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In light of the coarse-grained Monte Carlo numerical simulation method, the magnetosome chain

stability of magnetotactic bacteria is analysed and discussed. This discrete chain of magnetic

nanoparticles, encapsulated in a lipid membrane and flanked by filaments, orients bacteria in the

geomagnetic field as a compass needle. Each magnetosome is a magnetite or greigite nanocrystal

encapsulated in a soft lipid shell. This structure is modelled by a hard core with a magnetic dipole

embedded and a cloud of electric dipoles which are able to move and rotate over the magnetic

spherical core. In the present paper, some of the many possibilities of the model by varying the control

parameters of the system are explored. Magnetic particles arrange in long linear clusters when the

coating is removed. However, linear but twisted chains of magnetic particles emerge when there are

electric dipoles in the coating shell. A unique linear and straight chain is not observed in any 3D

numerical simulation; this result is in agreement with a real living system of bacteria in a geomagnetic

field when proteins that form the filament are absent. Finally, the stability and magnetization of a

magnetosome chain of 30 beads in one dimension set up are discussed resembling a real chain. The

results suggest that a magnetosome chain not only orients bacteria but also should be considered as a

potential storage of elastic energy.

1 Introduction

Bacteria use magnetosome chains to orient and move in the
geomagnetic field to reach suitable sites of low oxygen concen-
tration because they prefer microaerophilic environments. The
magnetic microstructure of magnetotactic bacteria is nowadays
an active field of research. Magnetosomes are magnetic nano-
crystals,1 constrained by invaginations of cell membranes,
flanked by cytoskeletal filaments, and magnetically organized
into a chain of 15 to 30 nanocrystals. Each chain has a coercive
field in the range of 300–450 Oersted.2

The magnetic core, with a diameter between 20 and 50 nm,
could be composed of a nanoparticle of magnetite (Fe3O4),
greigite (Fe3S4), or several forms of iron sulphide,3,4 coated with
a 3–5 nm thick lipid bilayer2 (phospholipids, fatty acids, and
transmembrane proteins5).

If magnetosomes are not linked to the cytoskeleton, they do
not self-organize into a straight chain.6 Biology plays an anti-
entropy role in the self-organization of magnetosomes into a
regular chain (an effective compass needle behaviour), avoiding
spontaneous agglomeration in rings, spherical clusters, etc.7–11

There is also an interesting fact that bacteria do not agglomer-
ate, they only react to the geomagnetic field.12

In this work a reductionist model to describe the structure of
the magnetosome is presented, which considers a hard core
with a magnetic dipole embedded and a set of electric dipoles
to represent the magnetosome membrane.

The chain stability, in three dimensions (3D) and in one
dimension (1D), is analysed for different values of the respective
dipoles, and also under the effect of an external magnetic field.
We keep in mind in detail the 1D case which strongly resembles
the magnetosome chain. It is shown that these kinds of bio-
magnetic structures have non-linear elastic properties which
could be used as alternative sources13 of nanobot propulsion.

2 The model

Magnetosomes are represented by N magnetic spheres of
radius Rs, coated with a constant number n of dipolar particles.
Each sphere has a magnetic dipole moment mm as indicated in
Fig. 1, whilst a dipolar particle has an electric dipole moment
me, with s being its diameter. The total number of electric
dipoles (EDs) in each simulation box is Nn. The quantities s
and me are taken as reference to scale lengths and energies.14–16

Simulations in 3D are performed in a cubic box of side 100s
with a cut-off radius of 50s.13,14 EDs are restricted to move over
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a sphere of radius Rs + d, being d 4 0. This restriction
represents a generic surfactant or phospholipid molecule with
a non-polar tail of length d linked to the surface of the sphere,
and a polar head with an electric dipole me (see Fig. 1).

The ED tilt angle y is formed between the unit vector
determining the ED orientation, -

si, and the vector normal to
the surface of the sphere. It might represent the flexibility
between the hydrophobic tail and the hydrophilic head of the
surfactant molecules or proteins. The N spheres plus the Nn
dipolar particles are able to move within the box. EDs follow the
translational and rotational motions of the sphere they are
attached to (relative position and orientation constant). Then
each electric dipolar particle could be displaced and rotated on
the surface of its sphere. A parallel tempering technique has
been applied to the system in order to decrease the simulation
time, as well as periodical boundary conditions.14,15

Magnetic nanoparticles (MNs) interact via a hard core
repulsion plus a magnetic dipolar potential:10,11,17,18

Um
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The interaction between EDs is also represented by a hard
core repulsion and a dipolar pair potential,14,16 as follows:

Ue ~rkl ;~sk;~slð Þ ¼
1 if rkl � s

me
2
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Though we have done MC simulation (equilibrium state), it
is appropriate to say that in this system with slow dynamics, the
cross-interaction terms in the hamiltonian (electric dipole-
magnetic field, magnetic dipole-electric field) are not

significant because the ratio between the dipole velocity and
the speed of light is much less than 1.21

Magnetic and electric dipole orientations are defined by -m
and -

s, respectively and
-

Rij =
-

Ri �
-

Rj and -
rkl = -

rk �
-
rl are the

distance between any two MNs or EDs, respectively, within the
simulation box. It must be remarked that the distance between
any ED and any MN is never less than Rs + d (see Fig. 1), being
Rs = 4.5s and d= 1.5s. Parallel tempering simulation is applied
to 10 replicas of the statistical system at temperatures defined
as Ti* = kTis

3/me
2 (i = 1, 10), with Ti* being the temperature of

the replica i and k being Boltzmann’s constant, but analysis
is done only for those systems at the reference temperature T* =
kTs3/me

2 = 0.25, with mm* = 50. These dimensionless values are
representatives of a real magnetosome system when parameters
are in the following ranges: 20–50 nm for the magnetite radius,
2–5 nm for the protein shell, and 3.8–4.2 � 10�17 A m2

(proportional to the MN’s volume22), and 2.0–3.0 � 10�28 C m
for magnetic and electric dipole moments, respectively. Tem-
peratures are in the range of 4–30 1C, and the earth’s magnetic
field is in the range of 0.25–0.65 Gauss.

For the equilibration we have done 2 � 106 MC steps, and 5
� 105 MC steps for production. Each step consists, for every
replica, of a random movement of (a) each magnetic sphere,
with the electric dipole particles frozen on its surface, and (b)
each electric particle over the surface of the sphere to which it is
attached to. A particle movement, magnetic or electric, consists
of a simultaneous displacement and rotation of the particle.
Trails are accepted or rejected according to the Boltzmann
probability distribution, with acceptance ratios on the order
of 50% for both particle movements. Swaps between adjacent
replicas, which are chosen randomly, are attempted each 5 �
102 steps.19,20 With the temperature scale defined above an
averaged acceptance ratio of 40% is obtained. Simulations are
initiated with randomly distributed electric dipoles and mag-
netic spheres.

3 Results and discussion

As stated previously, magnetic and electric dipoles represent a
single-domain magnetite crystal and its coating lipid bilayer
and proteins, respectively. This set is called a bio-magnetic
particle (BMP). If a BMP loses its lipid bilayer or the envelope
membrane then it becomes a pure MN. A first comparative
analysis is done on three different 3D systems (particles are
randomly distributed in a cubic box of size L = 100s). Simulated
systems are: (1) 30 MNs, (2) 30 BMPs, and (3) 30 BMPs with an
external magnetic field applied (see Fig. 2a, b and c, respec-
tively). Cluster analysis is done with the help of the radial
distribution function (RDF) of magnetic nanospheres.14,15

Cluster structures of MNs and BMPs (see Fig. 2a and b) are
rather similar, they are mainly chain-like, but they are longer in
the case of MNs (see Fig. 2a). In both cases the magnetization is
null. RDFs have a main peak for the three systems studied, for
MNs the peak is at Rij E 2Rs, but for BMPs it is at Rij E 2(Rs + d)
(see Fig. 3). It resembles to those found by Komeili et al.6 When
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Fig. 1 Spheres are coloured to indicate the spacial orientation of mag-
netic and electric dipoles. Rs is the radius of two magnetic nanospheres
and d is the distance between the dipolar particle and the surface of the
sphere. It could be associated with a nonpolar tail of a zwitterionic
surfactant or any hydrophobic–hydrophilic molecule. y,

-

Rij, and
-
rkl are

the tilt angle, the centre-centre distance between two magnetic spheres,
and the distance between any two electric dipoles, respectively.
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an external magnetic field is applied to a BMP system (Fig. 2c),
a smooth peak at Rij E 2(Rs + d) appears. The self-assembly of
BMPs radically changes withQ5 clusters being mainly dimmers.

These theoretical results are in qualitative agreement with
those obtained by using electron microscopic evaluation of
magnetosomes liberated from cells.23 Along the same line of

facts Philipse et al.24 showed a selection of cluster morpholo-
gies for magnetite colloids extracted from cells. Images (trans-
mission electron micrograph) are similar to those obtained in
the present work. In any case those topological organizations of
BPMs are induced as a consequence of the minimization of the
total energy of the system. It is worth remarking that the cluster
size is never bigger than 8 nanospheres, being larger for the
MNs (see Fig. 2a).

As our purpose is to inquire into the straight chain of
magnetosome formation and stability, 1D simulations are
performed and analysed. This set up mimics a magnetotactic
bacterium as a needle compass. The simulation was done for
different values of magnetosome linear densities. The number
of nanospheres, dipoles and temperatures were constant, being
N = 30, n = 30 and T* = 0.25, respectively. The range of linear
densities r = N/L = 30/L is bound by 400s r L r 1000s.

Before discussing these results in light of some experimental
studies on the subject, the dimensionless energy per BMP
versus density (Fig. 5) is analysed for the 1D system with 400
r L* r 1000, and it is compared with the same number of
BMPs but in a 3D bulk system.

As can be seen in Fig. 4, when density decreases the BMP
interdistance increases giving as a result a sparse BMP arrange-
ment. The lowest potential energy is obtained in those systems
with higher density (see Fig. 5). A closer analysis of this figure
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Fig. 2 Snapshots of the systems (1), (2) and (3), mentioned in the text, with
T* = 0.25 and 01 r y r 451.

Fig. 3 Radial distribution functions for three simulated systems.

Fig. 4 Two snapshots of the 1D system for different densities, at
T* = 0.25. The bottom snapshot represents the most dense system with
L = 400s, while the top one is for L = 900s.

Fig. 5 E*/N vs. inverse of the density, which is proportional to L* for a 1D
system, with N = 30, n = 30, T* = 0.25, mm* = 50, and me* = 1. In the inset,
Mx* is represented, which is the module of the component of the
magnetization parallel to the axis of the 1D system, vs. linear density.
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reveals that at L* = 400 the potential energy is the lowest, which
indicates that the most dense systems are the most stable. For
the highest densities a maximum magnetization is also found

(see the inset in Fig. 5), with Mx
� ¼ ð1=NÞmm�

PN
i¼1

~mi �~ex
����

����, it

might indicate that part of the stability of the system is due
to magnetic attraction among BMPs. But, as L* increases,
energy linearly grows till L* E 510 (a local maximum) then
sharply decreases to a relative minimum at L* E 550. This
second minimum is due to the electric dipole interaction. For
lower densities, with 700 o L* r 1000, energy oscillates till a
saturation value. This is an important result from the model,
and it indicates that once the magnetosomes stick to the
filaments,6,7 the system evolves decreasing its potential energy
and increasing its density by forming a long dense and straight
chain with the highest magnetization. Another interesting
result is that the potential energy pattern of the system resem-
bles a typical saw-tooth pattern found when elasticity in biolo-
gical molecules or tissues is evaluated.25,26

In Fig. 6, the self-induced components of the electric and
magnetic fields of a 1D system are analyzed. It is worth
mentioning that components orthogonal to the main axis of
the systems are at least one order of magnitude lower than the
parallel one. An interesting result is that a local minimum in
the magnetic field coincides with a local maximum in the
electric field and vice versa. This opposite behaviour could be
in fact a complementary one, the effect being larger for higher
densities, 400 o L* o 550, which is coincident with the
absolute maximum and minimum of the magnetization. The
self-induced magnetic field follows the magnetization in terms
of linear density (see the inset in Fig. 5) in this range of
densities.

Now E*/N as well as Mx* is evaluated, for a 1D system when
an external magnetic field parallel BJ* = Bx* or transversal B>* =
Bz* to the main axis is applied, which could be similar to the
effect of the earth magnetic field over a magnetosome chain.

The system is defined as follows: L* = 400, N = 30, n = 30, and
mm* = 50 at T* = 0.25. The magnetic energy due to the external
field is: E* = �mm*-m�-B*.27

When Bx* = Bz* = 0 the system minimizes its potential energy
aligning its magnetic dipoles in the preferential axis, (x in this
case), giving Mx* E 0.7 (see the inset Fig. 8). E*/N remains
nearly constant when the applied field is 0 o Bx* o 0.7, but for
0.7 o Bx* o 1.2, the energy sharply decreases, becoming then
linear (see Fig. 8). At small applied Bx* magnetization
decreases, and there is a clear competition between kinetic
and potential energy (magnetic and electric dipolar contribu-
tions). For Bx* E 1 Mx* abruptly increases (Mx* - 1), and all
BMPs are aligned under the effect of the field.

When the system is under the effect Bz* the situation is
rather different. For Bz* r 0.2 there is a sudden decrease in the
potential energy while Mx* slightly decreased. For 0.2 r Bz* r 2
potential energy remains nearly constant and for Bz* Z 2 it
starts decreasing, while Mx* slowly decreases.

It can be noticed that for Bx* = Bz* E 0.8, E*/N and also M*
are equal, but for Bx* = Bz* c 0.8 they are completely different.
There is an extra potential energy when the bacterium is not
aligned to the external field. This excess of energy could be
elastically registered by protein filaments, this mechanism
being the responsible for the bacterium orientation.

Now let us analyse our approach in light of some experi-
mental results on the subject. The process of bacterial magne-
tosome formation seems to be as follows: magnetosome vesicle
formation, arrangement of the vesicles in chains, iron uptake
by the cell, iron transport into the magnetosome vesicle and
controlled Fe3O4 (or Fe3S4) biomineralization within the mag-
netosome vesicle.28 At this point let us comment the temporal
order of our research: first we try to get a chain of BMPs in a 3D
space and as we pointed out previously we got a short and
twisted chain even if an important external magnetic field was
applied to the system. Then, we set up a 1D nanosphere
system6,7 in order to test the mechanical stability for different
densities and external perturbations (see Fig. 4). The results
corroborate that a more dense chain is more stable, having
lower energy and higher total magnetic moment.

In Fig. 9, the effect of temperature on different systems with
and without an external magnetic field can be seen. Stability is
more favorable in the less energetic 1D systems, with the energy
smoothly increasing with temperature. An interesting result is
found when a parallel or a tranversal magnetic field, Bx* = Bz* =
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different linear densities.

Fig. 7 Two snapshots of the 1D system when an external magnetic field
(Bx* = Bz* = 5) is applied in the horizontal x direction (bottom snapshot), or
in the z vertical direction (top snapshot).
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0.001, in the order of the earth magnetic field, is applied to the
1D system. The subtle difference in energy between the two
arrangements could allow the bacterium to explore its environ-
ment without being biased in a preferential direction.

Finally, the approaching of two coated nanospheres is
simulated in order to estimate the potential energy for three
different temperatures (see Fig. 10 and 11). The asymptotic
behaviour comes from the dipolar interaction energy from the
cloud of each nanosphere. As can be seen, at least in this range
of temperatures, E* has an absolute minimum value. This
behaviour could be an indication that the stability of the system
is mainly due to the dipolar clouds that contribute to the chain
cohesion and elasticity. The minimum in the energy is in
agreement with the observed separation of nanoparticles in
the magnetosome chain.5,6

4 Conclusions

Modelling a magnetosome chain as a magnetic dipole coated
with a set of electric dipoles has been shown to be an interest-
ing approach to disentangle how magnetosomes self-assemble.

According to our 3D Monte Carlo simulation, it is concluded
that it is unlikely to obtain a unique and straight chain of
magnetosomes, even under the effect of a soft or strong
external magnetic field (see Fig. 3). A 1D system of coated
nanospheres is perhaps an extremely reduced model to repre-
sent a BMP assembly. However, the simulation shows a very
interesting result: among all the possible configurations, it
seems that bacteria choose the one which consumes the lowest
energy to assemble the magnetosomes with the benefit of
having the lowest potential energy with the highest magnetic
moment (see Fig. 4 and 5). When a magnetotactic bacterium
crosses the earth magnetic field (see Fig. 7), there is a change in
the magnetic energy and consequently an increment of the
magnetosome elastic energy (Fig. 8). This energy, when
released, might contribute to the bacterium’s propulsion. A
change in the relative position and/or orientation of the BMPs
under the effect of an external magnetic field not only might
save elastic energy but also may cause a structural rearrange-
ment of electrons in proteins, lipids or in any biological
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Fig. 8 Energy per sphere vs. external magnetic field, with N = 30, n = 30,
T* = 0.25 and mm* = 50 for a 1D system with L* = 400. In the inset Mx* is
shown.

Fig. 9 Energy per sphere vs. dimensionless temperature, N = 30, n = 30,
mm* = 50, and me* = 1.

Fig. 10 Snapshots of the two sphere system at different distances, N = 2,
n = 300, mm* = 300, me* = 1 and T* = 0.25, when Rij Z (2(Rs + d)) (top) and
Rij o (2(Rs + d)) (bottom).

Fig. 11 Potential energy between two spheres for three different
temperatures.
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material, because the gradient of the magnetic field around the
single-domain nanocrystal could be incredibly high.

Also, we explore strain-stress relation of a pair of BMPs. It
has a nonlinear elastic behaviour because for Rij E 2(Rs + d) the
potential energy resembles a non-symmetric harmonic
potential. This property emerges only when electric dipoles,
their intensity and sizes are taken into account in an equitable
amount relative to the magnetic dipoles. An interesting idea
from theQ6 model is that applying external magnetic fields,
normal or parallel to a bio-magnetic chain, might make possi-
ble the measurement of its elastic properties.
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