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Optical Angular Momentum Transfer to Trapped Particles in Vacuum
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Yoshihiko Arital, Michael Mazilu!, Tom Vettenburg?, Ewan Wright>! and Kishan Dholakia'?
1SUPA, School of Physics and Astronomy, Univeriy of St Andrews, KY16 9SS, UK

2College of Optical Sciences, The University of Arizona, 1630 East University Boulevard, Tuscon, Arizona 85721-0094, USA
Corresponding Author’s e-mail address and URL: kd1@st-andrews.ac.uk; http://photon.st-and.ac.uk/trapping/

KEY WORDS: optomechanics, spin angular momentum, orbital angular momentum

The control over all the degrees of freedom of a macroscopic object is a precursor for
exploring the transitions between the classical and quantum world. With this remit, the
complete optical control over an isolated nano- or microscopic particle in vacuum is an
exciting testbed for such studies, crucially minimizing decoherence. Furthermore, there is the
potential for exploring the predictions of the Casimir force and quantum friction if such a
particle can be set into rotation at sufficiently high angular velocities and controllably
positioned next to a surface.

In this paper, we present a trapped, levitated rotating microparticle confined in an
optical potential, rendering it well isolated from the thermal environment [1]. Rotation is
induced by transferring spin angular momentum to a trapped vaterite particle approximately
4.4um in diameter. Interesting rotation dynamics are seen and rotation rates up to 10MHz
observed. This approach opens up a powerful route to explore the fascinating predictions of
quantum friction, which may ultimately have a profound impact upon nanoscale devices [2].

We support our experimental work by modelling the dynamics of a birefringent
particle in an optical potential and subject to position- and orientation-dependent torque. To
simplify the system while maintaining its main optical properties, we consider the induced
polarization of an anisotropic dipole corrected for the anisotropic radiative process. The
optical forces and torques are calculated by generalizing the cycle-averaged Lorentz force and
torque to account for the anisotropy owing to birefringence. The work is extended to describe
the transfer of orbital angular momentum from single ringed Laguerre-Gaussian beams to
trapped silica particles.
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Figure 1: Rotation rate versus pressure for a 4.4.um vaterite particle.

[1] Y. Arita, M. Mazilu and K. Dholakia, Nature Comm 4, 2374 (2013)

[2] Rongkuo Zhao, Alejandro Manjavacas, F. Javier Garcia de Abajo, and J. B. Pendry, Phys Rev Lett
109, 123604 (2012)
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Nano-Optical Trapping:
Recent developments and applications to quantum physics
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ICFO-Institut de Ciencies Fotoniques, Barcelona, Spain & ICREA-Institutcio Catalana de Recerca I Estudis Avangats, Barcelona, Spain
romain.quidant@icfo.es

KEY WORDS: Nano-optical tweezers, surface plasmons, vacuum trapping, Optomechanics

Extending optical trapping to the true nanometre scale offers unprecedented
opportunities in many fields of science, where nano-optical tweezers would allow the ultra-
accurate manipulation of single nano-objects. To this aim we have developed parallel
strategies aiming at trapping nano-objects both in solution and vacuum. We here report on our
recent advances in each of those and discuss their application, in particular to quantum
physics.

Our paper is organized in two main parts. The first part focuses on plasmon-assisted
nano-trapping in which trapping is achieved in the optical near field of a plasmonic
nanostructure. We recently extended the concept of Self-Induced Back Action (SIBA)
trapping at the extremity of a near field scanning optical microscopy (NSOM) probe. The
nano-optical trap is built by engineering a bowtie plasmonic aperture at the extremity of a
tapered metal-coated optical fiber. Both the trapping operation and monitoring are performed
through the optical fiber making these nano-tweezers totally autonomous and free of bulky
optical elements. This configuration enables to trap small dielectric objects in the 10nm range
and to move them in 3D with nanometer accuracy [1]. More recently, we also studied how
plasmonic optical forces can be exploited to assist the immobilization of artificial atoms in a
plasmonic hotspot. In particular, we demonstrate deterministic positioning of individual
nanodiamonds hosting a single nitrogen vacancy (NV) in the gap of a gold nanoantenna and
characterize their optical coupling through fluorescence lifetime measurements [2, 3].

The second part of our paper focuses on vacuum trapping and cooling of single
nanoparticles. In our experiment, a 150nm silica nanoparticle levitates in the focus of a tightly
focused laser beam. We show its motion can be cooled down along all three spatial axes by
applying parametric feedback acting on the trapping laser intensity [4]. Due to the absence of
clamping, we reach mechanical quality factor Q as high as 10® at pressure of 10°mBar. This
unprecedented Q confers the levitating nanoparticle a huge sensitivity to its environment. In
particular, we demonstrate that the thermal energy of remaining molecules is sufficient to
drive the nanoparticle motion in a nonlinear regime [5].

[17 J. Berthelot, S. S. Acimovic, M. L. Juan, M. P. Kreuzer, J. Renger, R. Quidant, Nature
Nanotechnol. 9, 295-299 (2014)

[2] M. Geiselmann, M. L. Juan, J. Renger, J. M. Say, L. J. Brown, F. J. Garcia de Abajo, F.
Koppens, R. Quidant, Nature Nanotechnol. 8, 175-179 (2013)

[3] M. Geiselmann, R. Marty, J. Renger, F. J. Garcia de Abajo, R. Quidant, Nano Lett. 14,
1520-1525 (2014)

[4] J. Gieseler, B. Deutsch, R. Quidant, L. Novotny, Phys. Rev. Lett. 109, 103603 (2012)
[5]1J. Gieseler, L. Novotny, R. Quidant, Nature Phys. 9, 806-810 (2013)
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Collective Excitations of Hydrodynamically Coupled Driven Colloidal
Particles

H. Nagar', Y. Roichman’

Lschool of Chemistry, Tel Aviv University, Israel
roichman@tau.ac.il URL: http://lorentz.tau.ac.il/~yael/
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KEY WORDS: Non-equilibrium statistical mechanics, driven dissipative colloidal
suspensions, optical vortex, holographic optical tweezers.

A single colloidal particle trapped in an optical vortex experiences two optical forces: a
gradient force confining it to motion along a finite width ring of light, and radiation pressure
driving it along the perimeter of the ring [1]. As a result, the particle rotates, at constant
angular velocity with thermal fluctuations. When a second particle is introduces to the vortex
trap the two particles pair due to a pseudo-potential caused by the interplay between
hydrodynamic interactions and the curvature of the particles’ trajectory [2]. We study the
collective excitations of many colloidal particles driven in an optical vortex trap. We find that
even though the system is overdamped, hydrodynamic interactions due to driving give rise to
non-decaying excitations with characteristic dispersion relations. The collective excitations of
the colloidal ring reflect fluctuations of particle pairs rather than those of single particles [3].

Polystyrene bead trapped in an optical vortex (a) rotate along the ring of light due to optical forces (b),
and interact hydrodynamically. As a result the exhibit non-decaying oscillatory motion in the co-rotating
frame with typical dispersion relations (c).

1. J. Curtis and D. Grier, Structure of Optical Vortices, Phys. Rev. Lett. 90, 133901 (2003).

2. Y. Sokolov, D. Frydel, D. G. Grier, H. Diamant, and Y. Roichman, Hydrodynamic Pair
Attractions between Driven Colloidal Particles, Phys. Rev. Lett. 107, 158302 (2011).

3. H. Nagar and Y. Roichman, Collective excitations of hydrodynamically coupled driven
colloidal particles, Phy.l Rev. E 90 (2014).
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Simultaneous three-dimensional photodiode tracking of multiple traps and
biological applications

L.B. Oddershede
Niels Bohr Institute, DK

Multiple-beam optical traps facilitate advanced trapping geometries and exciting discoveries.
However, the increased manipulation capabilities come at the price of more challenging position
and force detection. Due to unrivaled bandwidth and resolution, photodiode based detection is
preferred over camera based detection in most single/dual-beam optical traps assays. However, it
has not been trivial to implement photodiode based detection for multiple-beam optical traps. We
developed a simple and efficient method based on spatial filtering for parallel photodiode
detection of multiple traps [1,2,3], this technique enables fast and accurate 3D force and distance
detection of multiple objects simultaneously manipulated by multiple-beam optical tweezers.
The talk will also present novel bio-applications of this technique, for instance how multiple
traps in connection with confocal microscopy can be used to investigate the forces exerted by
rotating actin containing filopodia from cancer cells [4], and how multiple traps can be used to
manipulate vesicles and gold nanoparticles and perform a plasmon mediated fusion of selected
vesicles.

[1]D. Ott, S.N.S. Reihani, L.B. Oddershede.
Crosstalk elimination in the detection of dual-beam optical tweezers by spatial filtering. Review
of Scientific Instruments, vol. 85 p. 053108-(1-8) (2014).

[2] D. Ott, S.N.S. Reihani, L.B. Oddershede.

Simultaneous three-dimentional tracking of individual signals from multi-trap optical tweezers
using fast and accurate photodiode detection.

Optics Express, vol. 22 p. 23661-23672 (2014).

[3] D. Ott, S.N.S. Reihani, L.B. Oddershede.

A detection system for an optical manipulation system for manipulating micro-particls or nano-
particles of a sample by means of at least two optical traps.

PATENT PA 2014 70097 (2014).

[4] N. Leijnse, L.B. Oddershede, P.M. Bendix.
Helical buckling of actin inside filopodia generates traction.
PNAS accepted (2015).
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Fabricating Microscopic Tools for Imaging, Force Sensing and Actuation

D.B. Phillips'*, G.M. Gibson', J.G. Rarity’, S. Hanna®, M.J. Miles’, M.J. Padgett' & S.H. Simpson*
1. University of Glasgow, School of Physics and Astronomy, Kelvin Building, University Avenue, Glasgow. G12 8QQ. Scotland U.K.
2. University of Bristol, Department of Electrical and Electronic Engineering, Bristol. BS8 1UB. U.K.

3. University of Bristol, H.H. Wills Physics Laboratory, Tyndall Avenue, Bristol. BS8 ITL. UK.

4. ASCR, Institute of Scientific Instruments, Kralovopolska 147, 612 64 Brno, Czech Republic.

* david.phillips@glasgow.ac.uk
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KEY WORDS: Direct laser writing, holographic optical tweezers, micro-robotics, scanning
probe microscopy.

Direct laser writing is a powerful and flexible tool with which to create 3D micro-scale
structures with nanoscale features. These structures can then be dispersed in aqueous media
and dynamically actuated in three dimensions using optical tweezers'~. The ability to build,
actuate and precisely measure the motion of complex microscopic structures heralds a variety
of new applications - optically actuated micro-robotics.

In this presentation I will describe how these devices are designed, fabricated and
controlled. Once trapped, we are able to accurately measure’ the translational and rotational
Brownian motion of the structures in real-time (at up to 2kHz) in three dimensions using
high-speed video stereomicroscopy. This enables their motion to be controlled automatically
using feedback™ transforming the structures into quantitative tools’. I will discuss a range of
applications, including the imaging of surface topography inside a sealed micro-fluidic
chamber”®, and work towards the controlled rotation of cells about an arbitrary axis.

Optical (left and middle) and Scanning Electron Microscope (right) images of a structure designed so
that it can be rotated about an axis orthogonal to the optical axis of the trapping beams. It is held using
three optical traps, one centered on each spherical handle.

' D. Phillips et al., An optically actuated surface scanning probe, Optics Express 20 29679 (2012)

2 D. Palima et al., Wave-guided optical waveguides, Optics Express 20 2004 (2012)

SR Hay et al., Four-directional stereo-microscopy for 3D particle tracking with real-time error evaluation,
Optics Express 22 15 (2014)

4 R. Bowman et al., “Red Tweezers”: Fast, customizable hologram generation for optical tweezers, Computer
Physics Communications 185 268 (2014)

*D. Phillips et al., Position clamping of optically trapped microscopic non spherical probes, Optics Express 19
20622 (2011)

¢ D. Phillips et al., Force sensing with a shaped dielectric microtool, EPL 99 58004 (2012)

’'D. Phillips et al., Surface imaging using holographic optical tweezers, Nanotechnology 22 285503 (2011)

8D. Phillips et al., Shape-induced force fields in optical trapping, Nature Photonics 8 400 (2014)
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Holographic fabrication of 3D microstructures for
bacteria-assisted delivery of colloidal cargoes
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R. Di Leonardo!?, N. Koumakis!, A. Lepore?, C. Maggi?
LCNR-IPCF UOS Roma c/o Dipartimento Fisica, Universita' di Roma ‘Sapienza’, 00185 Rome, Italy.

2Dipartiment0 di Fisica, Universita’ di Roma “Sapienza’, 00185 Rome, Italy.
roberto.dileonardo@phys.uniromal .it

KEY WORDS: bacterial motility, colloidal transport, 3D microfabrication

The possibility of exploiting motile microorganisms as tiny propellers represents a
fascinating strategy for the transport of colloidal cargoes. However, delivery on target sites
usually requires external control fields to steer propellers and trigger cargo release. The need
for a constant feedback mechanism prevents the design of compact devices where
biopropellers could perform their tasks autonomously. Here we show that holographically
designed 3D microstructures can define accumulation areas where bacteria spontaneously and
efficiently store colloidal beads'. The process is stochastic in nature and results from the
rectifying action of an asymmetric energy landscape over the fluctuating forces arising from
collisions with swimming bacteria. As a result, the concentration of colloids over target areas
can be strongly increased or depleted according to the topography of the surrounding
structures. We show that it is possible to define a inhomogeneous effective temperature that is
reduced by the local value of the external force. As a consequence, transitions rates over
energy barriers with asymmetric slopes can be unbalanced?. Besides the significance to
technological applications, our results provide new insights into the structure of stationary
probability distributions in active systems.

Swimming bacteria deliver colloidal tracers (in green) inside collecting structures (left) while depleting
colloidal concentration over structures of opposite simmetry (right).

[1] N. Koumakis, A. Lepore, C. Maggi, R. Di Leonardo, Targeted delivery of colloids by swimming
bacteria, Nature Comm. 4, 2588 (2013).

[2] N. Koumakis, C. Maggi, R. Di Leonardo, Directed transport of active particles over asymmetric
energy barriers, Soft Matter, 10, 5695 (2014).
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Direct measurement of axial optical forces
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Gregor Thalhammer, Lisa Obmascher, Monika Ritsch-Marte
Medical University Innsbruck, Division of Biomedical Physics, Miillerstrafle 44, 6020 Innsbruck, Austria
gregor.thalhammer@i-med.ac.at, http://www.i-med.ac.at/dpmp/bmp

KEY WORDS: force measurement, holographic optical tweezers, photonic force microscopy

Measuring forces on the micro-scale with the aid of optically trapped particles is a valuable
tool that provides insight to mechanical properties and processes taking place, e.g., in cells,
micro-organisms or on the molecular level. Directly measuring the optical force based on the
change of momentum of the in- and outgoing light is independent of particle size, shape, and
beam shape and thus overcomes many of the limitations of force measurements based on
position measurements, which require a frequent calibration.

We validated the achievable accuracy for direct force measurements in the axial
direction for a single beam optical tweezers setup, based on numerical simulations and
experimental investigations of situations, where the true force is known. We find that for
typical experimental situations a good accuracy with an error of less than 1% of the maximum
force can be achieved, independent of particle size or refractive index, provided that the total
amount of light scattered in the backward direction is also taken into account, which is easy to
accomplish experimentally. Due to the inherent particle shape independence of the direct
force measurement method, these findings support that this method provides accurate results
for 3D force measurements for particles of arbitrary shape.
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Numerical simulation of the achievable accuracy for axial force measurements (polystyrene beads with
various sizes from 0.5 — 4 pm). (a) Omitting the light scattered in the backward direction leads to a
significant error, which can be strongly reduced by also taking into account the fofal amount of backward
scattered light. (b) Error for force measurements based on position measurements by back focal plane
interferometry (BFPI), assuming a linear relationship between force and BFPI signal.
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Mapping Mechanical Properties of the Extra Cellular Matrix Surrounding
Cells Cultured in 3D
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M. Keating"z, A. Kurupl’z, M. Alvarez’, E. Botvinick'?
1. Department of Biomedical Engineering and the Edwards Lifesciences Center for Advanced Cardiovascular Technology, University of
California, Irvine. 2400 Engineering Hall, Irvine, CA 92697, United States
2. Beckman Laser Institute, University of California, Irvine. 1002 Health Sciences Road Irvine, CA 92617, United States
3. Department of Biomedical Engineering, Technion University, Haifa 32000, Israel
corresponding author: elliot.botvinick@uci.edu
http://botvinick.bli.uci.edu/

KEY WORDS: Engineered tissue, 3D live cell culture, stiffness measurement, optical
tweezers, microrheology.

There is a preponderance of evidence for roles of bulk stromal stiffness in cell regulation, but
little is about the pericellular mechanical microenvironment. To investigate these roles we
culture cells within 3D extracellular matrix (ECM) hydrogels. We implement automated
optical tweezers active microrheology (aAMR) to probe extracellular stiffness and map it in
the volume surrounding cells. Our aAMR uses optical forces acting on microbeads to measure
the complex response function of the ECM surrounding each bead. Many can be probed in
one hour to map the mechanical landscape and to seek correlations between local stiffness and
cell properties such as contractility, signaling and differentiation. For example, we will
present our study of primary human aortic smooth muscle cells (AoSMCs) cultured within a
type 1 collagen hydrogel. Typical stiffness (real component of the shear modulus) ranges
from over 500 Pa to less than 20 Pa around each cell. We hypothesize this order-of-magnitude
variability in stiffness is mediated by cell contractile forces acting on the non linear matrix
material. To test this, we treated cells with inhibitors of contractility such as blebbistatin or
the ROCK Inhibitor Y-27632 and observed cell relaxation coincident with a distribution of
softer values ranging from 100 to 10 Pa. We previously reported force-dependent stiffness
around primary mesenchymal stem cells and invasive capillaries, however in those studies
approximately 10 minutes were required per bead measurement. In contrast, our aAMR only
requires 10 to 30 seconds depending on the parameters of the frequency sweep. In summary,
aAMR is a new research tool for studying the interplay between viscoelastic properties, forces
and signaling at the ECM-cell interface.

1 /a > 4.7 250 G )
(nN/pm) (Pa)

Pericellular stiffness surrounding a human Aortic Smooth Muscle cell is measured by automated optical
tweezers active microrheology. The cell is cultured within a type 1 collagen hydrogel containing 2 micron
diameter polystyrene beads. Before (fop) and after (bottom) the addition of an inhibitor to cell contractile forces.
Force-mediated stiffening is observed. Scale bar = 50 um.
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Particle Trapping, Optomechanics and Chirality in
Microstructured Optical Glass Fibres

P. St.J. Russell, A. Butsch, D. S. Bykov, T. G. Euser, J. R. Koehler,
R. E. Noskov, G. K. L. Wong and X. M. Xi

Max Planck Institute for the Science of Light, Guenther-Scharowsky Str. 1/Bau 24, 91058 Erlangen, Germany
philip.russell@mpl.mpg.de

KEY WORDS: Optomechanics, orbital angular momentum, laser trapping & delivery of particles

Recently a special PCF with a three-bladed propeller-like core, when twisted, was shown
to support a pair of helical Bloch modes whose dominant azimuthal harmonics have orbital
angular momentum order £ =+1 !, Unlike in untwisted fibres, the spatially periodic factor
describing the Bloch field spins at the same rate as the fibre twist. The two Bloch modes have
opposite signs of azimuthal group velocity and are non-degenerate, i.c., their axial
propagation constants are different. This means that the twisted "propeller PCF" preserves the
chirality of the OAM, i.e., it inhibits scattering between an order +1 mode and an order —1

£=-1s=1 f=+,s=+1 £=-1s=+1 ¢=+,s=—1 mode. Since twisted PCF can readily be
produced in a fiber drawing tower, the
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s OAM order can be transmitted

g undistorted over long distances. Also,

s inhibition of scattering between ¢==+1
modes means that the twisted fibre acts

é like a topological insulator”.

g In the field of optomechanics, giant

optomechanical nonlinearities have been
Figure 1: Interference patterns transmitted by twisted PCF, measured in a unique capillary fibre
created by interference with Gaussian beam. The OAM containing two parallel nano-webs (i.e.,
sign s preserved . membranes) of glass. This structure,
when evacuated to pbar pressures, undergoes noise-seeded Raman-like oscillations when
pumped with only a few mW of CW light, resulting in generation of an optical frequency
comb spaced by ~6 MHz: it behaves like an artificial Raman-active "molecule" °.

Hollow-core photonic crystal fibre has been shown to be effective for optically trapping
and propelling micron-sized particles over long distances. If charged, such a "flying particle"
allows electric field mapping over long distances and is suitable for otherwise inaccessible or
harsh environments®. Recently it was shown that a coherent superposition of forward-
propagating LPy; and LP;; modes, balanced by a backward-propagating LPy; mode, can be
used to create a series of trapping positions spaced by half the LPy;/LP,; beat-length (~1 mm).
A trapped microparticle could be moved to and fro along the fibre by varying the relative
LPy/LP;; phase. This mode-based "optical conveyor belt" combines long range transport of
microparticles with a positional accuracy of about 1 pm °.

'X. M. Xi, G. K. L. Wong, M. H. Frosz, F. Babic, G. Ahmed, X. Jiang, T. G. Euser, and P. St.J. Russell,
"Orbital-angular-momentum-preserving helical Bloch modes in twisted photonic crystal fiber," Optica 1, 165—
169 (2014).

M. C. Rechtsman, J. M. Zeuner, Y. Plotnik, Y. Lumer, D. Podolsky, F. Dreisow, S. Nolte, M. Segev, and
A. Szameit, "Photonic Floquet topological insulators," Nature 496, 196200 (2013).

3 A. Butsch, J. R. Koehler, R. E. Noskov, and P. St.J. Russell, "CW-pumped single-pass frequency comb
generation by resonant optomechanical nonlinearity in dual-nanoweb fiber," Optica 1, 158-164 (2014).

4 D. S. Bykov, O. A. Schmidt, T. G. Euser, and P. St.J. Russell, "Electric field sensing with high spatial
resolution via a charged “flying particle” optically guided inside hollow-core PCF," Optical Fiber Sensors, paper
915704 (2014).

5 0. A. Schmidt, T. G. Euser, and P. St.J. Russell, "Mode-based microparticle conveyor belt in air-filled
hollow-core photonic crystal fiber," Optics Express 21, 29383-29391 (2013).
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Surface plasmon resonance spectroscopy combined with optical tweezers
for nanoscale sensing applications

A. Andres Arroyo & P. J. Reece
School of Physics, The University of New South Wales, Sydney NSW 2052, Australia
p.reece@unsw.edu.au

KEY WORDS: metallic nanoparticles, localized surface plasmon spectroscopy, optical
tweezers, Brownian dynamics
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Localised surface plasmon resonances (LSPR) are coherent oscillations of surface conduction
electrons and are responsible for local optical field enhancements and strong wavelength
dependent scattering in metallic nanoparticles. The peak wavelength, shape and intensity of
the scattering spectra of metallic nanoparticles thus depend on several factors including the
size, shape, orientation, and optical constants, as well as the surrounding dielectric
environment. In this study we will explore the possibility of using plasmonic effects to
improve optical trapping at the nanoscale as well provide new modes of sensing for particle
dynamics through LSPR spectroscopy.
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Time resolved fluctuations in the scattering intensity of an optically trapped Au nanorod for different
trapping powers. Large fluctuations in the intensity at low trapping powers are associated with reorientation
of the rod in the trap.
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Non-conservative acoustic manipulation

Michael P. MacDonald?, Patrick Dahl? Christine Demore!, Zhengyi Yang', Peter Glynne-Jones®, Sandy

Cochran’, Gabriel C. Spalding®
1.  Institute for Medical Science and Technology, University of Dundee, 1 Wurzburg Loan, Dundee DD2 1FD, Scotland
2. Department of Physics, Illinois Wesleyan University, Bloomington, 1llinois 61701, USA
3. Engineering Sciences, University of Southampton, University Road, Southampton, SO17 1BJ, UK
m.p,macdonald@dundee.ac.uk; http://medicine.dundee.ac.uk/staff-member/dr-mike-p-macdonald

KEY WORDS: acoustic manipulation, non-conservative forces, orbital angular momentum,
tractor beams
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The ability of waves to carry momentum has been behind many breakthroughs in physics,
including the understanding of the fundamental nature of light and the development of
guantum mechanics. This momentum-carrying ability has allowed many different kinds of
waves to be used to manipulate matter, with analogous experiments, and accompanying
descriptions, being possible through mechanisms as diverse as optics and ultrasonics. In two
recent experiments we have shown the use of non-conservative force transduction in acoustic
fields to transfer angular momentum and to produce an attractive force against a net
momentum flux [1,2].

Despite fundamentally different physical natures and wavelengths, highly analogous acoustic
and optical manipulation experiments are possible due to equivalent separation of effects into
gradient force, radiation pressure and angular momentum. Due to its scalar nature, acoustic
waves are not able to carry spin angular momentum, but we have shown that it is possible to
measurably transfer orbital angular momentum from an acoustic beam to even macroscopic
objects, simultaneously making use of two non-conservative mechanisms: levitation by
acoustic radiation pressure and rotation by transfer of azimuthal momentum components [1].

Most commonly in optical and acoustic trapping, gradient-
induced trapping mechanisms, such as optical tweezers or
ultrasonic standing waves, are what are used to manipulate
matter. In such traps, it is reasonable to describe the
situation in terms of potential energy landscapes, an
approach that has been extended to applications such as cell
sorting [3]. However, most particularly in the ultrasonic
manipulation community it is conventional (since 1934
even [4]) to refer to the forces, even in a standing wave
gradient trap, as radiation forces. Even if the correct form
of Gorkov’s equations [5] are used, this lax use of
terminology can lead to significant confusion.

In a recent publication we have set out an experiment

A ! e Acoustic pressure field which results
which helps to clarify the distinction between the role of in an attractive force (arrow) towards

conservative and non-conservative forces, by first arguing the acoustic source.

that the concept of a “tractor beam” is one which requires a non-conservative force, then by
demonstrating the attractive force produced in such an arrangement, even against a net
momentum flux.

[1] C. E. M. Demore et al, "Mechanical Evidence of the Orbital Angular Momentum to Energy Ratio
of Vortex Beams," PRL 108 (2012).

[2] C. E. M. Demore et al, "Acoustic Tractor Beam," PRL 112 (2014)

[3] M. MacDonald et al, "Microfluidic sorting in an optical lattice," Nature, 426 (2003)

[4] L.V. King “On the Acoustic Radiation Pressure on Spheres”, Proc. R. Soc. Lond. A 147 (1934)

[5] L. P. Gor’kov, “On the forces acting on a small particle placed in an acoustic field in an ideal
liquid” Sov. Phys. Doklady, 6, 773 (1962)
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STED nanoscopy combined with optical tweezers reveals protein dynamics
on densely covered DNA

Gijs Wuite
Department of Physics and Astronomy, VU University Amsterdam, Amsterdam, The Netherlands

Dense coverage of DNA by proteins is a ubiquitous feature of cellular processes such as DNA
organization, replication, and repair. We present a single-molecule approach capable of
visualizing individual DNA-binding proteins on densely covered DNA and in presence of
high protein concentrations. Our approach combines optical tweezers with multicolor
confocal and STED fluorescence microscopy. Proteins on DNA are visualized at a resolution
of 50 nm, a 6-fold resolution improvement over confocal microscopy. High temporal
resolution (<50 ms) is ensured by fast one-dimensional beam scanning. Individual trajectories
of proteins translocating on DNA can thus be distinguished and tracked with enhanced
precision. We demonstrate our multimodal approach by visualizing the assembly of dense
nucleoprotein filaments with unprecedented spatial resolution in real time. Experimental
access to the force-dependent kinetics and motility of DNA-associating proteins at
biologically relevant protein densities is essential for linking idealized in vitro experiments
with the in vivo situation.
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Optical Forces in “Slow-" and “Fast-Light” Media

Akbar Safari,1 Israel De Leon,1 Mohammad Mirhosseini,2 Omar Magana-Loaiza,2 and
Robert W. Boydl’2

1 Department. of Physics, University of Ottawa, Ottawa, ON, Canada

2The Institute of Optics, University of Rochester, Rochester, NY, USA
boydrw@mac.com
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KEY WORDS: optical forces, optical trapping, phase and group velocity

Recent work has shown that the strength of optical forces exerted on a particle immersed in a
dielectric background medium depends, under most circumstances, on both the refractive
index and the group index of both the particle and of the background material.l This
circumstance allows laboratory control of the strength of optical forces, with potentially
important implications for optical trapping and micromanipulation.

As a first experimental study of such light-induced forces we have investigated the
effect of dispersion on the mechanical dragging of light. When light enters a non-dispersive
medium with refractive index n, its phase velocity decreases to ¢/n. If one now moves the
medium with speed v in the direction of propagation, light is dragged with the medium and its
speed with respect to the lab frame increases. This velocity is given by relativistic addition of
the two velocities: v and ¢/n. In this case, one cannot increase the speed of light by more than
the speed of the medium. Also, the maximum speed is limited by the speed of light in
vacuum, ¢, no matter how large the refractive index is and how fast one moves the medium.
However, by using a highly dispersive medium, one can exceed these limits. In fact, the effect
of dispersion in light dragging is a manifestation of the Doppler effect.

We used rubidium gas, confined in a cylindrical cell, as the dispersive material. By
heating the rubidium cell and tuning the laser at a particular point in the transmission
spectrum of the D2 line, we achieved a large group index of ng=160. Through this
mechanism we were able to increase or decrease speed of light by 160v, depending on the
direction of motion. Here, the speed v of motion for the rubidium cell is 1 m/s. To the best of
our knowledge, this is the largest dragging effect ever reported. In the future we plan to use
electromagnetic induced transparency to obtain a much larger group index. Then, by dragging
photons in opposite directions, we should be able to reduce speed of light by a huge amount
and eventually to stop it. An important point about our experiment is that we are using a cw
laser and reducing phase velocity of light rather than its group velocity, which many groups in
the world are working on that.

[1] P. W. Milonni and R. W. Boyd, Momentum of Light in a Dielectric Medium, Advances in Optics and
Photonics 2, 519 (2010).
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About fast optical traps and fast probe fluctuations
in fast biological processes

Alexander Rohrbach

Laboratory for Bio- and Nano-Photonics, Department of Microsystems Engineering-IMTEK, University of Freiburg, Germany
Correspondence to rohrbach@imtek.de
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KEY WORDS: Photonic Force Microscopy, optical line traps, particle tracking, particle
coupling, thermal fluctuations, helical bacteria, molecular motor transport, local viscosities.

Thermal energy fluctuations resulting in Brownian motion of molecules and particles is the
basis for all kinds of cellular processes. However, fluctuations in position and orientation
often are the faster, the smaller they are. This requires fast optical manipulation and tracking
technology, which is in our case enabled by dynamic optical traps and 3D back focal plane
interferometry.

In this talk I will present and discuss some applications of particles interacting with their local
environment. This includes long-range coupling of particles to the cell membrane,
hydrodynamic and plasmonic particle coupling in a single optical potential, and, a quickly
deforming bacterium, which can be modeled as a chain of softly interacting particles. In all
examples important information is extracted from fast correlated processes on a very small
scale.
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Fast 3D position tracking of trapped particles nearby cell membranes.
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Optical Tweezers for Local Stimulation of Neuronal Cells in vitro

D. Cojoc
CNR-IOM, Area Science Park — Basovizza,34149 Trieste, ITALY
cojoc@iom.cnr.it , www.iom.cnr.it

KEY WORDS: optical manipulation, local drug delivery, live neurons, liposomes

Local stimulation and probing of neurons in vitro helps to mimic and understand the
interaction between neurons with their microenvironment at single cell level. Based on
Optical Tweezers Microscopy (OTM) we have developed a novel approach to release active
molecules to a specific compartment of the neuron. Here we discuss the principle and the
potential applications of the OTM technique to single cell studies in general.

OTM allows trapping and manipulation, with sub-micrometric precision, of a wide
range of particles (silica/latex beads, liposomes, biodegradable polymer beads, quantum dots,
nanoparticles) in physiological environment. These particles can be easily functionalized to
carry almost any type of molecules, proteins included, thus covering a wide range of
applications. Moreover, since the manipulation is operated on an optical microscope platform,
high spatial-resolution phase contrast or/and fluorescence imaging (TIRF, FRET) can be run
in parallel to optical manipulation. We will discuss experimental examples using OTM, their
advantages and limitations. Since molecular gradients have a great importance for neuronal
stimulation, a particular attention will be given to the possibility to control the number of the
delivered molecules and their distribution in space and time.

Using OTM and microbeads functionalized with Brain-Derived Neurotrophic Factor
(BDNF) as stimulus, or Bovine Serum Album (BSA) as control, we positioned the
microbeads on dendrites at a specific distance from the cell body. We showed that a single
bead was able to activate the BDNF receptor TrkB, inducing its phosphorylation. BDNF
beads induced also c-Fos translocation into the nucleus while control beads did not, indicating
that the whole pathway was activated. Moreover, we found that the BDNF beads stimulate an
increase of the Calcium level both in the cell body and in the stimulated dendrite. By
positioning the beads in the proximity of the growth cones (GC) we observed that BDNF
beads significantly influenced the development of these structures. Finally, since the protein
was tightly attached to the bead and this could not pass through the neuronal membrane, we
concluded that BDNF not necessarily needs to be endocyted to trigger the neuronal pathway.

Liposomes represent another example of vectors carrying active molecules. In our
experiments we used micron size liposomes to encapsulate guidance molecules as Sema3A
and Netrin-1. Liposomes were trapped and manipulated near the GC of hippocampal neurons
and the molecules released by liposome membrane photolysis and then we observed the
morphological changes induced by the released molecules to the GC. To determine the speed
of action and efficiency of these guidance cues we developed an experimental procedure to
deliver controlled amounts of these molecules. Liposomes encapsulating 10-104 molecules of
Sema3A or Netrin-1 were manipulated with high spatial and temporal resolution by optical
tweezers and their photolysis triggered by laser pulses. Guidance molecules released from the
liposomes diffused and reached the GC membrane in a few seconds. Following their arrival,
GCs retracted or grew in 20-120 s. By determining the number of guidance molecules
trapped inside vesicles and estimating the fraction of guidance molecules reaching the GC, we
showed that much less Netrin-1 molecules reaching the GC were necessary to induce growth
than Sema3A molecules to induce retraction.
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Acoustic Force Spectroscopy

Gerrit Sitters*?, Douwe Kamsma®?, Gregor Thalhammer®, Monika Ritsch-Marte®, Erwin J.G.
Peterman®?, Gijs J.L. Wuite'?
1)  Department of Physics and Astronomy, VU University Amsterdam, Amsterdam, The Netherlands
2)  LaserLaB Amsterdam, VU University Amsterdam, Amsterdam, The Netherlands
3) Division of Biomedical Physics, Innsbruck Medical University, Innsbruck, Austria
Correspondence should be addressed to G.J.L.W. (g.j.l.wuite@vu.nl)

KEY WORDS: Force spectroscopy, Single molecule, DNA, Acoustic manipulation
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Force-spectroscopy has become an indispensable tool to unravel the structural and
mechanochemical properties of biomolecules. Here we extend the force-spectroscopy toolbox
with an acoustic manipulation device, Acoustic Force Spectroscopy (AFS), which consists of
a resonator integrated into a micro-fabricated fluidic chip. An acoustical pressure gradient is
created homogeneously throughout the sample enabling to exert forces on DNA-tethered
microspheres. By changing the amplitude of the driving voltage the pressure gradient can be
altered, allowing sensitive control of the force applied to the DNA molecules. This approach
allows exerting acoustic forces from sub-pN to hundreds of pN applied to thousands of
biomolecules in parallel, with sub-millisecond response time and inherent stability. We
demonstrate that AFS is an accurate single-molecule technique providing insight into protein-
DNA and protein-protein interactions by force-extension, constant-force and dynamic force
spectroscopy measurements AFS can be readily integrated in lab-on-a-chip devices, allowing
cost-effective and massively parallel applications.
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a) The AFS device consists of two glass plates with a fluid chamber in between. For illumination
purposes, the upper glass slide has a sputtered mirroring aluminum layer on top. The piezo plate is
glued on top of the mirror and driven by an oscilationg current creating a standing wave over the
fluidic chip. b) DNA tethered microspheres experience a force directed to the closest node of the
standing acoustic wave. c) A typical force distance measurement performed on torsionally
unconstrained (black data) and torsionally constrained (blue data) DNA showing clearly that AFS is
able to overstretch both molecules, the unconstraint molecule overstretches at approximately 65 pN
and the constraint molecule overstretches at approximately 110 pN. The red lines are fits to the data
using the extensible worm-like chain model.
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Thermooptical Broom for Rapid Biomolecular Accumulation

N. Osterman’, D. Braun®

lJozeff Stefan Institute, Ljubljana, Slovenia
’Ludwig-Maximilians-University, Munich, Germany
natan.osterman(@ijs.si

KEY WORDS: thermophoresis, optothermal pumping, thermal trap
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Thermophoretic force moves molecules and particles along temperature gradients and builds
typically a weak concentration gradient'. In order to enhance the concentration for a few
orders of magnitude, i.e. to trap molecules, thermophoresis has to be combined with fluid
flow?. We show that heating by repeated unidirectional movement of elongated laser spot
gives rise to a strong thermophoretic trapping and additionally induces a global fluid flow that
efficiently “feeds” the trap. Such thermal broom can deplete micro particles and molecules
from large surrounding region and accumulate them within seconds into 10 um small spot.

We demonstrate the thermal trapping by 60-fold accumulation of 5.8 kbps dsDNA and
by achieving close-packed arrangement of colloidal particles from an initial dilute suspension.
Because trapping efficiency strongly depends on thermophoretic properties of particles it is
possible to tune the trapping regime so that only certain type of particles is trapped. As an
application, we show accumulation and spatial separation of a binary colloidal mixture.

a) Chamber cross-section. b) Fluid flow visualized by 1 um fluorescent tracers. ¢) In-situ spatial
separation of 200 nm and 1 pm beads.

1 S. Duhr and D. Braun, Proc. Natl. Acad. Sci. U.S.A., 103 (2006) 19678-19682.
2 F. Weinert, J. Kraus, T. Franosch and D. Braun, Phys. Rev. Lett., 100 (2008) 164501.



ORAL PRESENTATIONS 21

Dielectrophoretic and photophoretic control of liquids

M. Esselingl, C. Alpmannl, A. Zaltron 1’2, P.Rose' and C.Denz'
!Institute of Applied Physics, Corrensstrafie 2/4, 48149 Miinster
2Physics and Astronomy Department, University of Padova, via Marzolo 8, 35131 Padova, Italy
denz@wwu.de

KEY WORDS: optofluidics, dielectrophoresis, droplets, photophoresis

The control of fluids by light has from the beginning been a vital part of the novel field of
optofluidics and can be regarded as a key technology to the realization of integrated Lab-on-
a-Chip devices. While optical tweezers have been shown to be able to handle transparent
aerosols, different techniques must be developed for absorbing or partly absorbing liquids [1].

In this contribution, we present two novel techniques to control liquids based on light induced
phoresis. In the first example, photophoresis is employed, describing the movement of
particles in a thermal gradient. Therefore, this technique is especially suited for absorbing
media, where the thermal gradient is created all-optically [2]. Using the repelling forces of a
high intensity light sheet, interaction of absorbing airborne droplets with light was observed
for the first time, paving the way towards a new microscopic toolset for the control of
absorbing droplets.
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Light-induced dielectrophoresis on the other hand allows for the combination of high
throughput with optical control [3]. An incident light pattern is converted into a highly-
modulated electric field by a photovoltaic lithium niobate crystal. We present the integration
of this functional surface into a PDMS-made droplet generator device. Depending on the
electrical properties of the droplets created, the electric field gradients act either repelling or
attracting, thereby enabling the construction of virtual rails on which droplets are traveling as
well as virtual barriers, by which they are deflected. This effect can be utilized for droplet
sorting, splitting or merging, where the geometry of the underlying network is solely created
by light.

Droplet routing on an attracting virtual rail (indicated by white bar); droplets are created by Novec 7300
flowing in tetradecane. Flow direction is from left to right, black scale bar represents 300 um.

[1] M. C. Wu, Nature Photon. 5, 322-324 (2011)
[2] M. Esseling, P. Rose, C. Alpmann, and C. Denz, Appl. Phys. Lett. 101, 131115 (2012)

[3] M. Esseling, A. Zaltron, N. Argiolas, G. Nava, J. Imbrock, I. Cristiani, C. Sada, C. Denz,
Appl. Phys. B 113, 191-197 (2013)
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Soft matter based chiral optomechanics

R. J.Hernandez*, A.Mazzulla?, C. Provenzano®, P. Pagliusi*?, M.G. Donato®, O. Marago®, K. Volke

Sepulveda®, G. Cipparrone®?
1 Physics Department, University of Calabria, Ponte P. Bucci, Cubo 33B, 87036 Rende (CS), Italy

2 CNR LiCryL and Centre of Excellence CEMIF.CAL, Ponte P. Bucci, Cubo 33B, 87036 Rende (CS), Italy
3 CNR-IPCF, Istituto per i Processi Chimico-Fisici, 1-98158 Messina, Italy
4 Instituto de Fi'sica, UNAM, Apdo. Postal 20-364, 01000 Me"xico D.F., Me’xico
Corresponding Author’s e-mail address and URL: gabriella.cipparrone@fis.unical.it

KEY WORDS: Chiral microparticles, optomechanics, optical force and torque

Soft matter based chiral optomechanics has been investigated exploiting solid chiral
microparticles. These particles have been developed exploiting liquid crystals water
emulsions. Micrometer-sized droplets of a photo-polymerizable cholesteric liquid crystal
(CLC), based on a nematic reactive mesogen doped with a chiral agent, are first produced in
water. Irradiation with UV light results in chiral solid micro-particles preserving both the
shape of the precursor droplets and their internal self organised supramolecular arrangement®.
Because of the chiral internal structures of the micro-particles, unique capabilities have been
observed in optical manipulations experiments addressing novel issues for chiral
optomechanics and microphotonics®.

Depending on the internal geometry, chiral microparticles work as chiral microresonators.
The inner Bragg structure of the particle and the corresponding selective reflection for light
wavelength in the stop band, allows spin angular momentum transfer only from the light
component having spin parallel to the particle handedness. Optomechanical effects
originating from the coupling of transferred linear and angular momentum mediated by the
particle chirality have been investigated. Their control by means of the particle reflectance
and light spin enables to observe unique behavior.

Acknowledgements: MPNS COST Action 1205 “Advances in Optofluidics: Integration of
Optical Control and Photonics with Microfluidics”.
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b L-Chiral mirror

a) Optical microscope and SEM images of chiral microparticles. b) Chiral optomechanics

[1] G.Cipparrone, A.Mazzulla, A. Pane, R. Hernandez, R.Bartolino "Chiral Self-Assembled Solid
Microspheres: A Novel Multifunctional Microphotonic Device" Advanced Materials, 23(48), 5773-
5778 (2011); C. Provenzano, A. Mazzulla, P. Pagliusi, M. De Santo, G. Desiderio, |. Perrotta, G.
Cipparrone “Self-organized internal architectures of chiral micro-particles” Applied Physics Letters
Materials,2(2), 22103-22103,(2014).

[2]R. J.Hernandez, A.Mazzulla, A.Pane, K. Volke-Sepulveda, G. Cipparrone, “Attractive-repulsive
dynamics on light-responsive chiral microparticles induced by polarized tweezers”, Lab Chip, 13, 459-
467, (2013); M.G. Donato, J. Hernandez, A. Mazzulla, C. Provenzano, R. Saija, R.Sayed, S. Vasi,
A.Magazzu, P. Pagliusi, R. Bartolino, P.G. Gucciardi, O.M. Marago, G. Cipparrone “Polarization
dependent optomechanics mediated by chiral microresonators” Nature Communications, 5:3656
d0i:10.1038/ncomms4656 (2014).
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Conditions of Rotaion Driven by Light with no Angular Momentum

L. Oroszi', A. Buzas', P. Galajdal, L. Kelemen', A. Mathesz', T. Vicsekz, G. Vizsnyiczay1 and P. Ormos'

!Institute of Biophysics, Biological Research Centre, Hungarian Academy of Sciences, Temesvari krt 62. H-6726 Szeged, Hungary
’Department of Biological Physics, Eétvés Lorand University, and Statistical and Biological Physics Research Group of the Hungarian
Academy of Sciences,Pazmany P. stny. 14, H-1117 Budapest, Hungary

Corresponding Author’s e-mail address and URL: pormos@brc.hu, www.brc.hu

KEY WORDS: light driven rotation, photopolymerization

Light-induced rotation is an interesting phenomenon with important applications. In
this work we determine the conditions for rotation induced by collimated light carrying no
angular momentum. As opposed to the well discussed arrangement where the rotation axis is
parallel to the illumination axis (in analogy with a propeller or windmill), here we explore the
geometry in which the rotation axis is perpendicular to the direction of the propagation of
light. We studied the rotation of objects of different shapes and optical properties under
uniform illumination. This arrangement may be important for practical purposes: rotors could
be arranged to roll in arbitrary directions as long as their rotation axes are in a plane
perpendicular to the direction of a single shared light beam (e.g. robots moving in
independent directions on a flat surface could be supplied with energy by the same light
source illuminating the area of motion perpendicularly from above — similar to the non-
rotating wedge shaped particles introduced recently').
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We will discuss the conditions of rotation concerning both the geometry and the
material of the rotor. A general rule is formulated about the properties of the light scattering
process to maintain sustained rotation.

25.0kV 12.0mm x2.00k SE(U) 20.0um

Rotor built by photopolymerization capable of light driven rotation.

[1] A. Buzas, L. Kelemen L., A. Mathesz, L. Oroszi, G. Vizsnyiczay, T. Vicsek and P. Ormos: Light
sailboats: Laser driven autonomous microrobots Applied Physics Letters, Vol. 101 041111 DOI:
10.1063/1.4737646 (2012)
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Optical manipulation of neuronal function

M.A Go, H. Bachor, S. Redman, A. Colibaba, C.Stricker, V.Daria. '

John Curtin School of Medical Research The Australian National University, Canberra, Australia
KEY WORDS: Live cells, holographic projection, two-photon microscopy, dendrotomy

Light is now an indispensable tool among neuroscientists, particularly for visualisation and
characterisation of cells/proteins as well as temporal functional imaging. Within fundamental
optical limits, imaging using the visible and near-infrared electromagnetic spectrum provides
a good spatial range for studying single neuronal cells up to interconnected neurons in a
circuit. Here, we describe two light-based techniques to elucidate how neurons process inputs
and yield an output. First, we describe our technique that uses patterned light to photo-induce
synaptic inputs and analyze how the spatio-temporal organization of these inputs cause the
neuron to fire an output [1]. We use a dynamically programmable hologram to produce 3D
light patterns that can induce targeted and highly localized synaptic inputs along the dendritic
tree of a neuron. Fig. 1.(a-d) show the response of a single neuron with five (5) inputs that are
randomly activated in time. The output of the neuron is described as a voltage spike (or action
potential) where our data shows a minimum of three (3) simultaneous inputs for the neuron to
fire an output. Second, we show how we use light as an ultra-sharp scalpel to cut dendrites.
Our technique uses non-linear light-tissue interaction to dynamically prune the neuron’s
dendritic tree [2]. Fig. 1.(e-g) show successful laser dendrotomy of a neuron’s main apical
dendrite. The neuron’s output and overall function in a neuronal circuit are said to be
dependent on the spatial extent of its dendritic tree. Our pre- and post-cut characterisations of
the neuron’s output firing characteristics confirm numerically predicted changes in the
neuron’s output firing pattern. As such, highly targeted laser dendrotomy allows us to study
morphology-dependent neuronal function. These experiments demonstrate how we can
optically manipulate neuronal function to aid our understanding of how the brain works.
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Figure 1. (a) Four-dimensional photostimulation of neurons with five (5) photo-induced spatially distinct
synaptic inputs. (b) The spatio-temporal synaptic input pattern induces neuronal firing of action potentials
plotted as a voltage response of the neuron as a function of time (¢) Average input/output response taken from
traces in (b). (d)Magnified trace of selected action potentials in b. (e) Dendrotomy of a dendrite of a neuron.
Scale bar 50 pm. (f) Bright-field image of biocytin stain after histology with the same boxed region in a
indicated. (g) Neuronal reconstruction based on e and f.

[1] MA Go, MS To, C Stricker, S Redman, HA Bachor, G Stuart, VR Daria, “Four-dimensional
multi-site photoloysis of caged neurotransmitters,” Front in Cellular Neuroscience 7, p231. 2013

[2] MA Go, A Colibaba, C Stricker, S Redman, HA Bachor, VR Daria, “Laser dendrotomy reveals
morphology dependent neuronal firing,” (Manuscript in preparation)
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Laser-guided AFM: Improved Single Molecule Force Spectroscopy

Thomas T. Perkins'?

JILA, NIST and Univ. of Colorado, Boulder, CO 80309 USA; 2Dept. of Molecular, Cellular, and Development Biology, Univ. of Colorado,
Boulder, CO 80309 USA
tperkins@jila.colorado.edu

KEY WORDS: Single molecule force spectroscopy, atomic force microscopy, biophysics

A more precise and stable AFM is critical to many applications including single molecule
force spectroscopy (SMFS). For instance, the equilibrium between folded and unfolded states
is sensitive to sub-pN changes in F, so force stability is critical. Yet, unwanted instrumental
drift leads to motion of the sample relative to the cantilever (position drift) or bending of the
cantilever itself (force drift). Moreover, to resolve briefly populated folding intermediates, we
sought to improve precision and stability without sacrificing temporal resolution.

By adapting ideas from optical trapping, we developed an ultrastable AFM in which the tip
and the sample positions are independently measured by, and stabilized with respect to, a pair
of laser foci in three dimensions (3D). These lasers establish a local reference frame that is
insensitive to long-term mechanical drift of the AFM. The tip and sample’s 3D positions were
stabilized to ~0.3 A (Af = 0.01-10 Hz) at ambient conditions. Tip-sample stability, as
demonstrated by imaging, showed ~4 A lateral drift over 80 min, a 100-fold improvement.'
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However, positional drift was only half the problem; force drift also occurs via
uncontrolled deflection in the zero-force position of the cantilever. The primary source of this
force drift in liquid for a popular class of soft cantilevers was their gold coating. Removing
the gold led to ~10-fold reduction in reflected light. Yet there was no loss in positional
precision on short-time scales (1 ms) when using soft cantilevers (6 pN/nm). A majority of
these cantilevers achieved sub-pN force precision over a broad bandwidth (0.01-10 Hz).?

We achieved further improved short-term precision while maintaining excellent long-term
stability by modifying commercially available cantilevers with a focused ion beam (FIB). Our
process led to a ~10-fold reduction in both a cantilever’s stiffness and its hydrodynamic drag.
We also preserved the benefits of a highly reflective cantilever while mitigating gold-coating
induced long-term drift by preserving a small gold patch at the end of the cantilever. As a
result, we extended AFM’s sub-pN bandwidth by a factor of 50 to span five decades of
bandwidth (Af = 0.01-1,000 Hz). Measurements of mechanically stretching individual

proteins showed improved force precision coupled with state-of-the-art force stability.3
200w
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(A) Laser-guided AFM. (B) Micro-machined cantilever. (C) Improved SMFS compared to prior advanced data.

'G.M. King, AR. Carter, A.B. Churnside, L.S. Eberle, and T.T. Perkins, Ultrastable atomic force microscopy:
atomic-scale lateral stability and registration in ambient conditions, Nano Lett., 9, 1451 (2009).

*A.B. Churnside, R.M. Sullan, D.M. Nguyen, S.0. Case, M.S. Bull, et al, Routine and timely sub-picoNewton
force stability and precision for biological applications of atomic force microscopy, Nano Lett., 12, 3557 (2012).
SM.S. Bull, RM. Sullan, H. Li, and T.T. Perkins, Improved single molecule force spectroscopy using
micromachined cantilevers, ACS Nano, 8, 4984 (2014).
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Fabrication and Surface Functionalization of Highly Birefringent Rutile
Particles for Use in an Optical Torque Wrench

S. Ha, Y. Ussembayev, R. Janissen, M. van Oene, N.H. Dekker*
Department of Bionanoscience, Kavli Institute of Nanoscience, Delft University of Technology, Delft, The Netherlands
* N.H.Dekker@tudelft.nl, http://nynkedekkerlab.tudelft.nl/

KEY WORDS: Force and torque spectroscopy, optical tweezers, biomolecules, micro/nano
fabrication, surface functionalization

The optical torque wrench (OTW) allows the direct application and measurement of torque on
biomolecules, such as DNA or DNA-protein complexes, or rotary motors like the FoF;-ATP-
synthase or the bacterial flagellar motor'. The applicable torque of the OTW is a function of
the size and birefringence of the particle’. Quartz has proven a convenient material, but its
quite low birefringence limits full investigation of torque-speed relationships of diverse
biological systems. In contrast, rutile exhibits a much higher birefringence - exceeding that of
quartz by a factor of 30 - but its utilization has been infrequent because of the difficulties in
optical trapping and fabrication.
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To enhance the applicability of the OTW, we have improved both the design and
fabrication of cylindrical rutile particles. We have employed finite element method
calculations to determine the optimal dimension of stably trappable rutile cylinders. To obtain
rutile cylinders with the optimal dimensions, we developed a protocol for full control of size
and sidewall angle. In our fabrication protocol, a chromium etch mask provides increased
resistance to dry etching and allows the fabrication of structures with both high aspect ratio
and anisotropy. Also, the sidewall angle of cylinders can be readily tuned by adjusting a
single process parameter, namely the oxygen flow rate during dry etching. The fabricated
cylinders were characterized in the OTW setup to reveal their linear and angular trapping
properties. The fabrication process is compatible with common chemical functionalization
procedures and permits covalent biomolecule attachment. To enhance biomolecule coverage,
we used ethanolamine and poly(ethylene glycol) as biomolecular crosslinkers to obtain
homogenous and dense coatings. Our recent results, in which we use functionalized, trapped
rutile cylinders to study single biomolecules and motor proteins, will be presented.
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'F. Pedaci, et. al., Nat. Phys., 7 (2011) 259-264.
% Z. Huang, et. al., ACS Nano, 5 (2011) 1418-1427.
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Optically-driven actuators using flexible photonic crystals

Tim Freegarde, Alan Forrester, James Bateman
School of Physics & Astronomy, University of Southampton, U.K.
timf@soton.ac.uk; www.phys.soton.ac.uk/quantum/

KEY WORDS: Dipole force, radiation pressure, photonic crystal, microfabrication

The optical dipole force is particularly significant for particles a fraction of a wavelength in
size, at the boundary between Rayleigh and Mie scattering, where each extra atom contributes
to the amplitude of the scattered field rather than its intensity. The steepest optical gradients
occur with the counter-propagating beams of standing waves; and their intensities may be
resonantly enhanced by the use of a photonic cavity. Optical forces should thus be at their
most significant when they act upon the sub-wavelength components of a photonic crystal.
Such structures resemble the free-space patterns formed by self-organization of cold atom
clouds through collective atomic recoil within optical cavities™™.

In order to respond to the optical forces, the structure within which they occur must be
free to move. We are therefore exploring the microfabrication of flexible photonic crystals by
3-D scanning multi-photon photopolymerization, using a commercial Nanoscribe apparatus®
and critical-point drying to form 3-D photonic structures from materials that have optical and
mechanical properties similar to Plexiglass.

For resonant structures, the refracting elements that shape and respond to the optical
field lie at the nodes or antinodes of the optical field. For a force to result, the structures must
therefore be aperiodic or illuminated off-resonance, so that the field maxima and minima are
shifted relative to the structure and the field strength varies from layer to layer. In principle,
with a structure whose shape or periodicity varies from place to place, different illumination
wavelengths could address different spatial regions.
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Early attempt to write a flexible 1-D photonic crystal by scanning multi-photon photopolymerization.

[1] M. Gangl, H. Ritsch, Cold atoms in a high-Q ring cavity, Phys. Rev. A 61, 043405 (2000)

[2] M. Perrin, G. L. Lippi, A. Politi, Phase transition in a radiation-matter interaction with recoil and
collisions, Phys. Rev. Lett. 86, 4520 (2001)

[3] D. Kruse, M. Ruder, J. Benhelm, C. von Cube, C. Zimmermann, Th. Elsésser, B. Nagorny, A.
Hemmerich, Observation of lasing mediated by collective atomic recoil, Phys. Rev. A 67,
051802(R) (2003)

[4] A. T. Black, H. W. Chan, V. Vuleti¢, Observation of collective friction forces due to spatial self-
organization of atoms: from Rayleigh to Bragg scattering, Phys. Rev. Lett. 91, 203001 (2003)
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Thermorheology of Living Cells — Impact of Temperature Variations on
Cell Mechanics

Tobias R. KieRling, Roland Stange, Anatol W. Fritsch, Josef A. Ké&s
Section of Soft Matter Physics, University of Leipzig
jkaes@physik.uni-leipzig.de www-softmatterphysics.com

KEY WORDS: Optical traps, cell mechanics, time-temperature superposition,

Upon temperature changes, we observe a systematic shift of creep compliance curves J(t) for
single living breast epithelial cells. We use a dual-beam laser trap (optical stretcher) to induce
temperature jumps within milliseconds, while simultaneously measuring the mechanical
response of whole cells to optical force. The cellular mechanical response was found to differ
between sudden temperature changes compared to slow, long-term changes implying
adaptation of cytoskeletal structure. Interpreting optically induced cell deformation as a
thermorheological experiment allows us to consistently explain data on the basis of time-
temperature superposition, well known from classical polymer physics. Measured time shift
factors give access to the activation energy of the viscous flow of MCF-10A breast cells, which
was determined to be ~80 kJ/mol. The presented measurements highlight the fundamental role
that temperature plays for the deformability of cellular matter. We propose thermorheology as
a powerful concept to assess the inherent material properties of living cells and to investigate
cell regulatory responses upon environmental changes®.
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Modified Optical Stretcher: Two heating fibers (red) have been added to the setup.
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[1] Tobias R. KieRling, Roland Stange, Josef A. Kas, Anatol W. Fritsch, Thermorheology of living
cells—impact of temperature variations on cell mechanics, New Journal of Physics, Volume 15, Issue
4 (2013)

! Tobias R. KieRling, Roland Stange, Josef A. Kés, Anatol W. Fritsch, Thermorheology of living cells—impact of temperature variations on
cell mechanics, New Journal of Physics, Volume 15, Issue 4 (2013)
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Characterising Conical Refraction Tweezers

D. McGloin
SUPA, School of Engineering, Physics and Mathematics, University of Dundee, Nethergate, Dundee DD1 4HN UK
d.mcgloin@dundee.ac.uk @DundeePhysics

KEY WORDS: Optical Tweezers, Conical Refraction, Aerosols, Aerosol Lasers, Biofuels

Beam shaping techniques for optical manipulation are now very sophisticated, but there are
still opportunities for ‘natural’ beam shaping to offer simple but flexible solutions that are not
easily available using spatial modulation techniques. One such example is the use of biaxial
crystals to form ‘conically refracted’ beams, which form a natural optical bottle with a
controllable opening [1]. They also exhibit interesting polarization properties, and as such
offer an interesting extension to the optical toolbox.

Here we examine the trapping abilities of such tweezers [2]. The beams can be
characterized as having three different planes of interest: an upper and lower ‘Raman’ spot
and an intermediate ‘ring’ plane called the Poggendorf plane. We find that in general the
lower Raman spot and ring plane can be thought of as 3D optical tweezers, while optical
levitation dominates in the upper spot, and far lower trap stiffnesses are measured. Due to the
polarization properties of the beam the ring plane offer rotational control of particles.

We present data on trapped silica microspheres and some preliminary data looking at
the interaction of airborne particles with such beams.

Additionally we present some other recent results on airborne tweezers from our
group, in which we have demonstrated the ability to form lasers from optically trapped liquid
droplets [3] and work exploring the evaporation of volatile biofuel-gasoline mixtures, and
compare optical tweezers with electrodynamic balance measurements.
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Optical cross section of a conically refracted beam

[1] D P O'Dwyer, C F Phelan, K E Ballantine, Y P Rakovich, J G Lunney, and J F Donegan. Conical
diffraction of linearly polarised light controls the angular position of a microscopic object. Optics
Express, 18 27319 (2010)

[2] C. McDonald, C. McDougall, E. Rafailov, and D. McGloin Characterizing conical refraction
optical tweezers Optics Letters 39 6691 (2014)

[3] Y. Karadag, M. Aas, A. Jonds, S. Anand, D. McGloin, and A. Kiraz Dye lasing in optically
manipulated liquid aerosols Optics Letters 38 1669 (2013)
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Optical trapping: from the study of complex dynamical systems to spatial
optical solitons

A.V. Arzolal, L. A. Lépez-Peﬂal, E.C. Brambila-Tamayo', Y. Aguilar—Ayala', Y. Salazar-Romero’,

L. Sciberras', R. A. Terborgz, J. P. Torres’, K. Volke-Sepl'llveda*1
'Instituto de Fisica, Universidad Nacional Auténoma de México, Apdo. Postal 20-364, Mexico D.F. 01000, Mexico
’ICFO- Institut de Ciencies Fotoniques, 08860 Castelldefels, Barcelona, Spain
*karen@fisica.unam.mx
http://www.fisica.unam.mx/personales/karen/KarenWebPageEnglish.html

KEY WORDS: Optical forces, ratchets, nano-suspensions, nonlinear optics, spatial solitons

Optical trapping and manipulation of microscopic objects with laser light is nowadays a well-
established technique. Moreover, the possibility of tailoring light distributions with a dynamic
control like interferometric traps, holographic optical tweezers, generalized phase contrast and
time-sharing traps with acousto-optic modulators, for instance, have widely extended the
capabilities and applications of these techniques to many scientific areas. One of them is the
study of complex dynamical systems, which constitute the basis to explain the functioning of
some mechanisms in nature, and can also be applied to develop practical tasks or even new
devices. Such is the case of the ratchet effect, which explains the operation of some molecular
motors in eukaryotic cells' and is also the working principle of some transport devices that
allow, for example, the removal of vortices in low temperature superconductors”. A brief
overview of our work on optical ratchets’*, which allow the directed transport of mesoscopic
particles resulting from an unbiased external oscillating force due to a spatial symmetry
breaking in the optical potential, will be presented. As the optical force and potential depend
on the size of the particle with respect to the characteristic size of the light pattern, we can
establish the conditions for observing simultaneous currents in opposite directions for
particles of different sizes in a given light pattern and current reversals for a given particle by
varying the magnitude and period of the external force.
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On the other hand, when the size of the particles is well below the wavelength of the
trapping beam, as in a suspension of nanoparticles, the gradient optical force causes a
collective response and the medium behaves as an effective medium with a self-focusing non-
linearity”. Although this behavior was first discovered in the early 1980’s, we have revisited
the subject and demonstrated the generation of (2+1)D spatial optical solitons over distances
that exceed by two orders of magnitude all the previous reports. We also show their use as
waveguides for a weaker probe beam® and study soliton interactions in different regimes
leading to new effects.
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Manipulating and displaying the matter in 3D

Pietro Ferraro
CNR - Istituto di Cibernetica “E. Caianiello””, Pozzuoli (Napoli), Italy
pietro.ferraro@cnr.it

A challenging step forward would be the availability of a fast, high-throughput and label-free
system for the measurement of physical parameters and visualization of the 3D shape of
biological specimens. We report in this talk on a quantitative imaging approach to estimate
simply and quickly the biovolume of various cells, combining the optical tweezers technique
with digital holography, in a single and integrated set-up for a biotechnology assay process on
the lab-on-a-chip scale. This approach can open the way for fast and high-throughput analysis
in microfluidic label-free “cytofluorimeters” and prognostic examination of motile cells or
for detecting various blood diseases by morphology identification for RBCs, thus allowing
relevant advancements in biomedical sciences.
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Behaviour of Nonspherical Particles in Laser Beams

P. Zemanek?, O. Brzobohaty', A. V. Arzola?, M. Siler!, S. Simpson®, L. Chvatal®, P. JakI*
1ASCR, Institute of Scientific Instruments, Kralovopolskéa 147, 612 64 Brno, Czech Republic
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KEY WORDS: optical force & torque, nonspherical particles, hydrodynamic synchronization

Optical trapping of a particle is based on exchange of linear momentum between incident
photons and the particle which leads to an optical force acting upon the particle. In the case of
a nonspherical particle, this optical interaction is inevitably enriched by the exchange of
angular momentum between photons and the particle. Consequently, the optical torque orients
the particle in the laser beam. However, particle orientation strongly influences the trapping
force and equilibrium position of the particle in the beam and thus makes the particle
behaviour more complex.

In this contribution we demonstrate how a natural nonspherical shape of gold
nanoparticles enables their three-dimensional trapping even in a single focused beam with
numerical aperture as low as 0.2-0.37 (see Fig. 1). In the case of larger particles of spheroidal

= shape, we demonstrate their rotation due to transfer of spin and orbital angular momentum. In
g the studied geometry the unit change of the beam topological charge causes an order of
2 magnitude faster particle rotation in comparison to beam polarization switch from linear to
g circular [2]. In the case of several rotating particles (see Fig. 2) we investigate their
o] hydrodynamic interaction leading to synchronization of their rotations.
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Fig. 1. A naturally shaped gold nanoparticle Fig. 2. Sequence of images demonstrating rotation of six
(yellow triangular prism) is trapped laterally on oblate spheroidal polystyrene microparticles 3D trapped
the optical axis and longitudinally slightly in six focused vortex beams. The particles in the left
behind the beam focus (bright yellow spot). The column rotate in the opposite direction to the particles in
longitudinal position of the NP strongly depends the right column. Each spheroid is trapped in a focused
on its orientation with respect to the direction of vortex beam with topological charge -2 (left column)
beam polarization and propagation. The and 2 (right column). The mean power per trap is
objective and the CCD camera were placed approximately 2.5 mW. Particles volume corresponds to
perpendicularly to the direction of beam  a sphere of radius 0.85 um and spheroids aspect ratio is
propagation and image the nanoparticle as a between 1.7-2.2.

bright spot on the dark background [1].
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Force measurements with optical tweezers inside living cells

1 2 3 1 *1,2
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KEY WORDS: Optical trapping, optical tweezers, optical manipulation, back-focal-plane
interferometry, force calibration

Forces exerted by optical tweezers can be measured by tracking the rate of momentum
transfer between the trapping beam and the sample’. Although it has not been brought to its
full potential yet, probably due to practical difficulties when combined with high-NA optical
traps, this route shows promising to overcome some important limitations of the typical
approach based on trap stiffness calibration. Using this approach, we show here the feasibility
of measuring forces on arbitrary biological objects inside cells without an in situ calibration.
The instrument can be calibrated by measuring three scaling parameters that are exclusively
determined by the design of the system. The conversion factor from volts to piconewtons is
thus independent of the physical properties of the sample and the surrounding medium. We
prove that this factor keeps valid inside living cells through the comparison with an
alternative calibration method developed in recent years for viscoelastic media. Finally, we
apply momentum-based measurements to determine the stall forces of both kinesin and
dynein in living A549 cells.
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Experimental results show that the sensor’s absolute calibration equals the conversion factor from volts to
piconewtons obtained through an alternative method for viscoelastic materials.

[1] S. B. Smith, Y. Cui, and C. Bustamante, Optical-trap force transducer that operates by direct
measurement of light momentum, Methods Enzymol. 361, 134 (2003).

[2] A. Farré and M. Montes-Usategui, A force detection technique for single-beam optical traps based
on direct measurement of light momentum changes, Opt. Express 18, 11955 (2010).

[3] A. Farré, F. Marsa, and M. Montes-Usategui, Optimized back-focal-plane interferometry directly
measures forces of optically trapped particles, Opt. Express 20, 12270 (2012).
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Optical sculpting of ultra-low interfacial tension oil-in-water emulsion
droplets

A.Kirbyl, A.L.Hargreavesl, C.D.Bainl, D.Tappl, B.Chakrabartil, J.Taylorz, A.D.Ward3, G.Bolognesi“,
0.Ces’
'Durham University, South Rd. Durham, UK, DHI 3LE
“University of Glasgow, Kelvin Building, Glasgow, UK, G12 800
’ Central Laser Facility, STFC, Rutherford Appleton Laboratory Harwell, Oxford , OX11 0FA
i Chemistry, Imperial College, London, UK, SW7 24Z
a.k.kirby@dur.ac.uk

KEY WORDS: Holographic optical tweezers, optical sculpting, ultralow interfacial tension,
emulsion

We have developed a novel platform for the production, optical sculpting, volumetric
reconstruction and compositional anaylsis of ultra-low interfacial tension oil-in-water droplets
in the 1-10 micron regime.

We discuss the optical sculpting methods used for the trapping and shaping of
individual droplets and for the formation of networks of interconnected droplets. We present
the results of both experimental and corresponding modeling work' and discuss the
applications and limitations of the techniques used.
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Formation of a simple network from a single emulsion droplet using two HOTs with increasing separation.

[1] D.Tapp, J.Taylor, A.S.Lubansky, C.D.Bain, B. Chakrabarti, Theoretical analysis for the optical
deformation of emulsion droplets, Optics Express 22, 4523-4538 (2014)
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Multimode Fibres: Seeing through chaos

T Cizmar!2, M Ploschner'3, K Dholakia’, T Tyc*, S Vasquez-Lopez®, N Emptage’
ISch()ol of Engineering, Physics & Mathematics, University of Dundee, ZSch(ml of Medicine, University of St Andrews,
3Schoo[ of Physics and Astronomy, University of St Andrews, 4Faculty of Sciences, Masaryk University, Brno,

Department of Pharmacology, University of Oxford

t.cizmar@dundee.ac.uk

Small, fibre-based endoscopes have already improved our ability to image deep within
the human body. Current fibre-based devices consist of fibre-- bundles in which
individual fibres represent single pixels of the transmitted image. A novel approach
introduced recently! utilized disordered light within a standard multimode optical fibre
for lensless imaging. Importantly, this approach brought very significant reduction of the
instrument’s footprint to dimensions below 100um. Such device may be used for
imaging of structures deep inside living organisms directly through centimeters of
living tissues without bringing about their extended collateral damage. In
Neuroscience, this technology may assist to address important unanswered questions
related to formation and recall of memories as well as onset and progression of severe
neuronal disorders such as Alzheimer’s disease.

The two most important limitations of this exciting technology are (i) the lack of
bending flexibility (imaging is only possible as long as the fibre remains stationary) and
(i1) high demands on computational power, making the performance of such systems
slow.
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We discuss routes to allow flexibility of such endoscopes by broader
understanding of light transport processes within. We show that typical fibers
retain highly ordered propagation of light over remarkably large distances, which
allows correction operators to be introduced in imaging geometries in order to
maintain  high-quality =~ performance even in such flexible micro-endoscopes.

Separately, we introduce a GPU toolbox? to make these technique faster and
accessible to researchers. The toolbox optimizes acquisition time of the transformation
matrix of the fibre by synchronous operation of CCD and SLM. Further, it uses
the acquired transformation matrix retained within the GPU memory to generate
any desired holographic mask for on-the-fly modulation of the output light fields. We
demonstrate the functionality of the toolbox by displaying an on-demand oriented cube,
at the distal end of the fibre with refresh-rate of 20ms.

References:
[1] Cizmar, T. & Dholakia, K., Exploiting multimode waveguides for pure fibre-based
imaging, Nature Communications 3(1027) 2012

[2] Ploeschner, M., Straka, B., Dholakia, K. & Cizmar, T., GPU accelerated toolbox for real-time
beam-shaping in multimode fibres, Optics Express 22(3), 2933-2947 (2014)
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Real-time Infrared Video from a Pixel

M. Edgar’, G. Gibson', R. Bowman’, B. Sun', N. Radwell', K. Mitchell', S. Welsh', M. Padgett
SUPA, School of Physics and Astronomy, University of Glasgow, Glasgow, G12 800, UK
matthew.edgar@glasgow.ac.uk

KEY WORDS: Infrared imaging, single-pixel camera, computational imaging,

Conventionally, images are recorded on cameras utilising a pixelated optical sensor. Imaging
in the visible can be performed at low-cost due to widespread demand for silicon-based
sensors, meanwhile to perform imaging at non-visible wavelengths requires the use of
different substrate material sensors, which come with a higher price tag. An alternative
imaging approach replaces the sensor with a device capable of applying a series of spatial
filters and a single-pixel detector to measure the reflected intensities. Combining knowledge
of the spatial masks applied and the associated intensities allows the image to be deduced
utilising a computer algorithm. In this work we demonstrate a so-called ‘single-pixel camera’
capable of producing continuous real-time video at visible and shortwave infrared
wavelengths simultaneously. We anticipate these low-cost, non-visible imaging systems to

have important applications in microscopy, night vision, gas sensing and medical imaging.

A number of closely related approaches use spatially structured illumination'*® or

structured detection® and a single-pixel detector to deduce an image. Naturally, a trade-off
exists between acquisition time and image resolution, which results from the finite displa;
rate of the spatial light modulator. One approach relies on utilising compressed sensing’,
however the associated reconstruction times greatly exceed the acquisition time thereby
prohibiting use in real-time video systems. Utilising our prototype (Fig.1a) we demonstrate an
approach for increasing the spatial resolution whilst maintaining high-frame rate video by
instead modifying the mirror binning (Fig.1b). Moreover we can employ an evolutionary
algorithm to better select the most significant patterns for further increasing the frame-rate of
real-time video of colour (Fig.1c) and shortwave infrared (SWIR) video.
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filtered photomultipliers and an InGaAs photodiode. (b) Experimental demonstration of ‘zoom’
functionality described in text. (¢c) Sample of four consecutive colour video frames.
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Holographic Electron Beam Shaping
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The wavefunction corresponding to free electrons, is a solution to the Schrédinger equation,
may possess specific intensity and phase distributions. Electrons with a wavefuntion having a
helical phaseexp(ild) is an interesting example. These electrons possess a magnetic moment
lugand an intrinsic orbital angular momentum (OAM) value of # along the propagation axis,
where p is the electron Bohr magneton'. This is in addition to the spin magnetic moment,
which can only take two values, =+ ;. Therefore, such electron beams can be used to explore
magnetic dichroism, a property that has not yet been fully investigated in materials science.
Several techniques analogous to the optics counterparts, such as spiral-phase plate?, amplitude
mask®, spin-to-OAM converter* and astigmatic lenses, have been proposed or implemented to
shape the conventional electron beam into an electron beam carrying OAM. All of these
techniques, however, have a low conversion efficiency. We have recently developed a novel
method, which leads to a precise control of electron wavefunction’ phasefront when it passes
through a silicon nitride substrate °. Indeed, the electron phasefront is tailored by elastic
electron-electron scattering in the membrane, thus it results in bright electron beam shaping.
We have successfully generated a pure-phase kinoform for electron beams in the middle
energy range of 200 keV with a conversion efficiency about 40%.
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Our recent achievement on generating electron beams having Bessel®, Laguerre-Gauss
distributions, and electron beam with the highest OAM value’ will be the subject of my talk.

(2) (b)

(a) Diffracted electron beams from a purely blazed phase hologram. The achieved conversion efficiency is
higher than 35%. (b) Intensity distribution of the generated electron Bessel beam of the first kind. This
beam is shown to be diffraction-free for a certain region.
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Optical Angular Momentum of Light in Laser Micromanipulation and

Applications
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KEY WORDS: Optical angular momentum, optical tweezers, live cells

The way light can apply forces to a microscopic object is easily understood as an exchange of
momentum between the light beam and the object. This applies both to linear momentum and to
angular momentum exchange. Methods based on these phenomena promise high flexibility and an
opportunity for driving these objects in microfluidic devices or even inside a biological cell.
Optical drive of micron scale devices promises the ability to carry out measurements and
operations on microscopic systems in a flexible way. The energy that is needed can be transmitted
without harm through many materials including a membrane of a cell.

The use of the angular momentum of light enables introduction of rotation of
microscopic objects. Quantitative measurements of this rotation are possible through a
measurement of the change of polarisation state of light after passing through the object. The
transfer of the angular momentum can then be used for several applications in biology and
medicine. One of such application is microrheology of complex fluids that exhibit both viscous and
elastic behaviours and it has been and continues to be one of the most important subjects that can
be applied to characterize the behavior of biological fluids such as cytoplasm in cells enabling
quantitative studies of biophysical properties of cells. Optical tweezers and fluorescence
correlation spectroscopy have been used for such studies. However, it is extremely difficult to
make rapid measurement of viscoelastic properties inside living cells. Due to the complicated
components in the cell, by using giant unilamellar vesicle (GUV) as a model we propose to
develop a microrhometer based on optical tweezers where angular momentum of light is used
resulting in rotation of the probe. Using this method we investigate the viscoelastic properties of
the fluid inside liposome.
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Determination of Colloidal Osmotic Equilibrium of State
by Optical Trapping

Jinxin Fu, H. Daniel Ou-Yang
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Colloidal particles in suspension reach an equilibrium density distribution under a potential
force. The shape of the particle number density profile depends on the external force and the
colloidal interactions between the particles.

This paper reports a study that uses optical gradient force to create number density
distributions of colloidal nanoparticles transiently confined in an optical trap, i.e., the optical
bottle. Laser scanning confocal fluorescence microscopy is used to image the number density
distribution of 100 nm fluorescent polystyrene particles in an IR optical trap, shown in the
figure below. From the Boltzmann distribution of the particle number density of a dilute
suspension of nanoparticles in the optical trap, the potential energy landscape of the
nanoparticles in the optical trap can be determined [1]. From the known potential force and
the particle number density distribution of interacting colloids, the osmotic pressure as a
function of particle number density, i.e., the osmotic equation of state of the colloids can be
calculated using the equation of osmotic equilibrium derived by Einstein in his 1905 paper on
Brownian motion [2]. Osmotic equation of state and chemical potentials of charge stabilized
colloidal particles interact by the screened Coulomb repulsion and by the polymer-induced
depletion attraction, shown in the figure below, will be discussed in this paper.
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Experimental setup (left); 3D image of optically trapped nanoparticles (center); equation of state (right).

[1] Jinxin Fu, Qiwen Zhan, Min Yao Lim, Zhiyuan Li, and H. Daniel Ou-Yang, "Potential
energy profile of colloidal nanoparticles in optical confinement,” Optics Letters, vol. 38,
p. 3995-3998, 2013.

[2] Jinxin Fu, H. Daniel Ou-Yang, Determination of colloidal osmotic equation of state by
optical trapping, manuscript in preparation.
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Glycolytic oscillations in single yeast cells

A.K. Gustavsson, C.B. Adiels, M. Goksor
Department of Physics, University of Gothenburg, SE-41296 Gothenburg, Sweden
mattias.goksor@gu.se

KEY WORDS: Glycolytic oscillations, live cells, optical tweezers, microfluidics, single cell
analysis

Yeast glycolytic oscillations have been studied since the 1950s in cell-free extracts and intact
cells. For intact cells, sustained oscillations have previously only been observed at the
population level, i.e. for synchronized cultures at high biomass concentrations. Using optical
tweezers to position yeast cells in a microfluidic chamber, we were able to observe sustained
oscillations in individual isolated cells. Using a detailed kinetic model for the cellular
reactions, we simulated the heterogeneity in the response of the individual cells, assuming
small differences in a single internal parameter [1]. This is the first time that sustained limit-
cycle oscillations have been demonstrated in isolated yeast cells. The precise conditions for
autonomous glycolytic oscillations were also investigated. Hopf bifurcation points were
determined experimentally in individual cells as a function of glucose and cyanide
concentrations. The experiments were analyzed in a detailed mathematical model and could
be interpreted in terms of an oscillatory manifold in a three-dimensional state-space; crossing
the boundaries of the manifold coincides with the onset of oscillations and positioning along
the longitudinal axis of the volume sets the period. The oscillatory manifold could be
approximated by allosteric control values of phosphofructokinase for ATP and AMP [2].
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(Left) Schematic of experimental procedure and different types of single cell oscillation.
(Right) Oscillatory manifold in three-dimensional state-space (phosphofructokinase, ATP and AMP).

[1] A-K. Gustavsson et al., Sustained glycolytic oscillations in individual isolated yeast cells, FEBS
Journal 279(16) 2837- (2012).

[2] A-K. Gustavsson et al., Allosteric regulation of phosphofructokinase controls the emergence of
glycolytic oscillations in isolated yeast cells, FEBS Journal 281(12), 2784 (2014).
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Measuring Inter-Bacterial Forces with Holographic Tweezers
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Aggregation of bacteria plays a key role in the formation of many biofilms'. The critical first
step is cell-cell approach, either via swimming motility or through Brownian motion®. And
yet, the ability of bacteria to control the likelihood of aggregation during this primary phase is
unknown. We use optical tweezers to measure the force between isolated Bacillus subtilis
cells during approach. As we move the bacteria towards each other, bacterial swimming
initiates the generation of repulsive forces at bacterial separations of ~3um. Moreover, the
motile response displays spatial sensitivity with greater cell-cell repulsion evident as inter-
bacterial distances decrease’.

Our experiments demonstrate that repulsive forces are strongest in systems that inhibit
biofilm formation (Tryptic Soy Broth), while attractive forces are weak and rare, even in
systems where biofilms develop (NaCl solution). These results reveal that bacteria are able to
control the likelithood of aggregation during the approach phase through a discretely
modulated motile response.
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Two individual bacteria are held in separate traps and approach each other in a step-wise fashion. At each set
distance we measure the force between the bacteria. The force lines represents the combined average of six
separate bacteria pairs for varying media — Tryptic Soy Broth (TSB), NaCl solution and deionised water. The
repulsive force on approach is strongest for bacteria suspended in TSB, decreases for nutrient-deprived
deionized water and disappears for bacteria in NaCl solution’.

' P.E. Kohlenbrander et al., Nature Rev. Microbiol., 8 (2010) 471-480.
2 A.H. Rickard et al., Trends Microbiol., 11 (2003) 94-100.
* M. Dienerowitz et al., Curr. Microbiol., DOI 10.1007/s00284-014-0641-5 (2014).
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Engineered optical trapping forces with Mie scattering interferometry

M. A. Taylor!, M. Waleed?, A. B. Stilgoe!, W. P. Bowen*
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While most optical trapping experiments confine dielectric particles near the focus of a
Gaussian laser profile, the use of different trapping profiles allows new capabilities and has
allowed novel optical trapping forces to be demonstrated® 2. In principle, it also allows complete
optimization of the trapping forces, which could drastically improve trapping performance and
enable important new applications in biophysical research®.

Here we introduce and demonstrate a new approach, referred to as Mie interference for
stiffness-enhanced trapping (MIST), which allows order of magnitude enhancements in trap
stiffness over use of a Gaussian profile. In this approach, the trapping light is tailored such that
the Mie scattering of a large dielectric sphere transforms the field into well separated output
beams. Small particle displacements then modulate the power in these outputs via constructive
or destructive interference. This induces an optical force with qualitatively different
characteristics than conventional optical traps that rely on deflection of the transmitted rays.
We experimentally demonstrate MIST with phase-only control of the trapping light, and trap
10um silica particles with stiffness 17 times higher than achieved with a Gaussian trap of
similar power. This is in reasonable agreement with theory, which predicts an enhancement
factor of 25 in the absence of aberrations. Further refinements are predicted to allow an absolute
trap stiffness that surpasses the existing state-of-the-art*. MIST can be incorporated with
relative ease into any existing holographic optical tweezers setup, and consequently could see
widespread applications.
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Preliminary experimental demonstration of MIST. (a) The scattering particle reshapes the phase-modulated
trapping profile into separated beams. The power of these outputs is modulated by small displacements,
resulting in a trapping force based on interference rather than deflection of light rays. This allows. Trapped
thermal spectra measured with Gaussian trap (b) and MIST (c) show that MIST increases the corner frequency,
and therefore the trap stiffness, by a factor of 17. This result is also consistent with measurements of the force-
displacement curve. The insets show the respective intensity distributions after interaction with the particle.

2

1 M. Mazilu, K. Dholakia, Non-Diffracting Waves (John Wiley & Sons, 2013).

2 M. Woerdemann, C. Alpmann, M. Esseling, C. Denz, Laser Photon. Rev. 7 (2013) 839-854.

3 M. Mazilu, J. Baumgartl, S. Kosmeier, K. Dholakia. Opt.Expr. 19 (2011) 933-945.

4 A, Jannasch, A. Demirdrs, P. van Qostrum, A. van Blaaderen, E. Schéffer, Nat. Photon. 6 (2012) 469-473.
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Controlling dispersion forces between small particles with
artificially created random light fields
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Appropriate combinations of laser beams can be used to trap and manipulate
small particles with “optical tweezers” [1,2] as well as to induce significant “optical
binding” forces between particles [3-4]. These interaction forces are usually
strongly anisotropic depending on the interference landscape of the external fields
[5]. This is in contrast with the familiar isotropic van der Waals and, in general,
Casimir-Lifshitz interactions between neutral bodies arising from random
electromagnetic waves generated by equilibrium quantum and thermal
fluctuations [6-8]. The external control of isotropic interaction forces between
particles can influence dramatically the macroscopic properties of colloidal
suspensions and is of key importance not only for Biological or Materials Science
applications but also to address fundamental questions about the nature of liquids,
crystals, and glasses [9]. In the present work we show, both theoretically and
experimentally, that artificially created fluctuating light fields can be used to
induce and control dispersion forces between small colloidal particles. Using
optical tweezers as gauge, we present experimental evidence for the predicted
isotropic attractive interactions between dielectric microspheres induced by laser-
generated, random light fields. These light induced interactions open a path
towards the control of translational invariant interactions with tuneable strength
and range in colloidal systems.

[1] A. Ashkin, Phys. Rev. Lett. 24, 156 (1970).

[2] A. Ashkin, J. M. Dziedzic, J. E. Bjorkholm, and S. Chu,
Opt. Lett. 11, 288 (1986).

[3] T. Thirunamachandran, Mol. Phys. 40, 393 (1980).

[4] M. M. Burns, J.-M. Fournier, and J. A. Golovchenko, Phys.
Rev. Lett. 63, 1233 (1989).

[5] K. Dholakia and P. Zemanek, Rev. Mod. Phys. 82, 1767
(2010).

[6] J. N. Israelachvili, Intermolecular and Surface Forces
(Academic, London, 1991).

[7] V. A. Parsegian, Van der Waals Forces: A Handbook for
Biologists, Chemists, Engineers, and Physicists (Cambridge
Univ., New York, 2006).

[8] K. A. Milton, Am. J. Phys. 79, 697 (2011).

[9] D. Frenkel, Science 296, 65 (2002).
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Scanning Traction Microscopy
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Traction force microscopy is an established method for imaging stresses built up over time in
two- and three-dimensional cell cultures!'!. It is based on microscopic measurement of the
displacement of fluorescent beads embedded in a medium of known stiffness in response to
stresses exerted by cells on the culture matrix. In the research presented here, we report an
optical tweezers based approach to the inverse problem: given application of a known force to
a given location in the culture matrix, can we determine the stiffness at that location? This
research is motivated by efforts to understand the effects of matrix stiffness on normal and
abnormal tissue development, especially with regard to cancer research. For example, in
mammary gland tissue cultures the differentiation of epithelial cells into ducts or acini (milk
producing structures) is correlated at least in part with the local stiffness of the extracellular
matrix?. By combining optical tweezers and nonlinear scanning microscopy in a single
instrument it is possible to simultaneously measure the stiffness and structural organization of
cells and their 3D extracellular matrix (ECM). The matrix is seeded with the appropriate cells
as well as fluorescent microspheres. The cells are imaged using endogenous sources of two-
photon fluorescence (TPEF) and reflectance confocal. The surrounding collagen in the matrix
is mapped with second harmonic imaging. The location of the fluorescent probe beads is
determined using TPEF. These beads are subsequently imaged via TPEF at low scan rates and
high power so that during imaging they are moved in the matrix gel by optical tweezer
forcing. The size and shape of the resulting forced bead images can yield the local matrix
stiffness and degree of inhomogeneity.
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Illustration of 2-photon bead apparent image size of 2um bead. Scans were performed on bead embedded in
0.07g/ml gelatin gel at 40 and 84 mW laser power. Measurements based on vertical and horizontal and vertical
lengths are shown based on the 2-photon bead image intensity. Images were all normalized between 0 and 255
color/intensity value in grayscale

1. Style, R.-W., et al., Traction force microscopy in physics and biology. Soft Matter, 2014. 10(23): p.
4047-4055.
2. Dhimolea, E., A.M. Soto, and C. Sonnenschein, Breast epithelial tissue morphology is affected in 3D

cultures by species-specific collagen-based extracellular matrix. Journal of Biomedical Materials
Research Part a, 2012. 100A(11): p. 2905-2912.
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Non-conservative optical action
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Electromagnetic waves carry momenta. The associated conservation laws, in both propagation
and scattering, provide insights into phenomena such as spin transfer and power flow which,
in turn, are essential for developing novel sensing approaches at nanoscales. For instance, for
a wave in a pure state of polarization, the spin-orbit interaction results in a spiraling power
flow, which is determined by the extent of interaction [1,2]. We will review this spin Hall
effect of light and discuss some of its mechanical consequences. We will show how the phase
dislocations at a vortex state can lead to nondissipative mechanical forces. The non-trivial
dynamics that can be optically controlled creates an Aharonov-Bohm setting where
nonconservative reaction forces can be detected experimentally [3]. Observing this dynamics
clarifies the role the finite wave-packets on the transfer of wave’s canonical momentum.

In complex interacting systems, the reconfiguration of the electromagnetic field in space and
time leads to unique non-equilibrium dynamics [4]. Remarkably, torques can be induced on
spherically symmetric, optically isotropic, and lossless objects. In this case, the interplay
between conservative and nonconservative contributions can be controlled by the polarization
of the incident field [5,6].

[1] C. Schwartz and A. Dogariu, Conservation of angular momentum of light in single scattering, Opt.
Express 14, 8425 (2006).

[2] D. Haefner, S. Sukhov, and A. Dogariu, Spin Hall effect of light in spherical geometry, Phys. Rev.
Lett. 102, 123903 (2009).

[3] S. Sukhov, V. Kajorndejnukul, J. Broky, and A. Dogariu, Forces in Aharonov-Bohm optical

setting, Optica 1, 383 (2014)

[4] K.M. Douglass, S. Sukhov, and A. Dogariu, Superdiffusion in optically-controlled active media

Nat. Photon. 6, 834 (2012).

[5] D. Haefner, S. Sukhov, and A. Dogariu, Conservative and nonconservative torques in optical

binding, Phys. Rev. Lett. 103, 173602 (2009)

[6] S. Sukhov, A. Sahlin, D. Haefner, and A. Dogariu, Actio et Reactio in Optical Binding, Opt.
Express 23, 247 (2015).




46

This page is intentionally left blank.

ORAL PRESENTATIONS



Posters 47

OAM measurement of elliptical Ince-Gaussian beams
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The manipulation of fundamental properties of light allows the creation of a diversity of
complex photonic structures. These tailored light fields enable many applications in
biological, medical, and technical fields and have been exploited for optical
micromanipulation in numerous configurations [1-2]. Besides well-known Laguerre- and
Hermite-Gaussian beams, especially Ince-Gaussian (IG) beams as solutions of the paraxial
Helmholtz equation in elliptical coordinates are of fundamental interest, as they already
include the former classes and are therefore more general solutions with special transversal
and longitudinal light distributions. Helical Ince-Gaussian beams exhibit spatially separated
phase singularities within their transverse elliptical light distribution and therefore may carry
orbital angular momentum (OAM). But as the spatial distribution of singularities in these
beams is distributed and varies with increasing ellipticity, non-integer values of OAM have
been predicted for these modes [3].

We show in this contribution the analysis of the spatially distributed OAM of Ince-Gaussian
beams by implementing a single slit diffraction method, which has been already employed for
Laguerre-Gaussian and Bessel beams [4]. For the case of distributed OAM for helical 1G

Y

modes of different ellipticities we demonstrate
excellent agreement of our measurements with
theoretical predictions. Fig. 1 shows an overlay
of the intensity and phase distribution of a
higher order IG beam with ellipticity ¢ = 20.
Several phase singularities (indicated by red
circles) are distributed along the horizontal
symmetry axis of the beam. This leads to a l

spatial variation of the inclination of the phase ,

front along the azimuthal coordinate n which is  Figure 1: Overlay of intensity and phase
indicated in the figure by comparison of the distribution of higher order helical Ince-
phase gradient at the positions 1 and 2. Gaussian beam.
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Two Dimensional Optical Rocking Ratchet
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Optical micromanipulation represents a versatile tool to study the complex dynamics of
microscopic particles constrained to move in energy potential landscapes'™. Based on these
techniques, in this work we present an experimental realization of a fully reconfigurable two
dimensional optical ratchet*’. This consists in microscopic dielectric particles which are
forced to move periodically on a two-dimensional periodic optical potential with a mirrored
asymmetry. The characteristic behavior of this system is the non-trivial transport given by the
dynamic coupling of the spatial asymmetric and the time-dependent non-biased forces. The
time-dependent force is given by a relative displacement of the sample cell respect to the
pattern of light which remains static, while the potential is created by means of the
overlapping of two identical lattices of optical tweezers with orthogonal polarizations. The
asymmetry of the resulting energy potential is tailored in situ by shifting one of the patterns
respect to the other and changing their relative power. We obtain a current of particles that
depends strongly on the shape of the energy potential and on the magnitude, periodicity and
direction of the drag force. With this setup we are able to observe the absolute transversal
mobility (see Fig. 1) previously predicted in theoretical models®. Moreover, we controlled the
motion of a dense sample of particles in a two dimensional space by only changing the
asymmetry of the pattern of light.

Fig. 1. Absolute transversal mobility in a 2D optical rocking ratchet. While the time-periodic drag force
acts along the horizontal direction, the particles move upwards, perpendicularly to this force. The inset shows the
asymmetric unit cell of the 2D optical lattice.
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Vesicle fusion mediated by optical trapping of metallic nanoparticles
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We developed a novel approach for membrane fusion of Giant Unilamellar lipid Vesicles
(GUVs) by exploiting the localized heating generated by an optically trapped gold
nanoparticle (AuNP). We previously showed that GUVs can be stably trapped by optical
tweezers when their cargo has a sufficiently high refractive index compare to their
surrounding buffer' and that optically trapped AuNPs can generate enough localized
plasmonic heat to disrupt membranes®>. We used optical tweezers to position two selected
GUVs into close proximity. Then a AuNP, seen as a bright spot between the two GUVs in
Fig. 1A, was trapped and held in the contact area between the two GUVs. The laser heated the
AUNP enough to eventually lead to fusion of the adjacent membranes, thereby fusing also the
lumen of the two GUVs. As the optical trap was implemented in a confocal microscope, we
were able to simultaneously image the whole fusion process of fluorescently stained vesicle
membranes or vesicle lumens with high resolution. We quantified the time scales for mixing
of lipid fluorophores incorporated within the GUVs (see Fig. 1B) and found the time scales
consistent with diffusional mixing in lipid bilayers. As expected, we found a linear relation
between the mixing time and the relative increase in area for the individual GUV fusion pairs,
hence, the fusion time scale for mixing depends on the relative size of the GUVs. Using this
novel approach, it is possible to fuse any two individual vesicles in a controlled manner which
has great implications for small scale and controlled mixing of reactants contained in separate
GUVs.

B fluorescence intensity

Normalized Intensity

time(s)

A) Frame by frame illustration of vesicle fusion, the trapped AuNP is seen as a white spot
between the vesicles. Scale bar is 10um. B) Fluorophore intensity versus time for the same
experiment. The fusion is visible as a dramatic decrease of fluorescence.

1p. M. Bendix and L. B. Oddershede, Nano Letters vol.11 p. 5431 (2011).
2 A. Kyrsting, P.M. Bendix, D.G. Stamou, L.B. Oddershede, Nano Letters vol. 11 p. 888 (2011).
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Efficient illumination of spatial light modulators for optical trapping and
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Energy efficiency is always desirable. This is particularly true with lasers that find many
applications in research and industry. Combined with spatial light modulators (SLMs) lasers
are used for optical trapping and manipulation, sorting, microscopy or biological stimulation®.
Besides efficiency, one wants to uniformly illuminate a specific shape such as the addressable
area of an SLM. The common practice of truncating an expanded Gaussian source, however,
is inefficient®.

The Generalized Phase Contrast (GPC) method enables illumination that inherits the
efficiency advantages of phase-only light shaping while maintaining the speckle-free, high-
contrast qualities of amplitude masking. Compared to a hard truncated Gaussian, a GPC Light
Shaper (LS) saves up to 93% of typical losses®. We experimentally demonstrated shaped
illumination with ~80% efficiency, ~3x intensity gain, and ~90% energy savings*. We have
also shown dynamic SLM-generated patterns for materials processing and biological research.

To efficiently illuminate an SLM, we used a compact pen-sized GPC-LS in place of an
iris. For the same input power, hologram reconstructions are ~3x brighter or alternatively ~3x
more focal spots can be addressed. This allows better response or increased parallel
addressing for e.g. optical manipulation and sorting. Simple yet effective, a GPC-LS could
save substantial power in applications that otherwise truncate lasers to a specific shape.
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To obtain a uniformly illuminated rectangle with 84W, up to 216W is normally blocked. GPC, on the
other hand can use 84W out of 100W, saving 200W (93%) (a). The compact GPC-LS is shown with an
enclosure that prevents dust (b). Alternatively, a GPC-LS could increase the brightness by ~3x for the
same input power as seen in the holographic reconstructions (c-d).

! E. Papagiakoumou et al., Nat. Methods, 7, (2010) 848-54.
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Direct visualization and quantification of Doc2b-mediated membrane
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The Doc2b protein plays a crucial role in regulating exocytosis by coupling calcium
signals to secretory events. The exact mechanism remains debated: Doc2b either inhibits
SNARE-mediated membrane fusion at low Ca®* concentrations or it directly enhances
membrane remodeling at elevated Ca** concentrations. Using a combination of optical
trapping and fluorescence microscopy, we study membrane-membrane interactions between
two optically trapped micrometer-sized lipid-coated polystyrene beads. The beads are brought
in contact allowing protein-lipid and lipid-lipid interactions to occur. One bead is then
retracted while monitoring the associated force. Fluorescent labelling of both the lipids and
Doc2b enabled imaging of protein binding and lipid remodeling. We show that in the
presence of Doc2b, the anionic lipid phosphatidylserine and Ca** a micrometers-long
membrane stalk forms between the membranes with a stability of multiple minutes. Doc2b
efficiently coats the entire lipid complex. Lipid mixing but no content mixing occurs between
the two membranes, indicating that Doc2b enhances the formation of a hemifusion
intermediate. Formation of this complex is associated with a force up to 250 pN. We conclude
that Ca®*-activated Doc2b reduces the energy barrier for membrane fusion by promoting and
stabilizing a hemifused state. In living cells, this mechanism may occur in conjunction with
progressive zippering of the SNARE complex, together driving efficient Ca®*-secretion
coupling.

(a) , (©
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Doc2b binds to lipid bilayers and induces membrane hemifusion. (A) Schematic representation of our assay,
where two optically-trapped lipid-coated polystyrene beads are brought into contact in the presence of Doc2b,
PS and calcium to allow protein-lipid interactions to occur. The optical traps give us a direct measure of the
forces involved in the process. Additionally, we use fluorescent lipids and Doc2b-eGFP to directly visualize the
interactions. (B) Fluorescence image obtained using Doc2b-eGFP and dark lipids. (C) Distribution of rupture
forces of membrane stalks measured at a bead retraction speed of 7 pm/s. The large peak in the distribution
around a force of 15-20 pN is the background signal (also presence in the absence of protein), while the long tail
corresponds to protein-specific fusion events, showing that it requires forces up to 80 pN to break these
membrane stalks. (D) Schematic representation of the hemifused state, where the outer layers of the original
lipid bilayers have been fused together but the inner layers are still intact and thus lipid mixing can occur but not
content mixing.
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Flying particle sensors in hollow-core photonic crystal fibre

D.S. Bykov’, T.G. Euser and P. St.J. Russell
Max Planck Institute for the Science of Light, Guenther-Scharowsky-Str. 1, 91058 Erlangen, Germany

*dmitry.bykov@mpl.mpg.de; www.pcfiber.com

KEY WORDS: Optical trapping, fiber sensors, electric field sensing, temperature sensing.

We introduce a “flying-particle’ fibre optic sensor’, based on a microparticle that is optically
trapped and moved to and fro inside a hollow-core photonic crystal fibre (HC-PCF)% In a
proof-of-principle experiment, the transverse displacement of a charged microparticle,
detected by changes in the transmitted light signal, is used to map with a spatial resolution of
50 um the electric field pattern near the surface of a multi-element electrode. The frequency
response of the system to a modulated electric field is in excellent agreement with theory. In a
further demonstration, Doppler-based velocity measurements®* on an optically propelled
microparticle are used to map the gas viscosity (and thus resolve the temperature profile)
along a length of HC-PCF. Flying-particle sensors represent a new paradigm in
reconfigurable fibre sensors, potentially allowing multiple physical quantities to be mapped
with very high positional accuracy over km distances. The technique is also ideal for use in
highly radioactive environments where conventional solid-glass cores rapidly darken due to
radiation damage.
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(a) Top: Schematic of the set-up. In the dual-beam optical trap the power of the forward and backward
propagating beams (P1, P2) can be adjusted independently. The transmitted power P2 is monitored by a
photodiode. Lower left: SEM image of a HC-PCF with superimposed mode intensity profile. Lower
right: Schematic of the particle in the fibre. (b) Cross-section of a patterned electrode with the fiber
clamped between its plates. (c) Calculated electric field pattern for a straight electrode array. (d) Electric
field pattern measured using the flying particle sensor. (e) Calculated field, adjusted for a slight bend in
the electrode plates.
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1. D. S. Bykov et al., "Electric field sensing with high spatial resolution via a charged "flying particle"

optically guided inside hollow-core PCF," Optical Fiber Sensors (OFS23, Santander, 2014), Proc. SPIE

9157, 915704-1 (2014).

P. St.J. Russell, "Photonic-crystal fibers," J. Lightw. Technol. 24, 4729-4749 (2006).

3. 0. A Schmidt, M. K. Garbos, T. G. Euser, and P. St.J. Russell, "Metrology of laser-guided particles in air-
filled hollow-core photonic crystal fiber," Opt. Lett. 37, 91-93 (2012).

4. M. K. Garbos et al., "Doppler velocimetry on microparticles trapped and propelled by laser light in liquid-
filled photonic crystal fiber," Opt. Lett. 36, 2020-2022 (2011).
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A Microfluidic/Optical Tweezers-based System
for FRET-Sensor Development

J.A.H. Danielson', M. Goksor'
University of Gothenburg, Department of Physics, 412 96 Géteborg, Sweden
Jjonas.danielson@physics.gu.se

KEY WORDS: optical tweezers, microfluidics, sorting, FRET, biosensor

Genetically encoded fluorescent biosensors are sensors that allow for non-invasive, real-time
monitoring of small molecules, at a subcellular level in living organisms. The high spatial and
temporal resolution provided by these sensors make them ideal tools for studying highly
transient and dynamic biological processes at the same time as the genetically encoded and
non-invasive nature allows for stable long-term measurements'?. Although it would be
possible to make such sensors that specifically report concentrations of virtually any
physiologically relevant molecule or even physical property, they have since their
introduction in the late 1990s only seen a relatively modest use The main reason for these
sensors not being more widespread and used today is the extremely labor intensive and semi-
rational design process for development and optimization, often involving making and
screening through thousands of constructs in order to find a working sensor’.

Currently we are developing a platform to facilitate the process of making and
optimizing fluorescent biosensors. Even though the platform will be very generic, we will
initially focus on a subset of fluorescent biosensors based on Forster Resonance Energy
Transfer (FRET). FRET-based biosensors (or FRET-sensors) have the additional advantage of
being ratiometric, since sensor activation results in changed energy transfer between the two
fluorophores used, resulting in opposite changes in their relative fluorescence intensities. The
platform we design is based on a combinatorial assembly-based cloning-method to generate a
library of putative sensor constructs expressed in yeast, combined with a microfluidics/optical
tweezers-based system for trapping, screening and sorting the yeast library at single-cell level.

+ v
40 )
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FRET FRET

2 5%%

Schematic drawing of a FRET-sensor illustrating how ligand
binding results in a change in FRET between the two
fluorophores (yellow and blue) resulting in opposite changes
in fluorescence intensities of the two fluorophores.
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Viability of bacterial cells in optical tweezers

G. Vizsnyiczai, O. Hodula, O. Sipos, K. Nagy, A. Kerényi, L. Kelemen, P. Ormos, P. Galajda
Institute of Biophysics, Biological Research Centre of the Hungarian Academy of Sciences, Temesvari krt. 62. 6726 Szeged, Hungary
galajda.peter@brc.mta.hu

KEY WORDS: viability, live cells, holographic optical tweezers,

Optical trapping is an excellent tool for manipulation of microscopic objects. On one
hand this manipulation capability opens the window towards novel ways of cellular studies.
However the photodamage induced by high power trapping lasers in live cells limits the
usability of optical tweezers in biological experiments.

The progress in the field of optical trapping brought in new and improved techniques,
such as holographic tweezers, that extend the manipulation capabilities. These techniques
may be used to minimize the harmful effects on live cells.

We have studied E. coli bacteria in optical tweezers in order to compare various
trapping configurations in terms cellular viability. We used the waggling motion of swimming
bacterial cells to determine how long the cell stays alive in the trap. We used two trapping
configurations: a) a single trap arrangement where the cell orients along the optical axis of the
trap, and b) a double trap arrangement where a cell is grabbed by two traps at the cell poles
(the extremes of the cell body). In this latter configuration the cell body was less exposed to
the laser light.

Our results may help in designing experiments with live cells where extended
timescales and minimal photodamage is necessary.
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Investigation of the Synchronization Mechanism of Glycolytic Oscillations
in Individual Yeast Cells

Anna-Karin Gustavsson*, Caroline B. Adiels, Bernhard Mehlig, Mattias Goksor
Department of Physics, University of Gothenburg, Gothenburg, Sweden SE-41296
*anna-karin.gustavsson@physi

KEY WORDS: Optical tweezers, microfluidics, fluorescence microscopy, single-cell
analysis, synchronization

Rhythms occur in a wide range of systems in biology and one of the most studied is that of
glycolytic oscillations in yeast. These oscillations have been intensively studied for more than
50 years in dense populations of cells'. However, studying oscillations from millions of cells
in a population, some kind of synchronization of the oscillations is required. The disadvantage
of studying oscillations from synchronized populations is that only the average behavior of
the population can be investigated, and possible heterogeneous behavior of the individual
cells will be lost. For this reason, despite intense efforts, it was for long not known whether
the onset of oscillations was a collective property that required a high cell density, or if
individual cells could oscillate also in isolation”>. The mechanism of synchronization has also
been a matter of debate. In recent work we showed that cells in isolation indeed can
oscillate™® and that the requirements for oscillations to arise in individual cells is less
restrictive than the requirements for synchronized oscillations to be detected in populations’.
This suggests that coherence of oscillations in populations is the result of synchronization of
individual oscillators via a so-called Kuramoto transition®.

To elucidate the synchronization mechanism, we used optical tweezers to position
yeast cells in arrays inside a microfluidic flow chamber. The responses of individual cells to
periodic perturbations of the extracellular environment were then measured and the
mechanism behind synchronization of glycolytic oscillations determined. The robustness of
the mechanism with regards to cell heterogeneity was also evaluated.

(a) Schematic of the experimental procedure, where optical tweezers are used to position
individual yeast cells at the bottom of a microfluidic flow chamber. (b) Image showing a typical
cell array used in the experiments. The cell-cell distance is set to10 pm to avoid cell-cell
interactions and synchronization.

! P. Richard, FEMS Microbiol. Rev., 27 (2003) 547-557.

2 F. A. Chandra, G. Buzi, J. C. Doyle, Science 333 (2011) 187-192.

3 A. K. Poulsen, M. O. Petersen, L. F. Olsen, Biophys. Chem. 125 (2007) 275-280.

4 A. -K. Gustavsson, C. B. Adiels, M. Goksor, Proc. of SPIE 8458 (2012) 84580Y-1 — 84580Y-7.

5 A. -K. Gustavsson, D. D. van Niekerk, C. B. Adiels, F. B. du Preez, M. Goksér, J. L. Snoep, FEBS J. 279
(2012) 2837-2847.

¢ A. -K. Gustavsson, D. D. van Niekerk, C. B. Adiels, M. Goksér, J. L. Snoep, FEBS Lett. 588 (2014) 3-7.

" A. -K. Gustavsson, D. D. van Niekerk, C. B. Adiels, B. Kooi, M. Goksér, J. L. Snoep, FEBS J. 281 (2014)
2784-2793.

8 S. Strogatz, Physica D 143 (2000) 1-20.
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Measuring Dynamic Forces using Optical Tweezers

R.F. Hay'*, G.M. Gibson', M.J. Padgett' & D.B. Phillips’
1. SUPA, School of Physics and Astronomy, University Of Glasgow, Glasgow, G12 8QQ Scotland U.K.
*r.hay.1@research.gla.ac.uk

KEY WORDS: Low Reynold’s number hydrodynamics, holographic optical tweezers.

Optically trapped microspheres are widely used as extremely sensitive femto-Newton scale
force transducers'”. When subjected to an external force, the microsphere translates until the
Hookean optical restoring force of the trap balances the external force. At this point, the
magnitude and direction of the external force vector is encoded by the particle’s position
(once thermal motion is averaged away). However, this situation becomes more complicated
when such a bead is subjected to a time varying external force and never reaches a static
equilibrium. In this case, the changing balance between optical, external, and hydrodynamic
friction forces govern the trajectory of the particle, and hysteresis means that recovery of the
external force now requires knowledge of the particle’s position and its velocity.™

In this work we generate a time-dependent external force on an optically trapped
‘probe’ bead by driving an ‘actuator’ bead in a sinusoidal fashion in close proximity. We
ensure that the both traps are uncoupled by using independent lasers. The motion of the
actuator then exerts a time varying hydrodynamic flow on the probe bead, and we explore the
resulting trajectories that are executed by the probe under a range of time varying
configurations of the actuator.
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The figure shows the trajectory of an optically trapped microsphere within a static optical trap as another
microsphere is translated in a sinusoidal fashion nearby. The changing hydrodynamic force on the
trapped bead causes it to map out a ‘figure of eight’ path in the optical trap. The colour of the each point
represents the time of each measurement.

! M. Dienerowitz et al., Optically trapped bacteria pairs reveal discrete motile response to control aggregation
upon cell-cell approach, Current Microbiology. 69 5 (2014).

2 R. M. Simmons et al., Quantitative measurements of force and displacement using an optical trap, Biophysical
Journal 70 4 (1996)

*S. Nedev, et al., Microscale mapping of oscillatory flows, Applied Physics Letters 105 16 (2014)

4 J. Kotar, et al., Optimal Hydrodynamic Synchronization of Colloidal Rotors, PRL 111 22 (2013)

Posters



Posters

Building and calibrating a low cost optical trap.
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Universidad Autonoma Metropolitana — Iztapalapa, San Rafael Atlixco No. 86, Col. Vicentina, C.P. 09340, Del. Iztapalapa, D. F. México
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KEY WORDS: Optical Tweezers construction, Force Measurement, low cost optical traps.

We have implemented an optical tweezers setup able to confidently trap spheres in sizes
ranging from 4 to 7 um using the second harmonic of a Nd:YAG laser. A LabVIEW program
allows us to acquire the signal from the light scattered by the trapped particle via a four
quadrant photodiode and, processing such signal, is it possible to obtain the vibrational
frequencies of the trap. Our main constriction in building this setup was a limited budget, so
using in many cases second hand equipment (such as microscope objectives, optical mounts
and data acquisition system), we have reduced the cost of the setup having a fully functional
system (including laser) with a cost of around $9 000.00 US dollars'. The only cost not
included here is the LabVIEW software.

The calibration of the system was performed using different methods (and software
routines) that can already be found in the literature™, such as power spectrum analysis,
variance calculation, equipartition theorem and Boltzmann Statistics.
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Virtual Instrument Main Panel for data acquisition of the scattered light and the calculation of
vibrational frequencies of a trapped single glass sphere.

We also have measured force and spring constants using pure hydrodynamic
measurements and compared such values with the ones obtained via analysis of scattered light
such that we can confront the values obtained by these different approaches. From the
obtained measurements, we can also reconstruct the potential well in which the spherical
particles are trapped and we have been able to reconstruct by these methods, an asymmetry of
the mode presented in the laser we use, which is mapped onto the potential well created by the
trap setup.

! Compare with http://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=3959
2L M. Toli¢-Norrelykke, K. Berg-Sorensen and H. Flyvbjerg, Comp. Phys. Comm. 159(3) 225-240, (2004).
N Osterman, Comp. Phys. Comm, 181(11) 1911-1916, (2010).
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Optical trapping and rotation of large asymmetric absorbing media in
Laguerre-Gauss modes

Catherine. M. Herne'
State University of New York at New Paltz
hernec@newpaltz.edu

KEY WORDS: Absorbing media, orbital angular momentum, holographic optical tweezers.

We show the trapping and rotation of opaque graphite through adhesion with optically
trapped polystyrene spheres. There are clear and distinct advantages to manipulating either
refractive or absorbing materials, and incorporating both types of materials leads to more
effective overall manipulation. Our graphite-polystyrene technique results in increased
rotation rates of the conglomerate system over that of polystyrene alone, and in addition
enables rotation of absorbing objects that are significantly larger than the beam mode size.
The size of trapped absorbing media has previously been limited to less than the mode size.'
In this conglomerate system, the trapping occurs because the refracting spheres are drawn
towards the location of the laser mode, and rotation happens through orbital angular
momentum transfer from a Laguerre-Gauss (LG) mode to the absorbing graphite.

An example of the graphite-polystyrene system in an LG mode with azimuthal index /
equal to 10 is shown in the figure below. On the left is a still image of a rotating chunk of
graphite with some polystyrene spheres visibly attached; the other significantly out-of-focus
spheres are free in the fluid. The entire system is rotating at 0.2 Hz. On the right, reflection of
the LG mode off of the adjacent glass surface is shown to provide a comparison between
approximate laser mode size and the size of the graphite chunk. In the same laser mode,
polystyrene spheres alone rotate about three times more slowly than the combined graphite-
polystyrene system. We are able to trap and rotate absorbing objects up to 3 times the laser
mode size in the sample at 2-3 times the rotation rates of refracting media alone.

Left: large 75 um piece of graphite with polystyrene spheres adhered to it, rotating at approximately 0.2 Hz.
Right: reflected light from LG mode visible on the same rotating cluster.

" H. He, M.E.J. Friese, N.R. Heckenberg and H. Rubinsztein-Dunlop, Direct observation of transfer of angular
momentum to absorptive particles from a laser beam with a phase singularity, Phys. Rev. Lett. 75, 826-829
(1995).

Posters



Posters

An optofluidic gate as a light induced membrane: Enhancements in optical
force chromatography for microfluidic systems

C. HILL, R. PRASSL
Institute of Biophysics Medical University of Graz, Harrachgasse 21/6, A-8010 Graz
Corresponding Author: christian.hill@medunigraz.at, Tel.: +43 680 30 34 759

A. HUBER
Institute of Chemistry, University Graz, Heinrichstrasse 28, A-8010 Graz

KEY WORDS: optical chromatography, optofluidics, momentum transfer, holographics

Nanoparticles, especially in the biotechnological and pharmaceutical fields possess significant
potential for future applications. However, undefined and heterogenic particle populations
demand for analytical/characterization tools and advanced manipulation equipment for a
focused and controlled application.

Since the discovery was made that photons can be used to manipulate particles in the
nano- to microscopic size regime through momentum transfer?, research efforts have focused
on different application and innovations using this approach®®. Our studies focus on
advancements in optical force chromatography (OFC) achieving separation of heterogeneous
mixtures in a liquid medium by application of optical forces counteracting well-defined
fluidic drag forces®. Combining the principles of eluting particle separation® with computer-
addressed spatial light modulators (SLM), new and fine-tuned membrane-like modes for
separating, sorting, concentrating and filtering nano-structured particles are expected®.

Performance and limitations of the supposed experimental setup (Fig.1) will be
evaluated referring to results on standard latex beads (50-1000nm) using Dynamic Light
Scattering (Zetasizer® from Malvern Instruments) and Particle Tracking Analysis
(NanoSight® a Malvern Instruments Company) as reference techniques.
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Figure 1 Block diagram of the experimental apparatus

L A. Ashkin, Phys. Rev. Lett., 24 (1970) 156.

%S, Chu, L. Hollberg, J.E. Bjorkholm, A. Cable and A. Ashkin, Phys. Rev. Lett., 55 (1985) 48
¥ M. P. MacDonald, G. C. Spalding, and K. Dholakia, Nature 426 (2003), 421-424

T, Imasaka, Y. Kawabata, T. Kaneta, Y. Ishidzu, Anal. Chem. 67 (1995) 1763.

% J. Makihara, K. Takashi and T. Imasaka, Talanta 48.3 (1999): 551-557

®D.G. Grier and Y. Roichman, Appl. Opt.45, (2006) 880-887
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Stretching of Single DNA Molecules under Pressure-Driven Flow in
Straight and Curved Microfluidic Channels

P. Horak, A. Noual, T. Humphreys, T. Melvin
Optoel ectronics Research Centre, University of Southampton, Southampton SO17 1BJ, United Kingdom
e-mail: peh@orc.soton.ac.uk

KEY WORDS: Microfluidics, DNA mapping, fluid dynamics, Brownian motion.

Microfluidic channels are investigated here with a view to unravel and deliver long genomic
DNA strands (>20um) into channels for subsequent optical interrogation. Previous studies
have focused on devices where strands are stretched under sudden shear and elongational
microflows, but unfortunately there is a potential for strand fragmentation'. We investigate
differently shaped microchannels to deliver intact strands for subsequent genome mapping.

This unravelling and stretching of DNA is based on the shear forces present in a
pressure-driven laminar flow inside a microchannel of dimensions comparable to the length of
the DNA. However, diffusion induced by Brownian motion tends to accumulate DNA in the
region of maximum flow velocity at the centre of the channel where shear forces vanish and
DNA strands start to coil up again. We have found experimentally that this can be mitigated
by employing curved microfluidic channels”. In particular there is evidence that serpentine-
shaped channels deliver more fully extended DNA strands than simple straight channels.

To understand the mechanism behind this improvement we perform numerical
simulations combining a computational fluid dynamics (CFD) model of the microchannel
with Brownian dynamics of a coarse-grain model of A-DNA molecules®, see Fig. 1(a).
Comparing the simulations of a serpentine channel with those of a straight channel supports
the experimentally found improvement of DNA stretching in the former, Fig. 1(b), with 17%
of DNA molecules stretched to >15 pum length (>75% of maximum extension) compared to
5% in the case of a straight channel. A detailed analysis of the DNA dynamics reveals that the
elastic molecular forces opposing the stretching of the molecule are pulling the DNA out of
the central flow line towards the inside of a microchannel bend and thus into regions of larger
shear forces. This gives rise to larger average DNA extension but it can also be seen in a
modified spatial distribution of the molecules over the channel cross section at the output.
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Fig.1. (a) CFD model of a serpentine microfluidic channel with a sample smulation of DNA dynamics.
Insets show the shape of DNA before and after the channel. (b) Distribution of single A-DNA molecule
extension after 1.4 mm straight and serpentine channels (1000 simulations each).

1JW. Larson et al., Lab Chip, 6 (2006) 1187.

2 T. Humphreys, Towards high efficiency microfluidic DNA extension for genomic analysis, PhD thesis
(University of Southampton, 2011).

¥ RM. Jendrejack et al., Phys. Rev. Lett., 91 (2003) 038102.
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Kicking optically trapped particles
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Boussinesq.

Recent advances in experimental technologies have spurred increasing interest in the short
time dynamics of diffusive motion of small microscopic object’. However, as the time scale
get shorter and shorter the length of each diffusive step becomes smaller. For a 10um sphere
in water, nanometer and ps resolution is required to observe the minute deviations from
classical Stokes-Einstein diffusion.

In this contribution, we present a simple technique, where a trapped particle is
repetitively kicked by a short laser pulse orthogonal to the trapping laser. Using fast (250
kHz) detection of the position of the particle, accurately (nanosecond) synchronized to the
kicking laser pulses, we construct a coherent superposition of the displacement. This result in
a complete suppression of the Brownian motion of the particle and an increase in the
resolution by Vn, where n is the number of repetitive kick pulses.

In results present here, we obtain
a temporal resolution of 4us and we can
determine the position of the 10um
sphere with a resolution of 0.7 nm. The
data depicts the diffusive motion of the
particle, the motion following 1 kick
pulse, and the averaged motion
corresponding to 1200 kick pulses (green
curve). The decay of the averaged curve
closely follows the ~80ms time constant
given by force constant of the trap and
the Stokes friction. However, as depicted
in the bottom frame, the rise time of the
motion (green line) neither follows the
Stokes-Einstein friction (red dash) nor
the Stokes-Boussinesq® (blue) expression
, , _ , for the friction. We will discuss the
0 0.1 0.2 03 0.4 05 implications of the measurements and the

Time [ms) limitations of the theoretical models.
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The upper panel shows the diffusive motion of a 10pum polystyrene sphere held in a counter propagating optical
trap with a force constant k=0.88 pN/um. Below is the trace after the sphere was kicked by a ns laser pulse at
532 nm. The green curve corresponds to an average of 1200 traces coherently added using the laser to
synchronize the traces. Bottom panel shows the rise time of the averaged trace the first 0.5 ms compared to the
theoretical predictions obtained using either the simple Stokes expression for the friction or the more refined
Stokes-Boussinesq expression’.

1. Kheifets et al, Science (2014) 28, 1493-1496.
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Gold-coated microtools for localized fluorescence enhancement

Badri L. Aekbote, Gaszton Vizsnyiczai, Pal Ormos and Lérand Kelemen
Institute of Biophysics, Biological Research Centre, Temesvari krt. 62, Szeged, Hungary
kelemen.lorand@brc.mta.hu

KEY WORDS: Two-photon polymerization, microstructure fabrication, gold nanoparticle,
surface functionalization, fluorescence enhancement

There is an increasing interest in functionalized complex microstructures for micro-
and nanotechnology applications in biology. Particularly in imaging, metal-enhanced
fluorescence (MEF), achieved by microscopic surfaces coated with metal nanoparticles (NPs)
or films has been applied recently on cells observing otherwise weakly detectable signals [1-
2]. We introduce the combination of microstructures made of SU-8 photoresist by two-photon
polymerization and gold nanoparticles or thin gold layers as fluorescence signal enhancers.
The polymer microstructures serve as platforms and can be tailor made into any shape with
sub-diffraction resolution required by the actual application. We coated these platforms either
with 80 nm gold nanoparticles (NP) at various surface density [3] or sputtered gold layers of
high reflectivity. We demonstrated localized MEF by NP-coated microstructures equipped
with tips of 250 nm radius of curvature that provided enhancement factor of more than 3. The
NP-mediated enhancement factor was as high as 6 over areas of several square-micrometers
when flat microstructures without tips were used. We attributed the enhancement effect to
reflection of the excitation and emitted light, what is demonstrated with the use of tilted
polymer platforms. According to this observation, highly reflecting gold thin films were also
used for coating and provided enhancement up to 8. The coated microtools can be further
developed for optical tweezers actuation and in addition to localization of MEF, targeted
enhancement at desired locations will also be possible.

Au NP-coated
structure (b)

localized
enhanced

water :
regions

ek, +2 fluorescent
layer

b=
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Fluorescence enhancement with a tipped SU-8 microstructure coated with Au nanoparticles. (a) The Au-
coated tip region of the microstructure (insert: the entire structure). Scale bar: 1 um. (b) Scheme of the
microstructure arrangement over a fluorescent layer showing the enhanced regions. (c) Confocal
fluorescence image of the achieved enhancement. Enhancement factor in this case is ~3.2.

[1] M.R. Gartia, A. Hsiao, M. Sivaguru, Y. Chen, G.L. Liu, Enhanced 3D fluorescence live cell
imaging on nanoplasmonic substrate, Nanotechnology 22, 365203-365214 (2011)

[2] E. Le Moal, E. Fort, S. Lévéque-Fort, A. Janin, H. Murata, F. P. Cordelieres, M-P. Fontaine-
Aupart, C. Ricolleau, Mirror slides for high-sensitivity cell and tissue fluorescence imaging, J.
Biomed. Opt. 12, 024030 (2007)

[3] B. L Aekbote, J. Jacak, G. J Schiitz, E. Csanyi, Z. Szegletes, P. Ormos, L. Kelemen, Aminosilane-
based functionalization of two-photon polymerized 3D SU-8 microstructures, Eur. Polym. J. 48, 1745—
1754 (2012)
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Micro-rheology of Single Microtubule Filaments and Synthesized
Cytoskeletal Networks

M. Koch, A. Rohrbach
Lab for Bio- and Nano-Photonics, University of Freiburg,
Georges-Koehler-Allee 102, 79110 Freiburg, Germany
matthias.koch@imtek.de, www.imtek.de/bnp

KEY WORDS: Cytoskeleton, microtubules, micro-rheology, time-multiplexed optical
tweezers

The ability to sense and respond to external mechanical forces is crucial for cells in many
processes such as cell growth and division. Malfunctioning of cellular mechanotransduction is
often related to severe diseases like deafness or cancer™.

Common models on mechanotransduction rely on the conversion of mechanical
stimuli to chemical signals in the cell periphery and their translocation by diffusion (passive)
or molecular motors (active). These processes are rather slow (~seconds) and it has been
argued that the cytoskeleton itself might be able to transport a mechanical signal within
microseconds via stress waves?. Microtubules are the stiffest component of the cytoskeleton
and thus ideal candidates for this purpose.

We study the frequency dependent response of single microtubule filaments and small
networks thereof in a bottom-up approach using several (N=2-10) time-multiplexed optical
tweezers together with back focal plane interferometry. Small synthesized networks with a
defined geometry are constructed using trapped Neutravidin beads as anchor points for
biotinylated filaments. The network is then probed by a defined oscillation of one anchor
(actor). The frequency dependent response of the remaining beads (sensors) is analyzed
experimentally and modeled theoretically over a wide frequency range.
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Equilateral network cell of three 15um long microtubules created by time-multiplexed optical traps. Trap 1 is
oscillated at f = 100Hz. Position histograms of bead trajectories as response to the physical stimulus are shown
color coded over the current phase ¢ of the oscillating trap.

! D.E. Jaalouk and J. Lammerding, Nature Reviews Molecular Cell Biology, 10(1) (2009) 63-73.
2N. Wang, J.D. Tytell and D.E. Ingber, Nature Reviews Molecular Cell Biology, 10(1) (2009) 75-82
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Shaping UV Light for 3D Printing of Microfluidics

Michael P. Lee', Geoffrey J. T. Cooper®, Trevor Hinkley®,

Graham M. Gibson?, Miles J. Padgett® and Leroy Cronin®
1. School of Chemistry, University of Glasgow, G12 8QQ, UK
2. School of Physics and Astronomy, SUPA, University of Glasgow, G12 8QQ, UK

Corresponding Author’s e-mail address: michael.lee@glasgow.ac.uk
URL: http://www.chem.gla.ac.uk/cronin/

KEY WORDS: Stereolithography, digital micromirror devices, microfluidics.

Stereolithography requires precise control of a laser focus to polymerize a photochemical.
Areas exposed to the laser form a solid structure, enabling 3D printing of objects with a
resolution comparable to the beam waist. Usually, the laser focus is scanned across a
predetermined path to form the structure. In this work, we build a 3D printer that replaces the
scanning process with a series of 2D images projected by a digital micromirror device which
allows a more rapid fabrication. In addition, 3D structures can be printed in the bulk fluid
without the need for any intermediate processing steps. 3D printers are becoming common
laboratory tools for a variety of applications*.We demonstrate the resolution limits of our
printer, as well as a variety of structures and applications which should prove useful in
microfluidics, micro-structured materials, cell scaffolds, and bespoke precision labware.
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Figure: high resolution 3D printed lattice structure created by our printer.

[1] Philip J Kitson, Mali H Rosnes, Victor Sans, Vincenza Dragone, and Leroy Cronin. Configurable 3D-printed
millifluidic and microfluidic lab on a chip reactionware devices. Lab Chip, 12(18):3267-3271, 2012.
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Implementation of Force Measurements based on the Detection of Light
Momentum Changes in Optical Tweezers

1 1 1,2
F. Marsa * , A. Farré , M. Montes-Usategui

*Impetux Optics, Trias i Gir¢ 15 1-5, 08034 Barcelona, Spain. *Optical Trapping Lab — Grup de
Biofotonica, Departament de Fisica Aplicada i Optica, Universitat de Barcelona, Marti i Franqués 1,
08028 Barcelona, Spain
*ferran.marsa@impetux.com

KEY WORDS: Optical trapping, optical tweezers, optical manipulation, back-focal-plane
interferometry, force calibration

In this work, we present and discuss several issues that one should consider when
implementing the light momentum change method for measuring forces in an optical tweezers
setup. A system based on this principle provides a direct determination of this magnitude
regardless of the positional response of the sample under the effect of an external force, and it
is therefore to be preferred when in situ calibrations of the trap stiffness are not attainable or
are difficult to achieve. The possibility to obtain this information without relying upon a
harmonic model of the force is more general and can be used in a wider range of situations.
Forces can be measured on non-spherical samples or non-Gaussian beams, on complex and
changing environments, such as the interior of cells, or on samples with unknown properties
(size, viscosity, etc.). However, the practical implementation of the method entails some
difficulties due to the strict conditions in the design and operation of an instrument based on
this method. We have focused on some particularly conflicting points, such as determining a
process to systematically set the correct axial position of the system. We further analyzed and
corrected the non-uniform transmittance of the optics and we finally compensated for the
variations in the sensor responsivity with temperature. With all these improvements, we
obtained an accuracy of ~5% in force measurements for samples of different kinds.
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Experimental results show that the sensor output is equal to the drag force applied on samples of different sizes
and materials.
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Anti-reflection coated particles for enhanced optical manipulation of cells

A. McDonald, D. Craig, H.A. Rendall, F.J. Gunn-Moore and K. Dholakia
School of Physics & Astronomy, University of St Andrews,UK
am306@st-andrews.ac.uk

KEY WORDS: Force measurement, intracellular dielectric tagging, live cells

Optical Trapping has become a powerful technique throughout the natural sciences. To date
trapping forces have been limited to the pN range, not yet reaching the nN range achieved by
atomic force microscopy (AFM). To overcome this barrier many alterations to the optical
trapping set-up have been proposed such as, increasing the laser power, beam shaping or
correcting deleterious effects such as spherical aberration®. However, these approaches have
the caveat of either increased heating of the sample or increased cost and complexity of the
optical system. It has been shown recently by Shéaffer and Jannasch that by optimising the
properties of the trapped particle this limit can be overcome?. They synthesised high refractive
index anatase titania particles that were coated with amorphous titania to reduce the scattering
force and therefore permitting forces in the nN range.

We have reproducibly synthesised anti-reflection (AR) coated particles and will
present the first study using these particles for enhanced optical manipulation of live cells. We
dielectrically tagged Chinese hamster ovary (CHO) cells with AR particles or with Silica
particles of the same size. The particles are incubated with the cells for a period of 24 hours
before experiments where the particles naturally undergo endocytosis by the cell. After
incubation drag force studies were carried out. We found the Q values for cells incubated with
AR particles to exceed those for native cells by over 300% and only by 50% for cells
incubated with silica particles.

To ensure that this method is not detrimental to the cell health we have performed
extensive cell viability studies using fluorescence staining protocols. We also conducted time
lapse imaging of cells expressing fluorescent ubiquitination cell cycle indicator (FUCCI) to
determine if the addition of AR particles disrupted the cell cycle as shown in the figure. We
found that the cells were uncompromised during this process. This work shows there is great
promise for the use of such particles for nN force level studies in biological applications.

Fluorescence and brightfield images of FUCCI expressing cells incubated with AR particles. The cell
cycle was shown to be unaffected by the presence of AR particles. a) 4 hours after incubation cell at the
G2 phase, b) G1 phase, ¢) G1/S phase and d) S phase. Scale bar 10um.

1 T. Cizmar, M. Mazilu and K Dholakia, In situ wavefront correction and its application to micromanipulation,
Nature Photonics 4, 388 - 394 (2010)

2 A. Jannasch, A.F.Demirors, P. Van Oostrum, A. Van Blaadereu and E. Schaffer. Nanonewton optical force
trap employing anti-reflection coated, high-refractive-index titania microspheres Nature Photonics, 6, 469-473
(2012)
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Characterising Conical Refraction Optical Tweezers

C. McDonald', C. McDougall', E. Rafailov?, and D. McGloin'
'SUPA, Division of Physics, University of Dundee, Nethergate, Dundee, DD1 4HN, Scotland
’Institute of Photonic Technologies, Aston University, Birmingham, B4 7ET, England
Corresponding Author’s e-mail address and URL: cymcdonald@dundee.ac.uk

KEY WORDS: Conical refraction, optical trapping and levitation, trap stiffness, power
spectrum.

Conical refraction occurs when a beam of light travels through an appropriately cut biaxial
crystal. By focussing the conically refracted beam through a high numerical aperture
microscope objective, conical refraction optical tweezers can be created, allowing for particle
manipulation in both Raman spots and in the Lloyd/Poggendorff rings. We present a thorough
quantification of the trapping properties of such a beam, focussing on the trap stiffness and
how this varies with trap power and trapped particle location.

Through the use of back focal plane interferometry and power spectral analysis, we
show that the lower Raman spot can be though of as a single-beam optical gradient force trap.
Radiation pressure is shown to dominate in the upper Raman spot, giving rise to optical
levitation rather than gradient trapping. Particles in the Lloyd/Poggendorff rings show
gradient trapping effects but with a lower trap stiffness than particles in the lower Raman
spot. However, these particles benefit from rotational control.

Applications where trapping, rotation and guiding are required could, therefore, be
achieved through the use of a conically refracted beam, negating the need for complex beam-
shaping techniques using, for example, spatial light modulators. Additionally, 3D STED
microscopy could benefit from the complex beam profile generated by the conically refracted
beam due to the “hollow cone” generated at the centre. The study of photophoretic
manipulation of light-absorbing particles could benefit from such conical beams, with
confinement possible in the dark regions of the beam enclosed by the Lloyd/Poggendorff
rings.

Lower Raman spot LonledggendorH‘ rings Upper Raman spot

Circularly polarised, conically refracted beam, ~75.5um long, propagating from left to right, focussed with a
0.9NA objective. The three trapping locations are highlighted.
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Accurately Measuring the Unbinding Force of Integrin-Ligand Interactions
in Effector T Cells Using Optical Tweezers

C. McDonald', H. S. Lekz, V.L. MorrisonS, M. MacPhersonz, S. Fagerholm3, and D. McGloin'
'SUPA, Division of Physics, University of Dundee, Nethergate, Dundee, DD1 4HN, Scotland
’The Medical Research Institute, Division of Cancer Research, Ninewells Hospital and Medical School, Univesity of Dundee
*Institute of Biotechnology, P.O. Box 56, 00014 University of Helsinki
Corresponding Author’s e-mail address and URL: cymcdonald@dundee.ac.uk

KEY WORDS: Force Measurement, Cellular Adhesion, T Cells, Live Cells,
Mechanotransduction.

It has long been known that the Leukocyte Function-associated Antigen-1 (LFA-1) integrin, a
beta2-integrin, is strongly expressed in effector T cells and plays an important role integrin
mediated adhesion. The importance of beta2-integrin binding is demonstrated by the genetic
disorder leukocyte adhesion deficiency (LAD). Previous studies have shown that LFA-1 can
engage in rolling adhesions with intercellular adhesion molecule-1 (ICAM-1) under
physiological shear flow'. The force required for the unbinding of this integrin-ligand
interaction has been studied using atomic force microscopy measurements under static
conditions®. However, the unbinding force has not previously been quantified under shear
flow conditions.

Here, we present an approach to cell adhesion measurements using optical tweezers.
Using micron-sized beads, coated with ICAM-1 and held in an optical trap, primary murine
effector T cells were carefully probed. We developed a LabVIEW program that allows for
automation of the adhesion measurement after setting parameters such as the contact time,
pushing force and retraction speed. The force required to rupture the integrin-ligand bond was
measured by monitoring the trapped bead displacement with a quadrant photodiode in back
focal plane interferometry mode. An average Integrin-Ligand unbinding force of 18.3 + 6.8pN
was measured under static conditions, for wild type cells. We are currently measuring the
adhesion properties of TTT/AAA-beta2-integrin knock in leukocytes, which display a similar
reduction in integrin expression to neutrophils from LAD patients.

Our optical trapping approach to cell adhesion measurements has the advantage of
allowing for the integration of shear flow in to the system to allow for more physiological
relevant adhesion measurements to be made.

Frames showing (left to right) acquisition of trap stiffness, approach to cell, bead-cell contact, applying a
pulling force to the bead, and integrin-ligand bond breaking, resulting in the bead jumping back in to the trap.

[1] Sigal, A., Bleijs, D. A., Grabovsky, V., van Vliet, S. J., Dwir, O., Figdor, C. G., van Kooyk, Y., and Alon, R.
The LFA-1 Integrin Supports Rolling Adhesions on ICAM-1 Under Physiological Shear Flow in a Permissive
Cellular Environment. J. Immunol. 165, 442 (2000)

[2] Lek, H. S., Morrison, V. L., Conneely, M., Campbell, P. A., McGloin, D., Kliche, S., Watts, C., Prescott, A.,
and Fagerholm, S. C. The Spontaneously Adhesive Leukocyte Function-associated Antigen-1 (LFA-1) Integrin in
Effector T Cells Mediates Rapid Actin- and Calmodulin-dependent Adhesion Strengthening to Ligand under
Shear Flow. J. Biol. Chem. 288, 14698 (2013)
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Transverse optical manipulation of acoustically confined particles
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KEY WORDS:  Acoustic confinement, Optical Manipulation, Force balance,
Transparent acoustic element

We present a hybrid acousto-optical manipulation methodology based upon acoustic
confinement and transverse optical forcing.

Existing work in combined acoustic and optical manipulation uses acoustic
levitation to restrict particles to distinct planes. Optical manipulation of particles within
and between these planes is possible throughout the sample volume at reduced optical
powers compared to normal optical tweezers®.

Here we present an initial study into the force balance between acoustic and
optical forces for manipulating particles confined to streams. We generate an acoustic
node pattern by combining a transparent acoustic transducer? with a symmetric acoustic
cavity. Particles are confined to streams at the node locations and unrestricted optical
access across the channel permits simultaneous imaging and optical manipulation of the
particles. Using a loosely focused laser beam it is possible to push particles between
streams in the channel. We explore selective direction of particles between streams and
the sample volume.

In the future selective direction of particles between streams may provide volume
manipulation by transverse optical forcing. Particle response is determined by intrinsic
physical properties of the particles so it may be possible to adjust parameters for passive
sorting of samples.

a) b) T‘é

along channel above channel

Particles acoustically confined to streams looking along a) and above b) the channel. Optical radiation
force can direct particles between streams or reject particles to the bulk solution.

1 G. Thalhammer, Biomed. Opt. Express, 2 (2011) 2859 - 2870
2 G. Brodie, {IEEE} Trans. Ultrason., Ferroelect., Freg. Con, 61 (2014) 389-391
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Light-assisted control of micro-probes in living cells:
contactless, sterile probing of cell mechanics

R.Meissner, A.Barroso, C.Alpmann, C.Denz
Institute of Applied Physics, University of Muenster, Corrensstrasse 2-4, 48149, Munster, Germany
robertmeissner@wwu.de, www.nonlinear-photonics.de

KEY WORDS: digital holographic microscopy, holographic optical tweezers, living cells

Optical tweezers are well known to enable the manipulation and control of objects in the
range of 10nm to 10um. Living biological cells, artificial microparticles and micro- or
nanocontainers can be found in this range and are typically visualized by fluorescence
microscopy. This has, however, rather high requirements with respect to preparation, handling
and towards the microscopy environment. In contrast, digital holographic microscopy (DHM)
allows 3D visualization and tracking of particles inside livings cells at sub-micrometer
resolution and high speed without any markers*. Differences in refractive index between cells
and particles lead to a strong contrast in DHM phase image (Fig. 1, middle column).
Investigation of motility of particles inside living cells was done and compared with respect to
different salt concentrations in the solution®.

On the other hand holographic optical tweezers (HOT) enable the manipulation of multiple
objects simultaneously in real-time2 By employing microparticles as sensor probes, one can
investigate cellular properties like viscoelasticity or viscosity.

For this purpose, microparticles can be injected into cells through phagocytosis or with a glass
needle®. Cell deformations are an important step towards information about spatio-temporally
resolved biomechanical properties of cells (Fig. 2). Thus, with HOT several areas of the cell
can be investigated at the same time with high spatial and temporal resolution. The ability of
HOT to be combined with other microscopy technologies as e.g. DHM, fluorescence
microscopy will be shown in our presentation, demonstrating its versatility for biological
applications.

White light illumination DHM phase  Stack of amplitude images  Cell in 3D holographic stretcher
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Figure 1: DHM phase images and numerical refocusing allow Figure 2: Living zebrafish cell

quantitative phase imaging of the cell morphology as well as 3D stretched by incorporated silica beads

trackina of onticallv manioulated particles moved with HOT traps (white). Arrows
show direction of deformation

1 A. Barroso, M. Woerdemann, A. Vollmer, G. von Bally, B. Kemper and C. Denz, Three-Dimensional
Exploration and Mechano-Biophysical Analysis of the Inner Structure of Living Cells, Small 6, 885-893 (2013)
2B, Kemper, A. Barroso, M. Woerdemann, L. Dewenter, A. Vollmer, R. Schubert, A. Mellmann, G. v. Bally, C.
Denz , Towards 3D modelling and imaging of infection scenarios at the single cell level using holographic
optical tweezers and digital holographic microscopy, Journ. of Biophoton. 3, 260 — 266, (2013)

®Tseng, Y., Kole, T. P., Wirtz, D. Micromechanical mapping of live cells by multiple-particle-tracking
microrheology. Biophysical Journal, 83(6), 3162—-76. (2002)
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Using optical tweezer-based microrheology to investigate noise, fluctuations
and nonlinear mechanical properties of living cells

Min-Tzo Wei', Dimitris Vavylonis? , Sabrina Jedlicka®® H. Daniel Ou-Yang"?
'Bioengineering Program, Physics Department, *Materials Science and Engineering Department)
hdoO@Iehigh.edu, www.lehigh.edu/~influids

KEY WORDS: Optical tweezers, microrheology, noise, fluctuations, non-thermal, non-
equilibrium, non-linear mechanical system, living cells

Living cells are a non-equilibrium mechanical system, largely because intracellular molecular
motors consume chemical energy to generate forces that reorganize and maintain cytoskeletal
functions. Persistently under tension, the network of cytoskeletal proteins exhibits a nonlinear
mechanical behavior where the network stiffness increases with intracellular tension. We
examined the nonlinear mechanical properties of living cells by characterizing the differential
stiffness of the cytoskeletal network for HelLa cells under different intracellular tensions.
Combining optical tweezer-based active and passive microrheology methods, we measured
non-thermal fluctuating forces and found them to be much larger than the thermal fluctuating
force. From the variations of differential stiffness caused by the fluctuating non-thermal force
for cells under different tension, we obtained a master curve describing the differential
stiffness as a function of the intracellular tension. Varying the intracellular tension by treating
cells with drugs that alter motor protein activities we found the differential stiffness follows
the same master curve that describes intracellular stiffness as a function of intracellular
tension. This observation suggests that cells can regulate their mechanical properties by
adjusting intracellular tension.
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Left: power spectral densities of thermal and total fluctuations in living cells. Right: intracellular
differential stiffness vs. intracellular stress for control cells and cells treated by drugs that interrupt
myosin-11 motor proteins [1].

[1] M-T Wei, D. Vavylonis , S. Jedlicka"® H. D. Ou-Yang,*? Noise, fluctuations and nonlinear
mechanical properties of living cells, manuscript in preparation.
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GPU accelerated beam shaping in multimode fibers

M. Pléschner, T. CiZzmar
Division of Electronic Engineering and Physics, University of Dundee, Dundee, DD1 4HN, UK
m.ploschner@dundee.ac.uk

KEY WORDS: digital holography, multimode fiber, GPU

Research in life sciences increasingly relies on obtaining high spatial resolution information
from systems and processes that are deep inside biological tissues. This represents a
significant problem due to the intrinsic trade-off between resolution and penetration depth, a
problem that requires mechanical, undisturbed delivery of light to a place of interest.
Multimode fibers, as a class of miniaturized endoscopes, seems to provide an ideal solution
for this problem but the complex propagation characteristics of light within multimode fibers
lead to extreme computational requirements of such systems.

We discuss strategies utilizing the GPU accelerated toolbox for shaping the light
propagation through multimode fiber using a spatial light modulator (SLM). The light is
modulated before being coupled to the proximal end of the fiber in order to achieve arbitrary
light patterns at the distal end of the fiber. The toolbox optimizes the acquisition time of the
transformation matrix of the fiber by synchronous operation of CCD and SLM. Once the
transformation matrix is obtained, the toolbox uses the acquired transformation matrix,
retained within the GPU memory, to design, in real-time, the desired holographic mask for
on-the-fly modulation of the output light field.

We present various approaches realizing beam shaping at the end of the fiber. Our
initial incarnation of the system' includes Acousto-Optic Deflector (AOD) working in tandem
with SLM. This allows complete removal of deleterious interference effects between the
neighboring points by displaying the pattern points in time-discrete intervals. The
disadvantage of the system is the relative complexity due to AOD presence and limited
number of points that can be effectively displayed. The second approach, not requiring AOD,
removes the undesired interference effects computationally using the GPU implemented
Gerchberg-Saxton and Yang-Gu algorithms®. As a result of the computational power of
modern GPUs, video-rate image control at the distal end of the fiber, virtually free of
interference effects, is possible even for output patterns engineered from thousands of points.

We also discuss possible impact of the technology for structured illumination imaging
applications using multimode fiber.

Pattern, consisting of 4000 points and generated in real-time, displayed at the output facet of the
multimode fiber

[1] M. Pléschner, B. Straka, K. Dholakia and T. Cizmér, GPU accelerated toolbox for real-time beam-
shaping in multimode fibers, Optics Express 22(3), 2933-2947 (2014)
[2] G.Z. Yang, B.Z. Dong, B.Y. Gu, J.Y. Zhuang and O.K. Ersoy, Gerchberg-Saxton and Yang-Gu

algorithms for phase retrieval in a nonunitary transform system: a comparison, Appl. Opt. 33, 209218
(2014)
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A Force Generation Toolkit for Cellular Biophotonics

D. Preece'?, A. Selfridge', V. Gomez', L. Shi', H. Rubinsztein-Dunlop > M.W. Berns"

'Department of Bioengineering, University of California, San Diego, 9500 Gilman Dr., La Jolla, CA 92093, USA.
School of Maths and Physics, University of Queensland, St Lucia, Brisbane, Australia.

KEY WORDS: Laser induced force generation, Laser induced Shockwaves, live cells imaging,
holographic optical tweezers,

Optical trapping is an excellent way to exert forces with a scale and precision useful in cell
biology. Many studies have used these forces to both measure and understand cellular based
processes and phenomena'.

Practical difficulties, however, limit to pico-newtons the force range which can be generated
by optical traps. Other limitations include laser power, heat generation, low refractive index
contrast, and undesired secondary effects resulting in irreversible damage and even cell death.
In order to exert greater forces while at the same time maintaining flexibility, new techniques
must be developed ***. Here we demonstrate several force generation techniques which can
augment traditional optical trapping and generate forces greater than pN's, while at the same
time maintaining a similar optical configuration as used in traditional optical trapping
experiments.
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An illustration of a variety of techniques suitable for creating different forces in cell cultures all created using
similar optical setups

[1] T. Wu, et al. 4 photon-driven micromotor can direct nerve fibre growth Nature Photonics 6.1, 62-67 (2012)

[2] D. W. Berry, N. R. Heckenberg, and H. Rubinsztein-Dunlop, “Effects associated with bubble formation in
optical trapping”, Journal of Modern Optics 47, 1575 (2000).

[3] T. Asavei, T. A. Nieminen, V. L. Y. Loke, , A. Stilgoe, , R. Bowman , D. Preece, H. Rubinsztein-
Dunlop, Optically trapped and driven paddle-wheel. New Journal of Physics, 15(6), 063016. (2013)

[4] TM. Burns, et al. Optical tweezers for precise control of micro-bubble arrays: in situ temperature
measurement. SPIE NanoScience + Engineering (2013)
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Optical manipulation of single living cells on a stroke-on-a-chip
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KEY WORDS: lab-on-a-chip, optical tweezers, hemoproteins in live cells, absorption
spectroscopy, oxygen sensor

Hemoglobins (Hbs) are vital for our survival and are interesting from many points of view,
therefore, our research has been dedicated to develop tools to study the real time response of
single Hbs containing functional cells to environmental changes. This has been done by
combining resonance Raman spectroscopy, absorption spectroscopy, microfluidic systems as
well as optical tweezers[1]. The further development of the technique was strongly
encouraged by the discovery of a mammalian globin expressed in the brain and thus termed
neuroglobin (Ngb). The function of Ngb is still unclear and there is a demand to investigate
the protein in functional cells under in vivo like conditions[2], especially since the protein has
shown to be able to hinder neuronal damage after a stroke. With this in mind we have
developed an experimental platform, a so called stroke-on-a-chip (SOC) incorporating the
patch clamp technique, optical tweezers, absorption spectroscopy, and oxygen sensing. As a
proof of principle studies on single red blood cells (RBCs) from chicken have been
performed. The oxygen content within the channels of the SOC was monitored by an oxygen
sensor and the oxygen level within the channels could be changed from a normoxic value of
18% O, to an anoxic value of 0.0-0.5% O,. The spectral transfer from the oxygenated to the
deoxygenated state was measured by absorption spectroscopy and occurred after about 298 s.
The gastight functionality of the chamber was verified by recordings of unchanged
deoxygenated spectrum for 90 min without perfusion of anoxic solution into the channels.
Thereafter a transfer of the oxygenated absorption spectra was achieved after 426s by
exposing the cell to normoxic buffer. Successful patching and sealing were established on a
trapped RBC and the whole-cell access (Ra) and membrane (Rm) resistances were measured
to be 5.1 MQ and 889.7 MQ respectively. This shows that the developed SOC device is
suitable for electrophysiological studies on viable biological cells under control of the oxygen
level.

¢ o | --mr-- e il
Figure 1) Left side, photograph of the microscope (Olympus X171) with the SOC including the holder for
the patch-clamp pipette. Right side microscope port is connected to the absorption spectrometer (Ocean
optics HR400), behind that, the filter holder of the beam expander for the optical tweezers entering the
microscope from the back can be seen. Middle, absorption spectra of a single chicken RBC, time table
and value of the oxygen content of the cell. Right side, optical 3D steering of a single RBC towards the
patch-clamp pipette.

[1] Ramser, K., Raman spectroscopy of single cells for biomedical applications. Applications of Raman spectroscopy
to biology-from basic studies to disease diagnosis],(Ghomi, M., Ed.), I0S Press, Amsterdam, 2012: p. 106-147.
[2] Yu, Z.Y., et al., Neuroglobin, a Novel Target for Endogenous Neuroprotection against Stroke and

Neurodegenerative Disorders. International Journal of Molecular Sciences, 2012. 13(6): p. 6995-7014.
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Optical Manipulation Proves Viscoelastic Changes during Stem Cell
Differentiation
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University of Copenhagen, Blegdamsvej 3B, 2200 Copenhagen N
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Using optical tweezers, we probed the viscoelasticity of stem cell cytoplasms. Stem cells from
an embryonic stem cell culture were investigated, in this culture there existed a dynamic
equilibrium between epiblast primed cells and primitive endodermal primed cells. These two
sub-populations have different functional properties; however, the transcriptional differences
between them are quite small. Therefore, we correlated the differentiation potential of these
cells with their mechanical properties. To investigate viscoelastic properties of the stem cells
we used endogenously occurring lipid granules inside the cells as handles for the optical
trap?,>®. A confocal microscope with an implemented optical trap allowed us to determine
whether a given cell was an epiblast cell or a primitive endoderm primed cell, which expressed
a fluorescent reporter gene, Hhex.

To quantify the viscoelasticity of the cytoplasm we use the positional information of the
granules to calculate the mean squared displacement (MSD) which scales with time: MSD «
t*. The scaling exponen o contains information on the viscoelastic properties of the cells’
cytoplasm: if a>1 the granule performs super-diffusion, a=1 indicates normal Brownian
motion, while a< 1 indicates sub-diffusion. The cytoplasm is more viscous the closer a is to 1.
After investigating ~300 granules we found that the viscoelasticity of the cytoplasm was
significantly different between primitive endoderm (Hhex*) and epiblast (Hhex’) primed cells
(arhex'=0.42+ 0.19 and annex=0.57+ 0.27, a student’s T-test gave p=9.3x107°). Hence, epiblast
cells are significantly more viscous, less elastic, than primitive endoderm primed cells.
Furthermore, we treated the cells with Latrunculin B, an actin disrupting agent. Upon this
treatment, the viscoelasticity of the primitive endoderm primed cells significantly changed and
became as viscous as the epiblast cells (aLatHhex™=0.51+ 0. 4 and oarats Hhex=0.51% 0.3).
Immuno-staining revealed that the Latrunculin treated primitive endoderm primed cells had
increased levels of Nanog and decreased levels of Hhex, thereby expressing similar genes as
the epiblast cells. Hence, not only viscoelasticity but also gene expression appears to be affected
by Latrunculin, suggesting that the treatment reverses primitive endoderm priming.

3 Hhex- ‘
[ LatB Hhex+

Count

15 20

o

Figure 1: a) Colony of untreated Hhex positive and negative cells. Histograms of the scaling exponent o,
characterizing the viscoelasticity of the cells’ cytoplasm, of b) untreated and c) Latrunculin B treated primed
(Hhex*) and unprimed (Hhex) cells.

LN Leijnse, et al., Eur. Phys. J. Special Topics 204 (2012) 75-84.
2 JH Jeon et al., PRL 106 (2011) 048103-(1-4).
3 JH Jeon, et al., New J. Phys. 15 (2013) 045011-(1-16).
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Influence of thermal noise to magnetic microparticle rotation in external
magnetic field

M. Romodina, E. Lyubin, M. Khokhlova, A.Fedyanin
Faculty of Physics of Lomonosov Moscow State University, Leninskie Gory ., Moscow, Russia, 119991
Corresponding Author’s e-mail address and URL: skryabina@nanolab.phys.msu.ru
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Thermal fluctuations significantly affect the behavior of micro-scale rotating systems,
as microvortexes, microbubbles in shear flow, rotating micromotors and other
elements of lab-on-a-chip devices'. The influence of Brownian fluctuations on the
motion of magnetic microparticles in rotating magnetic field is experimentally
determined using optical tweezers technique. Numerical simulation of microparticle
rotation in the presence of thermal noise are performed using Monte Carlo method.
Experimental results are compared with the results of numerical simulations and the
prediction of a general “non-thermal” theory. The results show that the presence of
thermal noise changes the shape of transition between uniform and nonuniform modes
of microparticles rotation.

1,04

18 20 22 24 26
Hz

(Dfield’
Average rotation frequency of microparticles as a function of the external
magnetic field rotation rate. Experimental results are shown by dots, blue line is
theory, red line is the result of numerical simulation. Critical frequency is equal
to 21,6 Hz.

In addition the coupling of translation and rotation motion of single particles was founded.
This coupling often come out in form of Magnus effect, but this effect was not systematically
studied at microscale. In most papers this coupling is assumed to be neglected, but our
experimental results show that this translation-rotation coupling exist and must be considered
in theoretical description of microparticle motions.
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[1]1F. Pedaci, et al. Excitable particles in an optical torque wrench, Nature Physics 7.3 259
(2010);

[2] S. Martin, et al. Direct observation of hydrodynamic rotation-translation coupling
between two colloidal spheres, Physical Review Letters 97.24 248301 (2006).
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Mechanical Dragging of Light by Highly Dispersive Rb Atoms
(title is bold, 14-point type, centered, with capitals)

Akbar Safari', Mohammad Mirhosseini?, Israel De Leon', Omar Magana-Loaiza’ and
Robert W. Boyd*?

lDepartment. of Physics, University of Ottawa, Ottawa, ON, Canada

2The Institute of Optics, University of Rochester, Rochester, NY, USA
Asafa055@uottawa.ca

KEY WORDS: Optical forces, slow and fast light, phase and group velocity, group index

Recently, it has been shown that dielectric particles immersed in a dispersive host medium,
experience an optical force proportional to the group index of the medium®. In highly
dispersive media this force can dominate the other forces. This implies that the mechanical
action of light in highly dispersive media is completely different from that of normal media
with low dispersion. As the first step towards understanding the mechanical action of light in
highly dispersive media, we investigate the effect of mechanical dragging of highly dispersive
media on the speed of light.

The phenomenon of light dragging by moving the host medium has been known for
many years. When light enters a medium with refractive index n, its phase speed decreases to
c/n. If this medium moves with speed v, light is dragged with the medium and its phase speed
with respect to the lab frame changes by the relativistic addition of the two velocities: v and
c/n. In general, regardless of how large the medium refractive index is, the speed of light
cannot be changed by more than the speed of the medium. Also the maximum speed of light
is limited by the speed of light in vacuum, ¢. However, by using a highly dispersive medium,
where n depends strongly on the wavelength of light, one can exceed these limits. The effect
of dispersion in light dragging is a manifestation of the Doppler effect. It has been shown that
by using a highly dispersive medium to drag light, one can reduce group velocity of light
pulses significantly?. This effect has been observed in a warm Rubidium vapor cell®.

In this experiment we used Rubidium gas, confined in a cell, as the dispersive material
to drag the phase velocity of light. The Rubidium cell can be translated at speed v=1 m/s. By
heating the Rubidium cell, we achieved a group index of ng=160 and thus were able to
increase or decrease speed of light by ng*v=160m/s, depending on the direction of motion.
This change in speed is merely due to the dispersion effect of Rubidium atoms. We observed
that dispersion has enhanced the dragging effect by two orders of magnitude. With
Electromagnetic Induced Transparency technique, group indices as high as 1077 are
achievable. Then one should be able to drag light along (opposite to) the direction of
propagation by a huge amount and achieve phase speeds much greater (lower) than c. An
important point about this experiment is that we are using a CW laser and changing phase
velocity of light rather than its group velocity, which many groups in the world are working
on that.

! D. Bradshaw, Z. Shi, R. W. Boyd, P. Milonni, Opt. Commun. 283 (2010) 650.
2 0. Kocharovskaya, Y. Rostovtsev, and M. O. Scully, Phys. Rev. Lett., 86 (2001) 628.
% D. Strekalov, A. B. Matsko, N. Yu, and L. Maleki, Phys. Rev. Lett., 93 (2004) 023601.
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Thermally activated microgears spinning at the liquid-air interface

Claudio Maggi', Filippo Saglimbeni®, Michele Dipalo?, Francesco De Angelis?, and Roberto Di Leonardo!3
Dipartimento di Fisica, Universita di Roma “Sapienza”, I-00185, Roma, Italy
2 Department of Nanostructures, Istituto Italiano di Tecnologia (IIT), via Morego 30, 116163 Genova, Italy and
3CNR-IPCF UOS Roma ¢/o Dipartimento Fisica,
Universita di Roma “Sapienza”, 00185, Rome, Italy

Surface tension is one of the strongest forces at the micron scale. When a colloidal particle sits at
an interface, it is pulled by the liquid along the contact line, with forces tangential to the interface
and orthogonal to each element of the contact line. These capillary forces are typically of the order
of tens of nanonewton per micron. However, capillary forces are usually perfectly balanced leading
to a zero force and torque on the suspended object. We demonstrate that small temperature
gradients obtained by heating with light a micron-sized object can break this perfect balance and
lead to a new and efficient mechanism for self propulsion over liquid interfaces. In particular we
show that a micro-fabricated asymmetric gear, illuminated by incoherent LED light, can spin at
tens of revolutions per second. This phenomenon provides a conceptually new strategy to use light
as the driving force in micro-devices.

Keywords: Capillary Forces, Microfabrication, Light-Driven Microdevices, Thermocapillarity
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Probing Saccharomyces cerevisiae in Different Osmotic Conditions using
Holographic Optical Tweezers
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Combining optical force measurements with holographic optical tweezers can be a great
advantage due the fact that multiple probes or handles can be used to evaluate the forces
exerted™2. This technique provides a powerful and versatile platform for research in life
sciences. Optical force measurements experiments rely on precise determination of the trap
stiffness. This has limited the use of holographic optical tweezers systems for experiments
requiring high precision measurements. The holographic optical tweezers system used has
force measurement precision close to that of a single trap system. This has been achieved by
using several methods for correcting different errors and limitations in the system. In
particular, the used spatial light modulator has been corrected for spatial variations of the
phase response, temporal variations during update and crosstalk between adjacent pixels of
the spatial light modulator®*.

The holographic optical tweezers system was used to trap and manipulate
micrometer-sized silica beads to probe yeast cells (Saccharomyces cerevisiae) in a non-
invasive way and label free manner. Probing the cell in two opposite directions
simultaneously, the obtained position data can be directly correlated to the stiffness of the cell
wall/membrane. This way is used to measure the elastic modulus of the yeast cell
wall/membrane in different osmotic conditions. The method can also be extended to involve
different cell strains (e.g. cells lacking structural cell wall proteins).
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a) Image of a yeast cell with four optically trapped silica microspheres, two are used to squeeze the cell
and the remaining are only used to stabilize the cell during the measurement; b) Shows position
measurements from the four optical traps recorded with the video tracking method. The arrows indicate
that two probe particles are squeezing the cell, since a difference between the target and measured
positions can be observable.

1 D. B. Phillips, J. A. Grieve, S. N. Olof, S. J. Kocher, R. Bowman, M. J. Padgett, M. J. Miles, and D. M.
Carberry, Nanotechnology 22 (2011) 285503.

2 T. Asavei, T. A. Nieminen, V. L. Y. Loke, A. B. Stilgoe, R. Bowman, D. Preece, M. J. Padgett, N. R.
Heckenberg and H. Rubinsztein-Dunlop, New Journal of Physics 15 (2013) 063016.

3 M. Persson, D. Engstrom, A. Frank, J. Backsten, J. Bengtsson, and M. Goksor, Optics Express 18 (2010)
11250.

4 M. Persson, D. Engstrom, and M. Goksor, Optics Express 20 (2012) 22334.
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Radiation Forces in Time-Dependent Optical Fields
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The mechanical interaction between light and atoms, molecules or nanoparticles is usually
described in two terms: the dipole force, dragging particles along the gradient of the light
intensity; and the radiation pressure, pushing particles along the direction marked by the
Poynting vector.

However, if the radiation field changes in time, like in a light pulse or an amplitude-
modulated standing wave, additional force terms appear which are not covered by a
time-dependent dipole force or radiation pressure. In fact, they sometimes even act against
the intuitively expected forces.

This work presents the general idea and some simple results on this surprising and
fascinating extension to optical forces, which we believed to understand so well.

— F,I,(//.:')
'_‘;Fdip(tv z)

i" dt(t: :) - 72de
@

a=ar+104

Forces from a travelling wave pulse on a point-particle of polarizability o = ay + ;. The
discussed time-dependent force Fy; reverses the effects of the dipole Force Fyg;,. For this
setup, the radiation pressure I}, is unchanged.
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Plasmon-Enhanced Optical Trapping of Gold Core-Shell Nanoparticles
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The possibility to optically trap, manipulate, characterize nanostructures is crucial for the
achievement of miniaturized systems with highly advanced functichaligtical tweezers

have been employed to study micro and nanoscopic particles for many technological
applications such as optical microdevices, biological labeling and sensing. Metal
nanoparticles are of key interest for optical trapping due to their ability to generate highly
enhanced electric fields with subdiffraction spatial confinefieiit®”’,

Optical trapping and manipulation of core-shell systems hold interest for many biomedical
applications to control the release of dfiideese systems require a refractive index mismatch
between particles, coating agent and solvent. So, it is crucial to evaluate the behavior of
polymer capped metal nanoparticles in relation to properties such as electrolyte ionic strength,
polymer-layer thickness, surface curvaturghape and si2&”. To this aim, we study how
optical trapping changes in relation to the thickness of a polyethylene glycol shell around a
gold core nanoparticle. The core nanoparticles are obtained by pulser laser ablation in
colloidal dispersion with a narrow distribution of diameters (figla,b,c) and then coated by
polymer. The trend of thekky and k force costants normalized to the power at the sample,

is shown in figld. Finally the use of Raman tweezers permits to investigate individual trapped
nanostructures dispersed in solution and to characterize their chemical-physical properties.
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Fig.1: a) TEM image of gold nanoparticles. Scale bar:20nm; b) UV-Vis spectrum, c) histogram of size
distribution and d) trend of force costants versus PEG layer thickness related to gold nanoparticles of 20 nm.
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1 0. M. Maragd, P. H. Jones, P. G. Gucciardi, G. Volpe, A. C. Fe@atical trapping and manipulation of
nanostructuresNature Nanotechnolodgd; 807 (2013).

2p. M. Hansen, et aExpanding the optical trapping range of gold nanopartichéano Lett5, 1937 (2005).

% L. Bosanac, et aEfficient optical trapping and visualization of silver nanoparticliano Lett8, 1486(2008).

“R. Saija, et alOptical trapping calculations for metal nanoparticles. Comparison with experimental data for Au
and Ag sphere®©pt. Expresd 7, 10231 (2009).

®P. H. Jones, et dRotation detection in light-driven nanoroto’sCS Nana3, 3077 (2009).

® E. Messina, et aPlasmon- enhanced optical trapping of gold nanoaggregates with selected optical properties
ACS Nano5, 905 (2011).

" E. Messina, et aManipulation and Raman spectroscopy with optically trapped metal nanoparticles obtained
by pulser laser ablation in liquigdd. Phys. Chem. €15 5115 (2011).

8R. A. Ramli, W. A. Laftah, S. Hashirore—shell polymers: a revieglRSC Adv.3, 15543 (2013).

°T. Doane, C-H. Chuang, R.J. Hill, C. BurtNanoparticle-Potentials Acc. Chem. Re#5, 317 (2012).
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High—order Gaussian beam modes and optical forces
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Three dimensional trapping in optical tweezers occurs for small particles due to large intensity
gradients!. For larger particles, the large angle component of the impinging light dominates”. For
these two reasons, optical traps in the mesoscopic regime generally occur when optical tweezers
are produced using high numerical aperture (large angle) optics. For complex light fields it is not
so clear how the intensity gradients of different modes and the high-angle requirement yield opti-
cal trapping. Here we investigate optical trapping for both the standard and elegant Ince—Gaussian
modes. Standard Ince—Gaussian beams>* are eigensolutions of the paraxial wave equation and so
maintain their mode shape (but not size) as they propagate from the far- to near-fields. A small
dielectric particle will therefore experience a broad angular spectrum of light impinging on it. El-
egant Ince-Gaussian modes are not eigensolutions and evolve as they propagate from ‘high-angle’
spots in the far-field to tightly focused near-fields containing intricate phase structure.

The figure below shows the dependence of the force on particle size for a slice of the optical
force field for the symmetric wave function component of an idealised standard Ince—Gaussian
mode.
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2D slice of the transverse optical forces in the focal plane for different particle sizes. As the particle size is increased
the stable trapping regions in an IGs 5 beam change. The smallest particle in this series is trapped within the bright
spots of the beam. For larger particles trapping occurs at the centre of the beam.

Our work investigates the features which facilitate trapping (in both position and/or angle) in
high—order Gaussian beams for different particle sizes and refractive indices. The dominant con-
tribution of force and torque depends on a particles size/refractive index relative to the suspending
medium and the feature size of the trapping beam. The large intensity gradient, high-angle scat-
tering or a combination of both determine the properties (such as strength and overall stability) of
optical traps near stationary points in complicated optical force fields.

'A. Ashkin er al., “Observation of a single-beam gradient force optical trap for dielectric particles,” Opt. Lett., 11, 288-290 (1986).

2 A. Ashkin, “Forces of a single-beam gradient laser trap on a dielectric sphere in the ray optics regime,” Biophys. J., 61(2), 569-582, (1992).
3M. Bandres and J. Gutiérrez-Vega, “Ince Gaussian beams,” Opt. Lett. , 29, 144-146, (2004).

4M. Woerdemann et al., “Advanced optical trapping by complex beam shaping,” Laser & Photonics Reviews, 7(6), 839-854, (2013).
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Optical Micro- and Nanofibres: Particle Trapping and Self-Assembly, and
Higher Order Mode Generation for Particle Manipulation
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Optical micro- and nanofibres (MNF) have been proposed as an efficient method for multi-
microparticle trapping and prolusion’. However, research on single-particle manipulation, the
self-assembly effect of trapped particles, and the dynamical interactions between single- and
multi-particles with the evanescent field of an MNF to date is not sufficient. In this work, we
demonstrated a compact system of a nanofibre integrated into an optical tweezers to facilitate
the study of individual and collective introduction of selected particles in the MNF evanescent
field. Optical trapping and propulsion of single-particles and self-arrangement of particle
chains were investigated for both fundamental and higher order modes at the fibre waist.

Speed enhancement of dielectric particle propulsion was observed in the evanescent
field of the higher order modes compared to the fundamental mode®. Figure 1 shows the
optical propulsion of a 3 um polystyrene particle for which the speed was found to be 8 times
faster for higher order mode propagation in the MNF than for the fundamental mode. The
power at the waist was estimated to be 25 mW in both cases. Self-assembly of particle chains
was also observed®. This effect was associated with optical binding. Simulations support the
experimental data and provide insight into the inter-dynamics of particle assembly within the
chains.

Figure 1. Microgram of 3 um polystyrene particle propulsion under (a) fundamental mode and (b) higher
order mode propagation. In both cases the waist power was 25 mW. It is clear that the speed of the
particle in (b) is far higher than in (a).

This work is essential for future studies on three dimensional trapping and precise
control of long-range and large scale of complex biological molecules in aqueous solutions in
the vicinity of the evanescent field of an optical micro- and nanofibres.

! G. Brambilla, G. S. Murugan, J. S. Wilkinson, and D. J. Richardson, Optical manipulation of microspheres
along a subwavelength optical wire, Opt. Lett. 32 (20), 3041 (2007).

2 A. Maimaiti, V.G. Truong, M. Sergides, I. Gusachenko, and S. Nic Chormaic. Higher order microfibre modes
for particle trapping and propulsion. arxiv.org/abs/1409.1656 (2014).

3 M.C. Frawley, 1. Gusachenko, V.G. Truong, M. Sergides, and S. Nic Chormaic. Selective particle trapping and
optical binding in the evanescent field of an optical nanofiber. Opt. Express 22, 16322 (2014).
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