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The properties of suspensions of magnetosomes extracted from magnetotactic bacteria are investigated. By using
dynamic light scattering and measuring the dispersion of magnetic susceptibility it is shown that sonicated sam-
ples with broken magnetosome chains have qualitatively different behavior in comparison with native samples.
This is explained by the presence of flexible chains of magnetosomes in non-sonicated samples which have the

qualitative features of magnetic susceptibility predicted by the model of flexible magnetic rods.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Magnetotactic bacteria are an interesting example of an active sys-
tem in which properties are field dependent [1,2]. The magnetic proper-
ties are a product of magnetosome structures, which are defined as
intracellular nanocrystals of iron-based magnetic minerals (Fe30,4 or
FesS,) enveloped by a phospholipid bilayer membrane [3]. The chain-
like arrangement of the magnetosomes allows the individual magnetic
moments to add up, which results in magnetic dipolar interactions
strong enough to align the cell within the Earth's weak magnetic field
[4]. The elasticity of the chain is caused by the phospholipid bilayer
which encapsulates and links the magnetic particles. The magneto-
elastic properties of magnetosomes have attracted considerable inter-
est, primarily because of applications in magnetic hyperthermia [5-9],
drug delivery by magneto-aerotaxis [10,11] and as contrast agents for
magnetic resonance imaging [12,13]. For such applications, it is neces-
sary to know how the magnetosomes interact with applied fields. The
character of the interaction depends strongly on the bending stiffness
of the magnetosome chains [14]. In the case of chains isolated from bac-
teria the bending stiffness is described by the magnetic interactions be-
tween magnetosomes. Such chains often collapse into clusters and
closed-ring structures to minimize their magnetic stray field energy
[14,15]. The extent to which a chain interacts with the applied field is
determined by the number of particles in the chain. In the shorter chains
with fewer particles the modified magneto-elastic properties compar-
ing with long chains are expected. Based on these assumptions, we de-
scribe the qualitative difference between the response of long and
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mechanically shortened chains to the applied AC and DC magnetic
field using the theoretical model of flexible ferromagnetic rods. We
also compare these results with the experimentally measured magnetic
properties of the native sample (extracted magnetosome chains) and
sample with chains broken by sonication.

2. Material and methods
2.1. Rods material and sample modification method

A suspension of bacteria containing magnetosome particles was
used as an experimental material for an AC susceptibility analysis of
flexible magnetic rods. Magnetosomes form chain-like magnetic struc-
tures in magnetotactic bacteria. In this study magnetite magnetosomes
extracted from the magnetotactic bacterium Magnetospirillum sp. strain
AMB-1 were used. These bacteria synthesize nano-sized magnetite
magnetosomes covered by phospholipid bilayer membranes [9,16,17].
A detailed description of the growth process of the bacteria and the ex-
traction of the magnetosome chain particles is given in Molcan and
Dzarova et al. [9,18]. The magnetosome samples were of a distinct
length and thus suitable for an investigation into the impact of the rod
length and related properties. The sample IM represented the extracted
long magnetosome chains dispersed in HEPES buffer. The next sample
(SM) was obtained by sonicating the IM magnetosome suspension
using a Sonifier Cell Disruptor, Branson Ultrasonics, model 450, USA.
Using a micro-tip probe the long chains (magnetic rods) were homoge-
nized and their size distribution shifted to smaller values. The following
sonication parameters were applied: a frequency of 20 kHz at 280 W of
power for 1 h.
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Fig. 1. TEM images of IM and SM magnetosomes.

2.2. Transmission electron microscope (TEM)

The samples were prepared by dropping a micro-droplet of the
magnetosome suspension from a syringe with a stainless steel needle
on a carbon-coated copper support grid which was then allowed to
dry in the air. TEM analysis was performed in a Philips CM300ST FEG
Transmission Electron Microscope at an acceleration voltage of 300 kV
in a bright field.

2.3. Dynamic light scattering (DLS)

The hydrodynamic size distribution of the magnetosomes was mea-
sured by the DLS apparatus Zetasizer Nano ZS (Malvern Instruments,
UK) with a 4 mW He—Ne laser, A = 633 nm. The scattering angle
was 173° and the temperature 25 °C.

2.4. Magnetization measurements

Magnetization measurements of the prepared suspension of
magnetosomes were carried out by a Vibrating Sample Magnetometer
installed on a cryogen-free superconducting magnet (Cryogenic Ltd.,
UK). The magnetization curves were measured at room temperature
and an applied magnetic field up to 120 kA/m.
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Fig. 2. Normalized distribution of hydrodynamic diameter of IM and SM magnetosomes.

2.5. AC magnetic susceptibility

AC magnetic susceptibility tests were performed on the Imego
Dynomag, Acreo Swedish IC, SE susceptometer with the frequency
range from 1 Hz up to 250 kHz with a volume susceptibility sensitivity
of 4-1077. The field excitation amplitude was 400 A/m. The
magnetosome colloid sample (200 pl) was mounted in a glass vial into
the AC susceptometer holder between two sensing coils. The experi-
ment was carried out at room temperature (~22 °C).

3. Experimental results

The effect of the applied sonication on magnetosomes is demon-
strated in Fig. 1. Fig. 1a) represents isolated magnetosomes (IM)
forming long chains composed of several adjacent particles. A mixture
of individual magnetosomes in combination with shortened chains
consisting of a few particles per chain is depicted in Fig. 1b) (SM
sample).

The noticeable influence of sonication on the chain dimensions was
confirmed by DLS measurements as well. The IM sample is character-
ized by a bimodal size distribution. Except for the dominant peak at
710 nm we can see also a small peak below 200 nm which can be attrib-
uted to premature magnetosomes or magnetosomes partially deformed
by the extraction. After sonication (SM sample) the character of the size
distribution has changed (as shown in Fig. 2), leading to a decrease in
the average hydrodynamic diameter to 210 nm which is caused by the
rapid increase in the fraction of small particles.

The impact of sonication is also confirmed by magnetization mea-
surements at room temperature (293 K). In the case of the SM sample
with a concentration of 1.53 mg/ml of magnetite, we can see well-
saturated magnetization already at 10 kA/m. On the other hand, the
IM sample with a concentration of 1.03 mg/ml exhibits an increasing
magnetization tendency over the range of magnetic field values covered
in the experiment (See Fig. 3). This can be associated with the greater
magnetic moment of the longer chains. The fast saturation of SM is
caused by a lower size distribution and we can also see a diamagnetic
contribution originating from the non-magnetic parts of the sample
(the HEPES buffer and lipid shells). For both curves zero coercivity is ob-
served as it is typical for nanoparticle colloid systems, for example in
ferrofluids [19].

The important difference in the behavior of IM and SM samples is
found by measurements of the dispersion of the magnetic AC suscepti-
bility of the samples as shown in Fig. 4. In the case of the IM sample, we
can see just a part of the relaxation maximum close to 1 Hz (Fig. 4, upper
part). From the shape of the curve it can be deduced that the relaxation
peak exists under the frequency range employed in this study. On the
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Fig. 3. Magnetization curves of IM and SM magnetosome colloids measured at room
temperature (293 K).

other hand, the shortened chains of the SM sample are able to relax
even at higher frequencies. The SM sample shows a well-developed re-
laxation peak, indicating a Brownian relaxation frequency close to
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Fig. 4. Real and imaginary part of the AC susceptibility vs frequency of the IM and SM
sample. The solid lines are the results of the fitting by the “extended multi-core model”.

1000 Hz. When the SM sample with broken chains has features similar
to Debye dispersion then close values of the real and imaginary parts
show monotonous behavior as a function of the frequency.

Using the DynoMag software [20] the experimental IM data were
fitted according to the “extended multi-core model”

Xoy

f(rH)drH + W

2@ =0, [ (1)

(1 +jotp(ry))

where yop is the DC susceptibility for the particles that undergo
Brownian relaxation, o the angular frequency (2mf), ry the hydrody-
namic radius of the particles, f(ry) is the hydrodynamic radius distribu-
tion function. 75 is the Brownian relaxation time 75 = (3Vyn)/(kgT),
where Vy, is the hydrodynamic volume, 1) the viscosity of the liquid the
magnetic nanoparticles (magnetosomes) are placed in, kg the
Boltzmann constant ant T is the temperature. The last part in Eq. (1) is
the Cole-Cole expression that describes the AC susceptibility contribu-
tions from the Néel relaxation. yoy is the DC susceptibility due to the
Néel relaxation, Ty is the Néel relaxation time and « describes the de-
gree of distribution of the Néel relaxation times (due to the size distri-
bution of the single-domains and/or magnetic interactions between
the single-domains) and can have the values 0 < o < 1 [20]. By this fit
we finally obtain the hydrodynamic size distribution of the
magnetosomes. The IM size distribution is shown in Fig. 5. The obtained
value Dyyp = 702 nm is comparable with the size obtained by DLS =
710 nm. These data are evidence of the presence of large aggregates
(possibly chains) in the IM sample. The role of chains in the dispersion
of magnetic susceptibility is considered in the next section. Comparable
data between DLS (210 nm) and the extended multi-core fit of AC sus-
ceptibility (180 nm) were obtained also for the SM sample.

4. Flexible rod model

Experimental data of magnetic susceptibility of samples of
magnetosomes may be explained by the model of flexible ferromag-
netic rods. In this model the response of a chain of magnetosomes to
the polarizing field consists of the deformation of the rod due to the
torque from the magnetic field opposed by the elastic torque due to
the bending of the rod. Since the magnetosomes are not linked by spe-
cial linkers we estimate the bending modulus solely from dipolar inter-
actions K, = m?/2d? [21,22], where m is the magnetic moment of the
magnetosome and d its diameter.

The model is as follows. The deformation of the rod in the external

field H = (0,Hcos(wt), 0) making the angle 3 with the field is described
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Fig. 5. Hydrodynamic size distribution of isolated sample IM obtained from AC
susceptibility data.
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by the angle ¢¥(I) (where [ is the natural parameter of the centerline) be-
tween the tangent vector and the center line of the initial straight con-
figuration (see Fig. 6).

The model of the ferromagnetic rod [23] in the case of small defor-

mation gives (subscript denotes the corresponding partial derivative, {

=4m)/(2 In (%) —1) [24] is the hydrodynamic drag coefficient per unit

length of the rod)

O = =Ky gy (2)

at boundary conditions corresponding to the free and unclamped ends:
absence of the torque ¥,|o, ; = 0 and zero shearing force —K,9 /o
1 — MH sin (B) = 0, where M = m/d is the magnetization par unit length
of the rod and L is its length. The magnetic moment of the rod induced
by the polarizing field then reads

L L
Mgy = M /O cos(B—9)dI=ML cos(B) + M sin(B) /0 S(lydl 3)

The first term in Eq. (3) gives the magnetic moment of the straight
rod and disappears after taking the average with respect to the isotropic
distribution of orientations of the rods.

The following scales are introduced: lengths are scaled with the
length L of the rod and time by the characteristic elastic deformation
time of the rod in viscous fluid T = ¢L*/K,,. Using relations for ¢, Kj,

and the value given above of the characteristic elastic deformation

timeatn=10"2P,m = gd3 M; (the saturation magnetization of magne-
tite M;=500 G) is 7.3 ms. For the characteristic frequency f, (2nf,r = 1)
we obtain 21.7 Hz. This gives an estimate for the frequency range where

the scaling law described below is valid.
The solution of the boundary value problem for Eq. (2) in the steady

case when ¢ = %ei® in the field H = Hoe'" taking the average with

, t
H |

Fig. 6. Sketch of ferromagnetic rod deformation in an applied magnetic field. ¥(I) is the

angle which the tangent T makes with the initial straight configuration characterized
by its orientation angle 3 with the field.

respect to the isotropic distribution of the rods for the magnetic suscep-
tibility reads

i _AMPL (1= cos(p))sh(p) + (ch(p)—1
T (1— cos(p)ch(p))p?

!

() =y ) sinp))

where p = (o7)""4e™™8, In the limit @ — 0 there is a singularity for the
imaginary part of the susceptibility " = 8M?L*/Kywr. It may be regu-
larized by taking into account the Brownian motion when y = y;/
(1 + iew7g), where y; = (ML)?/3ksT and the Brownian relaxation time
75 = ¢13/24kgT. In the limit 75 — = this gives the singular behavior
x ' '=8M?/wL¢. We should remark that the bending modulus in this
limit cancels out since the rods behave as rigid.

The real and imaginary parts of the magnetic susceptibility normal-
ized by 2M?L/3K,, are shown in Fig. 7. It shows that the contribution of
the elastic deformations of the rod gives the characteristic Debye type
dispersion of magnetic susceptibility. It should be noted that the maxi-
mum for the imaginary part appears only when the singular part of it
is extracted. If it is taken into account the maximum disappears.

At large T relation (4) gives

3/23 7213
Hw) = e )4 (5)

Relation (5) shows that at large o7 the real and imaginary parts of
the susceptibility have close values and have the characteristic asymp-
totics y',y /' ~(w7) >4, These conclusions may be compared with the
experimental data for the IM sample. The experimental data for y’,
'’ in the limited range of the AC field frequencies in the logarithmic
coordinates are shown in Fig. 8. The solid line shows the dependence
corresponding to f~>/* with a shift for convenience along the y axis .
We can remark that the ratio of the imaginary and real parts at least

over some frequency range is close to the prediction % = tg(%n). This
allows us to conclude that the qualitative difference in the behavior of
the IM and SM samples is caused by the presence of flexible chainlike
aggregates of magnetosomes.

5. Conclusion

Suspensions of native chains of magnetosomes and sonicated sam-
ples with broken chains show qualitatively different magnetic disper-
sion. If sonicated samples show the characteristic Debye like curves of
complex susceptibility then a suspension of native samples shows mo-
notonous dependence of the real and imaginary parts on the frequency.
This behavior is described by the model of the ferromagnetic rod when
the magnetic susceptibility is due to the flexibility of the rod. The
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Fig. 7. Real and imaginary parts of the magnetic susceptibility as a function of elastic
deformation time of flexible rod model.



M. Molcan et al. / Journal of Molecular Liquids 305 (2020) 112823 5

0.01000 . P——— . ——
[ @® Real Part 1
r O Imaginary Part |
L : ~-3/4 ]
D 8 Scaling Law ()
0.00100 .
5 I ]
a [ 8 ]
3 [ o 1
e I 4
3
2]
Q 0.00010 |
< E
0.00001 . p P W g
L 10 100

Frequency [Hz]

Fig. 8. The real and imaginary parts of the magnetic susceptibility of IM sample as a
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dependence corresponding to the scaling law = (with a shift along the y axis for
convenience).

characteristic scaling law for the complex magnetic susceptibility as a
function of the frequency is obtained in the frame of the model and
qualitatively corresponds to the experimental data.
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