Helical Bacteria as Optically Driven Microrotors
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The linear momentum transfer from photons to micrometer sized helical
bacteria, which are held in optical tweezers, can make them rotate very quickly.
This forced rotation can be compared to the screw like motion of free, living
bacteria. We describe our experiments and investigate the driving force of the

rotation.

1 Introduction

Recently, micromechanical elements which are ro-
tated with light have been suggested as optically
driven motor. An opto-mechanical rotation can be
generated by spin angular momentum transfer to
birefringent, micron-scale objects [1], by orbital an-
gular momentum transfer from helically wound light
beams [2] and by linear momentum transfer to
asymmetrically shaped structures [3]. The produc-
tion of such structures is, however, costly and diffi-
cult; instead, one could use various asymmetrically
shaped bacteria or cells, since they can be easily
grown and mass-produced. The helical bacterium
Rhodospirillum rubrum can be simply and very
quickly rotated by the linear momentum transfer
from light when held in optical tweezers [4]. We in-
vestigate this driving mechanism and compare
their forced rotational motion in optical tweezers
with the rotational motion of the living, non-
tweezed bacteria.

2 Experiment

Our optical tweezers consisted of a Helium-Neon-
Laser which was focused through a 63x micro-
scope objective. The focus had a diameter of ap-
proximately 0.9 um and 25 mW power. This micro-
scope lens was also used to observe and film the
bacteria. The intense laser beam holds the bacteri-
um as with tweezers, but allows it to rotate freely
around its own axis. R. rubrum ranges in length
from about 2 — 5 um and its body is roughly 0.5 ym
in diameter, with roughly one helical turn per cell
and a left-handed helical pitch of approximately 2
um. lts bipolar flagella can rotate in either direction
to move it through surrounding fluid in a
corkscrew-like fashion [5]. A droplet of a solution
containing the bacteria was placed between a slide
and cover glass sealed together to reduce bulk
flow. This sample was then placed in the focus of
the optical tweezers.

We observed a number of living R. rubrum cells
and measured their rotational speed while moving
and spinning forward freely and then trapped them
in the focus, where they oriented vertically upon
capture and started to spin. We also measured the
rotational speed of this forced spinning motion and
then compared it to the free rotational speed when
the bacteria were alive (Abb.1). The living bacteria
can of course vary their rotational and translational
speed, but the graph still shows that the speed with
which the bacteria rotate on their own is of the
same order of magnitude as their speed in the opti-
cal tweezers. This is interesting, because it allows
us to draw conclusions about the force exerted by
the flagellar motor itself. In order to do so we calcu-
late how much force of the 25 mW is actually used
to rotate the bacteria in the focus at a speed similar
to their own.
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Abb. 1 Comparison of the forced rotation in the optical
trap versus the rotational speed of free bacteria. Each
data point represents one bacterium.

3 Theory

Linear momentum transfer from the incident laser
light causes the helical bacterium in the optical trap
to rotate. The photons which are reflected from the
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membrane transfer linear momentum to the in-
clined rod shaped body of the bacterium. In a first
approximation we treat the helical bacterium like
an inclined plane and neglect its circular cross sec-
tion. In this case each reflected photon induces a
force component perpendicular to the helix -and
thus a torque- that is given by

F = 2hkcosOcost (1)

where § = 40°..60° is the slope angle of our helical
bacteria. Within this range the induced force com-
ponent given by (1) does not vary much, but on the
other hand the number of photons that are reflect-
ed increases considerably for steeper slopes ac-
cording to Fresnel’s laws. If we assume a flat bac-
terium of width D and helical radius R, then the to-
tal force driving the rotational motion is given by

()

y Fpg = éZﬂRD cosd sinf (rsz t rp2

1 is the intensity incident on the surface DLcosé,
where the length L of the bacterium is replaced by
2rR/cosb to give the effective cross section 2zRD of
one pitch. And 7y(n;.n,.8) and rp("i:"zﬂ) are
the reflection coefficients for light polarized perpen-
dicular and parallel to the plane of incidence, re-
spectively. Both depend on the refractive index of

the solution n; = 1.3 and the refractive index of the
membrane 7, = 1.45..1.6 . They also vary with the
incident and slope angle 0 .
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Abb. 2 Dependence of the driving force on the slope an-
gle of the helical structure. Solid line: force on a plane
twisted as a helix. Dashed line: force on a cylinder twist-
ed as a helix. The two curves differ roughly by a factor of

2 within the region 8 = (0.6...1.0) rad of our bacteria.

The solid line in Abb. 2 shows the angular depen-
dence of the driving force according to this simple
model. In a further step we took into account the
cylindrical shape of the bacterium’s body by inte-
grating over curved surface elements. Equation (2)
becomes then an integral which can be solved nu-

merically. The dashed line in Abb. 2 represents this
more elaborate model where the photon flux is re-
flected from a cylindrical surface. As the points of
intersection with the dotted horizontal lines show,
bacteria with a slope angle 8 = 60° are driven by a
force that is three times as large as the force on
bacteria with a slope angle 8 = 40° . This may ex-
plain the variations in the terminal rotational speed
of helical bacteria in the optical trap, which were
reported earlier [4].

Measurements with a scale show that the cross
section of a bacterium that is trapped and oriented
in the focus has a diameter of about / wm. In addi-
tion, we do not see a hollow spot in the center of
the helical bacterium when it is in the focus. There-
fore the focus is smaller than the effective cross
section and we assume that the bacterium is ex-
posed to the full power in the focus. We can then
estimate that our power of 25 mW drives the rota-
tion with a force between (0.7...2.0 ) pN.

4 Conclusion

We calculated the angular dependence of the driv-
ing force of the rotational motion of the bacterium
Rhodospirillum rubrum in optical tweezers. As the
name rubrum suggests, these bacteria scatter and
reflect red light very well. Provided that the rotation
is mainly driven by reflected photons, we estimated
the magnitude of the driving force. Because the
forced rotational speed is comparable to the free
rotational speed of living bacteria, we may con-
clude that the force exerted by the flagella is of the
same order of magnitude, namely < 2.0 pN.
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