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ABSTRACT: Magnetotactic bacteria have been proposed as ideal biological
nanorobots due to the presence of an intracellular chain of magnetic nanoparticles
(MNPs), which allows them to be guided and controlled by external magnetic fields
and provides them with theragnostic capabilities intrinsic to magnetic nanoparticles,
such as magnetic hyperthermia for cancer treatment. Here, we study three different
bacterial species, Magnetospirillum gryphiswaldense (MSR-1), Magnetospirillum magnet-
icum (AMB-1), and Magnetovibrio blakemorei (MV-1), which synthesize magnetite
nanoparticles with different morphologies and chain arrangements. We analyzed the
impact of these parameters on the effective magnetic anisotropy, Keff, and the heating
capacity or Specific Absorption Rate, SAR, under alternating magnetic fields. SAR
values have been obtained from the area of experimental AC hysteresis loops, while Keff
has been determined from simulations of AC hysteresis loops using a dynamic Stoner−
Wohlfarth model. The results demonstrate a clear relationship between the effective
magnetic anisotropy and the heating efficiency of bacteria. As the Keff value increases, the saturated SAR values are higher; however,
the threshold magnetic field required to observe a SAR response simultaneously increases. This factor is crucial to choose a bacterial
species as the optimal hyperthermia agent.
KEYWORDS: specific absorption rate, magnetic anisotropy, magnetosome morphology, Stoner−Wohlfarth model, magnetotactic bacteria,
Magnetospirillum gryphiswaldense MSR-1, Magnetospirillum magneticum AMB-1, Magnetovibrio blakemorei MV-1

■ INTRODUCTION
Cancer remains one of the leading causes of death worldwide.
In 2020, 19.3 million new cancer cases and approximately 10
million cancer-related deaths were reported worldwide.1 This
figure highlights the urgent need for innovative and more
efficient treatment approaches to complement existing ones.
Novel strategies must address inherent limitations of standard
treatments, including nonselective cytotoxicity and nonspecific
targeting. In recent decades, various entities, such as magnetic
nanoparticles (MNPs),2,3 bacteria,4−7 and viruses,8−10 have
been proposed as potential nanorobots to treat tumors. MNPs
offer a significant advantage as magnetic hyperthermia therapy
agents: MNPs can be injected into the tumor area, and upon
application of an alternating magnetic field, they undergo a
hysteresis loop, dissipating energy and raising the tumor’s
temperature.11 This process induces apoptosis in cancer cells
while sparing healthy ones. The use of MNPs in hyperthermia
has been explored extensively in several key reviews, which
discuss the optimization of magnetic nanoparticles for
hyperthermia applications and their clinical potential.12,13

However, despite these extensive studies and numerous efforts
to improve their magnetic and heating properties,14−16 MNPs
exhibit several limitations, such as the absence of self-
propelling mobility, low environmental responsiveness, and

limited targeting efficiency. Bacterial therapy, on the other
hand, capitalizes on motility, which enables bacteria to actively
penetrate deep into the tumor tissue, thereby stimulating the
immune system.4

Magnetotactic bacteria (MTB) have emerged as promising
biological nanorobots, as they combine the advantages of
MNPs and bacterial therapy.17−20 MTB are motile aquatic
microorganisms capable of aligning along the Earth’s magnetic
field due to intracellular magnetic nanoparticles, called
magnetosomes, which they synthesize and arrange into chains
along the cell’s longitudinal axis.21,22 It must be noted that the
composition, morphology, and size of magnetosomes vary
among bacterial species, indicating strict genetic control over
their formation.23−26 The magnetic response and heating
capacity of each bacterial species depend on parameters such
as the magnetic anisotropy of the magnetosome, determined
mainly by the competition between magneto-crystalline and
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shape anisotropies, and the assembly of magnetosomes into
chain structures that determines the dipolar interaction.27−29

One of the initial studies on the heating efficiency of whole
magnetotactic bacteria (MTB) was conducted by Alphandery
et al. in 201130 using the Magnetospirillum magneticum (AMB-
1) species. In this study, the authors compared the heating
efficiency of individual magnetosomes, magnetosome chains
extracted from MTB, and the whole MTB. They demonstrated
that whole inactive MTB in a gel could generate heat with a
SAR of 125 W/gFe (90 W/gFed3Od4

) at 40 mT and 183 kHz,
although this heating efficiency was lower compared to that of
extracted magnetosome chains and individual magnetosomes.
More recently, Gandia et al.31 investigated the heating
efficiency of Magnetospirillum gryphiswaldense (MSR-1) and
compared the results with those obtained from isolated
magnetosomes, both dispersed in water, finding that the
heating efficiency of bacteria doubles that of the isolated
magnetosomes.

In this work, we carried out a comparative study of the
heating efficiency of three different bacterial species: M.
gryphiswaldense (MSR-1), M. magneticum (AMB-1), and
Magnetovibrio blakemorei (MV-1). Each species synthesizes
magnetosomes of distinct morphologies and chain arrange-
ments, and therefore different shape anisotropy and dipolar
interactions are expected. However, all magnetosomes share
the same magnetite composition, thereby maintaining constant
magneto-crystalline anisotropy.

The bibliography provides a thorough description of the
morphology of the magnetosomes synthesized by each of the
studied species.25,26,32,33 MSR-1 and AMB-1 bacteria exhibit a
spirillum morphology, with their magnetosomes shaped as
cuboctahedra of 40−45 nm mean diameter.34−36 The key
difference between both species lies in the arrangement of their
magnetosomes within their chain: MSR-1 features a con-
tinuous chain at midcell, whereas AMB-1 displays a fragmented
chain spanning the whole cell length.33,37 In contrast, MV-1
bacteria exhibit a vibrio to spirillum shape and synthesize
elongated magnetosomes with truncated hexa-octahedral
morphology, with a mean size of around 35 × 35 × 53
nm3.32,38,39

In the present work, we have observed the main
morphological characteristics of these bacteria by transmission

electron microscopy (TEM). The heating efficiency or specific
absorption rate, SAR, has been evaluated at room temperature
using an AC magnetometer. In these measurements, SAR
values are obtained from the area of the AC hysteresis loops
under an applied alternating magnetic field of frequency f =
132 kHz. A dynamic Stoner−Wohlfarth model has been
employed to simulate the AC hysteresis loops. This has
allowed the determination of the effective uniaxial anisotropy,
Keff, which defines the magnetic behavior and therefore the
heating capacity of each species. The obtained Keff values are
11 kJ/m3 for MSR-1, 18 kJ/m3 for AMB-1, and 28 kJ/m3 for
MV-1. The magnetic anisotropy determines the maximum
heating efficiency value that can be reached for each species:
SARsat/f = 8, 12, 16.4 W g−1 kHz−1 for MSR-1, AMB-1 and
MV-1, respectively. Furthermore, it defines the minimum
magnetic field amplitude that must be applied to attain those
SAR values.

■ MATERIALS AND METHODS
Magnetotactic Bacteria Culture. The M. gryphiswaldense strain

MSR-1 (DSMZ: DSM 6361) and M. magneticum strain AMB-1
(ATCC: 700264) cells were cultured at 28 °C in flask standard
medium (FSM): 10 mM HEPES, 735 μM KH2PO4, 600 μM of
MgSO4·7H2O, 4 mM of NaNO3, 0.01% (wt/vol) of yeast extract,
0.3% (wt/vol) of soybean peptone, 0.3% (wt/vol) of sodium pyruvate
and 100 μM of Fe (III)-citrate. Both were cultured without shaking in
100 mL bottles with 80 mL of culture media to get a low oxygen
concentration. MSR-1 bacteria were collected after 48 h to ensure the
presence of well-formed magnetosome chains. AMB-1 bacteria were
collected after 96 h of incubation.

The Magnetovibrio blakemorei strain MV-1 (DSMZ: DSM 18854)
was cultured under anaerobic conditions at 30 °C in a medium
containing per liter of artificial seawater (ASW): 0.4% (wt/vol) of
sodium succinate × 6H2O, 0.08% (wt/vol) of sodium acetate, 0.1%
(wt/vol) casamino acids (BD Bacto), 18.7 mM NH4Cl, 5 mL Wolfe’s
mineral solution and 50 μL of 1%(w/v) resazurine. After autoclaving,
0.5 mL BME Vitamins 100× solution (Sigma-Aldrich, B6891), 1.8 mL
of PO4 buffer (0.5 M), 0.3 mL of FeCl2 (10 mM) and 10 mL of
freshly made cysteine solution (0.25 M) were added to the media and
the pH was adjusted to 7. The media was then distributed into sterile
Hungate tubes and fluxed for 20 min with N2O. The bacteria were
collected after 144 h of incubation.

In all three cases, bacteria were harvested by centrifugation at
16,000 g for 10 min at 4 °C, fixed with 2% glutaraldehyde and washed

Figure 1. TEM images of Magnetospirillum gryphiswaldense (MSR-1), Magnetospirillum magneticum (AMB-1), and Magnetovibrio blakemorei (MV-1)
with a schematic representation of the magnetosome morphology synthesized by each species: distorted cuboctahedral for MSR-1 and AMB-1, and
truncated hexa-octahedral for MV-1. In the inset, a histogram with the mean diameter distribution of magnetosomes for MSR-1 and AMB-1 and
the width (W) and length (L) distribution of magnetosomes for MV-1.
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three times using PBS. Cultured bacteria were counted under the
microscope with acridine orange staining, and final concentration up
to ∼1011 cells/mL was achieved by adjusting the volume of bacteria
culture employed and the volume of Milli-Q water concentrated in.
Transmission Electron Microscopy. Transmission electron

microscopy (TEM) was performed on unstained cells adsorbed
onto 300 mesh carbon-coated copper grids. TEM images were
obtained with a JEOL JEM-1400 Plus electron microscope at an
accelerating voltage of 120 kV.

The crystal sizes were determined by measuring the major (length,
L) and minor (width, W) axes of the best-fitting ellipse of the TEM
images. The mean diameter was defined as (L + W)/2, and the shape
factor as W/L. The bacteria length requires first obtaining the central
curve that connects the two opposite ends of the bacteria through a
skeletonisation process.40 By measuring the length of the central
curve, the length of the bacterium was obtained. On the other hand,
the chain of magnetosomes was calculated by measuring the length of
the curve passing through the centroid of each magnetosome.
Magnetic Hyperthermia. Magnetic hyperthermia studies have

been performed using a homemade AC magnetometry setup.41 The
magnetic field amplitude ranged between 0 and 90 mT, with a
frequency of 132 kHz. For these measurements, we prepared
suspensions of bacteria in distilled water with a cell concentration
of ∼1011 cell/ml for MSR-1 and MV-1 and ∼0.5 × 1011 cell/ml for
AMB-1. The volume of the sample vial was 100 μL.

The magnetite concentration of all studied samples was determined
through the DC hysteresis loops by using a vibrating sample
magnetometer (VSM) with a magnetic field up to 1 T. The total
magnetite concentrations were 0.28, 0.11, and 0.38 mg Fe3O4 mL−1

for MSR-1, AMB-1 and MV-1 bacteria, respectively.

■ EXPERIMENTAL RESULTS
Transmission electron microscopy (TEM) was employed for the
morphological characterization of the magnetosomes and magneto-
some chain of each species. Figure 1 illustrates the primary
characteristics of the three species under study. Both MSR-1 and
AMB-1 bacteria exhibit a spirillum morphology, with their magneto-
somes having a cuboctahedral shape33,35−37 and a mean diameter of
∼40−45 nm, while MV-1 bacteria display a vibrio to spirillum
morphology and produce elongated magnetosomes with a truncated
hexa-octahedral morphology,32,38,39 as expected. The main difference
between MSR-1 and AMB-1 lies in the arrangement of their
magnetosomes within the chain: MSR-1 exhibits a complete chain,
whereas AMB-1 species display a fragmented one.

From the analysis of the TEM images we have determined the
average number of magnetosomes per cell (Nm), length (Lm) and
width (Wm) of magnetosome, the mean diameter (Wm + Lm)/2 and
the shape factor (Wm/Lm). We have also determined the length of the
magnetosome chain (Lmc) and the cell (Lcell). All these data are
presented in Table 1 with the standard deviations shown in
parentheses. The histograms are shown in the Supporting
Information, Figures S1−S5.

The average number of magnetosomes per chain is similar for the
three different bacterial species, ranging from 23(10) to 31(9). Crystal
size was determined by measuring the width (Wm) and length (Lm) of
the best-fitting ellipse of the magnetosome TEM images. The mean
diameter was calculated as (Wm + Lm)/2 for MSR-1, 41(7) nm, and
AMB-1, 45(8) nm.

On the other hand, the magnetosome shape factors (Wm/Lm)
found for the different bacterial species are very similar to those
reported by other authors: 0.92(5) for MSR-1,42 0.89(6) for AMB-
143,44 and 0.7(1) for MV-1.45 This parameter is a key issue for
understanding the effective magnetic anisotropy since it defines the
shape anisotropy of the magnetosome. Finally, regarding the
morphology of the bacteria and the magnetosome chain, the most
remarkable difference between them is that in MSR-1 and MV-1 the
chain is located in the center of the cell, whereas in AMB-1 the
magnetosome chain is fragmented and spans the entire cell, resulting
in a longer chain.

The SAR response of each species was determined by measuring
the hysteresis loops using an AC magnetometer, since the area of the
AC hysteresis loop is proportional to the magnetic energy losses
arising from Brownian and Neél relaxation contributions.46,47 The
measured hysteresis loops for MSR-1, AMB-1 and MV-1 bacteria are
presented in Figure 2. Several noteworthy observations can be made
regarding the evolution of these AC loops. All species exhibit similar
behavior: as the applied magnetic field increases, the AC loops change
from an anhysteretic shape at very low magnetic fields to a lancet
shape at medium amplitudes, and finally to a rectangular one at high
magnetic fields.

The appearance of rectangular hysteresis loops clearly indicates that
the whole bacterium orientates in the direction of the applied
magnetic field, giving rise to the typical Stoner−Wohlfarth hysteresis
loop for an uniaxial system in which the easy axis is parallel to the
applied magnetic field. This is the optimal configuration to maximize
the area of the hysteresis loop and therefore achieve the highest
heating efficiency.48

The heating efficiency is quantified by the specific absorption rate
value, SAR, given by47

Table 1. Average Number of Magnetosomes per Cell (Nm), Length (Lm) and Width (Wm) of Magnetosome, Mean Diameter
(Wm + Lm)/2, Shape Factor (Wm/Lm), Magnetosome Chain Length (Lmc) and Cell Length (Lcell).

bacterial species Nm Wm (nm) Lm (nm) (Wm + Lm)/2 (nm) Wm/Lm Lmc (nm) Lcell (nm)

MSR-1 25(8) 39(7) 42(7) 41(7) 0.92(5) 1500(500) 4000(600)
AMB-1 31(9) 42(9) 47(8) 45(8) 0.89(6) 3000(900) 4300(700)
MV-1 23(10) 36(11) 54(8) 0.7(1) 1700(600) 3100(700)

Figure 2. AC hysteresis loops measured at 132 kHz for Magnetospirillum gryphiswaldense (MSR-1), Magnetospirillum magneticum (AMB-1), and
Magnetovibrio blakemorei (MV-1) bacteria dispersed in water. The legend shows the maximum amplitude of the applied AC magnetic field.
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= ·f
c

M HSAR (W/g) d .t t0 (1)

Here, Mt is the instantaneous magnetization at time t; Ht represents
the amplitude of the alternating magnetic field of frequency f at time t;
and c is the weight concentration of magnetosomes in the medium.

Figure 3 displays the evolution of the SAR values as a function of
the applied magnetic field amplitude, μ0H, for MSR-1, AMB-1, and

MV-1 dispersed in water. It is noteworthy that the qualitative SAR
response to the magnetic field amplitude is very similar in all species.
First, at low magnetic fields, SAR values are negligible; then, once a
species dependent threshold field is reached (see μ0Hth values in
Table 2), SAR shows a rapid increase. Finally, above a species

dependent magnetic field (see μ0Hsat values in Table 2), SAR reaches
saturation. To this respect, previous studies have demonstrated that
tuning the particle size and magnetic anisotropy of iron oxide MNPs
can effectively modulate the threshold field and enhance the SAR
values.49,50

These findings clearly demonstrate that the morphology of the
magnetosomes and their chain arrangement significantly influence the
heating efficiency of the bacteria, with each species showing their
optimal heating results at different working field amplitudes. In
addition, these results showcase that bacteria suspended in water
exhibit significantly higher SAR values compared to immobilized
bacteria or isolated magnetosomes, as previously observed in other
studies.20,31

■ DYNAMIC STONER-WOHLFARTH SIMULATIONS
The bacteria dispersed in water behave as highly anisotropic
magnetic dipole system, due to the presence of their
magnetosome chain and the capability to orientate themselves
with magnetic field. In this system, the intrinsic magneto-
crystalline cubic anisotropy, characteristic of magnetite, plays a
minor role in the definition of the hysteresis loops.51 To
analyze them, we conducted simulations using a dynamic
Stoner−Wohlfarth model for an uniaxial anisotropy system.
The uniaxial system is defined by an effective anisotropy, Keff,
arising from the shape anisotropy and dipolar interactions
between the magnetosomes in the chain.

A comprehensive description of this model can be found in
ref 52. In summary, we treated the magnetosome chain as a
collection of independent single-domain particles, thermally
stable at room temperature. The energy density of a magnetic
single domain, E(θ, ϕ) depends on the orientation of the
magnetization, um, with θ and ϕ being the polar and azimuthal
angles, in spherical coordinates. For an uniaxial anisotropy
system, with easy axis, uuni, the energy density E(θ, ϕ) in the
presence of an external AC magnetic field, =H H t usin( ) H0 ,
is given by

= · ·E K u u M H u u( , ) (1 ( ) ) ( )m meff uni
2

0 s H (2)

The determination of MH (magnetization projection over
H), for a given function E(θ, ϕ), is carried out using a simple
dynamical approach to consider the thermal activation. In this
approach, the magnetization of the single domain can switch
between available energy minima states at a rate determined by
the well-known Arrhenius law,53

=t( ) eij
E V k

0
/ Ti j, B (3)

where ν0 is the attempt frequency, which we have considered
as ν0 ≈ 109 Hz.52,54 The term ΔEi,jV represents the energy
barriers between such minima, with V being the particle
volume, which can be calculated from the field-dependent
energy landscape. Finally, kBT is the thermal energy. All the
experiments in this work have been performed at room
temperature.

The magnetization, MH, is given by

= ·M M p H u H u t(t) ( ) ( ) ( )
i

i iH H
(4)

where pi(H) are the probabilities of finding the magnetization
in state i, and u t( )i are the director vectors that define the
positions of the energy minima, which depend on the external
field =H t H t u( ) sin( )0 H.

In this way, probabilities pi(H) can be calculated by
numerically solving ordinary differential equations

=
p

t
p p( )i

i
i

i
i i

j
j j

j
j

(5)

This equation illustrates that the change in population i is
determined by the balance between incoming jumps (first
term) and outgoing jumps (second term) to or from the other
minimum states. This balance ensures the conservation of
magnetization ∑pi = 1.

For low magnetic fields, the bacteria are considered to be
randomly dispersed in water. The application of an external
magnetic field will result in the bacteria orienting themselves in

Figure 3. Specific absorption rate, SAR, measured at 132 kHz as a
function of magnetic field amplitude for Magnetospirillum gryphiswal-
dense (MSR-1), Magnetospirillum magneticum (AMB-1), and Magneto-
vibrio blakemorei (MV-1) bacteria dispersed in water.

Table 2. H0 th: Threshold Field to Observe a SAR
Response; H0 sat: Minimum Value of Applied Magnetic
Field to Reach the Saturation Value of Specific Absorption
Rate; SARsat/f: Saturation Value of Specific Absorption Rate
Normalized by the Frequency; Keff (σK): Effective Uniaxial
Anisotropy and the Standard Deviation Used for the
Simulations

bacterial
species

μ0Hth
(mT)

μ0Hsat
(mT)

SARsat/f
(Wg−1 kHz−1)

Keff (σK)
(kJ m−3)

MSR-1 21 41 8 11 (2)
AMB-1 29 55 12 18 (4)
MV-1 36 83 16,4 28 (4)
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the direction of the field. Even when working with magnetic
nanoparticles, it has been observed that the application of an
alternating magnetic field can result in the formation of chains
of nanoparticles, which is dependent on the amplitude of the
magnetic field.55−57 To account for this phenomenon, a
Gaussian angular distribution, P(α), has been introduced into
the magnetization expression, where the standard angular
deviation, σα, will model the angular deviation of bacteria with
the direction of the applied magnetic field. Furthermore, to
incorporate a dispersion of the anisotropy constant we have
also included a Gaussian distribution for the uniaxial
anisotropy constant, P(K), which accounts for variability in
the shape of the magnetosomes. Finally, the magnetization is
given by

=M P P K K M d( )d ( )d H
0

/2

0 (6)

Figure 4 presents a comparison between the simulations and
the experimental AC hysteresis loops (see Supporting
Information for more detail). There is an excellent agreement
between both data, experimental and simulations, for an
effective anisotropy value, Keff, characteristic of each bacterial
species and given in Table 2.

It should be noted that the simulations were conducted
under the assumption that for each magnetic field amplitude,
bacteria dispersed in water would have a different orientation
with respect to the applied magnetic field direction. For
magnetic fields below a threshold value, μ0H < μ0Hth, bacteria
are assumed to be randomly distributed. For magnetic fields
higher than the threshold field, μ0H > μ0Hth, bacteria begin to
orientate themselves in the direction of the applied magnetic
field. As the amplitude of the magnetic field is increased, the
orientation of bacteria is higher and as a consequence the
standard angular deviation values, σα, decrease. At a certain
magnetic field, μ0H = μ0Hsat, the field at which the SAR/f

Figure 4. Experimental (o) and simulated (�) AC hysteresis loops measured at 132 kHz at different amplitudes of the magnetic field for
Magnetospirillum gryphiswaldense (MSR-1), Magnetospirillum magneticum (AMB-1), and Magnetovibrio blakemorei (MV-1) bacteria dispersed in
water.

Figure 5. Experimental (o) and simulated (□) specific absorption rate normalized by the frequency f = 132 kHz, SAR/f, for Magnetospirillum
gryphiswaldense (MSR-1), Magnetospirillum magneticum (AMB-1), and Magnetovibrio blakemorei (MV-1) bacteria dispersed in water. (◊) Standard
angular deviation, σα, of bacteria with respect to the direction of the applied magnetic field. A schematic representation of the orientation of bacteria
is included.
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reaches saturation, the bacteria exhibit near-complete
orientation with the direction of the applied magnetic field,
thus σα reaching the minimum value. The σα values are shown
in Figure 5.

Finally, the fSAR/ values are obtained from the area of the
simulated hysteresis loops. These are presented in Figure 5
together with the experimental data, which demonstrate a
perfect match.

■ DISCUSSION
The magnetotactic bacteria, due to the presence of the
magnetosome chain, exhibit an effective uniaxial magnetic
anisotropy, Keff, that can be readily simulated with a dynamical
Stoner−Wohlfarth model. This uniaxial anisotropy arises from
the shape anisotropy of the magnetosomes and the dipolar
interaction between the magnetosomes in the chain. The Keff
values utilized in the simulation are presented in Table 2. For
the MSR-1 and AMB-1 species, the effective anisotropy values
are 11(2) and 18(4) kJ m−3, respectively. The values obtained
are highly comparable to those derived from the analysis of DC
hysteresis loops, 12(1) and 16(4) kJ m−3 for MSR-1 and AMB-
1 respectively.37,58 Both bacterial species synthesize magnetite
with cuboctahedral morphology. This morphology results in a
cubic anisotropy, but previous results of electron cryo-
tomography have demonstrated that the magnetosomes
produced by MSR-1 exhibit a distinct shape distortion:35

10% distortion on the <111> direction and 7,5% on the <100>
direction, resulting in a uniaxial shape anisotropy of 7 kJ/m3.
This is consistent with the shape factor found from the TEM
analysis for MSR-1, Wm/Lm = 0.92(5). In addition, the higher
value of the effective magnetic anisotropy found for AMB-1 is
consistent with the lower shape factor for AMB-1, Wm/Lm =
0.89(6). In contrast, the MV-1 species presents an effective
magnetic anisotropy constant of 28(4) kJ m−3. This value is
notably higher, reflecting the fact that this species synthesizes
elongated magnetosomes, with a shape factor of 0.7(1), which
give rise to a strong uniaxial shape magnetic anisotropy of 22 kJ
m−3 as determined by finite element simulations.38

Finally, it should be noted that the different effective
magnetic anisotropy arises from both variations in the
distortion of the magnetosomes shape and changes in the
dipolar interactions due to different magnetosome arrange-
ments.

In all simulations, the magnetosomes have been considered
to have the same effective volume regardless of the bacterial
species used. The center-to-center distance between magneto-
somes is approximately 60 nm.58 Consequently, the dipolar
interaction is not expected to vary significantly between
different species. However, it is important to note that the
AMB-1 species does not possess a continuous chain, which
may alter this interaction.

Simulated SAR/f values obtained from the area of the
simulated hysteresis loops, shown in Figure 5, demonstrate
that at low magnetic field strengths, there is no heating
response. Above the threshold field, the SAR/f values exhibit a
rapid increase due to two factors: the rotation of the
magnetization and the orientation of the bacteria in the
direction of the magnetic field. As previously stated, in order to
account for the rotational factor of the bacteria in the
magnetization process, a Gaussian distribution has been
introduced that considers the orientation of the bacteria with
respect to the applied field. The standard deviation used in
each case, σα, is shown in Figure 5. It can be observed that,

initially, the bacteria are randomly dispersed. Subsequently,
above a threshold field they begin to orientate themselves,
reaching a high orientation degree for fields where SAR/f
saturation takes place. The way the bacteria orient themselves
in the direction of the magnetic field depends on the magnetic
moment of each bacterium, the amplitude of the magnetic field
and the viscosity of the medium, but in this case the rotation is
mainly controlled by the high bacterial concentration used in
the SAR measurements. The SAR measurements were carried
out with a bacterial concentration around 0.5 1011 cells/mL for
AMB-1 and 1011 cells/mL for MSR-1 and MV-1. However, in
the case of MV-1, it is important to note that not all individual
bacteria possess magnetosome chains. This results in difficulty
in orienting the bacteria in the direction of the magnetic field,
which in turn leads to a higher final standard angular deviation
of the magnetosome chain, σα = 30°.

Finally, as the Keff value is increased, the saturated SAR/f
values become higher, but at the same time the threshold
magnetic field for observing a SAR response increases as well.
This is a crucial aspect to consider when selecting a species to
be employed as a hyperthermia agent.

■ CONCLUSIONS
We have carried out a systematic study of the heating
efficiency, SAR, of different magnetotactic bacterial species that
synthesize magnetosomes with different morphologies and
different chain arrangements. The SAR values, measured at a
frequency of 132 kHz, were obtained from the area of the AC
hysteresis loops. All the species studied show a similar
qualitative SAR behavior as a function of the applied field,
i.e. the response is very weak at low fields and above a
threshold magnetic field, which depends on the species, the
SAR increases rapidly until saturation is reached. The values of
the effective uniaxial anisotropy of each species were obtained
by simulating the AC hysteresis loops using the dynamic
Stoner−Wohlfarth model. From the simulations it was
observed that as the Keff value increases, there is a
corresponding increase in the saturated SAR values. However,
the threshold magnetic field required to observe a SAR
response becomes larger too.

The findings in this work underscore the importance of
considering both magnetic anisotropy and threshold field
requirements when selecting a species for use as a hyper-
thermia agent. The species with the highest magnetic
anisotropy is not necessarily the most suitable, as it demands
the application of a higher magnetic field to achieve an optimal
response. This is critical for researchers working in hyper-
thermia, as it highlights the need to balance effective
anisotropy and field strength to optimize heating efficiency
and therapeutic efficacy.
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José Ángel García − Departamento de Física, Universidad del
País Vasco (UPV/EHU), 48940 Leioa, Spain

David de Cos − Departamento de Física, Universidad del País
Vasco (UPV/EHU), 48940 Leioa, Spain

Javier Alonso − Departamento CITIMAC, Universidad de
Cantabria (UC), 39005 Santander, Spain; orcid.org/
0000-0003-0045-5390

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.4c13152

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the Spanish MCIN/AEI/
10.13039/501100011033 under project PID2020-115704RB-
C31 and by Spanish MCIU/AEI/10.13039/501100011033/
FEDER, UE under project PID2023-146448OB-21 and the
Basque Government under projects IT-1479-22 and IT-1800-
22. L.G. would like to acknowledge the financial support
provided through a postdoctoral fellowship from the Basque
Government (POS_2022_1_0017). D.V. gratefully acknowl-
edges grant PRE2021-099247 funded by MCIN/AEI/
10.13039/501100011033 and by “ESF Investing in your
future”. We also thank R. Andrade for technical and human
support provided by SGIker (UPV/EHU/FEDER, EU).

■ REFERENCES
(1) Ferlay, J.; Colombet, M.; Soerjomataram, I.; Parkin, D. M.;
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