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ABSTRACT
Magnetotactic bacteria (MTB) are Gram-negative flagellated prokaryotes [2][3] that respond to magnetic fields. As they are
controllable while carrying a payload [1], we are developing bacterial nanofactories in which MTB are workers. Directional
preference is a property of MTB in which they exhibit either north-seeking or south-seeking behavior. We show that MTB
can be made to reverse their directional preference, and propose that the directional preference of MTB constitutes a logical
state. We present the behavior of MTB in a three-way junction and application of a state switch therein, and show that state
switching can modify the routing behavior of MTB when used with a novel three-way junction or other structures.
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INTRODUCTION
Magnetotactic bacteria (MTB) are Gram-negative flagellated prokaryotes that respond to magnetic fields [2][3]. The MTB
have organelles called magnetosomes that contain magnetic crystals bound by a membrane [3]. By applying an appropriate
magnetic field, we steer payload-carrying MTB in the desired direction [1]. We wish to use MTB in bacterial nanofactories,
systems in which magnetotactic bacteria are used as agents in passively controlled microfluidics and microassembly tasks. In
order to create a low-cost, high bandwidth system, we are investigating passive methods of controlling MTB circulation
within the channels while retaining the ability to accomplish complex tasks. Towards that end we present two new elements
towards development of MTB based nanofactories: a 3-way microfluidic junction, and MTB state switch..

STATE SWITCH
Frankel [4] shows that MC-1 MTB passively follow magnetic
field lines while actively reversing sense of flagellar rotation in
response to oxygen concentration. As the Earth's magnetic field
lines are somewhat aligned with oxygen gradients in the areas
where MTB are common, the author proposes that magnetoaerotaxis helps the bacteria find optimal oxygen concentrations.
In certain conditions, MC-1 are predominantly north-seeking
(they swim towards the north pole of a magnet) and in others they
are south-seeking. We treat this directional preference as a
logical state. By controlling which state the bacteria are in, we
gain additional control of their motion in the magnetic fields.
We have previously observed MC-1 grown in micro-aerobic
Figure 1: Timelapse image (9 exposures) of MTB
conditions switch state upon contact with a wall, in a strong
external field (~200 gauss). Figure 1 shows a series of exposures reversing direction in microchannel. The north pole of
of an MTB in a microchannel with a cuboid permanent NIB a permanent magnet is directly to the right, producing a
magnet (40mm x 15mm x 10mm) placed 2 cm to the right of the field of approx. 320 G. Bacterium appears as a helix
region shown in the Figure. The magnet produces a field of due to relatively long shutter speed of each exposure.
approximately 320 gauss in the microchannel, directing the Arrows indicate direction of MTB travel.
bacterium to the right side of the image. Upon contact with the wall it briefly swims laterally (up in the image) before
switching state and swimming directly to the left. To the far left of the channel (not shown in Figure 1), the bacterium
changes state yet again when it contacts another wall; in this manner it swims back and forth between the two walls
indefinitely. We verify that it is in fact a state change by altering the magnetic field and observing that the bacterium then
exhibits appropriate behavior. The type of wall required for the state change can very quite a bit; we have observed this
behavior with walls of glass and PMMA, glass fiber strands, fluid/air boundaries, and even other bacteria within very narrow
channels.

JUNCTION LAYOUT AND MICROFLUIDIC SETUP
We use a three-way microfluidic junction to demonstrate the flexibility of MTB based systems, as shown in Figure 2. The
planar microchannel is bonded glass and is 50μm wide. Two channels meet at an angle of 70 degrees, while there is a 145
degree angle between each of these and the third channel. The channels were filled with a buffer solution(PBS 1x, Tween 80
0.01%) before the MC-1 culture was inserted into the source well. The bacteria were magnetically directed to the region

shown in Figure 2, and then a cuboid neodymium
(NIB) magnet was placed on the microscope stage, 2
cm to the right of the slide to provide the magnetic
field for the bacteria. Figure 2(a) shows northseeking bacteria swimming in the most northerly
path they can given the constraint of the
microchannel walls, by swimming up and left from
the right side, across the open space at the junction,
and down and to the left when they arrive at the left
side. In Figure 2(b), north is to the right, so the
bacteria behave as the inverse of the first case. This
can be used for selecting bacteria of certain state
from permutations of the three channels. For
example, all north-seeking MTB (from three
populations---one in each channel) are collected in
one channel while one population of south-seeking
bacteria is collected in another. Various such
combinations are possible.

(a)
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Figure 2: A 3way junction with predominantly northseeking MC1.
The bacteria appear as white dots. North is to the left in (a) and to
the right in (b), and field strength is approximately 200G. Arrows
indicate direction of MTB.

THREE-WAY JUNCTION WITH STATE SWITCH
We propose that a state switch at the end of a channel, as in Figure 3,
adds additional flexibility in the design of nanofactories. If the magnetic
field is to be chosen such that its direction lies between a normal to
channel B and a normal to channel C (on the channel A side), all
bacteria from channels B and C will move towards channel A.
With an added wall at the end of channel A, MC-1 will switch their
state when they contact it, provided the external field is large enough. In
this configuration, bacteria will enter through channels B and C, but will
exit only through channel C, after state reversal in channel A. The
distance of the wall from the junction is unimportant, so additional
processing modules may be placed along channel A.

CONCLUSION
We have two new tools towards development of
bacterial
nanofactories. The two state nature of MC1 leaves us with many
interesting possibilities. For example the bacteria may be 'marked' by
changing their state. Once marked in this manner, it is trivial to sort
them for additional processing.
In this case, when they have Figure 3: MC1 in a 3way junction. Initially
accomplished their task and are ready to rejoin the other MTB agents, northseeking they switch to southseeking upon
their state can be switched again. Furthermore, these state switches contact with the wall.
allow for many paths within a simple hardware platform, using no active control.
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