The optical cell rotator

Moritz K. Kreysing®2, Tobias KieRling!, Anatol Fritsch®, Christian
Dietrich3, Jochen R. Guck!2 and Josef A. Ké&s!
1 Department for Experimental Physics |, University of Leipzig, Leipzig, Germany

2 Cavendish Laboratory, Department of Physics, University of Cambridge, Cambridge, UK
3 Carl Zeiss Microlmaging GmbH, Jena, Germany

mkk26@cam.ac.uk

Abstract: The optical cell rotator (OCR) is a modified dual-beam
laser trap for the holding and controlled rotation of suspended dielectric
microparticles, such as cells. In contrast to optical tweezers, OCR uses
two counter-propagating divergent laser beams, which are shaped and
delivered by optical fibers. The rotation of a trapped specimen is carried
out by the rotation of a dual-mode fiber, emitting an asymmetric laser
beam. Experiments were performed on human erythrocytes, promyelocytic
leukemia cells (HL60), and cell clusters (MCF-7). Since OCR permits
the rotation of cells around an axis perpendicular to the optical axis of
any microscope and is fully decoupled from imaging optics, it could be a
suitable and expedient tool for tomographic microscopy.
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1. Introduction

Since Ashkin introduced optical traps in the 1970s [1] they have become versatile tools for
the micromanipulation of biological objects. They are commonly used to hold, interactively
move, stretch and sort cells [2, 3]. Of particular interest for microscopy, however, is the fur-
ther improvement of the rotational control of biological samples. Two mechanisms have been
demonstrated for the in-plane optical rotation of trapped particles using modified single-beam
gradient traps — commonly referred to as optical tweezers. First, laser beams carrying net an-
gular momentum, which can either be spin [4, 5] or orbital angular momentum [6, 7], can be
used to induce a continuous spinning of trapped samples. While this can potentially be used
for the operation of optically driven micromachines, the stable orientation of particlesin a par-
ticular orientation, as required by microscopy, is only possible with a complicated closed-loop
feedback mechanism. Another approach rotates the sample together with a trapping beam of
reduced symmetry. Such rotation has been realized using optical tweezers modified by the use
of higher order cavity modes [8], cylindrical lenses [9], rectangular apertures [10], and spiral
interference patterns [11]. In addtion, the creation of multiple traps by means of holographic
optics has been shown to allow for the rotation of micro bead clusters around arbitrary axis[12].

Although this demonstrates the physical principles of optical rotation, the manipulation of
objects with optical tweezersisinevitably coupled to the imaging optics of the microscope and
generaly limited to objects smaller than a few microns. Furthermore, feedback independent
solutions to orient arbitrarily shaped particles, such as cells, have so far been restricted to a
rotation around an axis parallel to the optical axis of the microscope and are therefore of limited
use for microscopy itself. In particular, tomographic approaches to isotropic microscopy [13—
17], which rely on image acquisition from different sides, have so far been unable to benefit
from optical rotation.

In this paper we report on a sensible aternative strategy using a dual-beam fiber trap with
one non-rotationally symmetric trapping beam. The asymetric beam results from the excitation
of higher order modes in a dual-mode optical fiber. Trapped cells, which generally have either
ashape- or optical anisotropy, follow the rotation of the beam asymmetry. They can be oriented
at arbitrary angles, where the axes of the rotation and the microscope are perpendicular to
each other. Since this optical cell rotator (OCR) is decoupled from the imaging optics it can
be used on practically any light microscope and promises to find applications in tomographic
microscopy techniques aiming at isotropic resolution.

2. Modified dual-beam fiber trap

The basis of OCR is a fiber-based dual-beam laser trap. The original version of this trap was
first realized by Ashkin in 1970 [1] (16 years before the introduction of optical tweezers),
and technically ssimplified by Constablein 1993 [18] by employing single-mode optical fibers
for beam delivery. This trap makes use of two divergent counter-propagating laser beams and
allows stable holding of dielectric particles in tree dimensions. Lateral stability arises from
gradient forces centering the specimen on the optical axis. Since axia stabilty is given at the
point at which scattering forces of the two beams balance each other, this trapping geometry
also works with highly inhomogeneous samples of sizes in excess of 100um, which would
be pushed out of the focus of optical tweezers by the scattering force. If used to deform soft
dielectrics this dual-beam trap is referred to as an optical stretcher [19, 20].

The general setup of OCR is shown in Fig. 1. The laser sources used were two Y tterbium-
doped non-polarized CW fiber lasers (YLM-2-1064, IPG Photonics, Germany) operating at
1064 nm. Thelasers have output fibersthat are single-mode at this wavelength (HI 1060, Corn-
ing, Germany) and are usually used directly for trapping in fiber-optical traps. Since single
mode fibers (SMF) have rotationally symmetric beam profiles these traps do not offer control
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over the rotational degree of freedom of atrapped object. Here, we report for the first time on
afiber-based optical trap that allows advanced manipulation of trapped objects by intentionally
using more than one transverse optical mode. These were excited by splicing one of the lasers
SMF to a dual-mode fiber (SMF-28 J9, Corning, Germany; cut-off wavelength 1260 nm, core
radius 4.2 um) with a defined offset (see Fig. 1(c)) using an arc fusion splicer (S175 V2000,
Fitel, Japan).

(a) ® I (c)
OCRy A\~ -- (e
;SMFl Taox SMF2;7
laser1 | ~— laser 2 DMF
CCD
b
(b) CF1 cell OAFS

SMF1 |

| | ‘I/ -
slide 40x &CFZ
o N DMF  SMF2

Fig. 1. Schematic of the OCR setup. () The OCR is mounted on an inverted microscope.
SMF, single-mode fiber. (b) Detailed view of the dashed area indicated in (a). SMF1 is
mounted in a ceramic ferrule (CF1). SMF2 is spliced with an offset to a dual-mode fiber
(DMF) which is mounted in a second ferrule (CF2). Parts shaded in red form one static
unit that can be rotated with respect to the rest of the system in arotation mount (RM). The
trapping and rotation of acell can beimaged through aglasswindow (slide). (¢) Microsopic
image of an offset arc fusion splice (OAFS). Scale bar, 50um.

3. Dual-mode fiber optics

Coupling of the single-mode beam into the dual-mode fiber was theoretically predicted using
scalar wave theory. The propagation of electromagnetic waves in step index optical fibersis
usually discussed in terms of the linearly polarized (LP) modes introduced by Gloge for the
limit of weak light guidance [21]. LP modes describe the in-plane electric field distributions
of step index fibers as a product of radial and azimuthal functions in polar coordinates, E =
R(r)®(¢). For the two lowest order modes, E| pp; and E, p11 are given by

ELpor = Cordo(kS%qr) for r<a (1)
o1
ELpor = Co1Ko(kgagr) for r>a
1
ELp11 = CraJ1(Keorel )COS(@) for r<a 2
Evp11 = C11K1(Kkiagr)cos(e) for r>a
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Theradia functions R(r) are determined by the oscillatory ordinary Bessel functions of the
first kind, J; (xcorer ), for the core (radius @) and decaying modified Bessel functions of the sec-
ond kind, K| (kgagr), for the cladding. kcore @nd kqaq are transverse frequencies and the integer
| corresponds to the angular quantum number appearing in the azimuthal modulating function
@(¢) = cos(l ¢), normalization constants are denoted as ¢c. While the usual boundary conditions
determine the transverse frequencies, the number of modesin a step index fiber exclusively de-
pends on the normalized frequency parameter V = alaNA. Here A is the wavelength and NA
isthe numerical aperture of the fiber. For V < 2.405 only the ground state mode LPOL is ableto
propagate |ossfree, for 2.405 <V < 3.832 additionally the next higher order mode LP11 exists,
etc. Intime (t) and along the fiber axis (2), thisin-plane amplitude distribution is modulated by
the ususal phase factor exp(i(z— wt)), where § is the projection of the wave vector onto the
optical axis, and o stands for the wave's angular frequency.

For our setup fibers with vV = 2.09 (SMF) and V = 3.39 (DMF) were used. Coupling co-
efficients between the modes of the two fibers depend on the transverse offset, p, and were
calculated as discretised overlap integrals of the field amplitudes using Matlab. The resulting
coupling efficiencies are plotted as functions of p in Fig. 2.

1n @ (b) )
104wy
. = Coupling into LP01
- [] ©  Coupling into LP11
3 08 L]
©
= g -
=4 % 06 -
c = [ ]
S w
i -
» 0 g’ 044
- (c) £ 8%
Io] % ] .Oo
= Q o2 o L] OO
¢] O 7 o L)
= ] .I ©
o o "a 00
o 004 o© "=a80a0cccococooe
w
T T
0 1 2 3
1 Transverse splicing offset p in units of apy,

Fig. 2. Field distributions and coupling efficiencies. (a) LPO1 €electric field distribution in
SMF. Black circle indicates core boundary. (b) LPO1 and (c) LP11 electric field distribu-
tions in fiber with larger core (DMF). (d) Coupling of SMF field distribution, offset by p,
into DMF. (e) Calculated efficiencies for the coupling from SMF field distribution to the
two DMF modes as a function of the transverse offset p.

Based on the calculated coupling efficiencies (see Fig. 2(€)) the two fibers were spliced
together statically with atransverse offset of 3.2 um. This offset value combines strong coupling
into the symmetry breaking LP11 mode with reasonable overall efficiency. For a step index
DMF theintensity distribution at the fiber end is given by the coherent superposition of the two
individual modes,

| = (ELpor + Evp11)? = Efpoy + EZp11 + 2ELpo1ELpo1COS(ABL), ©)
where L isthe length of the DMF. AB is the difference between the propagtion constants,

AB = Brpor — BLrit, (4)

which underlieamodal phase velocity dispersion [22]. Thus, the intensity pattern at the fiber
output varies periodically with increasing fiber length [23]. During one periode each |obe of
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the LP11 mode goes through constructive and destructive interference with the LPO1 mode. In
order to balance the resulting lobes of the intensity profile, the total phase between the modes
at the fiber end needs to be Zmod (7). The beating length of the specified DMF was cal cul ated
asAL = g—g ~ 380um. This comfortably allowed to shorten the fiber to the appropriate length
using standard fiber polishing equipment (Thorlabs, Germany). During this process the beam
profile was repeatedly imaged in a plane approximately 100um away from the fiber end face,
which coincides with the typical distance between trapped specimen and the fiber end in our
experiment. The result of the fiber-based beam shaping is compared with the theoretical pre-
diction in Fig. 3. It should be noted that the phenomenon of modal beating is less pronounced
when using lasers with short coherence length or long fibers.

€)) (b)

Fig. 3. (8) Calculated and (b) measured beam intensity profile of a DMF excited at 3.2um
offset.

4. Experiments

Since the orientation of the dual-mode beam profile was determined by the static fiber splice,
therotation of this beam profile had to be achieved by the rotation of thefiber carryingit. There-
fore, the two fiber ends were aligned using a specially designed ceramic mounting made from
standard FC connector ferrules for fibers with 125 um outer diameter (Thorlabs, Germany)
(see Fig. 1(b)). Accuracy of the rotation of the DMF was assured by a ceramic sleeve bearing,
functioning as rotation mount. The maximum torsion of the DMF in the stationary ceramic
mounting was measured to be less than 1 degree. To gain optical access to the fiber channel a
hole was drilled perpendicular to the channel. In this region the cleaved fiber ends were facing
each other with a distance of approximatly 200 pm, forming the trap.

Human red bood cells (RBC), cells from a human leukemia cell line (HL60), and cell clus-
ters of a breast epithelial cancer cell line (MCF-7) were used as specimens. RBCs were pre-
pared by diluting 1ul of fresh blood from a healthy male donor in 10ml isotonic phosphate
buffered saline (PBS) solution containing 1 ppt EDTA to avoid blood coagulation. HL60 cells
(DM Sz, Germany) were cultured in RPMI 1640 medium containing 10 % heat inactivated fe-
tal bovine serum, 0.3g/1 L-glutamine, and 1 % penicillin/streptomycin at 37 °C and 5% CO,.
Cells were passaged every 2-3 days and diluted to concentrations of approximately 10°ml—1
for experimental use. Chemicals were obtained from Sigma (Germany). MCF-7 cells (ATCC,
USA) were cultured in 75cm? culture flasks using Eagle’s minimum essential medium (MEM)
supplemented with 10% fetal bovine serum, 0.29g/1 L-glutamine, 1% penicillin/streptomycin,
0.01mg/ml bovineinsulin, 0.11mg/ml sodium pyruvate and incubated at 37 °C with 5%CO;.
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Cells were passaged every 2-3 days and prior to experimental use detached with a 0.05%
Trypsin-EDTA solution and resuspended in culture medium at 5 x 10° ml ~1. These chemicals
were obtained from PAA (Austria).

After cleaning the fiber ends with a cleaning agent, the setup was washed with cell culture
medium several times. Approximately 500ul cell suspension was added and exchanged every
5—10 minutesin order to keep osmolarity constant. The lasers were operated at output powers
between 30 and 150 mW CW per fiber. Cells were trapped randomly from aflow in the medium
induced by a micropipette. Some cells and clusters were also trapped inside a square glass
capillary. Once a cell or cell cluster reached a stable position and orientation, the dual-mode
beam was rotated to induce the rotation of the cell. This rotation was carried out manually
by turning the DMF by 5 — 180 degrees with frequencies ranging approximately from 0.05 to
0.5Hz.

5. Results and discussion

We observed both the stable trapping of cells in three dimensions as well as their successful
optically induced rotation. Typical time series of the rotation of RBCs, HL60 cells, and MCF-
7 cell clusters are shown in Fig. 4 — 6 . Dealing with real objects that are neither perfectly
spherical nor isotropic it has been noted that cells in dual-beam laser traps always align their
main anisotropy with the optical axis of the setup, which minimizes the free energy of the
system [24,25]. Any secondary anisotropy should then be oriented in the direction of the asym-
metric beam profile introduced by the LP11 mode from the DMF. As expected, RCBs were
found to align well with the asymmetric intensity profile because of their very asymmetric, bi-
concave disk-like shape. A rotation of the beam asymmetry with the fiber then causesthe RBCs
to follow. Their asymmetric shape also makes this rotation easy to observe (Fig. 4).

Fig. 4. Phase contrast images of the optical rotation of a red blood cell in time steps of
200 ms. Images obtained while the dual-mode beam profile was turned by 90 degrees are
marked. Scale bar, 10um (Media 1).

Even if the cells have no strong shape anisotropy, as in the case of the largely spherical
HL60 cells, the remaining optical anisotropy of the cells is sufficient to orient the cells with
the intensity profile. Such an anisotropy is caused by the position and shape of the nucleus,
which generally has a higher refractive index than the cytoplasm [26, 27], and a heterogeneous
distribution of other internal organelles. The rotation of the HL60 cells can still be followed
by tracking the position of characteristic spots on the cell surface (Fig. 5). Also randomly
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assembled clusters of MCF-7 cells could be rotated in a controlled way (Fig. 6). For all cell
types we observed the angles of rotation of fiber and object to match within an uncertaincy
range of afew degrees.

Fig. 5. Phase contrast images of the optical rotation of an HL60 cell in time steps of 320 ms.
Images obtained during the rotation of the beam profile are marked. Scale bar, 10 um
(Media 2).

For most of the results shown, the hydrodynamic coupling between the rotating fiber end and
the cell could in principle be an alternative explanation of the cell rotation. However, when the
laser power was reduced, the cells followed the rotation of the DMF with noticeable delay. The
laser power should have no effect on the rotation if it was due to hydrodynamics, which shows
that the cells indeed rotate with the potential of the laser beam. Furthermore, small clusters of
cells were successfully rotated inside a glas capillary of sguare cross section placed between
the fiber ends (Fig. 6), which shielded the cells from any hydrodynamic coupling.

Fig. 6. Optical rotation of asmall MCF-7 cell custer inside amicrocapillary with rectangu-
lar cross section. Scale bar, 10um.

Maximum rotational frequencies reached were approximately 0.5 Hz for RBCs at 100 mW
and 0.2 Hz for HL60 cellsat 150 mW laser power per fiber. Thisfrequency can probably still be
increased by using even higher-order fiber modes and the simultaneous rotation of asymmetric
beamsfrom both sides. While thelateral displacement of the cells during rotation was generally
small, a longitudinal movement (on the beam axis) ranging from 1 to 15 um was typically
observed. The lateral instability was caused by mechanical instabilities in the setup tending to
induce significant flow speedsin the medium. The longitudinal movement was clearly induced
by the jittering of the turning fiber along its axis. These aspects can be improved in future
setups by increased mechanical stability and by avoiding the rotation of the DMF fiber. It is
conceivable that the asymmetric beam profile could be rotated through a stationary fiber by
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exciting higher-order modes from free space laser beams passing appropriate rotatable phase
objects or adaptive optics such as spatial light modulators.

With increased stability, OCR presents a sensible alternative to mechanically rotating bi-
ological specimens, embedded in index matching fluid in a microcapillary or held by a mi-
cropipette [16, 28]. At the same time OCR offers the advantages of simplicity in setup and
control, the ability to rapidly handle many cellsin ashort amount of time, and reduced artifacts
caused by non-physiological conditions. The last aspect is also true in comparison to rotating
cells by dielectrophoresis [29]. The main limitations of dielectrophoresis, absent in OCR, are
the uncertain viability of sensitive cells due to conductive heating or the requirement of specific
media, which might be incompatible with the biology of the cells of interest.

Apart from using a dual-beam trap as described here, an optical rotation of dielectric sam-
ples perpendicular to the optical axis of a microscope could also be achieved with holographic
optical tweezers (HOTs) [30]. HOTs allow the simultaneous control of multiple foci in 3D for
optical tweezing [31]. Trapping and moving three beads attached to a cell as handlesin an ap-
propriate sequence would allow asimilar controlled rotation as with the OCR. However, beads
would likely always be required because otherwise the trapping points and consequently the
axis of rotation are not well defined. In addition to the intrinsic axis of rotation achieved with-
out any feedback mechanisms, OCR has the additional advantage over HOTSs that, due to the
non-focused beams, the intensity on the rotated cell is low, which reduces the risk of photo-
damage by nonlinear processes [32].

6. Conclusion and outlook

With OCR we present a novel type of optical trap for the controlled rotation of anisotropic
dielectric objects, such as cells, with significant advantages over existing techniques. OCR
operates fully decoupled from imaging optics and can be used as modular add-on to any light
microscope. Using OCR, we have demonstrated that individual human blood cells and cell
clusters can be held stably with a well defined orientation and rotated perpendicular to the
optical axis of a light microscope using low laser powers. This ability to orient cells stably
in three dimensions without exposing them to any mechanical contact should find significant
use in biological and medical research. In particular there is big potential in combining OCR
with novel imaging techniques that provide isotropic resolution by tomographic reconstrution
of samplesimaged under multiple angles. To our knowledgethis also introducesthe use of few-
mode fiber optics to the field of optical trapping and opens the possibilty to realize non-trivial
trapping geometries based on fiber optics.
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