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The magnetotactic bacteria synthesize chains of nanosized magnetic particles that function as a compass needle to navigate in the direction of the earth's magnetic eld. Magnetosomes are bacterial magnetic nanoparticles
containing iron mineral crystals of magnetite or greigite, enveloped by a natural biological membrane. The objective of the work is to study the inuence of magnetic eld on rheology and acoustic properties of magnetosome
suspension. Experimental results show a clear eect of the external magnetic eld on the acoustic parameters
such as velocity and attenuation of ultrasonic wave, and the viscosity of the suspension, arising from the biogenic
magnetic particles aggregation.
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1. Introduction

Nanosized magnetic particles have been studied extensively in recent years because of the potential for application in biomedicine. Chemically synthesized nanoparticles used in medical applications require good biocompatibility so appropriate modication of the particle surface is necessary. Biogenic magnetic particles such as
bacterial magnetosomes, which are obtained from magnetotactic bacteria, are organelles consisting of magnetite
(Fe3 O4 ) or greigite (Fe3 S4 ) crystals enclosed by a biological membrane. Such membrane provides a high degree of
biocompatibility without additional chemical treatment.
The size of one magnetosome (i.e., magnetic particle with
organic shell) is around 50 nm but they can join into
chain-like structures. The chain of magnetosomes inside
the bacteria provides a magnetic dipole which is used
by the bacteria to swim along the earth's magnetic eld
line [1]. The magnetosomes are covered by biological material made of a majority of lipids and a minority of
proteins. This biological coating results in negatively
charged magnetosomes with a good dispersion in water [2]. Many authors review several medical applications
of magnetosomes, such as those in magnetic drug delivery, magnetic resonance imaging (MRI), separate cells.
Bacterial nanoparticles are also good candidates to carry
out magnetic hyperthermia since they produce a large
amount of heat when exposed to an alternating magnetic
eld [3].
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Magnetosome suspension properties change under the
inuence of the magnetic eld, similar to that of magnetic
uid. The objective of this work is to study the inuence
of magnetic eld on rheology and acoustic properties of
magnetosome suspension as part of its full description
which is necessary before its application to humans [3].
2. Sample preparation

Bacterial magnetosomes were synthesized by the
biomineralization process of magnetotactic bacteria Magnetospirillum strain AMB-1 under laboratory conditions. Bacteria produce magnetite (Fe3 O4 ) particles.
The process of isolation of magnetosome chains (as shown
in Fig. 1) from the body of bacteria consists of a series of cycles of sonication, centrifugation and magnetic
decantation. The isolation parameters were as follows:
(1) sonication for 5 min, (2) centrifugation at 18,000 rpm
for 30 min, and (3) magnetic decantation on permanent
magnets FeNdB (200 mT) which lasted 2 h. The nonmagnetic part of the specimen was pipetted away and
the sediment of magnetosome chains in the container was
diluted with HEPESEDTA (rst 2 cycles), followed by
washing with HEPESNaCl (3rd cycle) and nally washing the samples with 10 mM HEPES (about 10 cycles
times in order to make the most perfect purication of
the sample).
3. Experimental results

The ultrasound velocity and attenuation were measured by a resonance method using a ResoScan System (Germany) apparatus in which ultrasonic velocity is
determined from a series of the resonance frequencies of
the resonator cell recorded during initialization. Then,
only a single resonance peak (chosen automatically) is
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tracked and from the changes of resonance frequency of
this peak the ultrasonic velocity is evaluated. ResoScan
System permits the measurements of the ultrasonic velocity with the accuracy of ±0.05 m/s for low-volume samples (0.200 ml). The ultrasound attenuation is evaluated
on the basis of the slope of the phase of the resonance
curve at the resonance frequency. The relative error of
the ultrasonic attenuation coecient is better than 5%.
Both ultrasound velocity and attenuation are measured
for single wave frequency of 8 MHz.

Fig. 1. Transmission electron image of magnetosome
chain. Neighbouring biogenic magnetic particles in the
chain are separated by small gaps lled with biological
material.

First, the velocity of ultrasonic wave in magnetosome
suspension was measured as a function of temperature in
the absence of external magnetic eld. Next, the sample
was subjected to the magnetic eld H = 300 kA/m for
30 min and the measurement of the acoustic parameters
was repeated. Figure 2 presents the results. The ultrasound velocity in the suspension of bacterial magnetic
particles is higher in comparison with that of carrier liquid. On the other hand, the ultrasound velocity in magnetic uids with chemically synthesized Fe3 O4 particles
is smaller than that of carrier liquid [4, 5]. The reason
for this inverse behaviour is possibly due to the presence
of natural biological membrane which surrounds magnetosomes [6].

Fig. 2. The ultrasonic wave velocity c as a function of
temperature T in carrier liquid and magnetosome suspension in both the absence and presence of the magnetic eld.

The exposure of the sample to the magnetic eld
caused the change in ultrasonic wave velocity (∆c =
0.65 m/s) determined after the eld was turned o in
comparison to that measured before the application of

the eld. This velocity hysteresis indicates magnetosomes aggregation. Though the attraction between the
chains of magnetic particles is too weak to produce any
aggregation of bacteria because the force between parallel bacterial magnetite backbones is strongly screened
 the bacteria sense the geomagnetic eld but not one
another's compass [7]  but as the chains of magnetosomes are extracted from the bacteria to form an interacting system, the strength of the magnetostatic interactions between the chains of magnetosomes shows to
increase [8]. Under the external force, i.e. strong magnetic eld, the aggregation is generated by the interaction
between the magnetosome chains. The chains of magnetosomes organize within wide bands and form a compact
assembly. The chains attract each other, forming a long
string of nanoparticles oriented in the direction of the
magnetic eld [9].
Figures 3 and 4 show a more detailed study of the
inuence of the magnetic eld within the range of 50
300 kA/m on the ultrasound velocity and attenuation
in magnetosome suspension. The results show that the
magnetosomes aggregate. The aggregation is durable and
the structure does not return to the initial state after the
magnetic eld has been removed.

Fig. 3. The change in ultrasonic wave velocity c after
the application of the magnetic elds.

Fig. 4. The change in ultrasonic wave attenuation after the application of the magnetic elds.

The observed change in velocity and the attenuation of
ultrasonic waves increase with the intensity of the magnetic eld that was applied prior to the acoustic measurements. Thus the properties of the suspension depend on
its magnetic history. Re-sonication is needed for the
disintegration of aggregates.

Properties of Magnetosome Suspension under the Inuence of Magnetic Field
The measurements of viscoelastic properties also show
the changing of magnetosome suspension structure induced by magnetic eld because the viscoelastic properties are correlative to their microstructure. The magnetorheological measurements under the inuence of magnetic eld were carried out using a rotational rheometer
Physica MCR300 (Anton Paar) equipped with a magnetorheological device MRD180.
It is a coaxial parallel plateplate system with a diameter of 20 mm (PP 20/MRF)  Fig. 5. The distance
between the plates was adjusted to 0.8 mm. The built-in
coil of the magnetorheological cell generated a magnetic
eld, H . During the measurement the eld was oriented
perpendicularly to the plates of the rheometer, and thus,
perpendicularly to the direction of the ow.
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The dependence is explained in Fig. 5. The biogenic magnetic nanocolloid separates into two coexisting phases, as a result of the magnetically induced phase
condensation [10]. The phase separation of the system
into dense and dilute phases leads to the formation of
discrete domain. When the shear strain increase the aggregates are pulled out from the gap on the outer edge
of the plate despite the use of the plate-plate conguration of rheometer. That interferes with the measurement
of viscosity. In the absence of a eld the photographs
show a homogeneous drop of the suspension, whereas after the application of magnetic eld a clear separation of
phases (condensation) can be noted on the circumference
of the drop. The formation of aggregates leads to the appearance of viscoelastic eects or other non-Newtonian
features in the magnetosome nanoparticle suspension in
the presence of a magnetic eld.
4. Conclusions

Fig. 5. The photographs of measurements cell (parallel
plate-plate system) and drops of magnetosomes suspension without and after application of the magnetic eld.

Magnetic eld rearranges the magnetosomes leading
to the formation of aggregate microstructures and the
appearance of acoustic and viscoelastic properties of the
magnetosome suspension. The experimental results show
a clear eect of the external magnetic eld on acoustic
parameters. The velocity and the attenuation of the ultrasonic wave show a hysteresis which results from magnetosomes aggregation. The rheological properties of the
studied magnetosome suspension also show the eect of
the magnetic eld.
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Fig. 6. Shear stress vs. shear rate for dierent values
of magnetic eld strength (the inset shows shear stress
vs. magnetic eld).
The measured shear stress τ vs. shear rate γ for
dierent values of magnetic eld strength and without
the presence of magnetic eld is illustrated in Fig. 6.
It can be seen that magnetic eld inuences the viscosity (η = τ /γ) of magnetosomes suspension. Viscosity
increases rapidly after applying the magnetic eld, but
later it decreases despite the increase of the magnetic
eld.
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