. The amplification results in a 260-fold improvement in

concentration detection, from 1000 ng/ml (unlabelled antibody) to 3.8 ng/ml (antibody conjugated AuNCs). The

sensitivity enhancement can be ascribed to the further plasmonic coupling between the antibody conjugated

AuNCs and the AuNPs on the LSPR interface and the enhanced amount of target molecule bound to the bioas-

say. This AuNCs-assisted signal amplification strategy allows for improving the sensitivity of the plasmon-based

bioassays and can be extended to other optical based diagnostic technologies. Importantly, the simple detecting

procedure and protocol assembly make it competitive with other existing sensing technologies such as ELISA,

allowing for the practical usage in clinical diagnostics.
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Plasmonic nanocavities have proved to confine electromagnetic fields into deep sub-wavelength volumes

with giant local field intensity [1], implying their potentials for enhanced optical trapping and sensing of

single-nanoparticles. In our recent critical review [2], we have explored fundamentals, peculiarities and

performances of various plasmonic nanocavity geometries with specific emphasis on trapping and detection

of single-molecules and single-nanoparticles. These applications capitalize on the local field intensity, which in

turn depends on the size of plasmonic nanocavities [3]. Thus, we examine the optical responses of plasmonic

nanocavities and their functionalities with nanometer and sub-nanometer cavity sizes where the nonlocal

and quantum mechanical effects are imperative [4]. The relationship between optical trapping-induced

resonance shift and potential energy of plasmonic nanocavity has been analytically expressed in terms of

the intercavity field intensity. Within this framework, recent experimental works on trapping and sensing of

single-nanoparticles and small molecules with plasmonic nanotweezers have been discussed. Furthermore,

significant consideration has been given to conjugation of optical tweezers with Raman spectroscopy, with the

aim of developing innovative biosensors. These devices, which take the advantages of plasmonic nanocavities,

will be capable of trapping and detecting nanoparticles at the single molecule level.
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Mapping individual chemical reactions at the nanoscale is a growing application for nanotechnology. Quanti-

fying sub-kDa reactants and products with labels, however, risks altering the reaction kinetics. This challenge

carries over into subfemtomolar concentrations - a regime where reaction pathways can become unresolvable.

In particular, labeling of thiol-disulfide exchange disturbs the thiol/disfulfide equilibrium and fails to trace the

leaving groups.

In this talk, we demonstrate sensing of single-molecule thiol-disulfide exchange using a label-free optoplas-

monic sensor. By immobilising sub-kDa aminothiols onto gold via their amine group, we show that subsequent

interactions with single thiolated species may be established. Reducing agent is used as a counterbalancing

reagent to control redox cycling. The observed cyclical interactions, detected in real-time and down to 100’s of

attomolar, assign a status to the leaving group.

Our platform incorporates the coupling between localised surface plasmon (LSP) and whispering-gallery mode

(WGM) resonances. The results we present here show novel sensing modalities: perturbations in the hybrid

LSP-WGM resonance linewidth and mode splitting from single-molecule surface reactions. Disulfide linkages

can exhibit linewidth broadening and narrowing without resonant wavelength shift, escaping description by

a simple mode split argument. We hypothesise that these new modalities could lead to the characterisation of

single molecules in terms of their charge, oxidation, and chirality states.

Figure 1.png Figure 2.png
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The recent development of new sensing platforms has opened the door to a deeper understanding of molecu-

lar dynamics at the single-molecule level. Among these, optoplasmonic sensors have emerged as a promising

technique to detect and visualise the conformal changes that a single molecule may undergo. In turn, this may

prove to be crucial to achieve a better comprehension, control and manipulation of those molecules that play

a fundamental role in the biological and physical sciences. Despite the wealth of new experimental data that

is being generated in this field, there is still a need for constructing theoretical tools that are suitable for the

analysis of the type of signals that these new platforms produce, aiding the rationalisation and interpretation of

the data. Given this state of affairs, the aim of this work is to present an information-theoretic approach to the

analysis of single-molecule data that have been generated by a whispering-gallery mode sensor, which detects

frequency shifts, and the potential of this technique for the extraction of information about reaction timescales

will be demonstrated. This promises to provide a quantitative basis to characterise important aspects of the

dynamics of the molecules under analysis, and it may complement other techniques available in the literature

to analyse the type of data that typically arise in these experiments.
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Mechanical force plays a critical role in regulating many aspects of biological function and structure, particu-

larly at the nanoscale. My research group develops and applies methods in single-molecule manipulation to

understand the force-dependent dynamics of biological interactions and to solve outstanding biomedical chal-

lenges. I will present some methods that we are developing, including massively parallel single-molecule force

measurements using centrifugal force, and nanoscale devices built using DNA origami, and demonstrate how

these approaches can be applied to pressing issues including high-sensitivity diagnostics and protein identifi-

cation.
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Anti-Brownian electrokinetic trapping enables the confinement of single nanoparticles in solution by applying

feedback electric forces that counteract Brownian motion. This technique facilitates the long-term observation

of nanoparticles to study their different physio- and bio-chemical properties. However, the method has been

greatly restricted to nanoparticles that can be visualized by photoluminescence. In this work, we demonstrate

the electrokinetic trapping of fluorescence-free nanoparticles that scatter the evanescent field induced by total

internal reflection (a). Using the measured intensity of scattered photons (b) as a feedback, we generate an

external electric field (c) that holds the particle at the desired distance from the glass surface. As a result, we

are able to trap the nanoparticle and trace its response to the applied voltage (d) at kilohertz rates without any

fluorescent labeling. Our approach significantly extends the range of nanoobjects that can be trapped at the

single-particle level in an aqueous solution based purely on their light-scattering properties.

Electrokinetic trapping of the nanoparticle that scatters the evanescent field.png
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The concept of an energy landscape is central to understanding a multitude of natural phenomena. However,

directly measuring this fundamental quantity remains challenging, particularly in complex systems involving

intermediate states. While the problem of how molecules explore their energy landscapes, i.e. how an energy

landscape leads to specific particle dynamics, has been extensively studied, few methods exist to address the

inverse problem of uncovering an energy landscape from dynamics. Yet experimentally it is often details of the

dynamics, rather than of the energy landscape, that are obtained, making the solution of this inverse problem

crucial in the correct interpretation of data.

We combine results from a diverse range of experimental systems to demonstrate that quantitative analysis of

the first-passage time distribution can be used to uncover key details of an underlying energy landscape [1]. We

first develop our method by studying the transport of colloidal particles in microfluidic channels with controlled

potential energy landscapes imposed using optical tweezers. Here, we observe characteristic behaviour in the

short-time regime of the first-passage time distributions that sensitively reflects the number and depth of po-

tential minima crossed by a particle escaping from a channel, consistent with theory [2]. We then demonstrate

the wider applicability of our method by analysing the dynamics of, firstly, the chemical ratcheting of a DNA

oligonucleotide through a nanoscale pore [3] and, secondly, the folding and unfolding of DNA hairpins [4]. Just

as with our colloidal system, we find that a short-time power-law regime of the first-passage time distributions

reflects the number of intermediate states associated with each of these processes, despite their differing length

scales, timescales, and interactions. We thereby establish a powerful method for investigating the underlying

mechanisms of complex molecular processes, including molecular machines.
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Introduction

Our goal is to use a smell biosensor system to predict the presence of pests and pathogens in an asymptomatic

state by analysis of the complex fragrance mixture of agricultural, cultivated areas. For this purpose we utilized

insect odorant receptors, some of which are extremely sensitive for certain biologically relevant volatile organic

compounds (VOCs), and some are sensitive to a wide spectrum of fragrances.

Methods and Results

First, we collected air samples from the surroundings of healthy and diseased crop plants, and the samples were

analyzed by gas chromatography linked to a mass spectrometer (GC-MS).

We createdDrosophilamelanogasterOlfactoryReceptor and calcium ion sensitive Fluorescent protein express-

ing (DromORF) stable cell lines as biosensors. By plating DromORF cells expressing different type of ORs to

individual wells of 384 well plates, we recorded a digital “odor fingerprint” of several odorants and odorant

mixtures in a fluorescent plate reader.

Subsequently, we performed patch-clamp measurements on each DromORF cell line using most indicative com-

ponents of plant VOC samples, to analyze VOC-evoked currents.

All these information is collected in a common database. Odor identification will be performed by neuronal

networks, which combines fluorescent and electrophysiology readouts from DromORF cells with GC-MS results

and literature data.

Odor patterns of natural samples will be used to teach neuronal networks to recognize healthy and diseased

status of plants.

Discussion

Our panel of DromORF stable cell lines could detect plant and plant pathogen derived VOCs in the concentra-

tion range which is relevant for plant derived samples. The sensitivity of our biosensor cell lines were similar

to classical VOC analysis by GC-MS. We believe that DromORF cell line based biosensors together with the bioin-

formatic analysis and prediction can be useful tools to judge the health status of open field agricultural areas.
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A well-known method for controlled fabrication of a nanopore is by using e-beam lithography. However, this

method is expensive and is slow in processing. In our work, we present a novel breakdown electrochemical

etching method in order to process a single nanopore. The controlled nanopore processing is achieved by pre-

determined lithography step on the surface of a 2 μm thick silicon device layer on an SOI wafer followed by

electrochemical etching, resulting in a high aspect ratio nanopore with a diameter in the range of 10 nm. The

nanopore diameters, as observed in the SEM images, can be precisely controlled by varying the voltage profile

between the working and the counter electrode. This method of processing nanopore is fast (~ 20 mins), re-

quires fewer control parameters (as compared to illumination method) and can be processed on a large scale.
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Pore-forming toxins (PFTs) are virulence factors produced by many pathogenic bacteria which have the ability

to punch holes into other cells and kill them1. Recently, this nano-sized hole across the membrane has garnered

much interest as biomaterials in sensing biomolecules, e.g., DNA, RNA, peptides and proteins. The technique,

nanopore sensing, can interrogate a single molecule as it transports through a PFT pore and the resulting electric

signal is exquisitely sensitive to the molecule of interest and thus can provide information about its size, mass,

composition, structure and conformation in real-time2. In comparison to other methods, nanopore employs

an electrical readout that is cheap and can be massively parallelized. As the most promising technique for

next-generation sequencing, the success of nanopore technique in DNA sequencing has inspired its application

for peptide and protein analysis3. Taking advantages of engineered aerolysin, we have obtained an enhanced

sensing capability for macromolecules, including DNA and peptides4.
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1. Introduction

Here we demonstrate an approach to combine label-free WGM single molecule sensing with super-resolution

imaging. The platform enables label free single-molecule sensing and super-resolution imaging in parallel,

which can allow precise localization of single-molecule events and the imaging of nanosensors in super-resolved

biological environments.

2. Setup Design

We demonstrate a new approach to couple light into opto-plasmonic sensors, through a total internal reflection

fluorescence (TIRF) objective as near field coupler. A schematic diagram is shown in Figure 1. (a) And example

for imaging of R=250nm polystyrene nanoparticles are shown in Figure 1 (b).

3. Experimental Results

Next we demonstrate single molecule sensing capabilities. We permanently bind a docking DNA strand (P1) on

our sensor, then detect their hybridization with its complementary strand (Imager P1). Schematic diagrams of

experiment procedure are shown below. (Fig.2a and 2c). Binding process could be real time monitored by our

sensor, we observed large steps in ∆λ trace when the thiolated DNA is attached to the gold surface, see Fig 2(b).

As the melting temperature of P1 and its complementary Imager P1 is 0�, which is much lower than the room

temperature. Hence, it will be unlikely for DNA strands to hybridize and form a stable bond. This transient

interaction could result in a spike signal (above 3σnoise level), see Fig 2(d). Different concentration of comple-

mentary DNA (Imager P1) is tested, and by analyzing the time intervals between spikes of each concentration,

a concentration dependence diagram is plotted in Fig 3(a). The figure 3(b) is an example of summarized spike

height for 400nM of Imager P1, which agrees with Poisson process and first-order rate equation. This evidences

that the observed spikes are single-molecule interaction events.

By increasing the NaCl concentration in solution, it is feasible to lower the melting temperature of DNA strands,

which gives a higher possibility to hybridize and form a double strand. When the concentration of NaCl reached

200mM, the reaction goes towards binding. Steps come out and the number of spikes decrease. After 3 binding

steps the on-rate effectively drops from 0.07433/s-1 to 0.009205/s-1. Which indicate the number of reactive sites

reduces because of binding events.

4. Conclusion and Outlook

We have demonstrated a label-free biosensor with TIRF objective excitation WGMs. The future work will be

integrating it with the fluorescence microscopy and super-resolved imaging techniques. This technique has

potential to be a powerful tool to study single molecules.
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Introduction
Until recently, the most commonly used method to fabricate a solid-state nanopore involved drilling the sensor

with a transmission electron microscope, a process that represented an enormous barrier to entry to solid-state

nanopore research. The controlled breakdown (CBD) method of nanopore fabrication1,2 simplifies and makes

accessible the process of nanopore fabrication, and is already transforming the way solid-state nanopore re-

search is conducted. However, the process of building custom instrumentation for nanopore research remains

a significant challenge to growth of the field.

Northern Nanopore Instruments is a scientific instrumentation company originating from Dr. Vincent Tabard-

Cossa’s applied single-molecule biophysics lab at the University of Ottawa. We specialize in research tools

and solutions to support fundamental and applied research on solid-state nanopores, with a mission to make

nanopore research accessible and affordable through commercialization of our innovative methods by which

to fabricate solid-state nanopores. Our tools provide scientists with the technology platform that will bring

their research visions to life for a tiny fraction of cost and complexity of any other method. We also provide

advanced, yet easy to use data analytics software, as well as a range of custom research solutions to increase

the throughput of research and the pace of discoveries.

Methods
Solid-state nanopores are fabricated using Northern Nanopore Instruments Spark-E2 nanopore fabrication unit

and associated control software and consumables. Analysis of DNA translocation results is conducted using our

advanced nanopore analytics software.

Results and Discussion
In this poster, I present our recent progress developing and refining the CBD method, and discuss best practices

and techniques to maximize yield of useful nanopores in the 2 to 30 nm range with sub-nm precision. We

present the first commercial instrument that completely automates fabrication of two solid-state nanopores in

parallel to maximize research throughput and accessibility, and demonstrate conditions and techniques with

which to realize >85% yield of solid-state nanopores ready for biosensing in under 1 hour. We anticipate that

our tools will be a powerful enabling force by which to increase throughput and accelerate solid-state nanopore

application research and discovery while simultaneously the cost and time associated with sensor fabrication.

References
[1] M. Waugh et al., “Solid-state nanopore fabrication by automated controlled breakdown,” Nat. Protoc.,

2020,15, 122–143.

[2] H. Kwok, K. Briggs, and V. Tabard-Cossa, “Nanopore fabrication by controlled dielectric breakdown,” PLoS

One, 2014,9(3), e92880.
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Standard methods used for the diagnosis of neurodegenerative diseases are magnetic resonance imaging and

positron emission tomography, which are relatively slow and expansive [1]. Thus, scientist around the globe are

trying to find new methods based on nanotechnology, that will be faster, cheaper are most of all – safer. One of

the most promising materials are gold nanoparticles, which can be biocompatible and have low cytotoxicity [2].

It has been already showed that they can be incorporated in detection of amyloid structures using effects such as

surface enhanced Raman/Rayleigh scattering [3, 4] or modulation of surface plasmon resonance [5]. However,

one of the fastest amyloid sensing methods is detecting the chiral amyloid fibrils using induced plasmon chirality

[6].

In our work, we explored the properties of complexes made of bovine insulin amyloid aggregates with

anisotropic gold nanoparticles for application in amyloid detection and bioimaging. Amyloid aggregates

were incubated in different temperatures and pH to obtain both left-handed and right-handed chiralities.

We synthesized gold nanorods with smaller sizes – so called minirods – with aspect ratios 3.2 (24 x 7.5 nm)

and applied them to amyloid fibrils. We have measured the influence of chiral protein aggregates on optical

properties of nanoparticles using absorption (ABS) and circular dichroism (CD) spectroscopy. The morphology

of created complexes was explored using transmission electron microscope (TEM).

Addition of amyloids to nanorods have modified the optical properties of plasmonic nanorparticles. Their ex-

tinction maximum has shiftedd to longer wavelengths in complex with both L and D amyloid structures and we

have successfully induced a chiral plasmon (Fig. 1). Moreover, TEM images have showed that gold nanorods

are exhibiting chiral plasmon even without aggregating in chiral oligomers as postulated by Kumar [6]. What

is more, the chiral plasmon resonance maximum visible in CD spectra has shifted to shorter wavelengths for

fibrils with L optical chirality and longer wavelengths for ones with D chirality. This feature might be used as a

new method for detecting chiral amyloid fibrils.

1. Adlard, P.A., et al., Frontiers in Neuroscience, 2014. 8(327).

2. Sperling, R.A., et al., Chemical Society Reviews, 2008. 37(9): p. 1896-1908.

3. El-Said, W.A., et al., Journal of nanoscience and nanotechnology, 2011. 11(1): p. 768-772.

4. Neely, A., et al., ACS nano, 2009. 3(9): p. 2834-2840.

5. Elbassal, E.A., et al., The Journal of Physical Chemistry C, 2017. 121(36): p. 20007-20015.

6. Kumar, J., et al.,. Proceedings of the National Academy of Sciences, 2018. 115(13): p. 3225.
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Herein, a chip-based medical device was developed for fast screening of SARS-CoV-2 virus-specific nucleic acid,

which not only improves the efficiency of detection, but also simplifies the diagnosis to make it available at

the point of care (POC). More specifically, this device is expected to reduce the detection time from 1.5-2 hours

to 30-40 minutes using the amplification-free ultrasensitive spectroscopic technique surface enhanced Raman

spectroscopy (SERS). The SERS sensor is integrated into a microfluidic platform, which can provide a new tool

for POC COVID-19 disease diagnosis.

The basic principle of this sensor is to employ molecular probes to recognize a panel of target sequences specific

for SARS-CoV-2 virus, while monitoring their hybridization process by reading their SERS spectrum. Building

up on our previous work, the hybridization of the hairpin-structure probe (molecular beacon) with target nu-

cleic acid would induce the change in SERS intensity, which can be read by a portable Raman spectrometer1,2.

Multiple molecular beacon probes can be patterned on one SERS substrate for simultaneous detection of several

RNA targets to improve the accuracy for diagnosis. To improve the sensitivity of detection, the SERS substrate

is fabricated using highly SERS-active plasmonic nanoparticles, Au@Ag core-shell nanorods (Figure 1).

Three viral RNA sequences, which have been commonly used for COVID-19 diagnosis, have been selected as

the detection targets. The molecular probes have been designed to specifically hybridize to the selected RNAs

and integrated into a SERS chip for parallel identification (Figure 2).

To evaluate the specificity, two samples containing the synthetic RNA target (RdRp gene/nCoV_IP2) and the non-

specific control (BRAF V600E gene), were flowed through the channels for detection. For demonstration pur-

poses, and as shown in Figure 3, the SERS chip was capable to differentiate the signals obtained from the syn-

thetic RNA target and the nonspecific control. Quantitative detection has also been achieved testing solutions

containing different concentrations of the target and measuring the average intensity of the selected Raman

band at 1325 cm-1 (Figure 4). Further testing will be conducted incorporating the remaining two molecular

probes to the device and obtaining respective calibration curves to elucidate the sensitivity on the assay, its

dynamic range and limit of detection.

Once the proof of concept is obtained using synthetic samples, we will confirm the results with assays involving

RNA extracted from inactivated virus particles. Finally, the system will be validated using clinical samples.

References

1. Wu, L. et al. Profiling DNA mutation patterns by SERS fingerprinting for supervised cancer classification.

Biosens. Bioelectron. (2020) doi:10.1016/j.bios.2020.112392.

2. Wu, L. et al. Amplification-free SERS analysis of DNA mutation in cancer cells with single-base sensitivity.

Nanoscale (2019) doi:10.1039/c9nr00501c.
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Current single-molecule sensors often rely on the random diffusion of the analyte and its permanent binding

to the active sensor area. Our goal is to pre-select and actively transport the nano-objects of interest to the

sensor, where they are trapped for identification and released at will. We recently demonstrated the transport

of nanoparticles and their size-selective separation using Brownian Motors[1].

In a nanofluidic slit, electrostatic interactions between the charged surfaces define a potential energy approxi-

mated by

U = 2 W rexp(-ϰ ( (h+d)/2 – r) ),

where W is the surface potential, r the particle radius, ϰ-1 the Debye length, h the nanofluidic gap and d the local

pattern depth. Using thermal Scanning-Probe-Lithography[2], we alter the geometry of one of the confining

walls with an accuracy of 1nm. Combining a nanoscale ratchet topography and an AC electric field as a driving

force, nanoparticles can be transported into specific directions without net fluid flow. This mechanism, along

with the exponential dependence of the potential energy on the particle-wall distance (see equation), allows

us to build particle sorting devices with a theoretical size-separation capability of 1nm. Experimentally, gold

nanoparticles of 60nm and 100nm have been separated[1].

In order to reach the theoretical limit and build a sorting device of unprecedented resolution, we modified

our geometry to an inclined ratchet. This so-called “rising ratchet”, illustrated in figures 1 a)-c), is sensitive to

minute size differences due to both the exponential increase of the potential along the sorting direction, shown

in figure 1 d), and the Arrhenius-like decrease of the particle flux[3]. Small particles move further in the ratchet,

while larger particles stop when the potential barriers cannot be overcome anymore. We analyzed the slow-

down of the particles by solving the 1D Fokker-Planck equation for the system. A key element for a high sorting

resolution is the applied force. In our experiment, a sorting resolution in radius of 2nm (4σ) is expected after

20s. Experimental sorting results are shown in figure 2 c) and, for particles of spherical shape, the experimental

results are in line with the simulated resolution (shaded area).

Due the universality of electrostatic interactions and their independence on particle size, this concept is in

principle applicable to any charged nano-object in fluidic environments. The spontaneous charging of different

materials in solution, as well as the inherent surface charges of biomolecules open up the possibility of new

single-molecule sensor architectures.

REFERENCES:
[1]Skaug et al., Science 359, 1505-1508 (2018)

[2]Pires et al., Science, 328, 732–735 (2010)

[3]Bartussek et al., EPL,28, 459-464 (1994)
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Wide range of proteins under mildly denaturizing conditions tends to misfold and aggregate into large poly-

meric structures of extraordinary importance in the biological and physicochemical context. Amyloids are

widely studied protein misfolding structures with characteristic β-sheet-rich regions, mostly known as fibrils,

which might further self-assembly into superstructures known as spherulites, occurring in vivo and in vitro.

Aggregates of misfolded proteins are the hallmark of the neurodegenerative diseases (e.g. Alzheimer’s disease),

and as recently proved, they also might play an important role in the biochemistry of living organisms[1,2].

Therefore, studies on their structural properties are of great importance.

Gold plasmonic nanoparticles with anisotropic geometry, i.e. gold bipyramids (GBPs), are characterized by ex-

traordinary optical properties [3]. Their remarkable physicochemical characteristics emerge from localized sur-

face plasmon resonance phenomenon. Being directionally dependent, and, more importantly, possessing trun-

cated/sharp facets, GBPs are able to strongly and locally enhance electromagnetic field. Such phenomenon may

be utilized in numerous applications (e.g. theragnostic, optics and sensing). Due to bio-compatibility and strong

multi-photon excited luminescence gold nanoparticles may serve as multifunctional probes in bio-imaging.

In our work we present two aspects of amyloid studies where (1) polarization-sensitive two-photon mi-

croscopy (ps-2PM) [4,5] is applied to resolve the organization of amyloid fibers in superstructures, and (2) GBPs

self-assembly due to the electrostatic interaction with protein fibrils were tested to investigate such hybrid prop-

erties and utility in the spectroscopic detection methods – circular dichroism (CD), including structural aspects

of studied system.

The GBPs were synthesized by a modified method of A. Sánchez-Iglesias et al. [6] and characterized by TEM

and extinction measurements. Subsequently, GBPs were mixed with previously prepared amyloid solutions to

be investigated by TEM and CD. Specific ordering of nanoparticles was induced by amyloid fibrils, which may

potentially serve as a mean of amyloids fibrils detection and a support for a controlled anisotropic nanoparticles

organization. The amyloids containing spherulite-like structures were obtain according to the M. R. Krebs et

al.[2] protocol and characterized with ps-2PM, what resolved the molecular organization of amyloid fibrils in a

complex, 3D superstructure.

[1] M.G. Iadanza et al., Nature Reviews Molecular Cell Biology 19(12) (2018) 755-773.

[2] M.R.H. Krebs et al., Biophys J 88(3) (2005) 2013-2021.

[3] J. Olesiak-Banska et al., Chemical Society Reviews 48(15) (2019) 4087-4117.

[4] H. Mojzisova, J. et al., Biophys J 97(8) (2009) 2348-2357.

[5] J. Olesiak-Banska, et al., Biopolymers 95(6) (2011) 365-375.

[6] A. Sánchez-Iglesias, et al., JACS 139(1) (2017) 107-110.
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Biological molecular machines can perform hundreds of serial operations with remarkably high speed. In com-

parison, synthetic molecular machines, including those made of DNA, perform orders of magnitude fewer oper-

ations and are orders of magnitude slower. In response, a major effort in our group is to develop effective and

fast DNA based molecular machines. In recent years we have demonstrated a DNA bipedal motor that strides

on a DNA origami and operates by responding to ‘fuel’ and ‘anti-fuel’ DNA strands. The strands are provided

to the motor by a computer-controlled microfluidics device and motor progress is observed by single-molecule

fluorescence. Importantly, the microfluidics allows the removal of excess strands and motors waste, crucial for

proper operation of the motor. With this setup, we demonstrate the performance of 32 walking steps (64 con-

secutive chemical reactions with ~98.9% yield per reaction) which amount to 370 nanometers traveled by the

walker. Furthermore, a redesign of the walking mechanisms (such that higher fuel concentration does not re-

sult in decreased yield, as was the case for earlier motor versions) resulted in two orders of magnitude increase

in motor speed for the same motor yield. However, motor dissociation rate-per-step remains above ~1%, limit-

ing the number of steps to about 50. Here we aim to identify the factors that lead to the ~1% motor dissociation

per step, and by rational design of solutions, decreasing motor dissociation and increasing motor processivity.

To enable unidirectional walking of a bipedal DNA motor capable of striding over micrometer distances, it is

necessary to understand how to reliably and controllably connect several unique origami tiles to create stable

micrometer-long tracks. In the current study, we combine a purification approach suggested in our previous

work with a sticky end-based (SE) bridging of six rectangle origami tiles to assemble a 950 nm track for a DNA

walker. The observations are made by immobilizing the hexamer track in microfluidics and fluorescent mi-

croscopy technique is used to visualize the track in which the first and the last tiles are labeled by ATTO 647N,

showing two clear peak pairs with ~750 nm distance between them. On the contrary, attempts to assemble the

hexamer track from the same origami tiles using weaving-welding techniques failed to gain a pure product. To

summarize, using our method we have tailored and fabricated a 950 nm long track ready for a DNA motor.
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Research on optically resonant dielectric nanostructures has accelerated the development of new approaches

for optical applications, driven by their ability to strongly confine light on the nanoscale. However, since op-

tical losses in dielectric resonators are typically considered detrimental, the usage of dielectric nanoantenna

concepts for absorption enhancement has largely remained unexplored. In this work, we realize engineered

nanoresonators composed of photocatalytic dielectrics and demonstrate their increased light harvesting capa-

bilities in otherwise weakly absorptive spectral regions. In particular, we employ anapoles – a mode known

for its strong light confinement in the resonator – in nanodisks of oxygen-vacancy-rich TiO2, a prominent pho-

tocatalyst for water splitting. We show that by varying the nanodisk geometry, we can shift the anapole to the

sub-bandgap oxygen vacancy (VO) states and hereby increase visible light absorption. The arising catalytic ef-

fect is monitored on the single particle level using the well-established photocatalytic silver reduction reaction

on TiO2. With the freedom of changing the optical properties of TiO2 through tuning the abundance of VO-states

we discuss the interplay between cavity damping and the anapole assisted field confinement for absorption

enhancement. The concept is general and can be extended to other catalytic materials with higher refractive

index such as GaP.

191014 coverpic.png
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Dye labeled oligonucleotides have been applied to detection of DNA with high sensitivity using surface

enhanced Raman spectroscopy (SERS) [1]. The aim of the research was to determine the rule for selecting

conditions for maximum signal amplification for effective direct target DNA detection by enhanced Raman

spectroscopy when using various SERS active modifications of oligonucleotides as a probe. Genomic region

of promoter for human telomerase catalytic subunit gene was selected as a model target DNA attractive for

detection [2] .

To detect the optimal distance between the SERS label and the silver surface, which was necessary for strong

signal enhancement we used DNA origami approach. Formation of DNA duplex of different length between dye

labeled oligonucleotides and DNA targets, followed by selective noncovalent conjugation of DNA with silver

nanoparticles, made detection of optimal distance possible.

For Rh6G labeled oligonucleotides in all model systems the limits of detection were 3 fmol dm–3, while for Cy3

labeled oligonucleotides the signal enhancement depended on the distance between Cy3 dye and silver nanopar-

ticles. The other type of SERS labels conjugated with oligonucleotides for DNA target detection is under investi-

gation.

This work is supported by RFBR project 18-29-08040.
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Protein folding is a phenomenon that has been studied for about 50 years. Despite the theoretical and the ex-

perimental efforts to solve it, still remains as an unsolved problem. Protein folding is a cooperative process that

depending on the specific sequence and size of the protein takes from nanoseconds to milliseconds to complete.

Cooperativity in protein folding is generated by an immense set of small interactions, operating in consort, so if

one or a small group of those interactions is perturbed the whole network is affected. Nevertheless, the precise

object underpinning this cooperativity still remains unidentified. Cooperativity obliterates the exploration of

the full configurational space available to the unfolded protein, allowing an astonishingly fast convergence to

its correct folded state. Here it is proposed that (i) the object that underpin the cooperative folding in proteins

are the instantaneously induced dipoles that gives rise to the van der Waals London dispersion interaction and

that (ii) the synchronization or desynchronization of their oscillatory phases is the action that allows the pro-

tein folding or unfolding to occur, respectively. So, when the oscillation of the induced dipoles is synchronized

an enhanced interaction regime is triggered and the protein enters a into a folding process. Further propa-

gation of this regime throughout the molecular structure complete the folding process. If a desynchronizing,

strong enough perturbation is introduced at any component cooperative oscillatory network the system enters

in a weakened -or even a repulsive- van der Waals dispersion interaction regime that propagate itself through-

out the structure. This effect triggers a phase transition that finally unfolds the whole protein. So, a general

mechanism is proposed in which two opposed operative actions -synchronization/desynchronization- acts to

modulate the state -folded/unfolded- of the same object, a protein. Further details and supporting background

at https://arxiv.org/abs/2009.02107.

150



Single-Molecule Sensors and NanoSystems International Conference 2020

Single-molecule enzymology: characterising the dynamics and
function of 3-phosphoglycerate kinase (3PGK) from

Geobacillus stearothermophilus in real-time

Poster - Abstract ID: 245

Ms. simona frustaci 1, Mr. Sivaraman Subramanian 1, Prof. Jennifer A Littlechild 2, Prof. Frank
Vollmer 3

1. Living Systems Institute, University of Exeter, Stocker Road, Exeter, UK EX44QD, 2. The Henry Wellcome Building for

Biocatalysis, University of Exeter, Stocker Road, Exeter, UK EX44QD, UK, 3. Living Systems Institute, Department of Physics and

Astronomy, University of Exeter, EX4 4QD, UK

Proteins are important in many cellular processes with enzymes catalysing cellular metabolism. The mecha-

nism of enzymes is associated with conformational changes in their structures during turnover. At the moment

few techniques have been developed to study the whole range of these motions at a single-molecule level. Moni-

toring of conformational dynamics of proteins is crucial for a better understanding of their biological functions

and structure to function relationships. OpticalWhispering GalleryMode (WGM) based biosensors have been

developed as a label-free system to address this challenge. WGM sensors have the potential to study protein

dynamics and biomolecules interactions. The strength of this technique relies on the time resolution and its

sensitivity. At the present WGM is able to resolve motions occurring up to nanosecond sensitivity, this is not

always available by other techniques[1]. The principle of detection is based on monitoring the resonance shift

of optical whispering gallery modes in spheroidal resonators. The resonant recirculation of light in these res-

onators allows sampling of the target molecules multiple times thereby providing a very high single-molecule
sensitivity. Techniques based on whispering gallery mode biosensors (WGMBs) are non-invasive, label-free,

ultra-sensitive and allow the development of specific enzyme biomarkers using real-time quantitative detec-
tion. The bacterial 3-phosphoglycerate kinase (3PGK) from Geobacillus stearothermophilus has been cloned

and over-expressed in Escherichia coli. The His-tagged protein has been purified by nickel affinity chromatog-

raphy followed by size exclusion chromatography. The 3PGK was immobilised on gold nanoparticles by its

His-tag using Ni-NTA as a linker between the gold and the enzyme. These plasmonic nanoparticles will en-

hance the signal of the immobilised protein. The immobilisation via His-tag enables reversible attachment of

the enzymes.

The molecular motions of the PGK enzyme and its change in conformation on turnover were measured as a

shift in the WGM resonance frequency. For the first time we were able to detect 3PGK turnover in presence

of the substrate 3PGA and ATP. First we observed the binding of 6 individual molecules of 3PGK to the gold

nanoparticles and then tracked the catalytic activity at the microsecond scale with WGMB. This is comparable

to the classic enzyme activity measurements performed in our group with 3PGK immobilised on gold.

Our next step is to compare and rationalise our signals to the differences observed in the X-ray generated struc-

tures of the 3PGK[2] in all its conformational states which will provide further insight on protein activity at a

single molecule level.
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The femto-Newton forces exerted by enzymes associated with their catalytic activity which lead to conforma-

tional change in 3D structure have previously been very difficult to measure since current techniques do not

have a high enough sensitivity. We are able to overcome this sensitivity issue by employing optoplasmonic

sensors, consisting of a microsphere resonator and an attached gold nanoparticle that acts as the sensor. By

attaching an enzyme to the gold, we can create a very sensitive system in which small changes in the enzyme

conformation affect the resonance frequency of microsphere, allowing very tiny forces to be measured.

Currently, the identification of fungal pathogens is largely limited to the detection of β-1, 6-glucans on the fungal

cell wall and this has serious issues with specificity. To address this problem, we are exploring the attachment

of specific sugar binding proteins (lectins) and glucanase enzymes onto our sensors, so we can investigate the

signal upon the binding and enzymatic breakdown of different sugars present on fungal cell walls. This will

establish a rapid and innovative new method for the precise identification of fungal pathogens at low concen-

tration, by providing a unique optical fingerprint. This poster will discuss the development of our sensor, the

successful immobilization of our enzymes onto gold and the identification of proteins for use in the detection

of pathogenic fungi.
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The cell membrane is involved in many biological processes. The electrical membrane potential is one inter-

esting parameter changing e.g. in neuronal activity. Voltage-sensitive probes with a fluorescent read out have

been developed in the past decades, but still none overcomes all the limitations faced such as low photostability

and brightness, invasiveness or the need of transfection. An optimal fluorescent voltage sensor would com-

bine a high contrast in voltage changes with a high temporal and spatial resolution, biocompatibility and cell

addressability.

Our approach is to develop the specific properties required separately and to modularly combine them in small

functional nanodevices using DNA nanotechnology for scaffolding. Individual nanodevices are then studied us-

ing electron microscopy, atomic force microscopy and especially single-molecule fluorescent microscopy. In our

specific design, a DNA origami nanostructure functions as a platform to combine membrane binding cholesterol

moieties with a voltage-sensitive unit consisting of a flexible linker that reacts to changes in the voltage applied.

A dye pair capable of Förster Resonance Energy Transfer (FRET) is used for the fluorescent read out; one of the

dyes is placed on the flexible linker and the other dye in a fixed position on the nanostructure. Depending on

the inter-dye distance a higher or lower FRET can be observed.

In proof of concept experiments, we are able to demonstrate the functionality of a voltage sensing DNA origami

on the single-molecule level with synthetic liposomes on which an electrical potential is applied. We clearly see

a drop in the FRET value upon binding of the nanostructures to lipid membranes and further, a different FRET

value for physiologically relevant potentials. We also show how this approach can be extended for the sensing

of other parameters such as the membrane surface potential.

This method is minimal invasive as well as transfection free. Furthermore, all components of this nanodevice

can be chosen modularly. Therefore, it might me a promising voltage sensor that could give insights into the

complexity of the brain with single-molecule resolution.

Optical voltage sensing on biological membranes.png
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• Introduction

Bending of double-stranded DNA (dsDNA) has important applications in biology and engineering, but measure-

ment of DNA bend angles is notoriously difficult and rarely dynamic. Here, we introduce the DNA “nunchuck”, a

nanoscale instrument for measuring DNA bending at the single-molecule level with standard laboratory equip-

ment, minimal sample preparation, and such simple analysis procedures as to enable routine quantification of

bend angles and bending stiffness in arbitrary DNA sequences.

• Methods

The nunchuck is constructed by growing the ends of a short dsDNA into stiff, fluorescently-labeled DNA nan-

otubes using DNA origami seeds, thereby mechanically magnifying the orientations of the dsDNA ends. The

DNA nanotubes are then subjected to quasi-two-dimensional confinement and imaged while freely diffusing.

Single-molecule bend angles are then rapidly and reliably measured from the images by a deep, convolutional

neural network.

• Results

We find that:

1. angular variance across a population of nunchucks increases with dsDNA length, as predicted by the

worm-like chain model. Notably, individual distributions often differ significantly from one another;

2. dsDNAs containing intrinsically bent phased A6-tracts bend by 17 ± 1° per A6-tract, consistent with other

methods;

3. the length-dependent angular variance indicates that A6-tracts are (80±30)% stiffer than generic dsDNA.

To the best of our knowledge, this is the first experimental measurement of A6-tract stiffness.

• Discussion

We have established DNA nunchucks as reliable reporters of dsDNA bending at the single molecule level. They

offer mean bend angle determination with few-degree resolution, along with significant advantages over con-

ventional approaches, including simultaneous measurement of bend stiffness, prospect for providing direct

dynamic observations, and a low barrier to adoption. Thus the DNA nunchuck approach is well positioned to

become a standard technique for the study of functionally relevant bending of DNA and RNA motifs, as well as

bends induced by ligand (e.g., protein, drug) binding. Recent work using nunchucks to characterize DNA bulges,

bubbles and IHF(integration host factor)-induced bending will be reviewed.

154



Single-Molecule Sensors and NanoSystems International Conference 2020

Dna nunchuck.png

155



Single-Molecule Sensors and NanoSystems International Conference 2020

Canonical lysine-48-linked polyubiquitin signals for
proteasomal degradation attenuate the conformational

dynamics of the 26S proteasome

Poster - Abstract ID: 231

Dr. Zaw Htet 1, Dr. Erik Jonsson 1, Dr. Ken Dong 1, Dr. Eric Greene 1, Dr. Andreas Martin 1

1. University of California, Berkeley

Protein degradation is a fundamental cellular process essential for maintaining a healthy cellular proteome

and its dysregulation is the hallmark of many human diseases including cancer and neurodegenerative disor-

ders. In all eukaryotic cells, the 26S proteasome is the major enzyme responsible for the specific degradation of

damaged or obsolete proteins that are marked by the covalent attachment of polyubiquitin chains. These pro-

teasomal substrates are recognized by the intrinsic ubiquitin receptor subunits (Rpn1, Rpn10, Rpn13), engaged

and unfolded by the AAA+ ATPase motor subunits and finally degraded by the proteolytic active sites of the

proteasome. Previous structural and biochemical studies have revealed that the proteasome undergoes ma-

jor conformational changes between substrate-free (s1) state and substrate-processing (non-s1) states during

substrate degradation. This conformational dynamics of the proteasome controls commitment for substrate

degradation via kinetic gateway. However, it is unclear if and how ubiquitin signals on substrates affect the

conformational dynamics of the proteasome. Here, we use single-molecule Fӧrster Resonance Energy Transfer

(smFRET) microscopy to track the conformational dynamics of the proteasome. We show that the proteasome

alone exhibits primarily s1 state (corresponding to low FRET signal) but undergoes frequent conformational

switching to non-s1 states (corresponding to high FRET signal). The canonical proteasome targeting signal,

lysine48-linked polyubiquitin chains, attenuates this frequent conformation switching of the proteasome. We

demonstrate that the retardation of proteasomal conformational dynamics by the canonical ubiquitin signal

accelerates the degradation of substrates delivered to the proteasome via ubiquitin-independent system. We

further show that Rpn10 is the primary ubiquitin receptor that mediates the effect of polyubiquitin signals on

the conformational dynamics of the proteasome. Based on these results, we propose that in addition to serv-

ing as proteasomal targeting signals, polyubiquitin chains on substrates facilitate substrate engagement and

commitment to degradation by the proteasome.
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The third generation of DNA sequencers relies on the requirement to read molecular information at the single-

molecule level in a massively parallel fashion. A promising platform to reach these requirements is based on

the silicon Field-Effect Transistor-based sensor (FET). Silicon FET devices are scalable and not restricted by the

diffraction limit of light. The potential sensor density would allow unprecedented throughput. FET sensors can

directly detect charged biomolecules in an aqueous environment without a label. However, a silicon FET has

not yet shown single-molecule detection capabilities. We show that to achieve such capabilities a crucial factor

is to minimize non-linear charge screening by the oxide surface charge and pH-active sites of the oxide.

To assess the feasibility of detecting single molecules we perform technology computer-aided design simulations

of a silicon FET sensor with SiO2gate oxide. The FET channel is 50 nm long, 20 nm wide and 10 nm high. An elec-

trolyte solution with 1.5 mM salinity and pH 7 is simulated. Electrolyte screening is described by the Bikerman-

Stern model and the experimentally-calibrated site-binding model describes the charging of the pH-active oxide

surface sites. We determine the signal-to-noise for a signal due to a single 15 base-pair double-stranded DNA

molecule. The single-molecule signal is expressed as the voltage shift of the FET transfer characteristic. FET

sensor noise is determined by the simulated voltage shift induced by an oxide trap and the expected number of

traps. The number of traps is calculated from the simulated effective device area and the trap density obtained

from experimental calibration with our silicon FET sensors.

The single-molecule signal-to-noise ratio for our simulated silicon FET sensor with typical SiO2 properties is

equal to 0.32. When the site-binding model is disabled and the oxide surface charge is fixed to its value at pH

7, the single-molecule signal increases strongly while the noise is unchanged. This leads to an enhancement of

the SNR with a factor of 8 reaching a value of 2.6. Removing the fixed oxide surface charge further enhances

the single-molecule SNR to a value of 4.9.

Our results show that by controlling the counteracting charging of pH-active oxide surface sites and the presence

of oxide surface charges, a significant gain (× 16) of the FET sensor single-molecule SNR can be obtained. The

signal-to-noise ratio close to 5 for such an optimized oxide surface shows the potential to realize single-molecule

sensing with silicon FET sensors.
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Plasmonic sensors based on metallic nanoparticles (NPs) have greatly developed recently. The principle is the

following: the localized surface plasmon resonance (LSPR) on the NPs strongly depends on their immediate en-

vironment, because of the enhancement of the electromagnetic field in their vicinity. Consequently, adsorption

of the target molecules modifies the LSPR, generally causing a shift in its spectral position. The shift is directly

linked with the quantity of molecules attached to the surface of the NPs, and consequently to their presence in

the gaseous or liquid environment. However, the method generally requires to determine precisely the reso-

nance shift of the LSPR upon the adsorption of the molecules, and the spectral resolution of the apparatus limits

strongly the limit of detection.

We present here a differential optical method, based on a collection of anisotropic gold NPs elaborated on a glass

substrate, which achieves sufficient sensitivity for a small amount of adsorbed molecules. The principle is to

measure, by a method derived from the Reflectance Anisotropy Spectroscopy [1], the variation of the plasmonic

anisotropy of the NPs at a fixed wavelength, during the adsorption of molecules. We recently used this method

for monitoring dihydrogen adsorption on Au NPs [2] and for developing high sensitive dihydrogen plasmonic

sensor [3]. Based on recent experimental results performed in a liquid cell, we show that this technique is

sensitive to the adsorption of small amounts of biomolecules : a single avidin molecule per 10 gold NPs can be

hence detected, and for the actual density of NPs of the presently elaborated samples, the sensitivity can reach

approximately 10 molecules of avidin for a sample area of   0.5 x 0.5 µm2. The method could thus be adapted to

microfluidic techniques. Moreover, it could be adapted to different anisotropic nanostructures presenting high

spots (nanorods, nanoarrays, nanopores…), combined with high-resolution microscopes, in order to achieve

single-molecule detection [4].

[1] P. Weightman et al, Reflection Anisotropy Spectroscopy, Reports on Progress in Physics 68, 1251 (2005).

[2] W. L. Watkins and Y. Borensztein, Mechanism of Hydrogen Adsorption on Gold Nanoparticles and Charge

Transfer Probed by Anisotropic Surface Plasmon Resonance, Phys. Chem. Chem. Phys. 19, 27397 (2017).

[3] W. L. Watkins and Y. Borensztein, Ultrasensitive and Fast SingleWavelength Plasmonic Hydrogen Sensing with

Anisotropic Nanostructured Pd Films, Sensors and Actuators B: Chemical 273, 527 (2018).

[4] N. Akkilic et al, Single-Molecule Biosensors: Recent Advances and Applications, Biosensors and Bioelectronics

151, 111944 (2020).
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DNA immobilization on the metal surface (gold or silver) is a crucial step in designing sensors for DNA detection

based on surface-enhanced Raman spectroscopy (SERS) measurements [1-3]. In the regular procedure of sensor

preparation single stranded DNA is modified on the one end by attachment of a thiol linker group (usually in the

form of alkanethiol moiety) and connected to metal surface by forming stable gold-sulphur bonds [4]. It is often

assumed that this chemisorption leads to the formation of a well-organized and homogeneous DNA monolayer,

where the chains are relatively densely packed and usually oriented perpendicularly to the surface [5].

Based on the measured spectra, we have discovered that this model does not always occur for the thiolated

mononucleotides chemisorption on the gold surface. In our work, we have analysed the adsorption of thiolated

mononucleotides containing: adenine (A), thymine (T), cytosine (C), and guanine (G) on a gold nanoparticles sur-

face and we have compared them with the adsorption of the free bases. For example, the adsorption of adenine

and thiolated adenine mononucleotide is similar, indicating stronger interaction of ‘base part’ of molecule with

the surface comparing to thiol group. Moreover, we have observed that the layer formed by thiolated mononu-

cleotides has different structure than the one formed by thiolated single-stranded DNA containing even as few

as two bases.

[1] Y. He et al., Nano Today, 2011, 6, 122–130

[2] X. Wang et al., Analytical Chemistry., 2017, 89, 1163–1169

[3] D. Graham et al., Faraday Discussions., 2011, 149,291–299

[4] M. Hegner et al., FEBS Letters, 1993,336, 452-456

[5] T.M. Herne et al., Journal of the American Chemical Society 1997, 119, 8916–8920

Work implemented as a part of Operational Project Knowledge Education Development 2014-2020 cofinanced

by European Social Fund.
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Accurate identification of both abundant and rare proteins hinges on the development of single-protein sensing

methods. Given the immense variation in protein expression levels in a cell, separation of proteins by weight

would improve protein classification strategies. Upstream separation facilitates sample binning into smaller

groups while also preventing sensor overflow, as may be caused by highly abundant proteins in cell lysates or

clinical samples.

Here, we scale a bulk analysis method for protein separation, sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis (SDS-PAGE), to the single-molecule level using single-photon sensitive widefield imaging. Single-

molecule sensing of the electrokinetically moving proteins is achieved by in situ polymerization of the PAGE

in a low-profile fluidic channel having a depth of only ~ 0.6 µm. The polyacrylamide gel restricts the Brown-

ian kinetics of the proteins, while the low-profile channel ensures that they remain in focus during imaging,

allowing video-rate monitoring of single-protein migration. Calibration of the device involves separating a set

of Atto647N-covalently labeled recombinant proteins in the size range of 14–70 kDa, yielding an exponential

dependence of the proteins’ molecular weights on the measured mobilities, as expected. Subsequently, we

demonstrate the ability of our fluidic device to separate and image thousands of proteins directly extracted

from a human cancer cell line. Using single-particle image analysis methods, we created detailed profiles of the

separation kinetics of lysine and cysteine -labeled proteins. Downstream coupling of the device to single-protein

identification sensors may provide superior protein classification and improve our ability to analyze complex

biological and medical protein samples.
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The human brain releases dopamine: a neurotransmitter that plays a pivotal role in the central and periph-

eral nervous system. Dopamine influences physical functions via chemical messages between neurons and

shapes human behaviour throughout the human lifespan. Abnormalities in dopamine regulation are linked

to mental health disorders and, with age, the decline in dopamine synthesis and receptor density is a catalyst

for neurodegenerative diseases. In this light, there have been research efforts to develop dopamine-specific

nano-sensors for medical diagnosis. Plasmonic and opto-plasmonic biosensors that use metal nanoparticles

for detecting dopamine are leading the sensor developments because this class of sensors can achieve single

molecule sensitivity.

Whilst there are many examples of highly sensitive and selective plasmon-based biosensors, there are still

very few examples of their use in point-of-care-applications. Recently, Govindaraju et al. demonstrate that

gold nanoclusters (AuNCs), on the order of a few tens of gold atoms, can be used to detect dopamine directly

from cerebral spinal fluid [1]. AuNCs are particularly attractive for dopamine sensing because they generate

dopamine-specific signals, are small enough to fit inside single cells or probe synapses, are non-toxic and can

achieve single molecule sensitivity when combined with optical microcavities. Owing to their small size, AuNCs

exhibit distinguished molecule-like optical properties that pioneer an alternative biosensing approach.

In this work, we use ab initio methods to investigate the interaction mechanism between a 55-atom AuNC and

a dopamine molecule at the electronic structure level of theory. We employ real-time time-dependent density

functional theory, available in the free GPAW package, to calculate the photo-absorption spectrum of the AuNC-

dopamine system for different orientations and conformations of the dopamine molecule, namely the t-DA

(trans) and g-DA (gauchy) conformations. We use the Kohn-Sham decomposition tool to visualize and analyse

the excitations for relevant excitation energies. Our results show that the main features of the photo-absorption

spectrum are reliably reproducible for different orientations of dopamine on the AuNC and provide a starting

point to map first principles calculations to experimental data for the detection of dopamine with AuNCs.

[1] Govindaraju, S., Ankireddy, S., Viswanath, B. et al. Fluorescent Gold Nanoclusters for Selective Detection of

Dopamine in Cerebrospinal fluid. Sci Rep 7, 40298 (2017).
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Novel quantum technologies have lead to the development of quantum sensors which potentially measure

molecular properties with superior accuracy. By combining e.g. optical microscopy with nuclear magnetic

resonance it becomes possible to measure and image cellular structures, label-free, with chemical specificity

and nanoscale spatial resolution. In the talk I will discuss various quantum sensors based on spin defects in

materials like diamond. With such a system we measure a wealth of quantities including electric and magnetic

fields, temperature, and force. We measure those quantities under ambient conditions and with unprecedented

accuracy. I will present a variety of applications including imaging of cellular structures.
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Molecules can be created using atom manipulation. Atomic force microscopy (AFM) with functionalized tips

achieves atomic and bond-resolved resolution providing insights into the structure, aromaticity, charge states

and bond-order relations of the molecules created and into the reactions performed [1]. Recently, we generated

the elusive carbon allotrope cyclo[18]carbon and resolved its debated structure [2].

On insulating substrates, we can control the charge states of molecules. With ultra-high-resolution imaging we

resolve how the oxidation state of molecules affects their structure and aromaticity [3].

Figure: Cyclo[18]carbon created by atom manipulation on bilayer NaCl on Cu(111). Bottom row: constant-height

AFM measurements with a CO functionalized tip [2].

References
[1] L. Gross et al. Angew. Chem Int. Ed.57, 3888 (2018)

[2] K. Kaiser et al. Science365, 1299 (2019)

[3] S. Fatayer et al. Science365, 142 (2019)
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The recent outbreak of the coronavirus disease (COVID-19) reinforced the acute need for extremely sensitive

and highly accessible mRNA quantification sensors worldwide. In the past two decades our lab promoted solid-

state nanopores as single-biomolecule sensors, beyond their use as DNA sequencing devices. To that end I will

present results showing the ability to target mRNA biomarkers with sensitivity superseding the “gold-standard”

RT-qPCR by orders of magnitudes. Importantly, we developed and validated a purification-free nanopore based

biochemical assay to sense mRNAs from cell lines and from clinical samples. We applied our method for the

sensing of cancer biomarkers at early stage. Moving beyond nucleic acids, I will discuss our efforts towards the

use of plasmonic nanopore devices for the identification of arbitrary single protein molecules using our deep

learning strategy for proteins fingerprinting.

Figure 1 .jpg
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Introduction
dNTPs are the fundamental building blocks of DNA, and the combination of dNTPs sequences carries rich bio-

logical information for most living organisms. Accurate, fast and efficient assay of dNTPs and their alignment is

a major concern in many biotechnological methods and tools, including DNA sequencing, Polymerase chain re-

action (PCR), and DNA microarray, et al. Current tools for dNTPs analysis mainly rely on expensive fluorescent

labeling, mass spectrometry or electrochemistry. Most protein nanopores, such as MspA, α-HL, CsgG, and phi29

connector, have an internal diameter of c.a. 1 - 3.6 nm. It is difficult for those pores to detect dNTPs without

modification.

Methods
A protein nanopore of controllable size was reengineered from a mechanosensitive channel of small conduc-

tance (MscS). We adjusted the channel size at three osmotic pressure conditions (30 mM NaCl / 300 mM NaCl,

100 mM NaCl /300 mM NaCl and 300 mM NaCl / 300 mM NaCl). Based on this new ångstrom-sized nanopore, we

designed two probes containing dNTP barcode indication region and biomarker-recognition region for miR21

and AFP aptamer respectively. By quantifying the consumption of dNTPs in the reaction process of DNA poly-

merization chain reaction, we identified two biomarkers simultaneously with dNTP barcode probes.

Results
A new class of nanopore from bacterial mechanosensitive channel MscS with a diameter of 5~12 Å that can be

used to directly distinguish four kinds of dNTPs without aptamer or modification. Notably, the diameter of this

pore can be adjusted by regulation of osmotic pressure, which is crucial for optimal detection of specific size of

molecules. Furthermore, by measuring the consumption of building blocks dNTPs, we establish a sensing tech-

nology based on dNTP-barcode to detect multiple biomarkers simultaneously using this angstrom-scale pore.

Those findings pave a new way for real-time molecular biosensing, genetic testing and DNA computing with

low cost but high versatility.

Discussion
According to the size of analytes, the diameter of the pore can be adjusted in situ for optimal detection efficiency.

In contrast to the measurement of increase of synthesized nucleic acids products in PCR, PaMscS1 could be

used for the direct quantitative assay of the consumption of the building blocks of DNA in this process, which

was remarkably significant than the changes of DNA. This angstrom-scale pore expanded the horizon of future

nanopore technologies and provided versatility in nanopore sensing with higher fidelity.
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Multiplexed measurements on protein with high specificity and sensitivity is important in both fundamental

biological research and clinical level disease screening. Nanopore (solid-state, biological and hybrid) based

sensing is one such well-established technique that has been applied for the analysis of biomolecules from low

molecular weight (10-100 kDa) amyloid oligomers [1] to micrometre sized DNA [2] strands with single-particle

resolution. Yet, critical issues remain in the field of nanopore-based single-protein sensing such as controlling

translocation time and developing a scale invariant process for nanopore fabrication with tunable pore

geometry.

Here, we present a radically new approach for protein sensing by exploiting redox-cycling currents gen-
erated within solid-state nanopores. In contrast to existing approaches in nanopore sensing, where two ex-

ternal electrodes generate an ionic current, in our system two closely spaced electrodes are operated within

the nanopore at redox-cycling conditions, such that a steady-state faradaic current is established between both

electrodes. The advantages of a redox-cycling approach over existing nanopore analytics and the implications

of this approach for sensing proteins will be presented.

[1] Yusko, E. C. et al. ACS Nano 6, 2012.

[2] Bell, N. A. W. et al. Nature Nanotechnology 11, 2016.
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In this work, we present a two-step method for controlled processing of high aspect ratio single nanopore on an

SOI substrate. We use standard photolithography method on an SOI wafer followed by electrochemical break-

down etching to create a nanopore. The device layer is an n-type with a thickness of 2 μm. Nanopores in the

range of 10 nm to 50 nm in diameter are processed. The method presented is repeatable, and can be processed

on a large scale. This procedure allows for low-cost processing of single nanopore on an SOI wafer on a large

scale. In addition, we have shown the DNA translocation of 1kbps length through the nanopore and the data

is presented.The controlled nanopore processing is achieved by using stepper lithography on the surface of a

2 μm thick device layer followed by an etching method without any illumination and only by a voltage profile

variation called as breakdown electrochemical etching.

The controlled nanopore processing is achieved by using stepper lithography on the surface of a 2 μm thick

device layer followed by an etching method without any illumination and only by a voltage profile variation

called as breakdown electrochemical etching. Using a single nanopore with the diameter of 25 to 30 nm and

a concentration of the electrolyte with 0.1 M KCL, DNA of 1Kbps was translocated through a nanopore. We

have investigated the bias threshold voltage for which there is no DNA translocation occurring and found to be

approx. 300 mV. Figure 4 shows the results of the translocation through the nanopore when a bias of 800 mV

was applied between the nanopore. The background current was estimated to be 40 to 60 pA. The depth of the

blockade current was around 200 pA to 2 nA. The translocation time was estimated to be in the range of few

milliseconds.

Fig345.png Dna translocation 3.png
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Introduction
In the past two decades, the field of nanopore sensing has received wide attention due to the high sensitivity

and versatility of this technique. Two widely used techniques to achieve sensing are resistive pulse sensing, and

current-voltage (I-V) measurements. Herein, we present a microwave resonator to detect 20 nm Gold Nano Par-

ticles (GNP) with bowtie shaped coplanar waveguide (CPW) configuration integrated with a solid-state nanopore

structure (Figure 1). To enhance the microwave resolution, microwave resonator is equipped with a custom de-

signed control circuitry (PLL) operating around 7 GHz and reaching a frequency stability level of ten parts per

trillion. Proposed sensor benefits from relatively easy fabrication steps compared to suspended 2D sheet of

Graphite or nanoribbon structures. As the key components of any nanopore/channel-based application, solid-

state type membrane is used in measurement process due to its advantages of excellent durability, robustness,

as well as compatibility with existing semiconductor and microfluidics systems.

Methods
Figure 2a depicts the CPW sensor and measurement set-up. To prevent signal leakage from silicon, 2µm of oxide

layer is sandwiched between nitride film and silicon. Particles are transported from reservoir to the other side

electro kinetically and passes through the nanopore (Figure 2b). Nanopore locates at the active region where

the electrodes closed up to each other in a tapered manner. The gap between the electrodes is 160 nm with ion

milled nanopore of 120 nm in diameter. Figure 1b, shows the sensor with relatively larger nanopore size of

700nm and gap of 1 micron roughly. As each GNP pass through the effective region, it modulates the resonance

frequency of the resonator by momentarily changing the total effective capacitance.

Results
Figure 3 demonstrates the comparison between actual GNP run and control run. In both cases, reservoirs are

filled with DI water and Gold NPs added to the molecule reservoir located at the bottom of the fabricated chip.

Frequency modulations up to 30 kHz are observed while Gold NPs getting through the nanopore or sensitive

region.

Discussion
The histogram of frequency shifts indicates accumulations of events around specific values (Figure 4). There-

fore, we interpreted the different amount of frequency modulations to the number of GNPs passing the

nanopore, rather than positional dependence. For the control run without GNPs, no frequency shift is observed.

Results obtained here indicate that nanopore-integrated microwave sensors (NIMS) can be used for detecting

single molecules, viruses and DNA chains.
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First we propose and demonstrate an ultrasensitive method for determining the refractive index of a sample

based on super-critical angle fluorescence. Next we establish its applicability for biosensing by detecting single

E. coli as well as population growth dynamics [1].

Propagating light encountering an optical interface at angles above the critical angle is normally not observed

(Fig. 1a); however, if the emission source is close to the interface (~the wavelength or less), the supercritical

light propagates into the second medium (Fig. 1b). This effect can be observed in a fluorescence microscope

outfitted with a high numerical aperture (NA) objective lens by imaging emitters attached to a glass coverslip

[2,3].

The fluorescence intensity pattern in the microscope’s back focal plane (BFP) relates to the refractive indices

(RIs) of the materials and the NA of the objective lens (Fig. 2a-d), where the radial peak in the image corresponds

to the critical angle. Importantly, in a homogeneous medium, this pattern is independent of the x-y position of

the emitter, thus the intensity patterns of many fluorophores can be measured simultaneously. This redundancy

enables extremely high signal to noise ratios even at very low excitation intensities (Fig. 2e-h).

By exploiting the radial symmetry of the image, we can robustly extract the peak-intensity radius in the image

(i.e. measure the critical angle) by an iterative, circle-fitting algorithm [1]. To benchmark the performance of the

method, we fabricated a microfluidic device and measured various concentrations of glycerol. The sensitivity

of our approach was 3.1×10-5 RIU and displaced high repeatability over multiple measurements [1].

The limitation of this ensemble measurement is that resulting BFP image reports the summation of micro envi-

ronments sensed by fluorescent emitters attached to the surface of the device. In order to measure the hetero-

geneity of a more complex sample, we therefore decreased the probed area by confining our excitation spot to a

small region and scanned over the sample (Fig. 3b). Using this approach, we find that the presence of bacteria is

highly detectable (Fig 3c), thus demonstrating the applicability of SAF microscopy to biosensing.

2. References

1. B. Ferdman, et al, “Ultrasensitive Refractometry via Supercritical Angle Fluorescence,” ACS Nano 12(12),

11892–11898 (2018).

2. D. Axelrod, “Fluorescence excitation and imaging of single molecules near dielectric-coated and bare surfaces:

a theoretical study,” J.Microsc. 247(2), 147–160 (2012).

3. M. Brunstein, L. Roy, and M. Oheim, “Near-Membrane Refractometry Using Supercritical Angle Fluorescence,”

Biophys.J. 112(9), 1940–1948 (2017).
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Super-resolutive 3D tracking, such as PSF engineering, evanescent field imaging or plasmonic surface coupling

mainly present two disadvantages. One of them is the need of a precise calibration of the signal dependence

on the axial position, suffering mechanical drifts and Brownian motion. The other is the race towards specific

cameras.

Here, we introduce a new optical technique that circumvents both issues and allows for a simple, versatile and

efficient 3D tracking of diluted particles while allowing a sub-nanometer precision in all three spatial direc-

tions. The principle is to use stereo interferometry where the z (axial) position is measured through the dis-

tance occurring between two interferometric fringe systems. The linearity of this measuring technique makes

the calibration step unnecessary. On the other hand, its simplicity and the large spatial spread and the high

information content of its interferometric PSF allow to detect a large number of photons without the need of

fancy cameras, nor the need of complex hardware. Hence, we believe that SDI (Stereo Darkfield Interferometry)

is a technology that will tremendously contribute to a massive spread of 3D tracking possibilities.

I demonstrate the efficiency of this technique on bacteria tracking and on various single-molecule measure-

ments made with the help of magnetic tweezers. I show in particular that our method allows for the precise

quantification of two-states dynamics involving axial steps as short as 1 nm. The steps are due to the change of

length of a molecule tethered to a tracked micrometric bead.

The absence of fluorescence, the field of view and the rather small

frequency of acquisition allow me to track tenths of molecules in real

time during several hours, even days. I am currently working on using this new resolution to resolve in real time

and high parallelism the binding and unbinding of single DNA binding molecules using magnetic tweezers. For

example, I recently observed the ATP-free binding of RecQ helicase to DNA as it involved 2 nm length change.

Data are however still incomplete at this point.

This technique is a powerful and easy to implement 3d tracking technique for dilute particles.

Coupled to magnetic tweezers, it allows to use the whole potential of the latter by making the photon noise un-

significant, that is the ability to sample precisely subsecond dynamics at a very stable force. However, magnetic

tweezers will probably not go much beyond this nanometer precision due to the Brownian noise of the micro-

sphere.
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Scattering-based imaging has emerged as a suitable technique for detecting and tracking sub�diffraction lim-

ited bioparticles with excellent resolution and sensitivity. Due to the intrinsically label-free nature of such

scattering-sensors they have a huge potential for lab-on-chip applications. Albeit these advantages, the tech-

nique is intrinsically limited to quantifying nano-objects within a very narrow size-range which is due to the

dramatic scattering-signal dependence on the particle size.

Here, we present an off-axis scattering based k-space holography sensor that is capable of, simultaneously,

detecting nanoparticles with dramatically different scattering-signals, to up-to 106-fold. Additionally, this inter-

ferometric approach yields both the images’ amplitude and phase which enables digital image propagation and

refocussing and allows single-shot 3D particle tracking and eliminates the need for mechanical focussing units

thus dramatically reducing the sensors’ cost.

I will show a detection benchmark of 20�250 nm diameter gold nanoparticles, that confirm the large dynamic

range and the resolution of this detection platform. Following these proof-of-concept experiments I will then

apply the sensor for sizing and quantification of extracellular vesicles which are a promising cancer biomarker

for future point-of-care applications.

Dynamic range benchmark obtained by the

detection of different size gold nanoparticles.png

Obtained size distribution of different

extracellular vesicles.png
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Here, we report shifts of the linewidth of a plasmon enhanced whispering gallery mode (WGM) of a glass mi-

crosphere cavity due to binding of single sub-kDa molecules. The observed linewidth of the WGM can either

increase or decrease upon binding of single molecules depending on the location of their binding sites. The

linewidth shifts arise due to the change in the unresolved frequency splitting of standing wave modes (SWMs).

These SWMs are formed due to the scattering from the gold nanoparticles attached to the WGM. Monitoring

the WGM linewidth provides a robust method for sensing single molecules over prolonged time periods as the

linewidth is unaffected by changes in the host refractive index due to drifts in temperature, pressure, or change

in the concentration of buffers.

The authors thank Dr. Martin D. Baaske for providing the LabView software for data acquisition and guidance

in setting up the single-molecule experiments. The authors also thank the EPSRC (Grant No. EP/R031428/1) for

financial support.
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Understanding chemical and biological processes at the single-molecule level is crucial for numerous fields,

such as biochemistry, biotechnology or medicine. However, the investigation of small biomolecules at the

single-molecule level is highly challenging and has for long required undesirable molecule modifications, such

as fluorescent labelling or immobilization on a surface. To overcome these limitations, we have developed

a ground-breaking optical microscopy technique – Nanofluidic Scattering Microscopy (NSM) - which enables

the direct label-free imaging of freely moving small biomolecules in real-time. The key components of the

method are nanofluidic channels, nanofabricated into glass, which are smaller than the wavelength of light

in two dimensions that are imaged by means of dark-field microscopy (Figure 1). In this arrangement, as the

biomolecules flow and diffuse along a nanochannel, light scattered by a biomolecule interferes with light scat-

tered by the channel. This results in a spatiotemporal resolution high enough to capture the Brownian motion

of a biomolecule with molecular weights ranging down to tens of kDa (Figure 2). Our nanofluidic microscopy

device works like a nanometric flow-cytometer, where each individual biomolecule is not only imaged but also

its size and molecular weight is determined while passing through the nanochannels. The latter is possible by

particle tracking, where the size is determined from the statistical behavior of the Brownian motion, and where

the molecular weight is determined from quantitative analysis of the optical contrast. The limits in terms of sen-

sitivity and performance will be discussed, and potential applications for real-time label-free characterization

of the dynamics of freely moving biomolecules and their interactions will be presented.

Figure 1. Schematic of a nanofluidic chip comprised of a series of parallel nanochannels nanofabricated into

an oxidized silicon wafer.

Figure 2. Kymograph representing a trajectory of a single Bovine Serum Albumin (BSA) molecule (65kDa) freely

moving inside a nanochannel with a cross section of 70x50 nm. Each line of the kymograph corresponds to the

optical response along the nanochannel averaged over 20 ms. The darkest point in each line corresponds to the

position of the BSA molecule inside the nanochannel at this specific point in time.

Figure 1.png

Figure2.png
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Attaining three-dimensional data at high throughput is a grand challenge in microscopy. Here we propose

and demonstrate a novel solution to enable the collection of three-dimensional positions in thousands of cells

each minute by merging two technologies: point-spread-function (PSF) engineering and imaging flow cytom-

etry (IFC). We have applied our approach to monitor changes in DNA compaction-state in cells responding to

stimuli and to characterize the uptake of synthesized nanoparticles in live cancer cells.

In PSF-engineering microscopy, the pattern of light emanating from a point source in a sample is modified to

encode additional information such as the depth. This is achieved by adding an optical element into the imaging

path. A theoretical model or experimental calibration is then used to decode the resulting image to attain the

desired information, e.g.xyz positions. IFC operates by the same principles as traditional microscopy; however,

the normally stationary sample is replaced with a flow cell. This design prohibits scanning the same object in z,

thereby barring the canonical calibration method for 3D localization microscopy by PSF engineering, namely,

translating the objective lens while imaging a static object to derive a calibration curve.

To overcome this technical limitation, we perform a “pseudo-scan,” by recording many images of different

objects across a range of depths, then comparing that image library to the microfluidics-determined, depth-

distribution probability. The result is a 3D calibration that can be applied to any images of localized fluorescent

emitters, e.g. those within cells.

Using this approach, we have demonstrated (1) the co-localization of multicolor fluorescent beads in six spectral

channels, (2) the measurement of length distributions of fluorescent DNA-origami nanorulers imaged in flow,

(3) the 3D-distance measurements of DNA compaction in live yeast cells at orders of magnitude faster rates than

previously realized methods, and (4) the application of our method to nanomedicine, namely, quantification of

nanoparticle uptake in lymphocyte cancer cells.

In the context of nanomedicine, our technology enables an unprecedented combination of throughput and pre-

cision for intracellular localization of nanoparticles. A high-throughput system that measures the exact posi-

tion of therapeutic nanoparticles upon cellular uptake would be critical for realizing the promise of directing

nanomedicines to specific intracellular targets.

References:
“High-throughput multicolor 3D localization in live cells by depth-encoding imaging flow cytometry,” LE Weiss,

Y Shalev Ezra, SE Goldberg, B Ferdman, O Alalouf, Y Shechtman. BioRxiv (2019), doi.org/10.1101/730101
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The HIV-1 capsid is a protein shell that interacts with a plethora of host cofactors to ensure that the viral genome

is safely delivered into the host nucleus. In contrast, the host has evolved cofactors to recognise the capsid for

targeted destruction. Thus, identifying and characterising the interplay between the capsid and host will pro-

vide fundamental insights into how HIV-1 orchestrates infection. There are currently no medium throughput

strategies for screening novel binders to the HIV-1 capsid. Here, we describe a spectroscopic method using

recombinant capsid protein assembled in vitro as the substrate to screen for fluorescently labelled capsid bind-

ing analytes using confocal fluorescence spectroscopy (CFS). The analyte fluorescence intensity is monitored

in real time using confocal microscopy to produce fluorescent traces. Intensity ‘spikes’, which represent the

co-localisation of analytes with capsid as they form large analyte-capsid complexes, are used to report on po-

tential cofactor binding. CFS measurements are fast, sensitive and quantitatively score capsid binders using

two approaches. We show that this screening platform can be adapted for competition experiments to identify

binding interfaces. Similarly, the use of defined capsid mutants provides a complementary approach to validate

the binding mechanism of a putative cofactor on the capsid lattice. This screening assay is ideal for discovery

projects to screen large protein libraries for novel proteins-capsid interactions and small molecules, and can be

used to dissect their binding interfaces. Uncovering new interactors can provide a fundamental understanding

into how HIV-1 uses its capsid to orchestrate infection and evade innate immune recognition.
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Background and Objective:The desire for highly sensitive, miniature sensors has grown in recent years. This

desire has led to the recent development of 3D- printed sensors using piezocomposites materials. The process

of 3D printing with this novel piezocomposite has the potential of being used tofabricateflexible thin films for

sensor applications.Moreover, the manufacturing of these piezoelectric components will certainly open a path-

way to low-cost sensor fabrication [1]. This work gives a detailed account on the development of a novel (0-3)

piezocomposite materials for sensor applications using 3D printing technology.

Methods:The piezoelectric composite material was made using aphotopolymer, grey resin and lead magne-

sium niobate and lead titanate (PMN-PT)with particles size 5 µm. The 3D printed parts were fabricated through

bottom-up digital light processing (fig 1a). CAD models were prepared and slices by the manufacturer’s in-house

software (fig 1b). Silver paint was coated on both surfaces of the printed samples as the top and bottom elec-

trode. Samples were polarized using the direct method; samples were placed in silicon oil heated to a constant

temperature of 120 oC under a constant electric field of 9 kV for 3 hours. 3D printed membranes (1 mm) were

characterized using a laser Doppler vibrometer (LDV) (fig 1c).

Results:The novel piezocomposite (grey resin/PMN-PT) was investigated and the printed samples responded

across all frequencies ranging from 1 to 20 kHz with its resonant frequency at 19.2 kHz (fig 2a). LDV results

confirmed that the samples had an average d33 of 74 pm/V (fig 2b).

Discussion:Thin and flexible structures of this piezocomposite coupled with the piezoelectric properties and

good print resolution shows that this material offers promise as a functional material which can be used in

printing sensors. Sample average d33 of 74 pm/V is higher than some reported 3D printable piezocomposite

material [1][2]. 3D printing enabled morphology of the piezoelectric array can lend itself to a range of potential

applications in the medical transducer, composites, wearable and implantable sensors.

References:
[1] R. Mansour, O. A. Omoniyi, R. O’Leary and J. F. C. Windmill, “Fabrication of Ultraviolet-Curable Piezoelectric

Composite for Sensor and Actuator Applications,” 2018 IEEE SENSORS, New Delhi, 2018, pp. 1-4.

[2] Domingo-Roca, R., Jackson, J. C., & Windmill, J. F. C. Bioinspired 3D-printed piezoelectric device for acoustic

frequency separation. In Proceedings of IEEE Sensors(Vol. 2017–December, pp. 1–3). Institute of Electrical and

Electronics Engineers Inc.
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Exploiting nature as a toolbox that supplies puzzle pieces to construct sensing systems offers many promising

opportunities to develop efficient biosensors. Careful assembly of living and non-living elements onto the sens-

ing film enables development of several biosensors that can be used in various cell applications ranging from

cell-like to cell detection biosensors (Figure 1). The de novo assembly of non-living components from biological

origins such as DNA, lipids, and proteins following a bottom-up strategy has enabled construction of biomimetic

cellular models that simplifying biological systems. These artificial analogs can be built by a minimal number

of basic building bioblocks but still enable the investigation of cellular mechanisms under controlled condi-

tions. Lipid membrane-based biosensors that allow subsequent reconstitution of membrane proteins can be

used for physiological studies or as a sensing platform for drug screening. Thus, the designed bioarchitecture

of biomimetic membranes need to be stable with long-term durability either to promote an understanding of

basic cellular functions or to generate semi-natural models with new functions that do not exist in the biological

system. For cell detection and diagnosis approaches, selectivity and sensitivity of biosensors are influenced by

the design and optimization of the sensing matrix. For instance, the recognition biomolecules such as antibody

need to be immobilized onto the sensor surface in in the correct orientation and in sufficient density to improve

sensitivity. Further, specific and robust interaction between the recognition biomolecules and target cells must

be validated to prove selectivity. However, fabrication of a label-free biosensor to detect target cells such as

cancer cells is a challenging task that must meet various performance criteria. This talk will be focusing on

natural materials that borrowed from nature and exploited in sensory systems to generate two platforms: a

membrane protein-based biosensors and detection biosensors. The designed platforms are based on the fact

that applying natural design principles can inspire researches to create biosensing models for therapeutic and

diagnostic purposes.

Figure 1: Components of Lipid membrane-based biosensor mimics cellular membrane (Left) and cell detection

biosensor (Right).

Figure 1 components of lipid membrane-based biosensor mimics cellular membrane left and cell detection

biosensor right .png
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Microbial detection is of significant importance for both biomedical diagnostics (e.g. infectious disease) and

environmental analysis (e.g. microbial contamination in drinking water). This has traditionally been per-

formed by culturing and typing the pathogens, however, these procedures often take several days. Molecular

approaches (such as polymerase chain reaction (PCR) detecting genetic markers) will deliver faster turn-around

times (< 1 hour) than culture-based methods, but currently require centralised facilities and skilled personnel to

perform the assays and interpret results. There is, therefore, an urgent need to develop rapid and sensitive plat-

forms that can provide rapid analysis of microbial both for biomedical diagnosis and environmental analysis.

Here we report on a low-cost, deployable paper-based biosensor device for rapid analysis of microbes. Using a

paper-microfluidic sensor with isothermal amplification technologies, we have demonstrated rapid, sensitive

and easy-to-use sample-to-answer testing devices for rapid infectious disease of bovine, which was also tested

in the field in India. Pathogen DNA was amplified with loop-mediated isothermal amplification (LAMP) and

detected fluorescently, enabling a promising genetic DNA (from 10 to 100 copies per reaction) to be measured.

Experimental results show that the data from our paper-origami device are able to be collected as a fluores-

cence signal either visually, using a low-cost hand-held torch, or digitally with a mobile-phone camera (Figure

1). We carried on double-blind tests for the semen samples collected from elite bulls at a germplasm centre, as

a demonstrator for a low cost, user-friendly point-of-care sensing platform, for in-the-field testing in resource-

limited regions, indicating for the first of time demonstration of the application of paper-origami devices for

the diagnosis multiple infectious diseases from semen samples. We also show this device for the rapid test of

microbial contaminations in drinking water, with a flexible sampling enrichment strategy with magnetic beads

equipped on a syringe, enabling rapid analysis of microbial contamination in drinking water in low resource

setting, and to address global water contamination issues.

Reference
[1] J. Reboud, G. Xu, Gretter, A, Z. Yang et al. Paper-based microfluidics for DNA diagnostics of malaria in low

resource underserved rural communities. PNAS 116 (2019) 4834-4842.

[2] Z. Yang et al. Rapid Veterinary Diagnosis of Bovine Reproductive Infectious Diseases from Semen Using

Paper-Origami DNA Microfluidics. Acs Sensors 3(2018): 403-409.

[3] Z. Yang, et al. Monitoring Genetic Population Biomarkers for Wastewater-Based Epidemiology. Anal Chem

89(2017): 9941-9945.
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Integrated optics devices are one of the most promising technologies to address the important issue of single

particle detection. Indeed they provide several advantages such as unique sensitivity, ability to perform multi-

plex detection and large scale production at low cost. We propose a novel design for a purely photonic biosensor

that by means of on-chip sub-wavelength sources allows for enhanced sensitivity. Theoretical investigation and

validation of the model together with optical characterization of the sources are presented. Finally, combining

the novel design with fluorescence-based techniques we proved detection in high dense media down to single

particle.

Picture1.jpg
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Increased emissions of volatile organic compounds (VOCs) and their resulting impact on air quality is now con-

sidered of major environmental concern, as some VOCs are identified as highly toxic or carcinogenic.1 Vapoc-

hromic materials, which show dramatic and reversible color changes upon exposure to vapors, have attracted

much attention in terms of their potential application as chemical sensors of VOCs.2 Nowadays, the design and

synthesis of coordination polymers capable of selectively sensing specific guest molecules is a hot research

topic.3 These materials are good candidates for vapochromism since changes in the coordination sphere due

to the inclusion of VOCs can lead to a change of color.4 The use of coordination polymers offers solutions to

some commonly encountered problems like sensitivity, selectivity, and reproducibility.1 Here, a non-porous

crystalline 1D Fe(II) coordination polymer acting as a porous acetonitrile host is presented. The desorption of

interstitial acetonitrile is accompanied by magneto-structural transitions easily detectable in the optical and

electronic properties of the material, as well as in the magnetic behavior. The structural switch and therefore

its (opto)electronic readout are reversible under exposition of the crystal to acetonitrile vapor.

Figure 1. a) Electrical current I vs. temperature T measured in a single crystal. b) Proof-of-concept
sensor of acetonitrile. c) Optical image of a single crystal at room temperature (yellow), after heating
and subsequent loss of acetonitrile molecules (orange) and after exposition to acetonitrile (yellow).

1. P. Kumar, A. Deepb, K. H. Kima and R. J. C. Brownc, Prog. Polym. Sci. 2015, 45, 102–118.

2. M. Chang, A. Kobayashi, K. Nakajima, H. C Chang and M. Kato, Inorg. Chem. 2011, 50, 8308–8317.

3. J. K. Sun, X. D. Yang, G. Y. Yang, J. Zhang, Coord. Chem. Rev. 2019, 378, 533-560, .

4. O. S. Wenger, Chem. Rev. 2013, 113, 3686−3733.
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Introduction: Ions and biomolecules secreted from single cells are the key signalling factors in cell-cell and cell-

ECM communications. We show that a Si3N4-nanopore, integrated into an Atomic Force Microscope cantilever

(AFM) can be used to stochastically sense such secreted ions and biomolecules.

Methods: Prior we reported about the FluidFM, an AFM combined with a hollow cantilever for the stimulation

of living cells under physiological conditions [1]. The ionic current was measured through the apex in the

cantilever, by placing an Ag/AgCl electrode inside the cantilever and connecting it to a patch clamp amplifier,

which is mounted on the AFM head. The ionic current through the apex is established by applying a potential

between the electrode inside the cantilever and a reference in the culture medium.

Results and Discussion: We showed that a nanopore can be integrated into the cantilever using “ion-beam

sculpting” [2] which allows for the precise shrinkage of a pre-existing nanopore down to the desired dimensions

and the sensing of secreted fibronectin in living cells.

Here we show a new method to form a dynamic nanopore by bringing a rigid micrometre-sized pore into contact

with a soft substrate and shrinking the pore by applying a force on the substrate. Therefore, a force-controlled

nanopore (FCNP) is formed [3]. By applying forces between 0.01 to 2 μN on the cantilever, different confor-

mational states of biomolecules can translocate through the nanopore which is recorded by the changes in the

ionic current. Therefore, different excretions of neurons as well as the neural activity can be detected and

distinguished.

The FCNP shows that the extracellular signalling of single cells can be monitored by counting the amount of

proteins secreted by the cell, based on stochastic translocation analysis.

REFERENCES:
[1] Meister et al., Nano Lett. (2009) 9: 2501–7

[2] Aramesh, Schlotter et al., Nat. Nanotech. (2019) 14: 791-8

[3] Schlotter, Aramesh et al., ACS Nano. (2020) DOI: 10.1021/acsnano.0c04281

Figure1. Secretion measurements next to a neuron. a) shows a schematic of the neuron culture and the

AFM cantilever. Microscopic images of the setup are shown in (b) under daylight illumination and (c) GCaMP

fluorescence illumination. d-f) Ionic currents measurements indicating molecular translocations through the

nanopore and next to the neural cell bodies at of 0.5, 1.0, and 2.0 μN forces; g, h) show the corresponding density

plots of the detected events
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DNA transport across a nanoscale pore underpins many biological processes, for example, the ejection of phage

DNA and the transfer of genes between bacteria. The movement of DNA into and out of confinement also un-

derlies a wide range of sensing technologies used for single-molecule detection and sequencing. Despite sev-

eral decades of investigation, many fundamental aspects of the translocation process, such as an accurate de-

scription of the polymer velocity during translocation, have remained elusive. In this study, we use synthetic

nanopores and nanostructured DNA molecules to directly measure the velocity profile of DNA translocation

with unprecedented resolution. Our results reveal a two-stage behaviour where the translocation initially slows

with time before accelerating close to the end. Our single-molecule measurements also reveal distinct velocity

correlations as the polymer chain passes through the nanopore. Brownian dynamics simulations show that

the two-stage behaviour is associated with tension propagation along the DNA with correlations arising from

entropy-driven random coil conformations. This new insight into the fundamental physics of translocation will

impact emerging uses of synthetic nanopores such as DNA and protein sequencing, DNA data storage and DNA

mapping.
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Sensor systems that enable personalized health-care with the possibility of point-of-care testing acquire an in-

creased importance in diagnostics. Metabolites are known to reflect the health status of a patient, as these

small molecules are the down-stream output of genetic disposition and resulting protein expression modulated

by environmental influences. The exact determination of the individual metabolite composition allows early

stage diagnosis and enables health status monitoring and individual treatment, which is essential, especially in

cancer therapy. For that, a portable sensor that detects multiple metabolites in parallel and in short time is of

high interest.

Biological nanopores are promising biosensor systems, as the protein pores inserted into a voltage-biased lipid

bilayer can function as containers to capture different types of biomolecules. The sensing occurs in real-time

via current modulation inside the pore, which enables integration of the nanopore system into portable elec-

tronic devices. We recently showed that nanopores equipped with metabolite-binding proteins are suitable for

single-molecule detection of biomarkers from blood, as the conformational change upon ligand binding can be

monitored. However, to create a multi-target sensor, the origin of the signal and the influence of individual

protein and nanopore features on the electric output needs to be understand better. Therefore, we here tested

thirteen adaptor proteins with different size, charge and binding behavior in the ClyA nanopore to elucidate

the influences on the signal characteristics.

We found that all thirteen proteins create an individual signal that can be distinguished by analysis of signal-

to-noise ratio, the magnitude of the residual current and the dwell time of the protein inside the pore. These

features were shown to be dependent on the protein size, protein charge and charge distribution and reveal

information about the protein interaction with the pore lumen. Nine of the thirteen tested proteins showed

a current modulation upon ligand binding, which enabled KD determination. The KD was comparable to bulk

measurements, for proteins with neutral or positively charged ligands. This shows reliability of the nanopore

setup and enlarge the portfolio of suitable adaptor proteins for this system. Furthermore, it increases our un-

derstanding of protein signals in the ClyA nanopore to pave the way towards parallel detection of metabolites

with nanopore sensors.

Zernia nanoporebiosensor.jpg
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Single-molecule biosensors based on ion current sensing through nanopores have found a wide array of appli-

cations including next-generation DNA sequencing devices. They are also promising candidates to unlock the

multi-billion-dollar markets for proteomics and point-of-care life sciences devices. The nanopore FET (NPFET)

has been proposed by Xie et al. (Nat. Nanotechnol., vol. 7, pp. 119-125, 2012) as an alternative design to detect

ion current modulations and molecular translocations. It can solve multiple challenges holding back conven-

tional nanopores by offering high signal currents, high bandwidth, scalable manufacturing, dense integration,

and parallel sensing.

The NPFET is a transistor wrapped around a nanopore connecting two electrolyte reservoirs (Fig. 1). It can

detect analyte molecules passing through the nanopore as a change in the source-drain current by:

• a potential perturbation due to the the blocking of ion current in the nanopore and

• direct electrostatic gating by the molecule charge.

Optimizing the NPFET design for these mechanisms requires an in-depth understanding of the physics of

deeply scaled silicon devices, the nature of electrolyte flow and ion currents in nanopores, and surface charges

and their pH-dependence.

Since there are no robust and calibrated solvers for these types of biosensor systems, we set out to solve this

problem for the wider research community by building the open-source npfetFOAM solver which unifies the

physics of semiconductors and flowing electrolytes in one simulation tool.

The npfetFOAM solver consists of a 3D self-consistent finite-volume-based solution of the Poisson equation

for the electric potential, the drift-diffusion equation for the semiconductor, as well as the Nernst-Planck and

Navier-Stokes equations for the electrolyte. We calibrate the semiconductor and surface state models using

experimental data from electrolytically gated FinFETs (Fig. 2). The concentration-dependent ion mobilities are

obtained by a fit to experimental bulk values from literature.

We compute the effects of the translocation of a charged molecule (Fig. 3) and extract insights about drain

current signal profiles (Fig. 4) as well as sensitivities for various buffer conditions. With currents in the

micro-ampere-range and signals that can easily exceed 20%, the NPFET is a promising candidate to enable

next-generation biosensing fully integrated in a scalable CMOS process.

The results of the npfetFOAM solver are directly informing the design and integration of the NPFET at imec.
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Aerolysin, a peculiar bacterial pore-forming toxin defining an entire structural family, is emerging also as a

promising candidate for single-molecule nanopore-based sensing. Leveraging on our knowledge of the struc-

tural and dynamic properties of this pore, which we solved and characterized extensively using structural and

computational biology approaches (Nat Chem Biol 2013, Nat Comms 2016), we have started exploring aerolysin’s

structure-function relationship with the aim of expanding its potential as a single-molecule sensing device (Nat

Comms 2018). We have recently characterised an array of pore variants that were rationally designed and

evaluated first in silico by molecular simulations and later in vitro by single-channel recording and molecular

translocation experiments in order to study the pore structural variation, ion selectivity, ionic conductance and

capabilities for sensing biomolecules with distinct chemical signatures (Nat Comms 2019). We found that ion

selectivity and sensing ability of aerolysin are mostly controlled by the electrostatics and the narrow diameter

of its double β-barrel cap, a defining structural motif of this pore. By engineering single-site mutants, we could

obtain a more accurate molecular detection of nucleic acids and peptides, showing that aerolysin can indeed be

finely tailored to sense specific molecules. These findings and the relative mutant pores library opened there-

fore the opportunity to further explore the sensing abilities of aerolysin nanopores. Here, we report the most

recent advances for aerolysin pores used to detect modified proteins and synthetic polymers.
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Single-molecule techniques can access biomolecular information otherwise masked by ensemble averaging

leading to new research discoveries or clinical applications. Solid-state nanopores offer a compact and elec-

trically based single-molecule sensing approach. However, single reads of molecules taken with solid-state

nanopores generally do not possess sufficient quality for applications requiring alignment of multiple reads

of molecules from heterogeneous samples. Here we present a single-molecule manipulation and sensing ap-

proach based on a dual nanopore device that can linearize DNA and improve read quality by enabling repeated

scanning of a single molecule at reduced speeds. A DNA molecule is first co-captured by the two pores with

unbalanced voltage forces applied at the pores (tug-of-war state), and then repeatedly scanned back-and-forth

by automated voltage control logic. The method enables detection of sequence-specific protein tags that are

used for triggering the motion control during dual current sensing. We have achieved up to 100’s of scans, and

analysis of multiple scans from a single molecule demonstrates a reproducible binding pattern, or molecular

barcode.

Figure unfold-01.png

Figure alignment-01.png

Figure rawdata-01.png Figure1 final.png
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Noble metal nanoparticles can have large scattering cross section due to the particle plasmon resonance,1 but

the phase shift of the scattered light with respect to the excitation is often overlooked. Here, we present an

experimental approach to directly measure the phase of the scattering signal of a single nanoscale particle. We

accomplish this by equipping a confocal microscope with an additional beam path, similar to a Michelson inter-

ferometer. However, for particles smaller than the diffraction limited focal volume the phase of the scattered

signal is sensitive to the position within the focus, which makes it difficult to get reproducible results. We can

overcome this problem by raster scanning the sample and recording interferograms at different spatial posi-

tions and therefore create an image of the phase and scattering amplitude, which allows us to reliably determine

the phase shift caused by a single nanoparticle.2 We will show that a single particle can cause a significant phase

shift and that this technique can be applied in sensing applications.3

References:
[1] F. Wackenhut, A. V. Failla and A. J. Meixner, J. Phys. Chem. C 117 (34), 17870-17877 (2013).

[2] O. Hauler, F. Wackenhut, L. A. Jakob, A. Stuhl, F. Laible, M. Fleischer A. J. Meixner and K. Braun Nanoscale.

2020;12(2):1083-90.

[3] F. Wackenhut, L.A. Jakob, O. Hauler, A. Stuhl, F. Laible, M. Fleischer, K. Braun, A. J. Meixner, Anal Bioanal

Chem 2020. 10.1007/s00216-019-02340-w

198



Single-Molecule Sensors and NanoSystems International Conference 2020

Non destructive readout camera technology for single
molecule localisation

Oral - Abstract ID: 183

Prof. Ashley Cadby 1

1. The University of Sheffield

Single molecule imaging is a powerful technique enabling a wide range of biological measurements from par-

ticle tracking to super resolution localisation microscopy. Increasing the resolution of single molecule location

though optical methods requires an increase in the signal to noise ratio of the measurement. This can be done

by increasing the signal or reducing the noise of the measurement. Increasing the signal via higher illumination

powers is not a sensible option as it increases photodamage. Increasing signal through better optics with higher

numerical apertures has become increasingly difficult. This leaves reduction in noise as a method to improving

resolution. However, current camera technology is highly advanced with high quantum efficiencies, at nearly

100%, and low read noise at about 1 electron.

We present a novel imaging modality based on non-destructive readout (NDR) camera technology. In NDR the

removal of electrons from the pixel is suppressed allowing “analogue, multiple-frame integration”, meaning

we can repeatedly view the image on the sensor without additive read-noise. In this work we interrogate the

chip several thousand times per second, to calculate the photon flux for each pixel. Each NDR image can be

considered a temporal sub-sample of a normal camera image. In this mode we are measuring photon flux

rather than total photons.

With a simple linear regression for each pixel we can dramatically reduce the effective read noise by over an

order of magnitude and therefore greatly reducing a key component of the noise. A further reduction in noise

can be made by resampling the NDR frames containing photons from a single molecule in to a single frame,

effectively altering the cameras frame rate in post processing, this is only possible because the electrons are not

removed from the pixel during the read event.

We will give an overview of the NDR camera and the data processing used in order to increase the signal to

noise ratio. We will also show examples of the technology in a wide range of imaging modalities, including low

noise imaging and super resolution localisation microscopy.
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Phase imaging is a widely used tool in biology with clinical applications. Various phase sensitive imaging tech-

niques exist, ranging from phase contrast microscopy to quantitative schemes such as spatial light interference

microscopy and off-axis holography. Here, we discuss these techniques in terms of the Fisher information con-

tent they provide, and the resulting Cramer Rao bounds of phase measurement accuracy [1]. We introduce

the theoretical framework assuming that shot-noise is the dominant source of noise, and deduce the necessary

conditions required to perform optimal phase estimations. This approach brings insights to design maximally

sensitive microscopes for photon-limited applications, such as high-speed measurements, or the imaging of

ultra-cold atoms or fragile biostructures. We further discuss how local wavefront shaping, adapted to the sam-

ple under study, can maximize Fisher information and enable optimal phase estimations [1,2]. We observe the

largest improvement when imaging thick samples and demonstrate it experimentally.

[1] The sensitivity of phase microscopes,D. Bouchet, D. Maestre, J. Dong, and T. Juffmann, in preparation

[2] Local Optimization of Wave-fronts for optimal sensitivity PHase Imaging (LowPhi), T. Juffmann, A. de los Ríos

Sommer & S. Gigan, Opt. Commun., 454, 124484 (2020), DOI: 10.1016/j.optcom.2019.124484
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Introduction
Various engineered PSFs have been developed for measuring the 3D positions and orientations of fluorescent

single molecules with greater fidelity than is achievable using standard epifluorescence microscopes. Recently,

quantum Fisher information (QFI) and quantum Cramér-Rao bound (QCRB) have been used to calculate the best

possible 3D localization precision achievable using any imaging system [1]. Here, we extend QFI to quantify

best-possible precision of measuring the 3D orientation of fluorescent molecules. We utilize these bounds to

compare the performance of existing methods and provide insights into how instruments can be designed for

optimal sensitivity.

Methods
To compute the QFI for estimating the 3D orientation of dipole emitters, we first write down the photon-state

matrix as a function of molecular orientation [2] and compute its derivatives with respect to the first and second-

order orientational moments. We then proceed to derive the orientational QFI [3]. Further, we study the classi-

cal FI for measuring second-order moments of wobbling molecules. These classical and quantum FI constraints

show how a measurement must be designed to achieve optimal overall precision. Finally, we compare the FI of

existing methods to the fundamental bounds.

Results and discussion
For first-order orientational moments of rotationally-fixed molecules (Fig. 1a), our analysis shows that a method

can saturate the quantum bound if and only if the phase of the captured field does not vary with molecular

orientation. Therefore, the widely used x and y-polarized standard PSF (xyPol) performs much worse compared

to the quantum bound (Fig. 1b). If a vortex half waveplate is used at the back focal plane to convert radially

and azimuthally polarized light to x- and y-polarized light (raPol), then the phase variation decreases. The

generalized variance is reduced by 34.25% on average and is closer to the bound (Fig. 1b).

Unlike the first-order moments, we notice that all second-order moments of wobbling molecules (Fig. 2a) can-

not be measured simultaneously with maximum precision. Although xyPol performs closely to the quantum

bound for certain second-order moments (Fig. 2b), its overall precision is worse compared to raPol which per-

forms closer to the classical bound (Fig. 2c). Therefore, we conclude that raPol is more suitable for measuring

molecular orientation.

References
[1] M. P. Backlund, et al., Phys. Rev. Lett. 121, 023904 (2018)

[2] A. S. Backer, W. E. Moerner, J. Phys. Chem. B 118, 8313 (2014)

[3] O. Zhang, M. D. Lew, Phys. Rev. Research 2, 033114 (2020)
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Introduction

Ultrasensitive protein detection platform, SMCxPRO, is a laser scanning confocal microscopy instrument

for counting fluorescent molecules in small sample

volumes of fluorescence-based immunoassays. Fluorescence-based sandwich immunoassays are customarily

developed for the enumeration of various protein

biomarkers such as cTnl and IL-6 in human plasma. The analyte molecules in a sample are quantified by a new

multiscale photon burst detection algorithm that

extracts a single fluorescence response corresponding to photon count time trace generated by the laser

scanning process. Then a 12-point standard

calibration curve is fitted using a logistic curve across more than four decades dynamic range. The concen-

tration of an unknown sample is back-calculated from the calibration curve using the extracted fluorescence

response.

Methods

The novelty of SMCxPRO lies in the combination of a scanning confocal optical system and single pho-

ton APD detector that can detect single fluorescent molecules

within the well of a microtiter plate, and the unique signal processing algorithm to extract the representative

fluorescence response to achieve sub-femtomolar detection sensitivity and more four-log dynamic range. First,

laser excitation focus in the sample well is located by using continuous wavelet transform to identify the

fluorescence peak produced by focus scan from well bottom to sample fluid. Statistical defect detection

algorithm is then to remove those photon bins caused by various well-scan defects such as contamina-

tion, beads, scratches (see Fig. 1, defects_detect.png). Then background noise (detector readout noise,

medium buffer and unspecific binding noise) and target fluorescence signal threshold are estimated by

iteratively identifying and removing the fluorescence foreground signal (see Fig. 2, noise_level.png). Then

fluorescent photon bursts are detected at different bin times and combined into a single response with weights

determined by least-squares fitting of signals at different scales (see Fig. 3, multiscale_se.png). Finally, all the

response-concentration pairs in a calibration plate is fitted using 4 or 5-parameters logistic curve by a weighted

nonlinear least squares procedure to build the standard curve for downstream analysis.

Results

Compared to existing single molecule detection instruments, the new SMCxPRO single molecule detec-

tion is designed to maximize the signal response across samples from low to high

concentration while reducing the variability between replicates of the given sample. Two assays performance

using SMCxPRO technology are given in Fig 4., cTNi and ADA Assay

which demonstrate the extended sensitivity range provided by SMCxPRO technology can cover the complete
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quantitative measurement of disease states for improved outcome of diagnostic and patient care.
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Semiconductor nanostrustures are promising candidates for developing a broad range of single photon tech-

nologies. Relevant demonstrations in this field has been carried out by resonantly coupling a laser beam to a

quantum emitter. This allows to generate indistinguishable photons and reduce decoherence effects. Such chal-

lenging measurements require the suppression of laser background by several order of magnitudes. One way to

do that is to use cross polarization confocal microscopy. Normally, high quality commercial crossed polarizers

allows a laser suppression down to 5 to 6 orders of magnitudes. Surprisingly, when used in combination with

a confocal microscope, the extinction ratio is boosted up to 9 order of magnitudes. This unexpected but very

welcome enhancement finds its origin in the Imbert-Fedorov effect, now commonly referred to as Spin Hall

effect of light, which manifests itself in the reflectivity of a Gaussian laser beam off a mirror.

The effect is such that for a mirror placed between two polarizers in a cross-polarized arrangement, the laser

beam exciting the analyzer is not fully suppressed and splits into two spatial modes with a node at the location

of the optical axis. Placing a pinhole at the location of the node allows a further spatial filtering, rejecting

unwanted laser background and enhancing this way the polarization extinction ratio by another 2 to 4 orders

of magnitudes.

This arrangement is provided very naturally in confocal microscopy used to excite resonantly a single quantum

dot while detecting the resonance fluorescence in the polarization and spatially filtered reflected signal.

In this presentation, we will discuss in details the physics and optics of such a remarkable effect, which we

mapped in details for the first time.
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Determining the temperature at the nanometric scale is a challenge. Being able to measure it, will help us

improve our basic knowledge about nanosystems and their behaviour. Applications can be found in a wide

number of fields, including temperature variations at nanoscale resolution in hyperthermia or in molecular

or cellular biology [1-3]. In the latter, the temperature-related to various processes inside cells can be mea-

sured (metabolism, cell division, etc.). Among a variety of possibilities, fluorescent nanothermometers are

based on the temperature dependence of photoluminescence. Several studies have been carried out [2] to help

researchers select the most suitable system and advising about how the measurements are to be done. For bi-

ological systems, photoluminescent nanoparticles in the IR are preferred over those with visible fluorescence,

so that visible autofluorescence can be avoided and phototoxicity drops down when IR light is used as a probe.

CaF2: RE3+ and LaOCl: RE3+ [3,4] have attracted attention due to its high PL quantum efficiency (up to 40% for

Eu+3 ions the latter one), leading to a high photoluminescence signal. This study opens the path to different

RE3+ ion doping, with PL in the IR, such as Nd3+ or Yb3+.

We revised the use of CaF2: Y3+, Nd3+ and introduced variations in a previously reported synthesis route [4] to

obtain LaOCl: Nd3+ nanoparticles and characterized them for use as nanothermometers (morphology, optical

properties, etc).

Figure 1.- Photoluminescence spectra of LaOCl: Nd3+ in the NIR under 808 nm excitation. The inset

(taken from [3] shows a simplified Dieke diagram with the Nd3+ multiplets observed in the emission spectrum.
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[3] Quintanilla, M., Zhang, Y., Liz-Marzán, L. (2018). Subtissue Plasmonic Heating Monitored
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Atomically-precise noble metal nanoclusters (NCs) due to strong quantum confinement effect present properties

on the border between organometallic clusters and plasmonic metal nanoparticles. They resemble molecules,

with discreet energy levels, but differ from organic and organometallic compounds due to enhanced stabil-

ity, tunability of photoluminescence, reactivity etc.[1] The electronic structure of NCs is strongly dependent on

ligands shell, that can also induce chirality in the overall system. On the other hand, the gold core itself can ex-

hibit chirality, magnetism and other phenomena absent in bulk gold. Moreover, they can be functionalized to

specifically interact with biological interface via ligand exchange or additional ligands incorporation.[2] Thus,

multiple potential applications of NCs are being explored, especially in bioimaging and biosensing.[3]

Here we present the synthesis and characterization of one-photon and multiphoton properties of atomically

precise gold nanoclusters. [4] By using z-scan technique and two-photon excited luminescence we measure

two-photon absorption cross section of various NCs sizes [5] and show their potential for application in mul-

tiphoton bioimaging, in comparison with organic dyes and plasmonic nanoparticles. In order to enhance NCs

luminescence quantum yield (QY), we explore silver-doped nanoclusters and their aggregates. [6, 7] Both effects,

silver-doping and stabilization of nanoclusters surface in aggregates enhance NCs QY and enable visualization

of individual NCs spheres under multiphoton microscopy. Finally, we explore NCs interacting with plasmonic

nanoparticles, where further enhancement of NCs luminescence is foreseen.

[1] I. Chakraborty, T. Pradeep, Chem. Rev. 2017, 117, 8208−8271.

[2] K. Konishi et al. J. Phys. Chem. Lett. 2016, 7 , 4267-4274.

[3] X. Jiang, et al., Nano Today 2018, 21, 106-125.

[4] J. Olesiak-Banska et al., Chem. Soc. Rev. 2019, 48, 4087-4117.

[5] J. Olesiak-Banska et al., RSC Adv. 2016, 6, 98748-98752.

[6] K. Brach et al. Langmuir 2017, 33, 8993-8999.

[7] M. Waszkielewicz et al. J. Lumin. 2020, 221, 116994.
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For metallic nanostructures, such as Silver Nanowires (AgNWs), plasmonic excitations result in local modifica-

tions of the electromagnetic field, thus influencing the optical properties of nearby placed emitters. In optimal

conditions the Metal-Enhanced Fluorescence (MEF), can yield strong increase of emission intensity as well as the

radiative rate of emitters. For instance, a hybrid nanostructure consisting of photoactive proteins conjugated

with AgNWs exhibits increased fluorescence intensity due to enhanced radiative emission rate [1].

On the other hand, the optical properties of hybrid nanostructures can be modified with Förster Resonance

Energy Transfer (FRET), a process which involves two components – donor and acceptor of energy. As one of

the requirements concerns spectral overlap between donor emission and acceptor absorption [2], graphene,

which features absorption independent of incident wavelength in the UV-VIS region [3], can be considered a

unique and ideal energy acceptor. Graphene absorbs 2.3% of incident radiation, regardless of the wavelength,

and for each graphene layer, leading to strong dependence of the FRET efficiency on morphology of graphene

[4].

In this work we use single-molecule fluorescence spectroscopy to investigate the interplay between MEF and

FRET, both of which are important in the context of sensing of optically active species [5]. We used a hybrid

nanostructure composed of photoactive proteins specifically conjugated with AgNWs deposited on graphene.

The results of time-resolved and steady-state fluorescence microscopy point towards important changes in the

efficiency of MEF when the protein-conjugated AgNWs are placed on graphene. The scale of these changes de-

pends on the excitation energy, showing the largest enhancement for energy overlapping with the plasmonic

resonance in AgNWs. As the interplay between MEF and FRET can be suitable for energy conversion and sen-

sorics, our experiments render graphene as a viable component of functional, plasmonic nanostructures.

Research was supported by 16/21/B/ST3/02276 project from the National Science Center of Poland and

3/DOT/2016 funded by the City of Gdynia, Poland.

[1] M. Olejnik, S. Mackowski et al., Appl.Phys.Lett. 102, (2013), 083703

[2] S. Mackowski, I. Kaminska, Appl.Phys.Lett. 107, (2015), 023110

[3] R.R. Nair et al., Science 320, (2008), 1308

[4] I. Kaminska, K. Wiwatowski, S. Mackowski, RSC Advances 6, (2016), 102791

[5] K. Wiwatowski, P. Podlas, M. Twardowska, S. Mackowski, Materials 11, (2018), 1916
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Exosomes are extracellular vesicles of endocytic origin that are key actors for communications among cells and

play a crucial role in the response of immune systems as well as in several pathologies, including cancer [1,

2]. They carry with them biological information reflecting the status of their parent cell, which makes them

extremely interesting as potential biomarkers for a number of diseases. Moreover, due to their targeting func-

tionality and low immunogenicity they are extremely promising as therapeutic drug delivery vehicles.

Among different techniques used for exosome detection and characterization, fluorescence correlation spec-

troscopy (FCS) affords unique possibilities even for biomolecular analysis at single-exosome level [3].

Here we apply advanced FCS techniques for the analysis of exosomes loaded with therapeutic drugs and use

them to quantify the average number of drug-loaded exosomes and the efficiency of the loading process at single

vesicle level.

Exosomes isolated from horse seminal plasma [4], were loaded with dUTP molecules fluorescently tagged by

a green dye (Alexa 488), while their outer membrane was stained with a lipophilic red dye (CellVue Claret),

as shown in Fig. 1a. Fluorescence Cross-Correlation Spectroscopy (FCCS) experiments were performed with a

dual-color confocal laser excitation (Fig. 1b) [5].

Fig. 2 summarizes FCS results for exosomes and dUTP molecules and their cross-correlation (red, green and

blue curves, respectively), from which an average exosome loading yield of 25% was inferred. Bursts analysis

on red and coincident red-green photon streams, produced the histograms in Fig. 2b-d. The overall exosome

population peaked at a diameter of 70 nm, while the one of loaded exosomes at 120 nm. Fig.3 illustrates the re-

sults of further AFM and FCCS time traces analyses, estimating the efficiency of loading as a function of exosome

size (Fig. 3b) and quantifying the number of loaded molecules per vesicle (Fig. 3c).

This work is supported by Vinnova (2017-02999) and the Swedish Optical Quantum Sensing Research Environ-

ment (2016-06122).
1 G. Raposo and W. Stoorvogel, J. Cell Biology, 200, 373 (2013).
2 M. Cheng, et al., Nature Comm., 10, 959 (2019).
3 R. Wyss, et al. , Anal.Chem.86, 7229 (2014).
4 K. G. Ronquist et al., Bioch. et Biophys.Acta (BBA)General Subjects,1830, 4604 (2013).
5 G. Persson, et al., Phys. Chem. Chem. Phys., 11, 4410 (2009).
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Zero-mode waveguides (ZMW) are nanoapertures milled in opaque metal

films with subwavelength diameters. Thanks to their ability to strongly

confine light below the optical diffraction limit, ZMWs have received a

large interest to detect single molecules in concentrated solutions with

enhanced fluorescence brightness. In this contribution, we report

recent advances of zero-mode waveguides for single molecule detection

enhanced by nanophotonics.

We show that ZMWs can extend the spatial range of Förster resonance

energy transfer (FRET) to distances where dipole-dipole interactions

would otherwise be too weak to produce any detectable FRET signals.

Using optimized structures a 3x FRET efficiency increase is observed at a

large donor-acceptor distance of 13.6 nm, well beyond the classical

Förster radius [1].

Unwanted adhesion of the fluorescent molecules on the ZMW surface can

severely hamper the experiments. A proper surface passivation is

required, but information is currently lacking on both the nature of the

adhesion phenomenon and the optimization of the different passivation

protocols. We demonstrate that the nonspecific adhesion of DNA double

strands is directly mediated by the fluorescent dye being used. Next,

different surface passivation methods are quantitatively benchmarked to

determine the most efficient approaches [2].

Optimizing both the choice of the fluorescent dye and the surface

passivation protocol are highly significant to expand the use of ZMWs

and other aluminum plasmonic nanostructures for single molecule

fluorescence applications.

References

[1]
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J. Extending Single-Molecule Förster Resonance Energy Transfer (FRET)
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Catalytic reactions consist of complex reaction pathways which pass through multiple intermediates to generate

the desired product but often undergo side reactions producing unwanted products or catalyst decomposition.

Single-molecule fluorescence microscopy can be used to investigate unsynchronized events providing critical

information about a catalytic cycle. Investigating the dynamics of individual catalyst molecules requires an

immobilization technique that is stable for relatively long time scales but does not alter the behavior of the cat-

alyst. As opposed to synthetically altering catalyst molecules to attach them to surfaces, we have encapsulated

reaction mixtures inside of microdroplets as a way of non-invasively immobilizing catalysts. This immobiliza-

tion technique, combined with fluorescence microscopy, produced a novel method for optically monitoring

polymerization progress.

We have developed a technique of using perfluorinated surfaces as a means of immobilizing nonaqueous

droplets onto glass surfaces with a water continuous phase. By using this immobilization technique, we mon-

itored the progress of catalytic ring opening metathesis polymerization reactions within individual droplets

using fluorescence anisotropy. Fluorescently labeled monomers, whose rotational freedom was reduced as the

polymerization proceeded, displayed an increase in fluorescence anisotropy over time. Additionally, we incor-

porated an aggregation induced emission dye-labeled monomer as a complimentary read-out. Interestingly,

we discovered that each dye was sensitive to a different temporal regime of the polymerization. Fluorescence

anisotropy measured polymerization progress at earlier time points, while aggregation induced emission was

sensitive at later times. This provided an in-situ method of polymerization monitoring, as well as a technique

for reaction immobilization.

Recent steps have focused on adapting this technique for single-molecule investigations. By scaling the mi-

crodroplets down below the diffraction limit, it is possible to greatly reduce background fluorescence while

maintaining a high effective concentration within the droplets. By encapsulating individual catalyst molecules

within these microdroplets, fluorescence microscopy can then be used to investigate the dynamics of truly ho-

mogeneous catalysts in solution.
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Highly sensitive detection of proteins is of central importance to biomolecular analysis and diagnostics. Con-

ventional protein sensing assays, such as ELISAs, remain reliant on surface-immobilisation of target molecules

and multi-step washing protocols for the removal of unbound affinity reagents. These features constrain pa-

rameter space in assay design, resulting in fundamental limitations due to the underlying thermodynamics and

kinetics of the immunoprobe–analyte interaction. We present a new experimental approach for the quanti-

tation of protein analytes through implementing an immunosensor assay that operates fully in solution and

realises rapid removal of excess probe without the need of washing steps. Our single-step optofluidic approach,

termed digital immunosensor assay (DigitISA), is based on microfluidic electrophoretic separation combined

with single-molecule laser-induced fluorescence microscopy and enables calibration-free in-solution protein

detection and quantification within seconds. Crucially, the solution-based nature of our assay and the resul-

tant possibility to use arbitrarily high probe concentrations combined with its fast operation timescale enables

quantitative binding of analyte molecules regardless of the capture probe affinity, opening up the possibility to

use relatively weak-binding affinity reagents such as aptamers. We establish and validate the DigitISA platform

by probing a biomolecular biotin–streptavidin binding complex and demonstrate its applicability to biomedi-

cal analysis by quantifying IgE–aptamer binding. We further use DigitISA to detect the presence of α-synuclein

fibrils, a biomarker for Parkinson’s disease, using a low-affinity aptamer at high probe concentration. Taken

together, DigitISA presents a fundamentally new route to surface-free specificity, increased sensitivity, and re-

duced complexity in state-of-the-art protein detection and biomedical analysis.

Low affinity probe.png
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A modern direction of membrane science is the development of ‘smart’ membranes, which can affect the trans-

port properties of components via external tuning. Nanoporous membranes with electrically conductive sur-

face represent an important class of such materials. The variation of surface potential provides a powerful tool

for adjusting their ionic selectivity [1], ionic conductivity [2], and ion rejection [3].

This work is devoted to the theoretical and experimental study of switchable ionic selectivity. The one-

dimensional Space charge (SC) and two-dimensional Uniform potential (UP) models are generalized to constant

surface potential case taking into account the Stern layer with inner (iHp) and outer (oHp) Helmholtz planes

(Fig. 1). The ionic selectivity is investigated experimentally by measuring the membrane potential at zero cur-

rent for C-Nafen membranes prepared from alumina nanofibers with conductive carbon coating (Fig. 2) [4]. A

membrane separates two reservoirs with aqueous KCl solutions of different concentrations CL and CR. The de-

pendence of surface charge density and differential capacitance on the applied potential are determined from

the evolution of charging current. The data are fitted by the UP and SC models to find the Stern layer capaci-

tance. It is shown that the variation of surface potential results in a continuous change of ionic selectivity from

anion to cation (Fig. 3) [5]. The membrane potential data are fitted by the UP and SC models using the chem-

ical charge density and concentration boundary layer thickness as fitting parameters. It allows to determine

the potential, at which the membrane becomes non-selective. The SC and UP models provide close results for

membrane potential and surface charge density and demonstrate a good agreement with the experimental data

[6]. The UP model overestimates the solution velocity and ion concentrations at the membrane surface, while

it underestimates the ion fluxes and iHp/oHp potentials.

This work essentially extends our understanding of ion transport in stimuli-responsive membranes operated

by the electric field. The results can be applied in the areas of nanofiltration, (reverse) electrodialysis, electro-

chemical sensors, and nanofluidic devices.

The work is funded by the Russian Foundation for Basic Research, project 18–38–20046.

1. Martin C.R. et al. Advanced Materials, 2001, 13, 1351–1362.

2. Gao P. and Martin C.R. ACS Nano, 2014, 8, 8266–8272.

3. H. Zhang et al. Sci. Technol. 53 (2019) 868–877.

4. Solodovnichenko V.S. et al. Advanced Engineering Materials, 2017, 19, 1700244.

5. Lebedev D.V. et al. Petroleum chemistry, 2018, 58, 474–481.

6. Ryzhkov I.I. et al. Membranes and Membrane Technologies, 2020, 2, 10–19.
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The detection and characterization of individual non-fluorescent nanosystems with high temporal resolution

could provide new insights into their intrinsic properties and dynamics.

To achieve the high sensitivity required for studying individual unlabelled nanosystems in solution, we use

signal enhancement in a fiber-based Fabry-Perot microcavity with high finesse (F~105), which is integrated into a

microfluidic channel. The presence and dynamics of a nanoobject in the tight focus of the cavity mode (w0~1µm)

can be detected via the induced frequency shift and decrease of amplitude of the resonant cavity transmission

signal, resulting from the excess polarizability of the object. Experimentally, we modulate the cavity length at

high frequency and measure the resonance frequency and linewidth of several transverse modes of the cavity.

This reveals the presence of nanoobjects in the cavity mode and yields information about their spatial position,

allowing us to track the position with high temporal resolution.

In the presentation I will show the characterization of our microfluidic cavity setup and the sensing of SiO2

nanospheres as a reference system. We simultaneously determine time-resolved frequency shifts and scattering

losses of individual transit events depending on their size and position inside the standing wave light field.

From a statistical evaluation we find that we can quantitatively explain the observed signals, and we can infer

e.g. the effective refractive index of the nanoparticles when knowing their size distribution. In addition I will

show the 3D tracking of the Brownian motion of SiO2 nanoparticles with a time resolution of ms by analyzing

frequency shifts of the simultaneously measured fundamental mode (TEM00) and the two higher transversal

modes (TEM01 and TEM10).

From the time-resolved measurements, we can determine the diffusion time constants on two different scales

of individual transits. The currently achieved sensitivity of our microfluidic cavity setup should be sufficient to

resolve the diffusion e.g. of viruses. Significant improvements in sensitivity and temporal resolution are still

possible, such that we expect that individual macromolecules such as DNA origami or proteins could be sensed

with sub-microsecond time resolution in the future.

3dtracking.png
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The detection of single molecules often requires highly diluted samples, e.g. sub-nanomolar for confocal single-

molecule fluorescence. This is a big problem if the interaction between single molecules has to be probed,

because the equilibrium rate constants are usually much higher (around micromolar). Therefore fast microflu-

idic mixing devices have been developed, which rely on diffusion based dilution. Such a purely diffusion based

dilution is problematic if molecules with different diffusion coefficients are probed, because the dilution is

dominated by the already dissociated fast diffusing species.

In contrast, our microfluidic device utilizes a different, fast and homogeneous mixing approach independent of

diffusion. Fast mixing and a long measurement channel enable us to measure dissociation between timescales

of milliseconds to minutes.1 In combination with confocal single molecule FRET we can even follow conforma-

tional changes during dissociation. The function of this device is first shown by measuring structural properties

and dissociation rates of heat shock protein 90 (Hsp90) dimers. The full potential is then demonstrated by mea-

suring the fast dissociation of the much smaller model client protein Δ131Δ and the slow dissociation of the

cochaperone Sba1 from Hsp90.
1B. Hellenkamp, J. Thurn, M. Stadlmeier & T.Hugel; Kinetics of Transient Protein Complexes Determined via

Diffusion-Independent Microfluidic Mixing and Fluorescence Stoichiometry; J. Phys. Chem. B, 122 (49), 11554

(2018)
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Bottom-up synthesized single crystalline nanoparticles with unique functionality are now available in a variety

of shapes and sizes. A wide spectrum of applications would be available if a precise substrate integration relative

to existing structures is achieved. Several existing methods, such as dielectrophoretic trapping and capillary

assembly demonstrated specific aspects, such as directional deposition or highly parallel assembly, however,

more complex assemblies have not yet been demonstrated.

Here we present a method for the parallel transport, trapping, and immobilization of particles at defined target

positions on a substrate, based on geometry induced electrostatic trapping [1] in a tunable nanofluidic slit, see

Figure 1. Thermal scanning probe lithography (t-SPL) [2] is used to create the 3D grayscale pattern in polyph-

thalaldehyde (PPA) with nanometer precision. Next, a droplet containing the nano-objects is placed on top of

the sample and a cover slip is approached to 100-150 nm distance. The energy landscape is now established,

originating from the repulsive interaction of the negatively charged objects with the like charged polymer and

glass surface. A rocking Brownian motor [3] is then used to transport the particles from reservoirs to the target

sites. There the particles are electrostatically trapped and aligned by ~15 nm deep traps. Upon reduction of the

gap distance the particles jump into adhesive contact with the polymer. Finally, the objects can be transferred

onto the target substrate by thermal evaporation of the PPA layer.

We demonstrate a targeted deposition of 60 nm gold nanospheres, 45 nm × 140 nm silver nanorods, 4 micron

long and 35 nm thick InAs nanowires, and light sensitive protein membranes. The high temporal resolution

of the optical setup allows us to follow the deposition of the spheres with nanometer spatial and millisecond

temporal resolution and to resolve the jump into contact with the polymer surface, see Figure 2. For the final

placement on the substrate an accuracy of 8 nm is reached, see Figure 3.

In summary, our method enables transport and accurate and gentle placement of charged nanoscale objects on

target sites, opening exciting possibilities for the creation of complex and functional assemblies.

References:
[1] M. Krishnan et al. “Geometry-induced electrostatic trapping of nanometric objects in a fluid” Nature,467,

692-695 (2010)

[2] D. Pires et al., “Nanoscale three-dimensional patterning of molecular resists by scanning probes” Science,

328, 732–735 (2010)

[2] M. J. Skaug et al. “Nanofluidic rocking Brownian motors” Science,359, 1505-1508 (2018)
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Microbial rhodopsins are transmembrane proteins found in archaea, bacteria and eukaryotes, playing a cru-

cial role in a variety of biological processes such as energy exchange and phototaxis due to their capability

of providing light-dependent ion transport across the cell membrane of their hosts1. In the last two decades,

microbial rhodopsins like channelrhodopsin (ChR) have attracted an ever growing interest due to their revolu-

tionary capability to allow an optical control of genetically modified cells, opening the way to new optogenetic

approaches for a deeper understanding of neural activity2. In order to achieve a precise control of the cell ac-

tivity, a detailed investigation of the light-sensitive protein function is required. Indeed, once illuminated with

visible light, such proteins undergo a cyclic sequence of conformational states (also referred as protein photo-

cycle), each with unique spectral and electrical properties. While the electrophysiological techniques, widely

applied for the electrical characterization of microbial rhodopsins, provide a sensitivity down to the individual

transmembrane proteins, the vibrational optical spectroscopies necessary to gain information on the molecu-

lar mechanisms characterizing the protein photocycle, in particular infrared (IR) spectroscopy, are far from the

single-molecule level. Recently, we demonstrated the feasibility of probing the light-activated functional con-

formational changes of the prototype bacteriorhodopsin (BR) with an unprecedented sensitivity by applying the

photothermal expansion IR nanospectroscopy technique (AFM-IR) based on the coupling of a tunable quantum

cascade laser (QCL) and an atomic force microscope (AFM)3, implemented using visible illumination for protein

activation (Figure 1a).

Here we present the first application of AFM-IR to the investigation of the optogenetic gate ChR. The sample con-

sists of purified ChR proteins embedded in artificial lipid membranes. Metal-coated AFM tip and ultraflat gold

substrate are used in order to reach sensitivity down to molecular monolayers (see Figure 1b). We performed

difference AFM-IR spectroscopy (difference between AFM-IR spectra taken with visible light ON and OFF) on

membrane stacks of different thickness down to 10 nm. The difference spectra AON-AOFF reported in Figure

2 show the main spectral features related to the light-induced conformational changes of ChR4. These results

open the way to novel approaches for the investigation of microbial rhodopsins based on the combination of

the electrical and spectroscopic capabilities of the AFM technique.
1Chem. Rev., 114(1). (2013)
2 Nat. Neuroscience, 16(7). (2013)
3 Nano Letters, 19(5). (2019)
4 Front Mol Biosci. 2, 2015
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Hypericin, a naturally occurring component in Hypericum Perforatum, is one of the most efficient photosensitiz-

ers used in photodynamic therapy (PDT) and has become the subject of intense bio-chemical/medical research[1-

6]. The reported applications of this drug encompass antidepressant, antineoplastic, antitumoral and antivi-

ral treatments. We show that fluorescence and surface enhanced Raman spectra of hypericin can be detected

down to a single molecule at ambient conditions. Its photostability is large enough to additionally obtain single

molecule fluorescence lifetime, antibunching and blinking dynamics. Sudden spectral changes can be associ-

ated with a reorientation of the molecule on particle surfaces. These properties of hypericin are very sensitive

to the local environment. A comparison of DFT calculations with SERS spectra shows that both the neutral and

deprotonated form of hypericin can be observed on the single molecule and ensemble level. Single molecules of

hypericin can even be observed inside of cancer cells, which implies that this drug could be used for advanced

microscopy techniques (PALM, spt-PALM or FLIM).
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We report a universal, yet tiny 20-30 amino acid long tag suitable for fluorescent labeling of various proteins

in living cells. This new tag (termed the KEC-tag) is designed for live-cell nanoscopy and other light-intense

microscopy techniques. In a nutshell, this is the first genetic implementation of the popular PAINT (point ac-

cumulation for imaging in nanoscale topography) principle, in which the tagging and imaging components of

fluorescent labeling are separated between two different molecules. Our method similarly utilizes a combina-

tion probe, whereby a protein of interest is labeled with a KEC tag and is visualized by the transient binding

of another, complementary KEC tag fused with a fluorescent protein (Fig. 1). Unlike any previous implementa-

tions of the PAINT principle, all the components of the KEC system are synthesized by the cell [1]. We further

combine the new KEC tags with our previous implementation of protein-PAINT [2] for multi-color nanoscopy,

assessment of protein-protein interactions, and labeling nascent proteins in living cells.

This work was supported by the Russian Science Foundation grant 16-14-10364.
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The 26S proteasome is perhaps the most important protease in the eukaryotic cell as it handles all ubiquitin de-

pendent degradation. Its primary function is facilitated an ATPase molecular motor that mechanically unfolds

and translocates ubiquitin modified substrates into a proteolytic core. The precise mechanistic nature of how

the proteasome reads the ubiquitin code, generates mechanical force, and processes its substrates has remained

elusive. Here we employ single-molecule FRET (Förster resonance energy transfer) to observe inter-molecular

interactions between fluorescently labeled proteasomes and fluorescently labeled substrates. This allows us to

capture the molecular trajectories of substrate proteins as they pass through the proteasome and during the var-

ious stages of processing. In particular, we can measure the kinetics of engagement, ubiquitin chain removal,

and peptide translocation. In addition, we observe characteristics of force production in the residency time of

substrates as well as by examining stalling and recovery events. We also developed an intra-molecular smFRET

assay using unnatural amino acid chemistry for site-specific incorporation of fluorophores. This technique al-

lows us to track conformational transitions of the proteasome, which exhibits itself to be highly dynamic and

subject to perturbations by various factors. In addition, we can observe the conformational response of the 26S

proteasome while processing substrate proteins which reveals a sharp transition, in contradiction to an early

proposed ratcheting mechanism. We also find evidence that substrate proteins must engage the proteasome

from a particular conformation, known as the s1 state. Taken together these observations are beginning to

reveal the operating principles of this important molecular machine.
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Introduction

Amyloid aggregates and tangles are signatures of various aging-related neurodegenerative diseases, such as

Alzheimer’s disease and Parkinson’s disease. The aggregation of amyloid from small monomers and oligomers

into amyloid fibrils is dynamic, transitory, and heterogeneous. Although many amyloid aggregates share a

common crossed-β sheet motif, not all aggregation structures are equally toxic. A nanoscale imaging tool ca-

pable of long-term dynamical studies is required for characterizing how specific structures are correlated with

aggregation mechanisms and cytotoxicity.

Methods

We present a method, transient amyloid binding (TAB) super-resolution (SR) microscopy [1], for studying a vari-

ety of amyloid structures without the need for covalent labeling or immunostaining. In TAB SR microscopy, hy-

drophobic fluorescent molecules, such as Nile red, spontaneously bind to the grooves on the surfaces of stacked

β-sheets within amyloid fibrils. Continuous transient binding of dye molecules from the surrounding solution

to the amyloid structure generates photon bursts for single-molecule localization over hours to days with min-

imal photobleaching. We next extend TAB imaging to simultaneously measure positions and orientations of

dye molecules. We show that this new method, termed single-molecule localization orientation microscopy

(SMOLM) [2], robustly and sensitively measures the in-plane (xy) orientations of dim fluorophores (~9° preci-

sion in azimuthal angle with 380 detected photons and 2 background photons per pixel) near a refractive index

interface when using a polarization-sensitive imaging system and joint sparse deconvolution algorithm (Fig. 1).

Results and Discussion

With single-molecule sensitivity and long-term imaging capability, TAB monitors dynamics of the amyloid aggre-

gates, such as elongation and remodeling, with nanometer resolution. TAB SMOLM reveals the binding angles

of Nile red molecules on individual amyloid fibrils with a sampling density of ~2.3 molecule localizations per nm

fibril length (Fig. 2). The orientations of single fluorescent molecules also reveal structural heterogeneities along

amyloid fibrillar networks that cannot be resolved by single-molecule localization alone. Super-resolution TAB

SMOLM promises to aid in elucidating the mechanisms and pathways of fibril formation and depolymerization

at the single-fibril scale with nanoscale resolution in real-time.

[1] K. Spehar, T. Ding, Y. Sun, N. Kedia, J. Lu, G. R. Nahass, M. D. Lew, and J. Bieschke, ChemBioChem 19 (18),

1944–1948 (2018).

[2] T. Ding, T. Wu, H. Mazidi, O. Zhang, and M. D. Lew, Optica 7 (6), 602-607 (2020).
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Introduction.Most single-molecule sensors utilize single-molecule fluorescence detection. Multiple fluores-

cence properties, such as spectrum, lifetime, and brightness, of single fluorescent molecules are routinely

probed for applications in biology, chemistry, and materials science. Here, we leverage molecular dipole ori-

entation and “wobble” (Fig. 1) for sensing intermolecular interactions, providing new applications in single-

molecule sensing. We show that imaging the positions and orientations of fluorescent probes with nanoscale

resolution reveals local chemical compositions and nanodomains within lipid membranes.[1]

Methods.We applied engineered point spread functions (the Tri-spot[2] and Duo-spot[1] PSFs) to encode molecu-

lar dipole orientation into images projected by a polarization-sensitive single-molecule localization microscope.

Utilizing the PAINT blinking mechanism[3] for lipophilic dyes, we resolved their 3D orientations, rotational mo-

tions (“wobble”) (Fig. 1), and positions while they were in contact with lipid membranes. We used model mem-

branes of various lipid compositions and cholesterol levels to evaluate imaging sensitivity and resolution.

Results and Discussion.In lipid membranes with increasing levels of cholesterol, we observed the out-of-plane

angles and rotational motions of single probe molecules to decrease accordingly (Fig. 2a). Nile red, Nile blue,

and merocyanine 540 exhibited varying degrees of sensitivity to cholesterol concentration. We hypothesize that

the sensitivity of molecular orientation to cholesterol concentration is largely controlled by their affinity to hy-

drophilic and hydrophobic regions within the bilayer and the chemical environment therein. Finally, we show

that single-molecule orientation localization microscopy, i.e., measuring the out-of-plane angle and rotational

motion of single probe molecules, resolves cholesterol-rich liquid-ordered nanodomains in lipid mixtures, and

monitors the changes in nanodomain compositions and morphologies by sphingomyelinase (Fig. 2b).

[1] J. Lu, H. Mazidi, T. Ding, O. Zhang, M. D. Lew, Angew. Chemie Int. Ed. 2020,59, 17572.

[2] O. Zhang, J. Lu, T. Ding, M. D. Lew, Appl. Phys. Lett. 2018, 113, 031103.

[3] A. Sharonov, R. M. Hochstrasser, Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 18911.

Fig 1. dipole orientation of a single lipophilic
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Fig 2. single-molecule orientation can be used to

a sense cholesterol concentration and b map the

enzymatic remodeling of nanodomains.png
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Photonic crystal (PC) enhanced fluorescence is a key enabling scheme for the development of highly resolved

biomolecular sensors. However, photobleaching has never been deeply investigated, despite its cross section is

expected to increase owing to the large local density of optical states (LDOS) and field intensity enhancement

[1]. We describe experimentally [2] and theoretically [3] the anisotropic effects arising when the fluorescence

excitation and emission of a labelled protein are coupled to differently polarized Bloch surface waves (BSW)

sustained by the same 1D-PC at its truncation edge. We show that detecting the relative fluorescence intensities

of the TE and TM BSW permits to trace back to the emitters/proteins’ orientation.

The prospect of observing conformational changes of proteins by detecting changes in the dipole orientation

of a rigidly attached probe [4] is among the most exciting possibilities opened up by room-temperature fluo-

rescence polarization anisotropy techniques, in their ensemble [5] and single molecule versions [6]. It is of

particular interest to characterize rotational motion of biomolecules which are either immobilized at a surface

[7] or embedded in a membrane / layer [5].

We report on a new experimental scheme (FROP) in which the anisotropic photobleaching is used to distort the

orientational distribution of the emitters. The subsequent real-time detection of the TE and TM fluorescence

emission permits to selectively probe the rotational diffusion kinetics of proteins bound at the 1D-PC surface

with high spatial resolution and for different binding strengths [3].

Figure 1 shows the experimental setup used to excite and detect fluorescence at the surface of a 1D-PC. Figure

2 shows the three steps of a FROP experiment. Figure 3 shows the TE and TM BSW coupled fluorescence inten-

sities recorded during a CW photobleaching experiment; R is the ratio of the TE and TM intensities. Figure 4

shows the real-time change of the normalized R/R(0) for proteins bound at the 1D-PC with different strengths,

in experiments similar to that shown Figure 3.

[1] S.D. Choudhury et al., Accounts Chem. Res. 48 (2015) 2171–2180.
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[4] T. Ha et al., Phys. Rev. Lett. 77 (1996) 3979–3982.

[5] R.J. Cherry, Methods Enzymol. LIV (1978) 47–61.

[6] E. Betzig, R.J. Chichester, Science (80-. ). 262 (1993) 1422–1425.

[7] A. Uvarov, S. Fritzsche, Progr Colloid Polym Sci. 133 (2006) 95–99.

232



Single-Molecule Sensors and NanoSystems International Conference 2020

S3ic michelotti abstract 2 fig 1.png S3ic michelotti abstract 2 fig 2.jpg

S3ic michelotti abstract 2 fig 3.jpg

S3ic michelotti abstract 2 fig 4.png

233



Single-Molecule Sensors and NanoSystems International Conference 2020

Integrated label-free and fluorescence photonic crystal
biochips for early cancer biomarker detection

Oral - Abstract ID: 265

Ms. Elisabetta Sepe 1, Dr. Alberto Sinibaldi 1, Dr. Norbert Danz 2, Dr. Agostino Occhicone 1, Dr. Matteo
Allegretti 3, Dr. Peter Munzert 2, Mr. Tommaso Pileri 1, Dr. Patrizio Giacomini 3, Prof. Francesco

Michelotti 1

1. Department of Basic and Applied Science for Engineering, SAPIENZA University of Rome, Rome, 2. Fraunhofer Institute for

Applied Optics and Precision Engineering IOF, Jena, 3. Regina Elena National Cancer Institute IRE, IRCCS, Rome

The increasing demand for non-invasive diagnostic tools drives the development of novel sensitive approaches

to detect disease-related biomarkers. Optical biosensors allow easy-to-use, rapid, portable, multiplexed, and

cost-effective diagnosis [1, 2, 3]. Particularly, sensors based on electromagnetic surface waves (Bloch surface

waves - BSW) sustained by 1D photonic crystals (1D-PC) were demonstrated as a practical route to enhance the

label-free resolution with respect to surface plasmon polaritons (SPP) [4], with the further advantage that they

not suffer from quenching of the emitters at the 1D-PC surface.

We report on the development of BSW biochips operating in an angular interrogation scheme, obtained by

a prism coupler in the Kretschmann-Raether configuration. Molecular association onto the sensor surface is

detected either in a label-free manner by observing the shift of the BSW resonances or by resonant fluorescence

excitation and detection of dye labels to reduce the limit of detection (LoD) of the assays.

The detection of the HER2-neu/ERBB2 clinical biomarker, which is related to breast cancer development, is

demonstrated [5]. First, we describe the design and fabrication of BSW biochips and the layout of the optical

reading instrument. Second, the approaches for surface functionalization and immobilization of proteins are

discussed. Finally, experimental results on sandwich immunoassays for ERBB2 detection in complex biological

media are presented. For the presented system, the LoD in the fluorescence mode is below 0.5 ng/ml for ERBB2

in a cell lysate matrix, well below the threshold value of 15 ng/ml set by the FDA for ERBB2 in human serum.

Figure 1 shows: (a) disposable photonic crystal biochip, microfluidic cover and assembled biochip; (b) label-

free and fluorescence detection configuration, (c) FESEM image of a photonic crystal biochip transverse section.

Figure 2 shows the result of an ERBB2 label-free detection assay in a BT-474 cell lysate. The detection is carried

out in a positive, negative and reference spot. Figure 3 shows the differential (reference subtracted) label-free

signals recorded in the positive and negative spot. Figure 4 shows the fluorescence measurement carried out

in the same three spots as in the label-free detection mode.

[1] A.V. Kabashin et al., Nat. Mater., 8, 867 (2009)

[2] F. Vollmer, S. Arnold, Nat. Methods, 5, 7, 591 (2008)

[3] H. Shafiee et al., Sci. Rep., 4, 041161 (2014)

[4] A. Sinibaldi et al., Sens. Act. B - Chem, 174, 292 (2012)

[5] E. Sepe et al., Jour. Phys. Chem. C, 123, 21176 (2019)
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Porphyrins and metalloporphyrins have intrinsic sensing, catalytic or absorbance properties, but when

they are associated to a proper partner: AuNPs, polymer, or semiconductor, their optical, electrical or

recognition properties might be significantly improved. A novel X-ray elucidated structure Pt(II)-porphyrin,

Pt(II) 5,10,15,20-tetra(4-methoxy-phenyl)-porphyrin, capable to form a 1D supramolecular architecture,

complexes with AuNPs and optically detects trace amounts of triiodide ion in the range of 10-9- 4x10-8 M,

that is the targeted domain of clinical medical relevance. The same Pt(II)-porphyrin, this time incorporated

in a PVC membrane, is able for highly selective potentiometric detection of bromide ion. A CH4gas sensor

based on a porphyrin-chalcogenide nanocomposite material was synthesized and used for detection of

concentrations as low as 100 ppm CH4at room temperature, with reproducible response. Pt(II)-5,10,15,20-

tetra-(4-allyloxy-phenyl) porphyrin demonstrated to be a successful sensitive material for the detection of

hydrogen peroxide both by fluorimetric method in a concentration range relevant for biological samples

(1.05 – 3.9 × 10−6 M) and by electrochemical method, in a larger concentration range from 1 × 10−6 M to 5 × 10−5 M.

Acknowledgements: The author kindly thanks for the partial support of Romanian Academy - Programme 3

from ICT and financing from UEFISCDI-FET Project 76 PCCDI/2018, ECOTECH-GMP.
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Proteins are the basis of life since they are workhorses in all living cells. For understanding of biological pro-

cesses including diseases, it is critical to monitor the protein composition of cells by sequencing. However,

protein sequencing remains an enormous challenge, especially when only small samples are available. We

propose a novel sequencing technique that probes the protein structural profile and consequently identifies

the protein sequence. To realize this technique, we developed a new concept in single-molecule FRET (Forster

resonance energy transfer) detection, named ‘high resolution FRET via eXchange’ (or FRET-X). Current art of

single-molecule FRET analysis allows for the detection of only 1 or 2 FRET pairs in a single object. We show that

with our FRET-X approach, we can detect one FRET pair at a time when many of them are present in a single

object (e.g, a protein). Furthermore, we show that we can resolve each FRET pair with sub-nanometer resolu-

tion. Our technology will create the opportunity for single-cell proteomics and real-time screening for on-site

medical diagnostics.
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We have been developing targetable voltage sensing inorganic nanoparticles (vsNPs) that are designed to self-

insert into the cell membrane and non-invasively optically record, via the quantum confined Stark effect, action

potential on the single-particle level, at multi-sites and in a large field-of-view. We synthesized a library of vsNPs

with different compositions and geometries (type-I and type-II quantum dots and nanorods) and developed a

high-throughput screen for optimization of their performance. We have explored several strategies for impart-

ing these vsNPs with membrane-protein-like properties, including functionalization with libraries of peptides,

lipids, and nanodiscs. We have developed screening assays for improving the efficiency of vsNPs’ membrane

insertion and for their voltage sensitivity once embedded in the membrane. We have demonstrated membrane

voltage sensing by membrane-inserted vsNPs in wild-type HEK cells using valinomycin and modulated concen-

tration of potassium ions in a microfluidic chamber, and by patch-clamp in primary cultured cortical neurons.

We will discuss limitations and trade-offs and suggest how to further improve these vsNPs. vsNPs hold promise

for advancing electrophysiological investigations of the nervous system on the nanoscale. Membrane insertion

of vsNPs also serve as an example for the emerging field of ‘biomimetic membrane proteins’.
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Our group explores a range of subjects in biophysics and nanobiology, ranging from nanopores to chromosome

structure to synthetic cells. In this talk I will present some of our latest results on nanopores. Nanopores offers

numerous opportunities to contribute to biophysics and biotechnology. I will present recent examples of our

work on nanopores that illustrate the impressive versatility of these single-molecule nanodetectors. This will

include:

Biomimetic nuclear pore complexes

We study single-molecule transport across nanopores that mimic the nuclear pore complex (NPC) that regulates

bidirectional transport between the nucleus and cytoplasm. Intrinsically disordered FG-nucleoporin proteins

(FG-Nups) line the NPC channel and form a selective barrier, where transport of most proteins is inhibited,

whereas specific transporter proteins freely pass. The mechanism underlying this remarkable selective trans-

port is still debated. We fabricate biomimetic NPCs by coating solid-state nanopores with FG-Nups, and study

both the selective import of proteins and export of mRNA. Our data show that biomimetic pores can reconstitute

the selective behavior. Our most recent efforts are directed on rationally designed artificial FG-Nups that mimic

natural Nups, and on a first demonstration of mRNA export.

Trapping of single proteins using plasmonics and DNA origami

We use nanopores for the controlled trapping of single proteins. Inverted-bowtie plasmonic nanopores can

be used to detect biomolecules optically (label free) through plasmon resonance sensing. The highly localized

optical field can trap single nanoparticles as small as 20 nm polystyrene beads and even a variety of single

proteins.

Furthermore, using DNA origami, we developed a new type of single-protein trap, which we name nanopore

electro-osmotic trap (NEOtrap). Here, an origami structure is used to create a strong electroosmotic flow in a

solid-state nanopore, which allows us to catch a protein and hold it label-free at the most sensitive region of the

nanopore. Dynamic trapping data distinguishes various proteins.

Nanopore sequencing of peptides

Single-molecule DNA sequencing has been established with nanopores. The next wave will revolve around

sequencing the enormous and dynamic variations in the proteome. Indeed, a method for sequencing proteins

and detecting PTMs at the single-molecule level would be revolutionary but presents many challenges. We

report proof-of-concept and initial results for a new single-molecule protein sequencing technique. We use

a typical enzyme-controlled biological nanopore sequencing setup, with the addition of a peptide fragment

covalently linked to the end of the DNA strand.
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