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Abstract:

In this work, we examine the mechanisms of heat production by whole intact cells of magnetotactic
bacteria, Magnetospirillum magneticum strain AMB-1, as well as by their extracted chains of
magnetosomes or extracted individual magnetosomes when they are exposed to an oscillating magnetic
field of frequency 108 kHz and field amplitudes varied between 23 mT and 88 mT. For intact bacterial
cells that contain chains of magnetosomes, heat is generated through hysteresis losses yielding specific
absorption rates (SAR) of 110 W/gre at 23 mT and 860 W/gre at 88 mT. When the chains of
magnetosomes are extracted from the bacterial cells and exposed to the same magnetic field, the heat-
producing mechanism includes an additional contribution, one that is due to their rotation in the
magnetic field. This results in the production of higher SAR of 860 W/gre at 23 mT and 1240 W/gr. at
88 mT. Lower SAR values of 540 W/gre at 23 mT and 970 W/gre at 88 mT are obtained with the
individual magnetosomes. This appears to be due to aggregation of the individual magnetosomes in the

liquid, which prevents them from rotating as efficiently as the chains of magnetosomes.



I. Introduction:

Magnetotactic bacteria are a unique group of bacteria that biomineralize intracellular, membrane-
bounded, nanometer-sized single-magnetic-domain crystals of the iron oxide magnetite (Fe3Oa),
maghemite (yFe2O3) and/or iron sulfide greigite (FeS4) (1). These structures, called magnetosomes, are
most often arranged as a chain within the cells. They are used by the bacteria to navigate in the direction
of the Earth’s magnetic field and help them to find optimal conditions for their growth and survival (1).

Magnetosomes have been shown to be useful in a number of scientific, commercial and health
applications (2). Recently, great efforts have been devoted to synthesizing nanoparticles, which are able
to induce the production of heat when an oscillating magnetic field is applied to them (3). The aim of
this effort is to improve the treatments of tumors by hyperthermia or thermoablation or to enable the
release of drugs within a localized region of the body (3-9). Although rapid progresses have been made
in this field, concerns have been raised regarding the toxicity induced by the presence of the
nanoparticles in the body (10). In order to minimize the potential side effects of nanoparticle based
clinical treatments, the nanoparticles need to be administered in a quantity as small as possible. For that,
the latter have to generate a sufficiently large amount of heat (specific absorption rates SAR). This can
be achieved by using nanoparticles with either a large volumes or a high magnetocrystalline anisotropy
(11). The magnetosomes belong to the largest single domain ferrite nanoparticles, making them good
candidates for the applications mentioned above. Although the magnetosomes have been shown to
produce a large amount of heat when they are subjected to an oscillating magnetic field (11-13), this
property has not been fully explained.

In this paper, we provide a detailed study of the mechanisms of heat production by magnetosomes
biomineralized by the magnetotactic bacteria. The magnetosomes studied in this paper are iron oxide

nanoparticles of mean sizes 40 nm, which are oxidized in maghemite and are arranged in chains
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containing ~ 6 magnetosomes (14, 15). Since maghemite and magnetite have similar magnetic
properties at room temperature, the fact that the magnetosomes are oxidized in maghemite does not
change the conclusions drawn in this paper. We compare the heat-producing properties of three different
types of magnetosome arrangements (14, 15). We examine the properties of intact cells that contain
chains of magnetosomes and those of the magnetosomes that have been extracted from cells and are
either arranged in chains or form individual nanocrystals. It is known that for large ferromagnetic
nanoparticles, there are two main heat-producing mechanisms. The first one is due to the physical
rotation of magnetic nanoparticles in a magnetic field and the second one is a result of hysteresis losses
(16). In order to determine which one of these two mechanisms is responsible for heat production by the
three different types of magnetosome arrangements mentioned above, we compare the heating rates of
the samples in water, in which rotation of the cells and extracted magnetosomes is possible, with those
in a gel, where the rotation is inhibited. In this way, the amount of heat generated by the rotation of the
bacteria or extracted magnetosomes and that arising from hysteresis losses can be determined. In order
to verify that the heat produced in the gel is due to hysteresis losses, we measure the hysteresis losses
independently using magnetic measurements.

I1. Results and discussion:

Figure 1(a) depicts a transmission electron micrograph (TEM) of cells of Magnetospirillum
magneticum strain AMB-1 showing typical chains of magnetosomes (designated by blue arrows). The
volume occupied by magnetosomes in a whole cell is rather small, typically ~ 0.02 % of the entire
volume of the cell. A suspension containing intact whole cells of M. magneticum is subjected to an
oscillating magnetic field of frequency v = 108 kHz and field amplitude varied between Ho = 23 mT and
Ho = 88 mT. The heating rates of cells suspended in liquid and those fixed within a gel increase when

the magnetic field increases from 23 mT up to 88 mT (Figures 1(b) and 1(c)). The areas of the minor
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hysteresis loops of the whole intact cells (Figure 1(d)) also increase when the magnetic field amplitude
increases from 23 mT up to 88 mT. Using the method of Hergt et al/ (10), we deduce from the areas of
the minor hysteresis loops shown in Figure 1(d) that the hysteresis losses of the intact cells increase
from 110 W/gge at 23 mT up to 810 W/gre at 88 mT (Figure 1(e)). In order to determine if the rotation of
the intact cells contributes to the observed increase in temperature, we estimate the SAR of the intact
cells suspended in liquid. The SAR of the cell suspension is estimated at 22 °C from the slopes of the

variation with time of the temperature, AT/dt, using the formula (1) below (12):
SAR =C ... (Ai)— (1)
{8t

, Where Cyater 1s the specific heat capacity of water (Cwater = 4.184 J/g.K) and xy, is weight of iron per mL
of liquid (water). As shown in Figure 1(e), the SAR of the bacterial suspension increase from 110 W/gg.
up to 860 W/gr. when the magnetic field amplitude is increased from 23 mT up to 88 mT. These values
of the SAR are similar to those measured from the areas of the minor hysteresis loops shown in Figure
1(e). Unexpectedly, the SAR determined for cells fixed in the agarose gel is significantly smaller than
the areas of the minor hysteresis loops, which correspond to the hysteresis losses (Figure 1(e)). This
could be due to poor diffusion of heat within the bacterial cells when they are contained in the agarose
gel. From these results, we hypothesize that the rotation of the whole bacterial cells does not contribute
to the production of heat. This hypothesis is supported by the fact that the magnetosomes occupy a small
volume within the whole bacteria. This small volume induces insufficient rotation of the cells to
generate heat. Furthermore, the absence of contribution of the rotation can be confirmed by estimating
the SAR due to the rotation of the bacterial cells, SAR:. The latter is estimated using the formula (2)

below (16, 17):
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SAR | = —teto o %Tel )

In (2), o = 2xnf, where f = 108 kHz is the frequency of the oscillating magnetic field, M is the saturating
magnetization of maghemite (Ms = 390 emu/cm?), Hy is the amplitude of the applied magnetic field (23
mT < Ho <88 mT), V ~ 20 1077 cm?® is the volume of a typical chain of magnetosomes (13), p ~ 5 g/cm’
is the specific weight of maghemite, Ky ~ 1.38 10* J/K is the Boltzmann constant and 1, ~ 10 seconds
is the Brownian relaxation time of intact bacterial cell (18). Using these values, we find that SAR lies
between 5.102 W/gg. and 7.10"! W/gg. for 23 mT < Hy < 88 mT. These values are much smaller than the
measured hysteresis losses, which lie between ~ 50 W/gg. at 23 mT and ~ 810 W/gre at 88 mT (Fig.
1(e)). Thus, the rotation of the whole bacterial cells does not appear to contribute to heat production. As
indicated in the column bar plots of Figure 1(f), the SAR arises at 100 % from hysteresis losses and
becomes much more significant at a magnetic field amplitude of 88 mT (SAR ~ 860 W/gg.) than at a
field amplitude of 23 mT (SAR ~ 110 W/gge). This is due to the increase of hysteresis losses with
increasing magnetic field amplitude as previously observed with chemically synthesized magnetite
nanoparticles (16). The SAR per cycle of the whole cells in suspension, which is defined as the SAR
divided by the frequency of the oscillating magnetic field, lies between 1 J/kgr. and 8 J/kgre. These
values are higher than those observed with chemically synthesized nanoparticles, which typically lie
between 0.001 J/kgre and 1.2 J/kgre for a wide range of nanoparticle sizes and compositions as well as
for a large choice of magnetic field frequencies and amplitudes (16, 20-23). We conclude that the
suspensions of whole magnetotactic bacteria produce a larger amount of heat than most of the

chemically synthesized nanoparticles.

In order to increase even more the amount of heat produced by the magnetosomes, chains of

magnetosomes are extracted from bacterial cells to presumably enhance their rotation in the magnetic
5
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field. To verify that the magnetosomes are actually extracted from the bacteria and remain in chains, we
use electron microscopy. Figure 2(a) shows typical assemblies of chains of magnetosomes (14, 15),
which are not aggregated in clumps but are sufficiently close one to another as chains to be interacting
in several regions. Heating rates of the extracted chains of magnetosomes are shown in Figures 2(b) and
2(c) for the magnetic field amplitudes of 23 mT and 88 mT respectively. In the gel, they are similar to
those determined for suspensions of intact whole bacterial cells while in solution, they are between 5
and 13 times larger than those of the whole cells (Figs. 1(b), 1(c), 2(b) and 2(c)). This suggests either
that the extracted chains of magnetosomes produce larger hysteresis losses than intact bacteria cells or
that their rotation contributes to the heat production or both. In order to discern which, if any, of these
explanations is plausible, hysteresis losses of the extracted chains of magnetosomes are determined.
Figure 2(d) shows the minor hysteresis loops of the chains at 23 mT and 88 mT. Compared with the
minor hysteresis loops obtained with the intact bacteria cells (Figure 1(d)), those for the extracted chains
of magnetosomes decrease. This decrease is likely due to the interactions between the chains of
magnetosomes (15). We conclude that the increase of the heating rate observed between the intact
bacterial cells and the extracted chains of magnetosomes suspended in liquid is not due to an increase of
hysteresis losses but to the rotation of the chains. The contribution of the rotation to the heating
mechanism of the extracted chains of magnetosomes can be further confirmed by estimating the SAR of
the extracted chains of magnetosomes suspended in liquid. We find that the latter increases from ~ 860
W/gre at 23 mT up to ~ 1240 W/gr. at 88 mT. These values of the SAR are larger than the hysteresis
losses deduced either from the SAR of the extracted chains in the gel (SAR ~ 50 W/gr. at 23 mT and
SAR ~ 490 W/gg. at 88 mT) or from the areas of the minor hysteresis loops (SAR ~ 110 W/gge at 23 mT
and SAR ~ 490 W/gre at 88 mT). In order to confirm the contribution of the rotation to the heating
mechanism of the chains of magnetosomes, we measure SAR;. using (2), which factors in the Brownian

relaxation time. This formula is applied below the saturating region where the SAR shows a strong
6
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dependence on the field amplitude (16). Since the saturation occurs above ~ 36 mT (Figure 2(e)), we
only measure the SAR at 23 mT. Using a Brownian relaxation time 18~ 1.2 10 sec (18), we find that
SARwt ~ 3600 W/gr. at 23 mT, a value, which is larger than the SAR of 810 W/gr. deduced
experimentally by measuring the difference between the SAR of magnetosome chains suspended in
liquid (860 W/gre) and the SAR of the magnetosomes fixed in the gel (50 W/gr.). The difference
between the theoretical prediction and the experimental observation can be explained by the partial
aggregation of the chains of magnetosomes. We conclude that the rotation contributes to the heating
mechanism of the extracted chains of magnetosomes and that this contribution decreases from 90 % of
the SAR at 23 mT down to 60 % of the same SAR at 88 mT (Figure 2(f)). This decrease could be
explained by the stronger enhancement with increasing magnetic field amplitude of the hysteresis losses

than of the SAR due to the rotation of the chains of magnetosomes in the magnetic field (16).

The third sample we test is a suspension of extracted magnetosomes whose membranes have been
disrupted by a combination of heat and sodium deodecyl sulfate (SDS). Disruption of the magnetosome
membrane results in a suspension of individual magnetosomes, which are not arranged in chains. Figure
3(a) shows a typical TEM micrograph of these magnetosomes and clearly shows that magnetosomes are
not organized in chains. These nanocrystals interact and organize within compact assemblies of
individual nanocrystals (14, 15, 19), forming significantly more compact and aggregated assemblies
than those observed in Figure 2(a). The heating rates of the liquid suspension containing these
magnetosomes are shown in Figures 3(b) and 3(c) for the magnetic field amplitude of 23 mT and 88
mT. They are lower than those observed for the extracted chains of magnetosomes suspended in liquid
both at 23 mT and 88 mT (Figures 2(b), 2(c), 3(b) and 3(c)). The difference between the heating rates of
the chains and individual magnetosomes can either be due to a difference in the contribution of the

magnetosome rotation or hysteresis losses to the SAR. The hysteresis losses measured from the areas of

7
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the minor hysteresis loops (Figure 3(d)) or from the heating rates of the individual magnetosomes in the
gel (Figures 3(b) and 3(c)) lie between ~ 220 W/gr. and ~ 430 W/gr. (Figure 3(e)), which are similar
values than the hysteresis losses estimated for the extracted chains of magnetosomes (Figure 2(e)).
Therefore, the difference in SAR observed between the extracted chains of magnetosomes and the
individual magnetosomes suspended in liquid must result from a difference in the contribution of the
rotation to the heating mechanism. Equation 2 predicts that the SAR due to the rotation of the individual
magnetosomes suspended in liquid should be the same as that deduced for the chains of magnetosomes,
SARot ~ 3600 W/gre at 23 mT. Therefore the lower heating rate observed for the extracted individual
magnetosomes is likely due to the fact that the latter are more prone to aggregation than the chains of
magnetosomes. Aggregation of the individual magnetosomes is clearly evident using electron
microscopy (Figure 3(a)) and can also be observed visually in liquid suspension. It prevents these
magnetosomes from rotating as easily as the extracted chains of magnetosomes. As can be deduced
from Figure 3(f), the contribution of the rotation to the heating mechanism lies between 44 % and 60 %
of the total SAR. These percentages are lower than those obtained with the extracted chains of

magnetosomes.

III Conclusion

In this study, we have examined the heat-production by intact whole magnetotactic bacterial cells,
extracted chains of magnetosomes and extracted individual magnetosomes exposed to an oscillating
magnetic field. The SAR of each of these three magnetic samples is larger than that reported for
smaller superparamagnetic nanoparticles. The predominant contribution to heat production by the
intact bacterial cells appears to be hysteresis losses while physical rotation and hysteresis losses are
both responsible for the generation of heat for the extracted chains of magnetosomes and individual

magnetosomes. Magnetosomes organized in chains produce a greater amount of heat than individual
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magnetosomes (suspended in liquid) probably due to the latter’s strong tendency to form aggregates in
liquid.

IV. Experimental section:

IV.1 Preparation of the samples:

Magnetospirillum magneticum strain AMB-1 magnetotactic bacteria are purchased from the ATCC
(ATCC 700274). The bacteria are cultivated using the growth medium recommended by the ATCC,
which contains in 1 L of distilled water, 5 mL of ATCC trace mineral supplement, 10 mL of ATCC
vitamin supplement, 2 mL of a ferric quinate solution, 0.45 mL of 0.1 % resazurin, 0.68 g of KH2POs,
0.12 g of NaNOs, 0.035 g of ascorbic acid, 0.37 g of tartaric acid, 0.37 g of succinic acid and 0.05 g of
sodium acetate. The ATCC vitamin supplement solution (ATCC MD-VS) is prepared by adding to 1 L
of distilled water 2 mg of folic acid, 10 mg of pyridoxine hydrochloride, 5 mg of riboflavin, 2 mg of
biotin, 5 mg of thiamine, 5 mg of nicotinic acid, 5 mg of pantothenic acid, 0.1 mg of vitamin B12, 5 mg
of p-aminobenzoic acid, 5 mg of thioctic acid and 900 mg of monopotassium phosphate. The solution of
mineral supplement (ATCC MD-TMS) is prepared by adding to 1 L of distilled water 0.5 g of EDTA, 3
g of MgS04.7H>0, 0.5 g of MnSO4.H>0, 1 g of NaCl, 0.1 g of FeSO4.7H>0, 0.1 g of Co(NO3)..6H>0,
0.1 g of CaClz (anhydrous), 0.1 g of ZnS0O4.7H20, 0.01 g of Na;WO4.2H>0 and 0.02 g of NiCl2.6H:2O.
The ferric quinate solution is prepared by adding to 100 mL of distilled water 0.27 g of FeCl3 and 0.19 g
of quinic acid. After having added the chemicals indicated above, the pH of the growth media is
adjusted to 6.75 using a 1 M NaOH solution. The growth media is then autoclaved at 121 °C for 15 min.
The bacteria provided by the ATCC are warmed up to room temperature and introduced in the three
different growth media. The bacteria are kept at room temperature for one week until a change in the

coloration of the growth medium is observed (from pink to white).
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Three different types of samples are prepared from intact whole cells of M. magneticum. Cells are
harvested at stationary phase and by centrifugation at 8000 rpm for 15 minutes. The supernatant (spent
growth medium) is discarded and cells are resuspended in 3 mL of deionized water. For suspensions of
whole intact cells, this sample is not treated further. To extract the chains of magnetosomes, 1 ml of the
cell suspension is recentrifuged and resuspended in a 10 mM Tris.HCI buffer (pH ~ 7.4) and then
sonicated for 60 min. at 30 W to lyse releasing the chains of magnetosomes. After sonication, the
suspension of extracted chains of magnetosomes is placed next to a strong magnet and the supernate
containing cells debris and organic material is removed. The magnetosome chains are washed 10 times
in this way and are finally resuspended in dionized water. Individual magnetosomes (not in chains) are
obtained by heating the suspension of magnetosome chains for five hours at 90 °C in the presence of 1
% sodium dodecyl sulfate (SDS) in dionized water to disrupt the magnetosome membranes. Individual
magnetosomes are washed as described for magnetosome chains and resuspended in dionized water.
IV.2 Characterization of the samples:

Samples are examined using a JEOL model JEM 1011 transmission electron microscope (JEOL
Ltd, Tokyo) operating at 100 kV. Five pl of a solution containing 2 10 % in weight of magnetosomes
are deposited on a carbon-coated copper grid and the grids are allowed to dry before examination. The
same relative quantity of magnetosomes are used to prepare all samples, thus aggregation in a
particular sample does not arise from a difference in the concentration of the magnetosomes.

Magnetic measurements are carried out using a vibrating sample magnetometer (VSM, Quantum
design, San Diego). For magnetic measurements, 25 ul of a liquid suspension of magnetotactic
bacterial cells, extracted chains of magnetosomes or extracted individual magnetosomes containing 2
10 % in weight of magnetosomes, are deposited on top of a silica substrate. The samples are then

positioned inside a capsule made of hard gelatin in a direction parallel to that of the magnetic field.

10
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Three types of magnetic measurements are performed, those of the saturating isothermal remanent
magnetization (SIRM) and major or minor hysteresis loops. The SIRM measurements are used to
determine the composition of the magnetosomes following a method similar to that previously
described (15) and show that the magnetosomes have been almost completely oxidized in maghemite.
This result is expected since we don’t use fresh suspensions of magnetotactic bacteria and
magnetosomes are known to oxidize in maghemite over time (24). The fact that the magnetosomes are
made of maghemite instead of magnetite does not change the conclusions drawn in this paper since
maghemite and magnetite have very similar magnetic properties at room temperature (15). Major
hysteresis loop measurements are carried out at 300 K in order to determine the amount of maghemite
contained within sample. The latter is determined by dividing the saturating magnetization of the
samples by the saturating magnetization of maghemite. For nanoparticles as large as the
magnetosomes, the saturating magnetization is that of the bulk material (in this case bulk maghemite)
(ref). Finally, measurements of minor hysteresis loops are also carried out by recording the
magnetization of the samples as a function of a continuous magnetic field, which is applied between —
Ho and Ho where Ho is 23 mT, 36 mT, 66 mT or 88 mT.

IV.3 Heating experiments:

These experiments are carried out with the whole bacteria, extracted chains of magnetosomes and
extracted individual magnetosomes either suspended in ultrapure water (18,6 MQ) or in aqueous
agarose gel (2 % by weight). The concentration of maghemite is 457 pg mL™! for the liquid suspension
containing the whole cells, 435 ug mL™! for that containing the extracted chains of magnetosomes and
380 ug mL™! for that containing the extracted individual magnetosomes. 250 ul of each of these three
suspensions are poured inside polypropylene tubes and positioned at the center of a coil producing an

oscillating magnetic field of frequency 108 kHz, the field amplitude being fixed at 23 mT, 36 mT, 66

11

26/06/17



mT or 88 mT. In order to generate the alternating current, the coil is connected to a generator (Celes
inductor C97104) and the temperature is measured using an optical fiber probe (Luxtron STF-2, BFi

OPTiLAS SAS).

Figures legends.

Figure 1. Magnetic properties of intact cells of the magnetotactic bacterium Magnetospirillum
magneticum strain AMB-1 containing chains of magnetosomes. (a) Transmission electron micrograph
(TEM) of two cells of Magnetospirillum magneticum strain AMB-1 containing chains of
magnetosomes; (b) Variation of the temperature of a suspension of intact magnetotactic bacterial cells
as a function of time when the suspension is subjected to an oscillating magnetic field of frequency
108 kHz and magnetic field amplitude of 23 mT. The dark and red lines correspond to the suspension
of cells in water (sol) and in a 2 % agarose gel (gel), respectively. AT/dt represents the slopes of the
variation of the temperature with time measured at 22 °C; (c) Same as in (b) for a magnetic field
amplitude of 88 mT; (d) Minor hysteresis loops of the whole bacteria measured at 23 mT (squares) or
88 mT (line). (e) Surface absorption rate (SAR) of a suspension of magnetotactic bacteria contained
either in water, (up triangle), or in a gel, (square), as a function of magnetic field amplitude. The
hysteresis losses measured from the area of the minor hysteresis loops of a suspension of
magnetotactic bacteria contained in a gel, (circle). (f): Plots in column bars of the SAR of the intact
cells measured at 23 mT and 88 mT. The blue box represents the contribution due to the hysteresis

losses.
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Figure 2. Properties of the extracted chains of magnetosomes from cells of Magnetospirillum
magneticum strain AMB-1. (a): TEM of extracted chains of magnetosomes; (b) Increase in
temperature of the extracted chains of magnetosomes as a function of time in the presence of an
oscillating magnetic field of frequency 108 kHz and field amplitude 23 mT. The dark and red lines
indicate the heating rate of to the extracted chains of magnetosomes suspended in water (sol) or in a 2
% agarose gel (gel) respectively. AT/t represents the slopes of the variation of the temperature with
time measured at 22°C; (c¢) Same as in (b) for a magnetic field amplitude of 88 mT; (d) Minor
hysteresis loops of extracted chains of magnetosomes at 23 mT (square) and 88 mT (line). (¢) SAR
measured from the slope at 22 °C of the heating rate of the extracted chains of magnetosomes
suspended in water, (up triangle), or in a gel, (square), as a function of the magnetic field amplitude.
Hysteresis losses measured from the area of the minor hysteresis loops of a suspension of extracted
chains of magnetosomes contained in a gel, (circle). (f): Plots in column bars of the SAR of the
extracted chains of magnetosomes measured at 23 mT and 88 mT. Blue and green boxes represent the
contributions arising from the hysteresis losses and rotation of the chains of magnetosomes

respectively.

Figure 3. Properties of extracted individual magnetosomes from cells of Magnetospirillumm
magneticum strain AMB-1. (a): TEM of an assembly of extracted individual magnetosomes; (b)
Increase in temperature of the extracted individual magnetosomes as a function of time when an
oscillating magnetic field of frequency 108 kHz and amplitude 23 mT is applied. The dark and red
lines indicate the variations in temperature of the individual magnetosomes suspended in water (sol) or
in a 2 % agarose gel (gel), respectively. AT/ot represents the slopes of the variation of the temperature

with time measured at 22 °C; (c) Same as in (b) for magnetic field amplitude of 88 mT. (d): Minor
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hysteresis loops of the individual magnetosomes measured at 23 mT (square) and 88 mT (line); (e)
SAR measured from the slope at 22 °C of the heating rate of the individual magnetosomes contained
either in water, (up triangle), or in a gel, (square), as a function of the magnetic field amplitude.
Hysteresis losses measured from the area of the minor hysteresis loops of the individual
magnetosomes contained in a gel, (circle). (f): Plots in column bars of the SAR of the individual
magnetosomes measured at 23 mT and 88 mT. Blue and green boxes represent the contributions

arising from the hysteresis losses and rotation of the chains of magnetosomes respectively.
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