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Using a single-beam, oscillating optical tweezers, we demonstrate trapping and rotation of rod-shaped bacterial cells
with respect to the optical axis. The angle of rotation, θ, is determined by the amplitude of the oscillation. It is shown
that θ can be measured from the longitudinal cell intensity profiles in the corresponding phase-contrast images.
The technique allows viewing the cell from different perspectives and can provide a useful tool in fluorescence
microscopy for the analysis of three-dimensional subcellular structures. © 2010 Optical Society of America
OCIS codes: 180.6900, 110.2960.

Optical tweezers were first introduced by Ashkin et al.
[1]. Their setup consisted of a single laser beam focused
via a high-NA objective. It was shown that, because of the
large gradient in the electric field, dielectric beads are
trapped in the vicinity of the focal point. Since 1986, a
wide range of optical tweezer techniques have been de-
veloped and applied in biology, chemistry, and physics,
e.g., to probe the behavior of single DNA [2] and protein
molecules [3], manipulate single cells [4], and measure
the viscoelastic properties of solutions at micrometer
length scales [5].
One line of research in optical trapping has dealt with

upgraded optical tweezer setups that both trap and rotate
microparticles. This was first achieved using two inde-
pendent trapping beams to hold an extended object
simultaneously at both ends. Moving one beam along a
circular path while the other one is fixed forces the
trapped object to follow the rotation [4,6]. In other sys-
tems, angular momentum is transferred from the laser
beam to the trapped particle. One approach involves
using Laguerre–Gaussian (LG) helical beams [7–9]. Such
modes have well-defined orbital angular momentum that,
together with the spin, is conveyed to the particle via ab-
sorption. Since absorption has to be low enough not to
upset the trapping and avoid overheating, in this setup,
particles rotate with relatively low angular velocities. Al-
ternatively, it was shown that circularly polarized Gaus-
sian beams can be used to rotate birefringent particles up
to frequencies slightly over 1 KHz [10–14]. A third cate-
gory of spanning optical traps employs asymmetrically
shaped laser beams to align asymmetric microparticles
[15–17]. Then, rotation of the beam will also rotate the
trapped particle. A somewhat related approach was used
in [18], where rotorlike microfabricated particles were
shown to rotate in a regular Gaussian beam optical trap.
Here, the linear momentum of the beamwas converted to
angular momentum of the particle.
All the techniques described in the previous paragraph

rotate the trapped objects around the optical axis. They
were motivated by the need to drive micromotors, to
align micromachined components, or to mix in microflui-
dic devices. On the other hand, rotation of a trapped

object may also be useful in the context of single cell
microscopy. The ability to rotate a single cell with re-
spect to the optical axis would allow imaging three-
dimensional (3D) subcellular structures from different
viewpoints. Scanning the angle between the long cell axis
and the optical axis, θ, may allow reconstruction of the
3D structures using standard computerized tomography
(CT) methods. Presently, the only setup that allows the
scanning of θ consists of two or more optical traps that
can hold an object at several different points [19,20].
Varying the relative heights of the traps leads to the de-
sired rotation. Since there is a limit on the minimal dis-
tance between two optical traps, dmin, this approach is
restricted to large enough objects. Note that dmin is sig-
nificantly larger along the optical axis than perpendicular
to it. The smallest objects rotated relative to the optical
axis using two traps were fused pairs of 2 μm diameter
beads [20]. This was achieved with LG traps that are nar-
rower along the optical axis than Gaussian traps.

In this Letter, we introduce a single-Gaussian-beam,
optical tweezer method that allows scanning of θ. Its
most straightforward implementation is for symmetric
elongated objects, e.g., rod-shaped bacterial cells. It con-
sists of a linear trap resulting from rapidly oscillating a
standard Gaussian trap by means of a galvanometric mir-
ror (Fig. 1). Raising the amplitude of the oscillation,
A, from 0 to the length of the object, L, corresponds
to varying θ from 0°, vertical orientation, to 90°, horizon-
tal orientation (Fig. 2). This behavior interpolates
between two well-known extreme cases: 1. vertical
alignment of elongated objects in standard traps, and

Fig. 1. (a) Experimental setup: M1 to M4, mirrors (M3 is a
dichroic mirror); L1, L2, lenses (telescope). (b) Schematic view
of a rotated cell.
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2. horizontal alignment of elongated objects in linear
traps longer than L. Our θ scanning approach is signifi-
cantly simpler than that of multiple traps. In particular, it
can rotate bacterial cells that are about the same size
as the fused beads of [18] without the need of higher-
order beams.
The optical system consists of an IX70 inverted Olym-

pus microscope with an UPLFLN 100XO2PH, 1.3 NA oil
immersion objective used for both imaging and the opti-
cal trap (Fig. 1). A single galvanometric mirror is located
along the optical path of the laser beam (SDL, λ ¼
830 nm) and is driven by a function generator. Lenses
L1 and L2 conjugate the plane of the galvanometric mirror
to the back aperture of the objective. In this configura-
tion, tilting the galvanometric mirror rotates the laser
beam around its axis at the entrance aperture of the ob-
jective [21]. Thus, the trap structure is preserved while
the beam scans the image plane. The objective back aper-
ture is 7 mm wide, truncating the Gaussian beam at 2:7σ.
Oscillating the galvanometric mirror at 100 Hz effectively
generates a steady, horizontal, linear trap. Its length is
determined by the amplitude of the oscillation. A sinusoi-
dal wave was used to scan the galvanometric mirror.
There was no observable difference in the rotation of
elongated objects when using other wave forms, e.g.,
sawtooth.
We have tested our setup using fixed E. coli cells

grown in Lurie Broth medium until the optical density
at 600 nm reached about 0.2, which is in the exponential
growth regime. For simplicity, we only study cells that
have not yet started to divide. Their shape is almost ex-
actly that of a cylinder with hemispherical caps [22] and
their size is about 1 μm × 3 μm. Because E. coli have a

highly rigid cell wall, their shape is not affected by
the trapping forces [23]. In Fig. 2, we show a θ scan with
a 15° step for a typical E. coli cell obtained by varying
A from 0 to L, but much finer θ scans can also be
performed.

Although phase-contrast imaging cannot reveal the in-
ternal structure of the cells, it can be used to measure the
orientation angle, θ. However, since the cell caps become
strongly defocused at even small deviations from the hor-
izontal orientation, this becomes a challenging task. To
overcome this difficulty and measure θ, we use a height
library of horizontally oriented defocused cell images.
First, the same cell as in the θ scan is horizontally aligned.
Then, we gradually vary the height of the trap by means
of small, stepwise changes in the distance between the
telescope lenses, L1 and L2 Fig. 1. This allows scanning
the trap height over a range of about 1:5 μm on each side
of the focal plane. Our height library consists of the re-
corded cell images at each step of the height scan.
Although the images in the library are quite different
from each other, we find that, within experimental error,
all the longitudinal intensity profiles intersect at two lo-
cations, one near each of the cell ends. We refer to these
locations as critical points. This behavior is reminiscent
of the focus invariant intensity points in the bright-field
image of a straight edge [24,25]. The distance between
the critical points, Lcp, provides an approximation to
the cell length, L. Within a few micrometers of the focal
plane, Lcp is invariant under defocusing translations, and
so is the value of the phase contrast intensity at the cri-
tical points, Icp. Our main assumption is that Icp is not
affected by rotation. In other words, in the rotated cell,
each of the defocused cell caps will have its own critical
point located where its longitudinal intensity profile
equals Icp. As in the horizontal orientation, these critical
points lie in the vicinity of the cell edge. It follows that the
distance between the critical points of the rotated cell
corresponds to the projected Lcp on the imaging plane,
Lcp sin θ, allowing us to deduce θ.

The critical point approach fails at angles that are less
than about 25° where, in the image, the cylindrical sec-
tion of the cell largely overlaps with its caps (Fig. 2). In-
stead, to estimate the value of θ in the ð0°; 25°Þ range, we
measure the deviation of the cell image from circular
symmetry. Such deviation may be quantified by the ratio
between the length and the width, RLWðθÞ, of a cell
contour corresponding to an intensity that is slightly be-
low the background level. Because RLWð0°Þ ¼ 1 and
RLWð30°Þ ¼ 1:54, this allows us to approximate θ by lin-
early interpolating RLWðθÞ over the ð0°; 30°Þ range.

We have tested the critical point method using cells
that were immobilized by attaching one of their caps
to the glass bottom of the sample. The optical trap allows
immobilizing the E. coli at different orientations (differ-
ent θ). For such cells, and when θ > 25°, we can focus
separately on each of the cell caps and obtain the corre-
sponding position of the cell edge [26]. This allows us to
determine θ from the geometry of the problem, θg. We
have compared these values of θ with those obtained
by the critical point method, θcp (Fig. 3) and found that
θg ≅ θcp within experimental error. The geometric mea-
surement of θ for immobilized cells fails in the small θ
range, θ < 25°, for the same reason that prevented the

Fig. 2. A large step θ scan of an E. coli cell. Angles 30°, 45°,
60°, 75°, and 90° were measured using the critical point method,
15° is obtained via the interpolation approach, and 0° corre-
sponds to the case of a nonoscillating trap. Bar ¼ 1 μm.
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use of the critical point method in this range. That is, for
θ < 25°, the longitudinal cell edge can no longer be reli-
ably distinguished from the vertical cell edge. As a result,
we could not test the accuracy of the θ values obtained
using our interpolation approach.
In conclusion, we have introduced a technique that

allows rotating and aligning elongated micro-objects
around an axis normal to the laser beam. Its implementa-
tion is simpler than the competing multiple-trap ap-
proach, as it requires only adding a galvanometric
mirror to a standard optical tweezer system. We suggest
that this method may become a useful tool in cellular
imaging, because it can provide different viewpoints
on 3D subcellular structures. In particular, it could be
used for the realization of single-cell CT imaging.

We thank I. Abdulhalim, A. Braiman, and I. Fishov for
useful discussions. This research was supported in part
by the Israel Academy of Science and Humanities (grant
no. 1544/08).
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Fig. 3. Testing the critical point method. For E. coli cells that
were attached to the glass bottom of the sample in different or-
ientations, we compare θcp with θg (squares). The θg ¼ θcp line
is also shown.
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