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Probing the stability and magnetic properties of magnetosome chains in freeze-dried magnetotactic bacteria
Philipp Bender,∗a Lourdes Marcano,bc Iñaki Orue,d Diego Alba Venero,e Dirk
Honecker, f ‡ Luis Fernández Barquín,g Alicia Muela,hi and M. Luisa Fdez-Gubieda, jh
Magnetospirillum gryphiswaldense biosynthesize high quality magnetite nanoparticles, called
magnetosomes, and arrange them into a chain that behaves like a magnetic compass. Here
we perform magnetometry and polarized small-angle neutron scattering (SANS) experiments on
a powder of freeze-dried and immobilized M. gryphiswaldense. We confirm that the individual
magnetosomes are single-domain nanoparticles and that an alignment of the particle moments
along the magnetic field direction occurs exclusively by an internal, coherent rotation. Our magnetometry results of the bacteria powder indicate an absence of dipolar interactions between the
particle chains and a dominant uniaxial magnetic anisotropy. Finally, we can verify by SANS that
the chain structure within the immobilized, freeze-dried bacteria is preserved also after application
of large magnetic fields up to 1 T.

1 Introduction

tosomes arrange in helical-like shaped chains due to the tilting of
the individual magnetic moments of the magnetosomes with respect to the chain axis 6 . This natural magnetic arrangement can
be considered a prototype of a 1D magnetic nanoarchitecture and
has motivated various studies to synthesize similar particles 7–10
and 1D structures 11–13 .

Magnetotactic bacteria are microorganisms that are able to align
and navigate along geomagnetic fields thanks to the presence of
one or more chains of magnetic nanoparticles with high chemical purity synthesized in their interior (i.e., magnetosomes) 1,2 .
Magnetospirillum gryphiswaldense for example contains a variable number of cuboctahedral magnetite (Fe3 O4 ) magnetosomes
with a mean diameter of 40 nm arranged in a chain 3 . This arrangement results from the interplay between the magnetic dipolar interaction, between nearest magnetite crystals, and a complex lipid/protein-based architecture that conform the cytoskeleton 4,5 . A previous study of this strain has shown that the magne-

In general, linear 1D assemblies of magnetic nanoparticles
have received considerable interest in various fields including micromechanical sensors 14,15 , microfluidics 16 , micro-swimmers 17
and also fundamental science 18 . Different techniques exist to
synthesize 1D nanoparticle chains 11,12,19–21 however, thanks to
the high biological control imposed in the synthesis of the magnetosomes, magnetotactic bacteria produce 1D nanostructures
with high reproducibility and quality 22 . Due to their exceptional
properties magnetotactic bacteria, such as M. gryphiswaldense, remain highly investigated, motivating several experimental studies
where their structural 23–25 and magnetic properties 26–28 were
evaluated. In Körnig et al. 29 and Blondeau et al. 30 it was observed that already small magnetic fields (i.e. small torques) of
around 30 mT can be sufficient to break-up the particle chains
within alive but immobilized bacteria.
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In this work we investigate the response of freeze-dried magnetotactic bacteria to large magnetic fields up to 1 T. We use a combination of DC magnetometry and small-angle neutron scattering
(SANS) to determine the magnetic properties of the individual
magnetosomes and the chains. From the polarized SANS results
we can gain additionally insight into the nanostructure of the 1D
chains, enabling us to test their mechanical stability in high fields,
i.e. high magnetic torques.
1
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M. gryphiswaldense strain MSR-1 (DMSZ 6631) was grown in a
flask standard medium (FSM). 31 The culture was kept in threefourths full bottles at 28 ◦ C without agitation. After 120 h, when
the magnetosomes were well-formed 3 , the bacteria cells were
collected and fixed in 2% glutaraldehyde. After repeated washings with distilled water, the bacteria were freeze-dried, resulting in a powder sample with random orientation of the particle
chains, i.e., a structurally and magnetically isotropic sample. Additionally, we grew and freeze-dried bacteria without magnetosomes 3 , which were measured by SANS as a background sample
to subtract from the magnetotactic bacteria signal.
To characterize the bacteria, we first performed transmission
electron microscopy (TEM, JEOL JEM-1400Plus) on unstained
bacteria adsorbed onto carbon-coated copper grids, and used ImageJ 32 for the image processing and analysis.
For the magnetization measurements the bacteria powder was
introduced in a gelatin capsule and investigated with a superconducting quantum interference device magnetometer (Quantum
Design MPMS-3) in DC mode. The bacteria powder was dense
enough to prevent rotation or any other physical movement of the
bacteria even at large magnetic fields. We collected isothermal
remanence magnetization (IRM) and direct current demagnetization (DCD) curves, as well as an isothermal magnetization loop
at room-temperature. The IRM curve was obtained by measuring
the remanence from the initially demagnetized state by taking the
sample through successive minor loops from 0 to 1 T. In a similar
manner, the DCD curve was obtained by a progressive demagnetization of the initially saturated sample, and the isothermal
magnetization loop was measured between 1 and -1 T in continuous mode. The diamagnetic contributions from the bacteria and
sample holder were corrected. Additionally, we measured firstorder reversal curves (FORC) with a customized vibrating sample
magnetometer between a saturating field of 0.1 T and increasing
reversal fields, until reaching finally the major loop. The resulting FORC diagrams were generated from a total of 80 minor loops
according to Roberts et al. 33 .
The polarized SANS (SANSPOL) experiment of the bacteria
powder was conducted at room temperature with the Larmor instrument at ISIS neutron and muon source, Rutherford Appleton
Laboratory. The powder of the randomly oriented bacteria was
enclosed in an aluminium sample holder. It can be noted, that
we observed no changes between repeated field-dependent measurements under the same conditions, which strongly indicates
that the bacteria did not physically move during the experiment.
The magnetic field H was applied perpendicular to the incoming
neutron beam (k||ex ⊥ H||ez ). The resulting SANS cross-sections
can be written in case of an isotropic magnetization distribution
ey as 34,35
in M


e 2 + b2h |M
ex |2 + |M
ey |2 cos2 Θ + |M
ez |2 sin2 Θ
I ± (q) ∝|N|
ez )sin2 Θ,
eM
ez∗ + N
e∗M
∓ bh (N

(1)

where the index +/− indicates the polarization of the incom-
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Fig. 1 (a) TEM image of a M. gryphiswaldense with a chain of 35 particles, and (b) the size-histogram of the particles (N = 347). The red line
is the number-weighted size distribution (in arbitrary units) which we determined by fitting the SANS data under assumption of spherical particle
shape.

ing beam, i.e. spin-up or spin-down. Here Θ is the angle
between the scattering vector q = (0, qy , qz ) and the magnetic
field H, and bh = 2.7 · 10−15 m/µB , where µB is the Bohr mage
ex,y,z (q) denote the Fourier transneton. Moreover, N(q)
and M
forms of the nuclear scattering length density and of the magnetization in the x-, y- and z-directions, respectively. From the
measured SANSPOL intensities, the nuclear-magnetic cross-terms
eM
ez∗ + N
e∗M
ez ) can be determined as a function of the
Icross (q) ∝ (N
applied field from the sector perpendicular to H of the exclusively
polarisation dependent cross section (i.e. the residual scattering
pattern) I − (q) − I + (q) = Icross (q)sin2 Θ. Analysis of the cross-term
is in particular useful for systems where the nuclear scattering
dominates the magnetic scattering, which is usually the case e.g.
for iron oxide nanoparticles 23,36–38 . Furthermore, we measured
the SANS signal of the empty bacteria as background measurement and subtracted it from the SANSPOL intensities I ± (q) to
be able to determine the nuclear scattering of the magnetosome
chains.

3 Results and Discussion
Fig. 1(a) shows a typical TEM image of a M. gryphiswaldense containing a chain of magnetosomes. The observed chain is composed of uniformly-sized nanoparticles except for those at both
ends of the chain, which are slightly smaller 6 . This results in a
broadening of the size histogram (Fig. 1(b)), whose mean value is
hDi = 40 nm. Typically, the number of particles per cell is around
15 to 40, with a center-to-center distance between neighboring
particles of about 50-60 nm 6 .
A shown in Fdez-Gubieda et al. 3 , the magnetosomes synthesized by M. gryphiswaldense are nearly perfect magnetite. Using the bulk values of magnetite 39 for the exchange constant
A = 7 pJ/m, the first-order anisotropy constant K1 = −13 kJ/m3 ,
and the saturation magnetization MS = 0.48 MA/m, the critical
√
single-domain size DSD = 72 AK/(µ0 MS2 ) (i.e., the size above
which domain formation is energetically favorable 40 ) can be calculated to DSD ≈ 75 nm. This is significantly above the mean size
of the magnetosomes and thus we can assume that at first approximation they are single-domain particles.
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Fig. 2 Isothermal, room-temperature magnetization measurements of
the freeze-dried bacteria powder: (a) Normalized magnetization curve.
(b) Normalized remanence curves MDCD and MIRM , and the modified
Henkel plot ∆M (Eq. 2).

Fig. 2(a) displays the isothermal magnetization curve of the
powder of the freeze-dried bacteria, normalized to the magnetic
moment measured in saturation (mS ≈ 2 · 10−5 Am2 ). In this powder it is safe to assume that the bacteria and hence the 1D chains
were randomly oriented (i.e., isotropic ensemble). The curve is
fully saturated at around 0.3 T and exhibits a hysteresis with a
coercive field of µ0 Hc = 22 mT and a normalized remanence of
mr /mS = 0.45. This is close to the expected value of 0.5 for an
isotropic ensemble of single-domain nanoparticles with uniaxial
anisotropy (i.e., Stoner-Wohlfarth particles) 41 . The slightly reduced value 0.45 can be attributed to the small particles at the
end of the chains which are superparamagnetic 42 . The good
agreement with the Stoner-Wohlfarth model indicates that during the magnetization process (i) a mechanical particle rotation
and (ii) dipolar interactions are negligible, because both would
reduce the remanence significantly 43–45 .
The fact that the magnetosomes do not physically rotate implies
a strong mechanical coupling between the magnetosomes and the
surrounding bacteria. At each applied field during the quasi-static
magnetization curve the magnetic torque Tmag , and the counteracting mechanical torque Tmech , as well as the torque due to the
magnetic anisotropy Tanis , are at equilibrium (Tmag =Tmech =Tanis ).
The average magnetic torque Tmag = µ0 HMS hV i sinΦ exerted on
the magnetosomes can be directly estimated from the magnetization curve. Here, Φ is the average angle between the particle moments and the applied field, which is given by m/mS = cosΦ 43,44 .
Using for the saturation magnetization the literature value of
magnetite MS = 0.48MA/m 39 and for the mean particle volume
hV i ≈ 1/8π hDi3 (with hDi being the mean size according to TEM,
i.e., 40 nm) we get for the maximum of the average torque
max ≈ 6.5 · 10−19 Nm (at a field strength of around µ H = 0.1 T).
Tmag
0
max we can calculate the corresponding forces applied on
From Tmag
max = 2 · T max / hDi ≈ 32.5 pN, which is bethe particle surface to Fmag
mag
low the rupture forces (40-80 pN) between actin filaments and
actin-binding proteins reported in literature 29,46 . Although it has
to be considered that we have an isotropic ensemble (i.e., a random orientation distribution) and thus for some magnetosomes,
the exerted forces will be higher than 32.5 pN, this explains why
a physical rotation of the magnetosomes is inhibited.
To further evaluate the amount of dipolar interactions we performed modified Henkel and FORC measurements. Fig. 2(b)

shows the field-dependence of the normalized isothermal remanence magnetization (IRM) and direct current magnetization
(DCD) curves, with M = m/mr . Note that MIRM starts in the demagnetized state (m/mr = 0), and saturates at the maximum remanent magnetization with m/mr = 1, while MDCD starts at 1
and finishes at -1. For the ideal case of non-interacting, uniaxial, single-domain nanoparticles the two remanence curves
are related according to the Wohlfarth model (MDCD (H) = 1 −
2MIRM (H)) 41 . However, if inter-particle interactions appear the
relation between MIRM and MDCD is expected to deviate from the
Wohlfarth relation, which can be tested via the modified Henkel
plot:
∆M = MDCD − (1 − 2MIRM ).
(2)
The sign of ∆M provides information about the nature of the interactions, and traditionally negative values (∆M < 0) are interpreted as a sign for the presence of dipolar interactions 47 . For the
magnetosome chains (see Fig. 2(b)), we find that ∆M is slightly
negative around µ0 Hc . However, the deviation is small, at least
in comparison to strongly interacting systems 45 , and could also
stem from disordered spins 48 .
A more sensitive approach to evaluate the magnitude of interactions are FORC measurements 49,50 . In these curves, the magnetization M, is recorded as a function of the applied field, µ0 H,
from the so-called reversal field (µ0 HR ) up to some positive maximum value (here 100 mT). The complete set of FORCs is obtained
by varying the reversal field in discrete steps between the maximum and the minimum field (here -100 mT). Fig. 3(a) shows
a group of FORCs (80 curves), measured at room temperature,
obtained between 100 and -100 mT in steps of 2.5 mT, that fills
the interior of the major hysteresis loop. These measurements
give rise to the FORC distribution presented in Figs. 3(b) and (c)
(3D representation and contour plot, respectively), which is calculated from the mixed second order derivative of the magnetization 33
1 ∂ 2M
(3)
ρ(HR , H) = −
2 ∂ HR ∂ H
and plotted as a function of the switching field, Hs = (H − HR )/2,
and the local interactions field, HB = (H + HR )/2. The obtained
distribution shows an elongated shape which increases rapidly,
similar to a step function and decreases exponentially, as expected
for randomly oriented, single-domain particles. Moreover, the
distribution presents a maximum at around µ0 HS = 20 mT, which
is consistent with the coercive field of the complete hysteresis loop
(see Fig. 2(a)), and the fact that the distribution is highly peaked
on the HB = 0 axis is also characteristic of a non-interacting system.
Our magnetometry results are thus in good agreement with
previous FORC studies 42,51,52 , and indicate a dominance of a
uniaxial magnetic anisotropy and an absence of dipolar interactions. However, this does not mean that there are no interactions
between the particles within the chains. As shown in Charilaou
et al. 53 and Koulialias et al. 54 , due to the collinear arrangement
of the anisotropy axes the dipolar stray fields results in an additional uniaxial anisotropy contribution along the chain axis (i.e.
shape anisotropy) which enhances the total anisotropy of the 1D
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Fig. 3 (a) Set of 80 room-temperature FORC measurements in arbitrary units, and (b) the resulting 3D FORC diagram and (c) the contour plot projected
in the (HS , HB ) plane.

chains along the chain axis compared to the individual particles.
Thus, we can conclude from FORC, that the 1D chains of the
freeze-dried bacteria do not interact with each other. Another
interesting result we can deduce from magnetometry is that in
the freeze-dried bacteria the particles do not mechanically rotate
even at high fields (i.e. high magnetic torques), which implies
a high mechanical coupling between the magnetosomes and the
cytoskeleton. To further evaluate the stability and also the magnetic properties we performed a polarized SANS experiment on
the same sample.
Fig. 4 shows the 2D patterns of the residual SANS cross-section
I − (q) − I + (q) = Icross (q)sin2 Θ at an applied field of 1 T (Fig. 4(a))
and in the remanent state (Fig. 4(b)). In Fig. 4(c) we plot additionally both scattering intensities integrated over the q-range
0.045 − 0.5 nm−1 as a function of Θ, which nicely shows the expected sin2 -dependency. By azimuthally integrating the intensity
in the sector perpendicular to H (Θ = 90◦ , ∆Θ = 10◦ ), we extracted the 1D nuclear-magnetic cross-term Icross (q). In Fig. 5(a),
we plot Icross (q) detected at the maximum field of 1 T, and detected at zero field in the demagnetized state and in the remanent
state, respectively. As can be seen, for the demagnetized state

Icross (q) ≈ 0 over the whole q-range, which is expected because
the cross-term is directly proportional to the sample magnetization in field direction. In the saturated and the remanent state,
on the other hand, we detect finite values, whereby the absolute
values of the remanent state are by a factor of 2 smaller than
in saturation (see also Fig. 4(c)). This implies a reduced remanence of mR /mS = 0.5 (here mR is the remanent moment and mS
the measured moment in saturation), which is the expected value
for an isotropic ensemble of single-domain particles with uniaxial
anisotropy (i.e. Stoner-Wohlfarth particles) 41 , and in good agreement with our magnetization curve (Fig. 2(a)).
e of
We can assume that the nuclear scattering cross-section N
the bacteria is dominated by the particles. Thus, in case of a
homogeneous magnetization, i.e., single-domain particles with
e∝M
ez , we can write at first approximation for the cross-term
N
Icross (q) ∝ F 2 (q), where F 2 (q) is the particle form factor, for which
we will use here the spherical one 55 . From Icross (q) we can thus
additionally estimate the size of the particles by fitting the 1D
cross-sections with the spherical form factor (Fig. 5(b)). We assumed a normal size distribution and determined by a global fit
of both data sets (i.e., maximum field and remanent state) for the

Fig. 4 Residual SANSPOL pattern I − (q) − I + (q) = Icross (q)sin2 Θ (|q| = 0.045 − 0.5 nm−1 ) in arbitrary units which we detected (a) in the saturated state
(µ0 H = 1 T) and (b) in the remanent state (µ0 H = 0 T). The homogeneous magnetic field H was applied in horizontal direction along Θ = 0◦ . (c) Intensity
integrated over |q| = 0.045 − 0.5 nm−1 as a function of Θ of the saturated (stars) and remanent state (circles) normalized to the maximum of the saturated
state. The lines represent sin2 Θ (black line) and 1/2sin2 Θ (red line).
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Fig. 5 (a) Nuclear-magnetic cross-term Icross (q) detected at maximum field (i.e. magnetic saturation) and at zero field in the demagnetized state and
remanent state, respectively (linear y-scale). (b) Fit of Icross (q) in the saturated and remanent state with the spherical particle form factor (logarithmic
y-scale). (c) Cross-section of I + (q) parallel to H in the saturated, demagnetized and remanent state. The scattering intensity of the bacteria without
magnetosomes is subtracted.

particle diameter a (number-weighted) mean value of 35(2) nm
and a standard deviation of 13(1) nm. Comparison of the obtained number-weighted distribution with the size histogram derived by TEM shows a good agreement (Fig. 1(b)).
The similarity between the functional form of the cross-term
detected at saturation and remanence (Fig. 5(b)) shows, that
qualitatively the magnetic cross-section and magnetic particle
morphology is not altered by applying a magnetic field. This confirms that the particles are in fact (at least at first approximation) single-domain particles and that a rotation of the particle
moments into the field direction occurs by an internal, coherent
rotation of the atomic magnetic moments inside the individual
particles.
Fig. 5(c) shows additionally the 1D cross-sections I(q), which
we determined by an azimuthal integration of I + (q) in the sector
parallel to H (Θ = 0◦ , ∆Θ = 10◦ ). The scattering intensity of the
bacteria without magnetosomes is subtracted such that we can
assume that the SANS signal is dominated by the purely nuclear
cross-section of the magnetosomes. We observe that I(q) does
not vary with field leading to a perfect overlap of the scattering
curves, which shows that I(q) is dominated by the nuclear scattering, and which in turn verifies that the nuclear cross-section is not
changed by applying the magnetic fields. Hence we can conclude
that the particle chains within the freeze-dried bacteria remain
intact and do not rotate, because otherwise we would expect a
significant variation between the field-dependent cross-sections.
Moreover, the arrangement and separation of the particles composing the magnetosome chains do not vary with field, since no
change in the structure factor (i.e., the SANS signal in the low
q-range) is observed. Therefore, we can conclude that within the
freeze-dried bacteria the internal microstructure is not altered by
external fields, which makes them a good system to characterize
the magnetic properties of the individual magnetosome chains.
This verifies our own observations via TEM, where we could observe no deviations from the chain structure in the probed bacteria, as well as published electron holography studies on similar
dried bacteria where also no break-ups were detected 56,57 .

4 Conclusions
To summarize, we investigate here the magnetic response of
a powder of freeze-dried and immobilized M. gryphiswaldense
by magnetometry and polarized SANS. The magnetosomes are
around 40 nm in size and arranged in linear chains inside the
bacteria. We can confirm that the particles are single-domain
particles, and that the 1D magnetosome chains inside the bacteria are not magnetically interacting with each other and behave like randomly oriented magnetic nanoparticles with uniaxial
anisotropy along the chain axis. Furthermore, we can conclude
that the particles inside the freeze-dried bacteria do not physically
rotate in field direction also in presence of large magnetic fields
(i.e. large magnetic torques), which implies a high mechanical
coupling between the magnetosomes and the cytoskeletion. As
a result the alignment of the particle moments along the magnetic field-direction occurs exclusively by an internal, coherent
rotation. Finally, we can show that the particle chains remain
intact also after application of large fields of up to 1 T. This confirms that the freeze-drying of the bacteria results in mechanically
stable configurations of the magnetosome chains, and thus the
freeze-dried bacteria can be regarded as model samples to study
the magnetization behavior of such 1D nanoparticle chains.
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