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Deterministic control of magnetotactic bacteria via an analysis of their nanomagnetic structure
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Magnetotactic bacteria are microorganisms with magnetite organelles that have been shown to be responsive
to external magnetic fields. Despite their study for several decades, a complete theoretical understanding
that connects the magnetic structure of these bacteria to their external magnetic field response has not been
conclusively resolved. Combining nanomagnetic simulations with optical and transmission electron microscopy,
it is shown that the response of magnetotactic bacteria to a strong external magnetic field is dependent on
the internal arrangement of the magnetite organelles and can be understood at a fundamental level. With this
information, nonpolar and polar velocity vector fields can be observed and defined in the bacteria’s movement.
By directly manipulating the bacteria with external magnetic fields, we are able to control large in-phase groups
of bacteria, have precise control of individual bacterium trajectories, and generate structures with a topological
charge in both their polar and nonpolar velocity vector fields. Being able to directly control these bacteria with
external magnetic fields opens up the possibility of using them as self-propelled microrobots with biomedical
applications, such as targeted magnetic hyperthermia and drug delivery.

DOI: 10.1103/ggl8-44wg

I. INTRODUCTION

Magnetosomes are magnetite or greigite magnetic
nanoparticle (MNP) containing bacterial organelles, which
are synthesized by diverse magnetotactic bacteria, such as
Magnetospirillum magneticum (hereafter M. magneticum)
under study here, via biomineralization of magnetic elements
[1-3]. It is thought that magnetotactic bacteria produce
magnetosomes in order to facilitate navigation to an
environment with appropriate oxygen levels [1-4]. Much
work has been done to understand and control the behavior of
magnetotactic bacteria in microfluidic controllers, under sheer
force of obstacles, collective bacteria swarming behavior,
and chemotaxis [5,6]. Previous work on the behavior of
magnetotactic bacteria in magnetic fields has assumed that
the magnetic structure is a rigid dipole fixed along the
bacterium’s long axis; this axis is also the direction in which
the bacterium propels itself [1-3,6-10]. Such models have
successfully elucidated the behavior of these bacteria in
rotating external fields and magnetic field gradients. Some
models allow for flexibility of the magnetic moment relative
to the forward direction [10]. However, all existent models
do not successfully explain the behavior of an individual
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bacterium in the presence of a uniform magnetic field, do not
allow for direct directional control over a set of bacteria, and
do not address the inherent energetic degeneracy present in
uniaxial magnetic systems [6—10].

Additionally, in recent years, there has been significant
research on topological structures, such as skyrmions and
hopfions, in both magnetic [11,12] and soft matter liquid
crystal systems [13,14] due to their stability and technological
potential. Magnetic systems and soft matter systems typically
differ in the nature of their order parameter: Magnetic systems
usually have a polar order parameter and soft matter systems
usually have a nonpolar (axial) order parameter [11-13]. No
topological structures have been observed in magnetotactic
bacteria despite them exhibiting both magnetic and soft matter
properties.

Magnetotactic bacteria have had some of their magnetic
properties elucidated. In magnetite, the individual magnetic
nanoparticles have a complex ferrimagnetic magnetic cou-
pling between two sublattices A and B, where A-A coupling
is ferromagnetic, B-B coupling is antiferromagnetic, and A-B
coupling is antiferromagnetic [15]; see Fig. S5 in the Sup-
plemental Material [16] for further clarification. At these
size scales, the individual MNPs are effectively approximated
as superparamagnetic or single-domain ferromagnetic and
have cubic anisotropy due to a combination of the MNP’s

©2025 American Physical Society
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FIG. 1. Magneto-structural properties of M. magneticum. (a) Schematic of a magnetotactic bacterium showing its flagella, which push the
bacterium forward in the direction of the black arrow, the internal magnetization of the MNPs (red arrow), and the angle 6 between the forward
direction of the bacterium and the magnetization of the MNPs. (b) TEM image of a bacterium with magnetosomes (several are highlighted in
ared box) arrayed in a straight line. The red arrows represent possible magnetization directions of the MNP chain. The black arrow represents
a possible forward direction of the bacterium. (c) Lowest-energy configurations for arrangements of spherical (top) and square (middle) MNPs
arranged in a line and showing behavior similar to that of a uniaxial ferromagnet. The bottom shows four degenerate configurations for particles
arranged with square symmetry, having square anisotropy. (d) Magnetization as a function of angle relative to the long axis of a bacterium
for a chain of 18 MNPs in a uniaxially aligned bacterium where the magnetization is allowed to rotate freely relative to the structure of the
bacterium and the magnetic field is aligned with the forward direction of the bacterium (6 = 0). Magnetic field is applied along 6 = 0.

cubic shape and inherent crystalline cubic anisotropy [17-19].
Large swarms of the bacteria have experimentally been found
to have uniaxial anisotropy [17,18,20]. Most of the time in
M. magneticum, the magnetosomes are arrayed in approxi-
mately a straight line along the major axis of the bacterium,
as in Figs. 1(a) and 1(b), but it is important to note that there
is a wide variety of magnetotactic bacteria which produce
magnetosomes of different shapes, sizes, and arrangements
[1,2,21,22]. There is also some variation of magnetosomes
within a single strain of bacteria (i.e., number, size of mag-
netosomes, how they are arranged) [17]; see Fig. S1 in the
Supplemental Material [16].

From a fundamental physics perspective, arrangements of
nanomagnets interacting with each other are very well un-
derstood both experimentally and theoretically. The magnetic
properties of the individual nanomagnets are determined by
their shape, size, and elemental composition. The collective

magnetic structure of the system is determined by the prop-
erties of the individual nanomagnets combined with how they
are arrayed with each other [23-25] and are determined by
the fundamental nanomagnetic energies involved: direct ex-
change (ferromagnetic, antiferromagnetic), shape anisotropy,
and dipole-dipole interaction between adjacent nanomagnets
[23-25].

Here, state-of-the-art simulations of magnetosomes, based
on the real distributions of the magnetite nanoparticles ob-
served in transmission electron microscopy (TEM), and
dark-field optical microscopy with in situ magnetic fields
allow us to explain previously anomalous behavior in the bac-
teria [7,8], control large in-phase groups of bacteria directly
with an external uniform magnetic field, selectively change
the topological parameter space from polar to nonpolar, and
generate topological structures in both the polar and the non-
polar velocity vector fields of the bacteria.

044411-2



DETERMINISTIC CONTROL OF MAGNETOTACTIC ...

PHYSICAL REVIEW E 112, 044411 (2025)

II. MATERIALS AND METHODS
A. Bacteria growth and storage

Magnetospirillum magneticum ATCC 700264 was pur-
chased from the American Type Culture Collection (Virginia,
USA) as frozen stock. M. magneticum was revived by un-
freezing and cultured at 30 °C in crimp-sealed airtight vials
wrapped in aluminum foil to prevent light exposure. Cultures
were grown in ATCC Revised Magnetic Spirillum growth
medium (ATCC Medium 1653) without headspace gas to
maintain microaerobic conditions. All bacteria were derived
from the same lineage.

B. MuMax3 simulations

MuMax3 [26] was used for all simulations of the magne-
tosome chains. Realistic parameters for the magnetite were
used: saturation magnetization M; = 300 kA/m, exchange
stiffness A = 13x 107! J/m, and Landau-Lifshitz damping
constant &« = 0.2 [27,28]. Mesh sizes were cubes with edge
lengths of either 2 or 3 nm. Three different types of simula-
tions were performed. In the different types of simulations,
particle size, spacing, and shape were varied and are as fol-
lows: (1) simulations where the MNP chains were allowed
to relax under the Landau-Lifshitz micromagnetic formalism,
at 0 and 300 K, without an external field [Fig. 1(c)]. This
establishes the naturally occurring state of the magnetization
present in the bacteria; for chains of particles aligned in a
straight line, the magnetization is uniaxially ferromagnetic
and will point up or down the chain. (2) Simulations where the
magnetization is rotated relative to the length of the uniaxially
ferromagnetic MNP chain (Fig. 1(d) and Figs. S2 and S3
in the Supplemental Material [16]). The external magnetic
field is also varied in these simulations. These simulations
show that even in an external magnetic field, it is unlikely
that thermal fluctuations at room temperature will flip the
internal magnetization, and further confirm that these chains
are uniaxial ferromagnetic. (3) Simulations where the entire
chain of MNPs rotates relative to the external magnetic field
(Fig. 2(a), and Fig. S4 in the Supplemental Material [16]).
These simulations show that in external fields greater than
0.001 T, the internal dipole moment of the bacteria will always
align with the external field, and for fields over 0.001T, uni-
axially aligned bacteria will move (anti)parallel to the applied
field, ignoring fluid resistance and thermal effects. The state-
ments about deterministic behavior of the bacteria at room
temperature are for chains of six or more magnetosomes.

C. Microscopy and magnetic field setup

TEM samples were prepared by drop-casting 10 uL of
bacteria in solution on 300 mesh carbon-coated copper grids
(EMS, Hatfield, PA, USA). After 30 seconds, excess liquid
was removed and the grids were dried by exposure to air for
at least another 30 seconds. The samples were imaged in a
Tecnai ST20 200 kV electron microscope for TEM.

Olympus IX-81 and IX-83 microscopes were used in both
bright-field and dark-field mode. Custom three-dimensional
(3D) printed holders for cylindrical and doughnut-shaped
magnets were designed to generate magnetic fields that were
either uniform over the region viewed in the microscope or

a magnetic field which should produce topological structures
in the bacterial velocity fields. Magnetic field shapes were
analytically calculated and magnetic field strength was ex-
perimentally measured with a FW Bell 9900 Multi-Channel
Gaussmeter with an accuracy of £1%. Field strength mea-
surements were done over the central 2 x 2 cm region,
checking for field strength and uniformity. For a uniform
in-plane magnetic field, two cylindrical magnets (magnetized
along the length of the cylinder) were aligned such that their
magnetizations were pointing in the same direction and pro-
duced a uniform field of 0.01 T. For a uniform out-of-plane
magnetic field, the 3D printed holder aligned two doughnut
magnets with the microfluidic slide placed exactly equidistant
between them. This produces a uniform out-of-plane magnetic
field of 0.049 T. All magnets were NdFeB magnets purchased
from K+J Magnetics (PA, USA).

Ibidi wu-Slide I Luer slides with a channel thickness of
200 wum were used for all microscopy experiments, except
for the experiment with the current-carrying wire. An Ibidi
w-Slide 2 Well was used for the experiment with the current-
carrying wire.

In order to generate a relatively uniform in-plane magnetic
field that could be varied in any in-plane direction, two wire-
wrapped soft iron core electromagnets were arranged at a
90-degree angle relative to each other in the imaging plane
of the Olympus IX-81 microscope. This setup produced a
magnetic field which, while not perfectly uniform, had min-
imal variation near the imaging region. The magnetic field
was measured in a 2 x 2 cm square centered on the imaging
region and was found to be 0.006-0.0057 T. The magnetic
field was measured over the actual imaging region by hold-
ing the Gaussmeter in the microscope gantry and measuring
at the four corners of the central region (an approximately
500%x500 um square). No variation in the 0.0058 T field was
found.

Magnetic field strength calculations, and the resultant
graphs, were done in python using exact analytical solutions
for fields generated from finite cylindrical solenoids [30]

D. Determining bacterial (non)polar velocity vectors

Bacterial motion was tracked with the FIJI plugin mosaic
[42]. The direction of motion was extracted from tracked
data; this directly gives polar velocity vectors. To construct
nonpolar velocity vectors, the extracted directional angle is
calculated modrm, e.g., %n goes to %n. To determine the
average directional vectors, a circular mean is calculated for
both polar and nonpolar velocity vectors:

_ 111 1l’l
6=F|=-) Sin®), - Y Cos®,) |, 1
[n;mun; os( )] (1)
where

arctan(¥) ify <0
Flx,yl = . ) ) (2)
arctan(%) +x ify>0

and 6; are the n measured directional velocity vectors. This
average angle was then checked against the measured angular
distribution of velocity vectors to confirm that there is a mode
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in the angular velocity vector distribution and it approximately
agrees with the calculated average angle.

E. Topological charge calculation

Most topological structures in liquid crystals and magnetic
systems are defined as a mapping of a closed membrane
from a three-dimensional parameter space to a two- or three-
dimensional physical space. Since the magnetotactic bacteria
in this study only move in-plane, a closed membrane is
mapped from a two-dimensional parameter space to a two-
dimensional real space [14,31]. Additionally, the bacterial
velocity vector fields v that we observed can be approximated
as only a function of in-plane angle 7 in the form v(r) =
[cosO(T), sinf(T)]. As such, the topological charge, i.e., the
winding number (W), calculation is greatly simplified to [31]

1 2n
W = — [dtd,0. 3)
2 0

The physical interpretation is that for every in-plane rota-
tion made by v, W increases by one.

This calculation is done specifically for a polar velocity
vector; for nonpolar velocity vectors, the order parameter
space only spans from O to . However, convention in other
nonpolar systems (e.g., liquid crystals [14]) dictates that we
wrap the parameter space twice for a winding number of
1. Therefore, the topological charge calculation for polar
systems holds for nonpolar systems.

III. RESULTS

A. TEM measurements of magnetosomes
and magnetic simulations

In order to simulate and understand the magnetic properties
of the magnetotactic bacteria, the physical arrangement of the
magnetic elements within the bacteria must be determined.
TEM measurements of M. magneticum show approximately
cubic MNPs with a side length ranging from 20 to 60 nm, with
an average of 30 &= 2 nm, in agreement with previous observa-
tions of magnetosomes [1,2,7,8]. The individual nanoparticles
have cubic anisotropy and are single-domain ferromagnetic
or superparamagnetic at room temperature depending on the
exact shape and size of the individual particle [17,32-35].

The MNPs are primarily arrayed in straight lines running
along the long axis of the bacterium; see Fig. 1(b). However,
there is variation in these arrangements: some bacteria have
MNPs that are in straight lines but not parallel to their long
axis, some have magnetosomes that are not arrayed in straight
lines, and some do not have any MNPs; see Fig. S1 in the
Supplemental Material [16]. In order to generate a quanti-
tative and predictive framework that describes the behavior
of magnetotactic bacteria in a magnetic field, a wide variety
of simulations were performed using realistic parameters for
magnetite nanoparticles (see Sec. II for parameters) [27,28].

Magnetic simulations of these arrangements of MNPs
show that for an array of MNPs in a chain, it is always
energetically favorable to have the magnetization aligned
(anti)parallel to the length of the chain; see Fig. 1(d). There
is an energetic degeneracy between both directions of magne-
tization along the length of the chain in no external magnetic

field; see Fig. 1(d), red line. In an external magnetic field, this
degeneracy is broken and there is an energetic preference for
the magnetization to align with the external field. Nonetheless,
it is possible for the magnetization to get stuck in a metastable
energy minimum and align antiparallel to the applied field;
see Fig. 1(d). However, in a liquid medium, the bacteria are
free to rotate so it is physically realistic to consider the energy
of a bacterium with a fixed dipole moment (relative to the
bacterium) as a function of angle with the external magnetic
field; see Fig. 2(a) and Fig. S4 in the Supplemental Material
[16]. In this case, the bacterium’s magnetization will always
rotate to align parallel to the applied field in a large magnetic
field (B > 0.001 T). In a uniform magnetic field, the dipole
moments of the magnetosome chains will experience a torque
and, assuming the magnetosomes are fixed relative to their
host bacterium, the bacterium itself will experience a torque
aligning its dipole moment with the external field. This is
ignoring restive effects of the medium the bacteria are in and
any thermal fluctuations. We can quantify thermal fluctuations
at room temperature [KpT (T = 298K) = 4.1x 10721 J], and
approximate if a bacterium is subject to such fluctuations
if the anisotropy energy barrier is smaller than the thermal
energy at room temperature. For the Earth’s magnetic field
(0.00003 T), bacteria with six or fewer closely packed magne-
tosomes will be subject to thermal fluctuations, but for strong
fields (>0.001 T), even two closely packed magnetosomes
will be sufficient to ignore thermal fluctuations and have their
collective dipole moment always align with the external mag-
netic field, along the length of the MNP chain. Additionally,
in a strong field, the spacing between magnetosomes can
be significantly varied (up to hundreds of nanometers) and
uniaxial ferromagnetic behavior will still be observed, as long
as the magnetosomes are in a straight line (a magnetosome
chain); see Fig. 2(a) and Figs. S2 and S3 in the Supplemental
Material [16].

Simulations show that while the magnetic properties of the
individual MNPs can differ between particles, depending on
their size and shape, the collective magnetic structure is more
robust and is determined by how the particles are arrayed. For
example, in a chain of 18 MNPs which are cubes, the individ-
ual MNPs have cubic anisotropy, but when arrayed together,
the collective structure has uniaxial anisotropy. The same
collective behavior is observed for a chain of 18 MNPs regard-
less of whether the individual MNPs are spheres (individual
MNPs have no anisotropy) or rectangles (individual MNPs
have uniaxial anisotropy); see Fig. 1(c), top and middle. This
is in agreement with nanomagnetic experiments that show that
collections of magnetic nanoparticles arrayed together can
have robust static magnetic properties independent of whether
individual MNPs have small deviations in anisotropy or even
if they are superparamagnetic [23-25]. It is also possible for
the magnetosomes to be arrayed such that the bacteria do
not behave like a uniaxial ferromagnet, for example, if the
magnetosomes are arrayed with square symmetry [Fig. 1(c),
bottom] or triangular symmetries.

Given all this information and taking into account that the
bacteria propel themselves in the direction of their long axis,
the following statements can be made about magnetotactic
bacteria in a strong, >0.001 T, uniform magnetic field: (1)
For a bacterium with a chain of magnetosomes parallel to its
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FIG. 2. Response to uniform magnetic fields. (a) Energy as a function of the relative angle between M and B (0.005 T applied along
6 = 0) where the chain of magnetosomes is allowed to rotate relative to the applied field, but its magnetization is fixed in the lowest-energy
state. A shows edge-to-edge spacing of magnetosomes. (b) Experimental setup for optical microscopy (top) using custom 3D printed holders
for permanent magnets (bottom) in order to generate uniform or highly divergent fields. (c) Particle tracking of magnetotactic bacteria for 30
seconds in a uniform magnetic field applied along the x axis. (d) Schematic depiction of bacteria undergoing phase separation in a thin, narrow
channel. Bacteria of type I (see the Supplemental Material, video SV3 [16]) will move in the direction of the applied field and build up on
one side of the channel, and bacteria of type II (see the Supplemental Material, video SV4 [16]) will move antiparallel to the applied field and
build up on the other side of the channel. Bacteria whose moment is not uniaxially aligned (type 0) will move up and down the length of the

channel.

long axis, it will move (anti)parallel to the applied field. It is
just as likely the bacterium will move parallel or antiparallel
to the applied field as it is energetically equivalent for their
internal dipole moment to be aligned with the forward or
backwards direction of the bacterium. (2) For a bacterium
where there is some angle 6 between its long axis and the
chain of magnetosomes, it will move (anti)parallel to a line

that is at a 6 angle relative to the field. This explains the
anomalous behavior previously seen where bacteria would
move orthogonal or at a large angle to an applied magnetic
field [7]. (3) For a bacterium where there is no energetic
difference between multiple magnetization directions or for
a bacterium which has no magnetosomes, they will move
independently of an applied uniform field.
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Since the magnetic properties of the bacterium are pri-
marily dependent on the physical arrangement of collective
groups of magnetosomes, we can predict the magnetic behav-
ior of individual bacteria in a strong uniform magnetic field
by observing the physical arrangement of the MNPs in the
bacterium. Using TEM, bacteria can be placed into one of
three categories, dependent on the observed physical arrange-
ment of the magnetosomes in the bacteria: (1) likely uniaxial
ferromagnetic parallel to the bacterial long axis [Fig. 1(a)],
(2) not aligned uniaxially ferromagnetic, and (3) no magne-
tosomes (see Fig. S1 in the Supplemental Material [16]). We
expect bacteria in category (1) to align (anti)parallel with the
externally applied field; in category (2) to move at a high
angle relative to the applied field or have multiple degenerate
directions they can switch between; and in category (3) to not
be affected by the externally applied field. As such, we can
only deterministically predict the behavior of bacteria in cate-
gory (1) and we expect them to align parallel and antiparallel,
in equal amounts, to an external magnetic field. 84 + 4%
(N = 100) of the bacteria were found to be in category (1)
from TEM measurements. Bacteria that fit into categories (2)
or (3) will be referred to as type 0 from this point on. Bacteria
in category (1) will be referred to as type I if their forward
direction and magnetic dipole moment are parallel with each
other and type II if their forward direction and magnetic dipole
moment are antiparallel to each other.

B. Behavior of magnetotactic bacteria in a uniform
magnetic field

The bacteria were confined to a 200-um-thick microfluidic
channel and a uniform in-plane magnetic field was applied
by placing the bacteria in a 3D printed holder; see Fig. 2(b),
bottom. Two cylindrical NdFeB magnets are aligned with this
holder such that a uniform field of 0.01T is generated over the
entire imaging region. This field is several orders of magni-
tude stronger than the Earth’s magnetic field and sufficient to
ignore thermal fluctuations for a MNP chain with six or more
magnetosomes. When the field is applied to the sample, 87 +
2% (N = 13 548) of the bacteria align and move parallel or
antiparallel to the externally applied field; see Fig. 2(c). This
matches very well with our measurements from TEM that
show 84% of the bacteria have aligned uniaxial anisotropy.
There is an almost equal likelihood that bacteria move paral-
lel, 52 £ 2%, or antiparallel, 48 £ 2%, to the applied field.
This is expected since simulations and theory predict that
there is an energy degeneracy between the magnetic moment
of the magnetosomes aligning with or against the forward
direction of the bacteria. Hence, when in a strong uniform
magnetic field, the bacteria have a well-defined nonpolar ve-
locity vector that is parallel to the applied field; see Fig. 2(c)
and video SV1 in the Supplemental Material [16].

To test the effects of a uniform out-of-plane magnetic field
on the bacteria, two doughnut-shaped magnets were aligned
in a 3D printed holder [Fig. 2(b), bottom], such that the area
observed in the microscope is a highly uniform out-of-plane
magnetic field. In the thin slide sample, the out-of-plane mag-
netic field forces the bacteria into (anti)parallel alignment with
the applied field. This arrests the motion of the bacteria since
they are confined to a thin slide and cannot move up or down

(see video SV2 in the Supplemental Material [16]); this also
acts as confirmation that the bacteria’s velocity vector is con-
fined to a two-dimensional plane when in the thin microfluidic
slide. Further tests using thinner channels (100 um, ~20 wum)
prevent all bacterial motion, also confirming that the 200-
um-thick channel approximately confines the bacteria velocity
to two dimensions. Therefore, when considering topological
structures in the bacteria, our order parameter space has a
dimensionality of two and the real space is also two dimen-
sional. See Sec. II for more details.

In a strong uniform magnetic field, we do not expect fluctu-
ations of the magnetic dipole moment relative to the forward
direction of the bacteria. Hence, in a confined channel, the
bacteria can be physically separated depending on how their
magnetic dipole moment is oriented relative to their forward
direction by applying a uniform magnetic field and waiting;
see Fig. 2(d). For aligned uniaxial bacteria, there should be a
buildup on either side of our thin microfluidic slide; one side
will have bacteria whose dipole moment is aligned parallel to
their forward direction (type I) and the other side will have
bacteria with their internal magnetic moment aligned antipar-
allel to their forward direction (type II); see Fig. 2(d). The
other bacteria with magnetosomes which are not uniaxially
aligned, i.e., type 0, will move up and down the length of
the channel and will also be separated out; see Fig. 2(d). In
Fig. 2(d), even though the bacteria have two flagella, only one
flagella is shown in the figure to clearly indicate a forward
direction.

Phase separating the bacteria in an electromagnet allows
for direct control over large groups of in-phase bacteria by
changing the direction of the uniform magnetic field; see
videos SV3 and SV4 in the Supplemental Material [16]. Both
type I and type II bacteria can be fully controlled and be-
have as expected, with type I propelling themselves along
the magnetic field direction and type II moving opposite to
the applied field. Post-phase separation, all of the bacterial
movement can be accounted for and falls into one of three
categories: (1) immobile or dead bacteria, (2) bacteria without
magnetosomes (unaffected by external field), or (3) uniaxial
aligned ferromagnetic moving (anti)parallel to the externally
applied field. Hence, post-phase separation, the bacteria have
a well-defined polar velocity vector.

Post-phase separation, individual bacteria can also be
guided with arbitrary control, e.g., to write “CU”; see
Fig. 3(a). In Fig. 3(a), an individual bacterium, of type I,
was used to write a “C” by manually varying the magnetic
field direction. Another bacterium, of type II, was used to
write a “U” by preprogramming the alignment of the external
magnetic field to be at an angle of %, 0, —% relative to the
horizontal direction. In Fig. 3(b), the magnetic field direction
(red) is given at the different points in the bacterium’s motion.
The bacterium’s polar velocity vector is shown in black. For
clarity, in uniform magnetic fields, the magnetic field itself
generates no net force on the bacteria (only a torque) and the
bacteria are self-propelled.

C. Behavior in nonuniform magnetic fields and topological
structures in (non)polar velocity fields
Ferromagnets, ferrimagnets, and paramagnets experience a
force in a nonuniform magnetic field such that F = V(i - B),
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FIG. 3. Response to varying magnetic fields. (a) Left: bacterium of type I writing “C” via manual control of the magnetic field. Right:
bacterium of type II used to write “U” with a preprogrammed magnetic field alignment of —n/2, 0, 7/2 relative to the horizontal direction.
Red lines show the direction of the external magnetic field; black lines show the polar velocity vector of bacterium. (b) Velocity vs current
for bacteria in a magnetic field gradient generated by a 63-um-diameter wire threaded vertically through a box of bacteria (shown in inset).
Bacteria are drawn radially inward due to the magnetic field gradient generated by the wire. (c) Formation of nonpolar topological structure
with W = 1 in the velocity vectors of magnetotactic bacteria with a length greater than 6 um. An angular average was taken over 400 x400 um
areas, represented by the black squares. In the center, the bacteria were oriented randomly; therefore, the order parameter vanishes in the center.
The underlay shows the analytically calculated magnetic field strength and direction.

where F is the force, 1 is the magnetic dipole moment of the
material, and B is the magnetic field.

This means that in a magnetic field gradient, all bacteria
with magnetosomes and magnetotactic bacteria (independent
of type) will be drawn to the stronger magnetic field. Bring-
ing a NdFeB magnet near an Eppendorf tube containing the
magnetotactic bacteria shows that all bacteria with magne-
tosomes are attracted to the permanent magnet regardless of
type; see video SV5 in the Supplemental Material [16]. The
closer the permanent magnet is to the bacteria, the larger the
attractive force since the field gradient is larger near the mag-
net’s surface. Macroscopically, the behavior of the bacteria is
indistinguishable from iron filings or any other ferromagnetic
material suspended in liquid and subjected to a NdFeB mag-
net.

To further quantify the bacteria’s behavior in magnetic field
gradients, a thin (63-um-diameter) insulated copper wire was
threaded through a 9-mm-tall microfluidic well; see Fig. 3(b).
The magnetic field generated by a current-carrying wire
isB = (Q‘T‘)ﬁ )@, where I is the current in the wire, r is the radial
distance from the wire, and pg is the magnetic permeability
of free space. Therefore, the magnetic field gradient and force
scales linearly with the current.

A magnetic dipole would experience a force radially in-
ward towards the wire. At low current values, there is no
change in the behavior of the bacteria (the self-propelling
nature of the bacteria dominates) until approximately 0.8 A,
at which point the bacteria are drawn radially inward towards
the wire; see Fig. 3(b). As the current through the wire in-

creases, the bacteria experience a larger force and are drawn
radially inward with increasing speed; see video SV6 in the
Supplemental Material [16] and Fig. 3(b).

Considering the bacteria are drawn radially inward towards
the wire throughout the thickness of the cell, their polar veloc-
ity vector has a topological charge of 1. This is unsurprising as
the wire acts as a “sink” for the bacteria. This is similar to how
positively and negatively charged particles have topological
charge +1 and are sources or sinks for electric field lines.
There is a noticeable buildup of bacteria on the wire as time
progresses.

In order to generate a nonpolar topological structure in the
bacteria’s velocity vector, another thin microfluidic slide was
placed in an inverted quadrupole magnetic field generated by
permanent magnets; see Fig. 2(b). This results in very weak
magnetic field and magnetic field gradients near the center of
the microfluidic slide, and a field magnitude of zero at the
exact center. For small bacteria with a low number of magne-
tosomes, thermal effects dominate and they move randomly
relative to the magnetic field. In order to observe the effects of
the magnetic field on the nonpolar velocity vector of the bac-
teria, only bacteria over 6 um in length with multiple visible
magnetosomes are considered because simulations show that
longer chains of magnetosomes are less affected by thermal
fluctuations and are more responsive to an external magnetic
field. In the central region of the slide a well-defined nonpolar
velocity vector, parallel to the magnetic field lines, can be
spatially mapped; see Fig. 3(c). However, near the exact center
of the magnetic field setup, the long bacteria no longer have
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a well-defined nonpolar velocity vector and are seen to orient
randomly to each other; see Fig. 3(c). Smoothly connecting
the experimental nonpolar velocity vectors and calculating the
topological charge in the nonpolar director field of the system
results in a winding number of 1. The topological structure
can be observed with large quantities of small bacteria by
measuring 2-4 cm away from the O-field point, where the
magnetic field is stronger; see video SV7 in the Supplemental
Material [16].

IV. DISCUSSION

Using micromagnetic simulations, the behavior of mag-
netotactic bacteria in uniform magnetic fields can be suc-
cessfully understood and deterministically controlled. Unlike
magnetic field gradients, which attract all magnetosomes, the
response of magnetotactic bacteria to uniform magnetic fields
is determined by the arrangement of magnetosomes in the
bacteria and how this arrangement is aligned relative to the
forward direction of the bacteria. Most bacteria have long
chains of magnetosomes which collectively behave like a
uniaxial ferromagnet in strong uniform magnetic fields, and
hence these bacteria either move parallel to the applied field or
antiparallel to the applied field, with equal likelihood. This be-
havior is particularly useful when compared to other magnetic
swimmers [36], as other magnetic swimmers require magnetic
field gradients since they are not self-propelled.

Using external magnetic fields, the velocity vector of the
bacteria can be changed from polar to nonpolar, individ-
ual bacteria and large groups of in-phase bacteria can be
controlled with high precision, and nontrivial topological
structures can be generated in both the polar and nonpolar
velocity fields of the bacteria. This would also allow the
manipulation and development of controlled active fluids de-
pendent on these bacteria with viscosity and/or diffusivity
regulated by the magnetic field [37].

We demonstrate two methods of controlling magnetotac-
tic bacteria: external uniform fields to direct the bacteria
as they self-propel and magnetic field gradients which pull
the bacteria using attractive magnetic force. Previous work
that deterministically controls magnetotactic bacteria relies on
strong magnetic field gradients which vary over time. Having
a large field gradient that penetrates several centimeters into
biological material, such as those relied on for magnetic par-
ticle imaging [38] or magnetic resonance imaging, requires
large electromagnets, extensive power electronics, and cool-
ing systems. Electromagnets that generate uniform fields over
similar spatial dimensions [39] do not require any of the above
and are conveniently “table-top” (such as the one used in

this experiment). Having direct control of the bacteria using
uniform magnetic fields effectively turns the bacteria into
self-propelled microrobots, which could be used for a wide
variety of in vivo applications, e.g., targeted drug delivery [40]
or targeted magnetohyperthermia [41].

Genetically modifying magnetotatic bacteria to produce
select arrangements of magnetosomes or controlling mag-
netosome growth in external fields [20] should allow for
modification of bacterial properties in external fields. There
is still much work to be done on understanding bacterium-
bacterium interactions via the magnetic fields they produce.
We hope this work inspires further research using uniform
magnetic fields combined with other means of control-
ling magnetotactic bacteria (i.e., chemotaxis, microfluidics
[5,6,29,41,43], etc.) to allow for novel applications.
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