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ABSTRACT: Magnetotactic bacteria Magnetospirillum gryphiswal-
dense synthesize cubo-octahedral shaped magnetite nanoparticles,
called magnetosomes, with a mean diameter of 40 nm. The high
quality of the biosynthesized nanoparticles makes them suitable for
numerous applications in fields like cancer therapy, among others.
The magnetic properties of magnetite magnetosomes can be
tailored by doping them with transition metal elements, increasing
their potential applications. In this work, we address the effect of
Mn doping on the main properties of magnetosomes by the
combination of structural and magnetic characterization techni-
ques. Energy-dispersive X-ray spectroscopy, X-ray absorption near-
edge structure, and X-ray magnetic circular dichroism results reveal
a Mn dopant percentage of utmost 2.3%, where Mn cations are incorporated as a combination of Mn2+ and Mn3+, preferably
occupying tetrahedral and octahedral sites, respectively. Fe substitution by Mn notably alters the magnetic behavior of the doped
magnetosomes. Theoretical modeling of the experimental hysteresis loops taken between 5 and 300 K with a modified Stoner−
Wohlfarth approach highlights the different anisotropy contributions of the doped magnetosomes as a function of temperature. In
comparison with the undoped magnetosomes, Mn incorporation alters the magnetocrystalline anisotropy introducing a negative and
larger cubic anisotropy down to the Verwey transition, which appears shifted to lower temperature values as a consequence of Mn
doping. On the other hand, Mn-doped magnetosomes show a decrease in the uniaxial anisotropy in the whole temperature range,
most likely associated with a morphological modification of the Mn-doped magnetosomes.

■ INTRODUCTION

Magnetotactic bacteria are a group of aquatic microorganisms
widespread in freshwater and marine environments that can
passively align in the presence of magnetic fields while they
actively swim. This fascinating behavior is due to the presence
of intracellular membrane-enclosed single domain magnetic
nanoparticles, called magnetosomes, arranged in chains.1−4

Magnetosomes present a species-specific morphology and size,
and a precise mineral composition, in most cases magnetite.
The biological precision exhibited in the synthesis process
bestows exceptional properties on magnetosomes, which
attracts a lot of scientific attention, being excellent candidates
for biomedical applications.5−9 In addition, recent studies have
addressed the possibility of exploiting the whole magnetotactic
bacteria as microrobots for cancer treatment.10−12 These
microorganisms provide a self-propelling mechanism secured
by their flagella and the advantage to be manipulated and
guided, thanks to the presence of the magnetosome chain.
Furthermore, the biological structure of the magnetosome
chain of magnetotactic bacteria enhances the hyperthermia
efficiency compared with isolated magnetosomes and their
synthetic counterparts.13

Aiming to expand the range of applications of magneto-
somes and magnetotactic bacteria, the past decade has
witnessed a huge growth in the development of different
strategies to tailor magnetosome properties, which are
otherwise set by the genetic control of the bacteria. The
substitution of iron cations by transition metal dopants in
magnetite serves as a proven method to change the magnetic
properties of the magnetic nanoparticles.14 Under this premise,
Staniland et al.15 pioneered the in vivo Co doping of
magnetosomes under laboratory conditions by simply adding
certain amounts of this element into the culture medium.15

Since then, several groups have been able to dope magneto-
somes with different transition metals such as Co, Mn, and
Cu.16−22
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To this respect, doping the magnetosomes with Mn is
especially attractive due to the higher magnetization with
respect to magnetite, lower coercivity, and proven biocompat-
ibility evidenced in synthetic Mn-substituted magnetite
(MnxFe3−xO4) nanoparticles.23−25 There are several reports
in the literature addressing the incorporation of Mn into the
inner structure of magnetosomes synthesized by different
bacterial strains. Keim et al. first evidenced the presence of Mn
accumulation in the magnetosomes synthesized by mixed
populations of uncultured bacteria exposed to MnCl2.

26 They
detected up to 2.81 atomic % Mn by elemental analysis of thin
sections of the synthesized magnetosomes. Later, Tanaka et al.
analyzed the Mn doping ofMagnetospirillum magneticum AMB-
1 grown in a Mn-supplemented medium, reporting values of
2.7 atomic % Mn.16 In the same way, Prozorov et al. and Peŕez
Gonzalez et al. presented a detailed characterization of
magnetosomes in Magnetospirillum gryphiswaldense MSR-1
cells, grown in a Mn-containing medium, reaching values of
1 atomic % Mn cations.20,21 These studies evidenced the
tuning of the magnetic properties of the doped magnetosomes
as a consequence of Mn incorporation by a reduction of the
coercivity, an enhancement of the magnetic susceptibility, and
a shift to lower temperatures of the Verwey transition, a
fingerprint of magnetite. However, some key aspects as the
oxidation state and coordination of the Mn in the doped
magnetosomes and the origin of the resulting magnetic
behavior still remain largely unknown.
In this study, we address the Mn doping of magnetosomes

synthesized by M. gryphiswaldense MSR-1. M. gryphiswaldense
forms cubo-octahedral magnetite nanoparticles with an average
diameter of ≈40 nm and a narrow size distribution of ≈8 nm.
By the combination of structural and magnetic characterization
techniques such as transmission electron microscopy (TEM)
with energy-dispersive X-ray spectroscopy (EDX), X-ray
absorption near-edge structure (XANES), and X-ray magnetic
circular dichroism (XMCD), we evidence the presence of Mn
(up to 2.3 atomic %) in the magnetite structure. Our
measurements suggest that Mn cations are incorporated as a
combination of Mn2+ and Mn3+ preferably occupying
tetrahedral and octahedral sites, respectively. The incorpo-
ration of Mn strongly influences the magnetic behavior of the
synthesized magnetosomes. Theoretical modeling of the
hysteresis loops of the Mn-doped magnetosome chains with
a modified Stoner−Wohlfarth approach sheds light on the
different anisotropy contributions and their temperature
dependence.

■ EXPERIMENTAL SECTION
Bacterial Strain and Growth Conditions. M. gryphis-

waldense MSR-1 (DMSZ 6631) was grown in a modified flask
standard medium27 in three-fourth 1 L-bottles loosely capped
at 28 °C without shaking for 120 h, after which well-formed
magnetosomes were observed. Prior to the inoculation, the
growth medium was supplemented with different amounts of
Fe and Mn as Fe(III) and Mn(II)-citrates, respectively. Three
samples were produced: (i) undoped magnetosomes (100 μM
Fe(III)-citrate), (ii) Mn(100) (10 μM Fe(III)-citrate and 100
μM Mn(II)-citrate), and (iii) Mn(480) magnetosomes (10
μM Fe(III)-citrate and 480 μM Mn(II)-citrate).
Magnetosomes have been measured either in the whole cells

or isolated from the bacteria.
For the preparation of whole cell samples, the cells were

harvested by centrifugation, fixed in 2% glutaraldehyde, and

washed three times in mQ water and concentrated up to 108

cell/mL.
Complementarily, magnetosomes were isolated from the

bacteria following the protocol described by Grünberg et al.28

with minor modifications. The cells were collected by
centrifugation, suspended in 20 mM HEPES-4 mM EDTA
(pH = 7.4), and disrupted using a French press (P = 1.4 kbar).
The lysated cells were sonicated to promote the separation of
magnetosomes and centrifuged at 600 g for 5 min to remove
cell debris. Then, magnetosomes were collected from the
supernatant by magnetic separation and rinsed 10 times with
10 mM HEPES-200 mM NaCl (pH = 7.4). Finally, the
isolated magnetosomes were redispersed in ultra-pure water.

Transmission Electron Microscopy (TEM), Energy-
Dispersive X-ray Spectroscopy (EDX), and High-Reso-
lution TEM (HRTEM). TEM images were obtained on
unstained cells and isolated magnetosomes adsorbed onto
300 mesh carbon-coated Cu grids with a Philips CM200
electron microscope that includes an EDX detector at an
accelerating voltage of 200 kV. The particle-size distribution of
the isolated magnetosomes was analyzed using a standard
software for digital electron microscope image processing,
ImageJ.29 EDX spectra were acquired with a counting time of 5
min to optimize the signal-to-noise ratio while minimizing the
induced irradiation damage. The employed beam size was ∼65
nm, allowing the microanalysis of small clusters of several
magnetosomes. Five spectra were acquired and averaged for
each sample.
HRTEM measurements were carried out using a FEI Titan

Cubed G2 60-300 electron microscope at 300 kV equipped
with a high-brightness X-FEG Schottky field emission electron
gun, a monochromator, and CEOS GmbH spherical aberration
(Cs) corrector on the image side. The structural parameters of
the magnetosomes were obtained by Fourier transform
analysis.

X-ray Absorption Near-Edge Structure (XANES).
XANES measurements were performed on isolated magneto-
somes to maximize the signal-to-noise ratio. For these
measurements, magnetosomes were freeze-dried and thor-
oughly mixed with boron nitride, the resultant mixture was
compacted into 5 mm diameter pellets.
Measurements were performed at room temperature and

atmospheric conditions at the branch A of BM25-SpLine of the
ESRF synchrotron facility (France).30 Fe and Mn foils were
measured to calibrate the energy at the beginning and end of
the experiment. In these conditions, the edge position of the
sample can be determined with an accuracy of ΔE = 0.3 eV.
Data for undoped magnetosomes (pure Fe3O4) and various
Mn references were acquired in transmission mode (Fe and/or
Mn K-edges). Mn(100) magnetosome spectra were acquired
in transmission mode at the Fe K-edge and in fluorescence
yield mode at the Mn K-edge. A number of three to five
spectra were acquired and averaged for each sample to improve
the signal-to-noise ratio. All data were treated using Athena
software from the Iffefit package.31

X-ray Magnetic Circular Dichroism (XMCD). Room
temperature XMCD experiments were performed using the
ALICE station32,33 at the PM3 beamline of BESSY II in Berlin,
Germany. Data acquisition was achieved in transmission mode.
A drop of 5 μL of purified magnetosomes in an aqueous
solution was deposited onto 300 mesh carbon-coated Cu grids.
The concentration of the magnetosome solution was
optimized for the proper detection of Fe and Mn ions at
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their respective L3,2-edges: 0.2 and 0.5 mg/mL Fe3O4 were
used for the study of the undoped and Mn-doped magneto-
somes at the Fe L3,2-edges, respectively, while a 10 mg/mL
Fe3O4-concentrated solution was used for the data acquisition
at the Mn L3,2-edges. X-ray radiation (circularly polarized, left
helicity) impinged the sample surface at normal incidence. X-
ray absorption spectra (I) were obtained across the Fe and Mn
L3,2-edges with a step size of 0.2 eV with an applied magnetic
field parallel to the X-ray beam of +0.35 T (I+) and −0.35 T
(I−). Three spectra were acquired and averaged to improve the
signal-to-noise ratio. XMCD was defined as (I+−I−).
Theoretical spectra at the Mn L3,2-edge were simulated

considering tetrahedral and octahedral environments for Mn2+

and octahedral occupancy for Mn3+ with the spin orbit
coupling acting on the 3d shell, the Slater integrals were scaled
to κ = 80%. The crystal-field parameter 10Dq was fixed to 1.56
eV for octahedral sites and −0.6 eV for tetrahedral ones.34 The
calculated spectra were convoluted by a Lorentzian profile with
a half-width half-maximum (HWHM) of ΓL3= 0.12 eV and ΓL2=

0.24 eV, to account for the intrinsic core-hole lifetime
broadening, and a Gaussian function, σ = 0.15 eV HWHM,
to account for the instrumental broadening. Spectra were
simulated using the CTM4XAS program.35

Magnetic Measurements. The magnetic characterization
was carried out on the freeze-dried cells. For that, the fixed and
washed cells were highly concentrated and rapidly frozen by
immersing them into liquid nitrogen. The frozen sample was

immediately placed into a Telstar LyoQuest-85 plus freeze-
dryer set at −85° C. The pressure and temperature control
ensure the drying of the sample by sublimation, preserving the
physical form of cells. The resulting powder sample was
encapsulated in a gelatin capsule, giving rise to a structurally
and magnetically isotropic sample where magnetosome chains
are randomly oriented.36 Magnetic measurements were carried
out in a superconducting quantum interference device
magnetometer (Quantum Design MPMS-3). Isothermal
magnetization loops were measured between μ0H = +1 and
−1 T from T = 5−300 K after a cooling process with either no
applied magnetic field [zero-field-cooling (ZFC)-M(H)] or
under an applied magnetic field of 1 T [field-cooling FC-
M(H)].

■ RESULTS AND DISCUSSION

Structural and Morphological Characterization. Fig-
ure 1a−f shows representative TEM images of M. gryphiswal-
dense and isolated magnetosomes for undoped, Mn(100), and
Mn(480) samples. There are no significant differences in the
cell morphology and chain arrangement between samples. The
three cultures exhibit magnetosomes arranged in a single chain
with a variable number of magnetosomes per cell between 10
and 30 (see the Supporting Information, Figure S1).
Figure 1g−i shows the particle size distributions determined

from TEM images of the isolated magnetosomes, analyzing at
least 1500 particles per sample to get reasonable statistics. The

Figure 1. Representative TEM images of (a−c)M. gryphiswaldense and (d−f) isolated magnetosomes. Insets correspond to zoom-in images so as to
highlight the observed morphological changes. (g−i) Size distribution for the undoped, Mn(100), and Mn(480) magnetosomes.

Figure 2. (a, c) HRTEM images of Mn(100) and Mn(480) magnetosomes and (b, d) Fourier transform images of isolated magnetosomes (red
dotted squares).
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resulting histograms were fitted by a Gaussian function.37,38

The undoped sample presents uniformly sized magnetosomes,
as reflected in its corresponding histogram, where the size
distribution is centered at ⟨D⟩ = 42 nm with a standard
deviation σ = 7 nm. Mn(100) and Mn(480) magnetosomes
present size distributions slightly shifted to lower values
compared to the undoped magnetosomes. The size distribu-
tion of the Mn(100) peaks is centered at ⟨D⟩ = 37 nm (σ = 9
nm), while the distribution of the Mn(480) magnetosomes is
centered at ⟨D⟩ = 40 nm (σ = 6 nm).
While previous reports on Mn doping of magnetosomes do

not show any significant differences in the morphology or
size,16,20,21,26 TEM images presented in Figure 1 suggest
certain morphological variations between samples. In partic-
ular, Mn-doped magnetosomes present more irregular edges as
compared to the sharply faceted undoped particles.
Aiming to analyze the microstructural properties of the Mn-

doped magnetosomes, high-resolution TEM (HRTEM)
imaging was performed. Figure 2 shows a single particle of
Mn(100) and Mn(480) together with the Fourier transform
image of the marked region. Both samples manifest a set of
well-defined lattice fringes. From the indexing of the diffraction
spots observed in the Fourier transform image, we determined
the crystalline structure of both nanoparticles. Mn(100) and

Mn(480) magnetosomes evidence a magnetite structure
oriented in the [010] and the [011] zone axis, respectively.
It indicates that the cubic spinel structure of the magnetite is
not disturbed upon doping of Mn ions.
The chemical composition of isolated Mn magnetosomes

was evaluated by means of energy-dispersive X-ray spectros-
copy (EDX) in TEM mode. Figure 3 displays TEM
micrographs of the extracted magnetosomes and the EDX
spectra obtained by averaging five individual regions of the
doped samples. Both samples show two main peaks attributed
to the dominant presence of iron in the magnetosomes. The
one at lower energies (∼6400 eV) corresponds to the Fe Kα
emission line and the one at higher energies (∼7058 eV) to the
Fe Kβ. The position of the Mn Kα emission line (∼5899 eV)
has been marked with a red dashed line in the experimental
spectra. No evidence of Mn has been found in the Mn(100)
sample indicating that the presence of such an element is
below the resolution limit of the technique (≈1 atomic %). An
average value of 2.3 atomic % Mn was detected in the
Mn(480) sample.
The coordination environment of the Fe and Mn ions in the

magnetite structure has been investigated by means of X-ray
absorption near-edge structure (XANES) and X-ray magnetic
circular dichroism (XMCD) spectroscopies. XANES and

Figure 3. EDX spectra carried out on small clusters of Mn(100) and Mn(480) magnetosomes. The left panel presents TEM micrographs of
magnetosome clusters in the region of interest. White squares delimit one out of the five EDX analyzed regions (beam size 65 nm). The right panel
displays the average EDX spectra of the five single regions. Vertical dashed lines indicate the position of Mn Kα, Fe Kα, and Fe Kβ emission lines,
respectively.

Figure 4. (a) Normalized Fe K-edge XANES spectra of undoped, Mn(100) magnetosomes, and bulk magnetite. The inset displays the pre-edge
region in a more detailed depiction. (b) Normalized Mn K-edge XANES spectra of Mn(100) magnetosomes and Mn0.5Fe2.5O4. The inset is a
zoom-in of the Mn pre-edge region compared to commercial oxides: MnO (Mn2+) and Mn2O3 (Mn3+). The Fe and Mn K-edge pre-edge regions of
all samples have been fitted (continuous lines) considering a set of Gaussian profile peaks (see the Supporting Information).
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XMCD are very powerful techniques that provide accurate
information on the oxidation state and site occupancy of the
Mn cations in the spinel structure of the magnetitewhere the
Fe ions occupy three different sites: 8 Fe2+ in octahedral sites
(Oh), 8 Fe3+ in tetrahedral (Td) sites, and 8 Fe3+ in octahedral
(Oh) ones.
Figure 4a shows the Fe K-edge XANES spectra of undoped

and Mn(100) magnetosomes together with bulk magnetite. As
previously reported by our group, undoped magnetosomes
accurately reproduce the spectrum of magnetite,18,39,40 and so
do Mn-doped magnetosomes. This resemblance is also
highlighted in the inset in Figure 4a, which exhibits an
identical edge position and pre-edge feature of the three
samples. This fact suggests an unperturbed coordination
environment around the Fe-absorbing atoms in Mn(100)
magnetosomes, agreeing with the imperceptible presence of
Mn detected by EDX in this sample.
However, the presence of Mn in the magnetite structure is

confirmed by the spectrum obtained at the Mn absorption
edge, which exhibits a good signal-to-noise ratio. Figure 4b
shows the Mn K-edge XANES spectrum of the Mn(100)
magnetosomes together with the one of Mn0.5Fe2.5O4 provided
by Dr. Mazarıó, which presents a cation distribution similar to
Mn-ferrite.41 At a first glance, we observe the similarity
between both spectra indicating that Mn is introduced into the
spinel structure of the magnetite.
By looking at the edge position and the pre-edge region we

can infer the oxidation state and the symmetry of the Mn
absorber atom. The inset in Figure 4b highlights the low-
energy region of the Mn K-edge XANES spectrum of the
Mn(100) magnetosomes together with that corresponding to
MnO (Mn2+) and Mn2O3 (Mn3+) reference samples. The edge
of the Mn(100) magnetosomes (6543.3 eV) appears between
the edge position of MnO (6542.4 eV) and Mn2O3 (6546.0
eV). For similar compounds in which the absorbing element
presents the same symmetry, there exists a linear relationship
between the redox state and edge position.42 In the present
case, as will be shown later, the different Mn ions in the sample

could appear in different symmetries increasing the error
associated with the quantification of the redox analysis of the
edge.43−46 A rough estimation taking into account that there is
a total edge displacement of 3.6 eV from Mn2+ to Mn3+ spectra
in octahedral compounds and a 0.9 eV shift occurring between
the Mn(100) magnetosomes and MnO (Mn2+) edges indicates
that there are a majority of Mn2+ (75%) cations coexisting with
Mn3+ cations (25%).
On the other hand, the intensity and position of the pre-

edge region are also related to the redox state and symmetry of
the absorber atom. The Mn K-edge XANES spectrum of the
Mn(100) magnetosomes exhibits the pre-edge peak located
around 5 eV before the edge position of the Mn K-edge, see
Figure 4b. The high intensity of the pre-edge feature provides
evidence for noncentrosymmetric tetrahedral sites.42,43,47,48

Moreover, the multiple-peak pre-edge feature suggests a
coexistence with centrosymmetric octahedral sites.43 The
centroid position of the Mn(100) magnetosomes, obtained
from the fit to a set of Gaussian functions (see the Supporting
Information), is located between the centroid position of MnO
(Mn2+) and Mn2O3 (Mn3+), indicating a mixed valence state.
However, the coexistence of the two oxidation states and
symmetries proves cumbersome to obtain further quantitative
information from the pre-edge region in the Mn(100) sample.
We will use XMCD data to better clarify this point.
The site occupancy and oxidation state of Mn in the Mn-

doped magnetosomes have been analyzed by means of XMCD
at the Fe and Mn L3,2-edges. The Fe L3,2-edges (I

±) and the
XMCD (I+ − I−) spectra of the undoped, Mn(100), and
Mn(480) magnetosomes are depicted in Figure 5a,b. XMCD
spectra show three main peaks characteristic of magnetite.49,50

Those peaks are attributed to the different occupations of the
Fe cations: the two negative peaks are mainly due to the
octahedral occupation of Fe2+ and Fe3+ ions, while the positive
peak between them is due to the Fe3+ ions placed in tetrahedral
sites. The opposite sign of the peaks indicates the
antiferromagnetic coupling between octahedral and tetrahedral
sites in magnetite. From the experimental XMCD spectra we

Figure 5. Transmission X-ray absorption spectra (XAS) acquired at ± 0.35 T (I±) at the (a) Fe L3,2-edges of undoped, Mn(100), and Mn(480)
magnetosomes and (c) Mn L3,2-edges of Mn(480) magnetosomes. Spectra have been normalized by the peak intensity at the L3-edge of the
nonmagnetic contribution of the XAS (I+ + I−)/2. The magnetic contributions (XMCD) given by (I+ − I−), are presented in (b, d). The
continuous line presents the best theoretical simulation of the Fe L3-edge XMCD spectra and Mn L3-edge XAS and XMCD spectra in the energy
window delimited by the vertical dotted lines (see the Supporting Information).
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have determined the ratio FeOh
2+ /FeTd

3+/FeOh
3+ by the linear

combination fit of the theoretical spectra of the individual Fe
components. The best linear combination fits of the Fe L3-edge
obtained between 703 and 717 eV have been superimposed, as
shown in Figure 5b. The computed ratios obtained were
1.04(3):1.13(4):1.00(5) for undoped, 1.11(6):1.03(6):1.00(8)
for Mn(100), and 1.03(4):1.06(6):1.00(5) for Mn(480)
magnetosomes. The three calculated ratios are close to the
expected ratio for stoichiometric magnetite (1:1:1).18 As
previously inferred from the Fe K-edge XANES spectrum of
Mn(100) magnetosomes, the incorporation of Mn cations
barely alters the coordination environment of the Fe absorbing
atoms.
Figure 5c,d displays Mn L-edge XAS (I±) and XMCD

spectra of the Mn(480) magnetosomes, respectively. The Mn
L-edge XAS and XMCD spectra corresponding to the
Mn(100) sample can be found in the Supporting Information.
We focused the analysis on the Mn(480) sample owing to the
higher concentration of Mn in the sample and the better
resolution of the Mn L3,2-edges XAS and XMCD spectra.
While the Mn(480) sample exhibits well-defined XAS and
XMCD spectra, Mn(100) magnetosomes present less intense
and noisier Mn L-edge peaks (see Figure S5 in the Supporting
Information). Indeed, from the comparison of the intensity of
the Mn L3-edge XAS spectra of both samples, one can calculate

the relative Mn concentration between them. From there we
determined that the Mn concentration in the Mn(480)
magnetosomes is ≈2.13 higher than in the Mn(100) sample
(see Table S3). This means that, since the Mn atomic
percentage of Mn(480) magnetosomes determined by EDX
was 2.3 atomic %, Mn(100) rounds 1 atomic % Mn.
To quantify the site occupancies, the experimental Mn L-

edge XAS and the XMCD spectra of the Mn(480) sample were
modeled using ligand field multiplet calculations of the
individual Mn sites. Theoretical XAS spectra have been
calculated for Mn3+ and Mn2+ cations in both tetrahedral
and octahedral coordinations (see the Supporting Informa-
tion). The experimental nonmagnetic contribution of XAS ((I+

+ I−)/2) was fitted to a linear combination of the three
calculated spectra between 635 and 648 eV. The best linear
combination fit has been superimposed, as shown in Figure
5c,d and corresponds to 83.8(4)% MnTd

2+, 4.0(4)% MnOh
2+ , and

12.2(3)% MnOh
3+ .

The results obtained for the Mn(480) magnetosomes are in
good agreement with those observed by XANES for the
Mn(100) sample. Mn-doped magnetosomes present a
dominant presence of Mn2+ cations occupying tetrahedral
sites in coexistence with a minority of Mn cations, mostly
Mn3+, in the octahedral coordination. The obtained percen-
tages reproduce the inversion degree reported in the

Figure 6. Comparison of experimental zero-field cooling (ZFC-M(H)) and field cooling (FC-M(H)) hysteresis loops of undoped, Mn(100), and
Mn(480) magnetosomes at selected temperatures. The zoom-ins present more detailed depictions of the remanence region of the ZFC/FC-M(H)
loops where the kink is observed.
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bibliography for bulk Mn-ferrite51−53 and ascribe the presence
of Mn3+ cations to the inversion degree in Mn ferrites.24,41,52

Magnetic Measurements. To determine the role of Mn
on the magnetic anisotropy of the doped magnetosomes,
hereafter we present a complete magnetic characterization of
undoped and Mn-doped magnetosomes as a function of
temperature. All of the measurements have been carried out on
the whole bacteria and hence on magnetosomes arranged in
chains, where only intrachain interactions are expected.
Isothermal magnetization loops were measured after a

cooling process with either no applied magnetic field (zero-
field-cooling (ZFC)-M(H)) or under an applied magnetic field
of 1 T (field-cooling (FC)-M(H)). ZFC/FC hysteresis loops
of the three samples at selected temperatures are shown in
Figure 6. In the case of the undoped sample, the ZFC and FC-
M(H) curves perfectly overlap down to TV=107 K. At this
temperature the well-known Verwey transition, involving a
cubic-to-monoclinic crystallographic phase transition charac-
teristic of magnetite, takes place.40,54,55 Below the Verwey
temperature there is an important dependence on the thermal
history; the FC-M(H) shows a decrease of the coercivity
combined with a noticeable increase of the remanence with
respect to the ZFC-M(H). In contrast, the ZFC/FC-M(H) of
Mn(100) and Mn(480) magnetosomes overlap down to 100
and 60 K, respectively. Below these temperatures, differences
between ZFC and FC-M(H) emerge. Furthermore, clear
changes in the shape of the loops are observed between the

samples. Contrary to the undoped magnetosomes, the ZFC/
FC-M(H) curves of Mn(100) and Mn(480) samples present a
kink in the remanence region down to 100 and 60 K,
respectively. Below these temperatures, the kink disappears.
The presence of a kink is commonly related to the existence of
two magnetic phases56 but, and as will be shown later, the
disappearance of the kink at low temperatures suggests a
different origin. Finally, in comparison with the undoped
magnetosomes, the ZFC/FC-M(H) curves of Mn(100) and
Mn(480) samples exhibit a reduction of the coercivity in the
whole range of temperatures (≈25 and ≈40%, respectively), in
agreement with previous reports in the bibliography.16,20,21

The thermal evolution of the coercive field (μ0Hc
ZFC/FC) and

the reduced remanence magnetization (mr
ZFC/FC = (Mr/

Ms)
ZFC/FC) of the three samples can be easily tracked in

Figure 7. For the undoped sample, both ZFC and FC-M(H)
present a nearly constant coercivity from 300 K down to TV

(μ0Hc
ZFC/FC ≈ 22 mT). Below the Verwey transition, the

sample presents a marked irreversibility between μ0Hc
ZFC and

μ0Hc
FC. μ0Hc

ZFC increases up to 48 mT at 50 K, when a second
transition attributed to the ordering of electron spins in
magnetite at low temperature occurs.57−59 Below that
temperature, the coercive field steeply increases reaching
values of 72 mT at 5 K. The FC-M(H) exhibits similar but less
intense features. Below the Verwey transition, μ0H

FC increases
up to 39 mT at 50 K and rises up to 60 mT at 5 K. On the
other hand, mr

ZFC remains fairly constant between 0.44 and

Figure 7. (a) Coercive field (μ0Hc) and (b) reduced remanence magnetization (mr) evolution as a function of the temperature for the undoped,
Mn(100), and Mn(480) magnetosomes. ZFC and FC-M(H) are compared. Temperature evolution of the difference (in absolute value) between
ZFC and FC-M(H) in the (c) μ0Hc and (d) mr. Vertical dashed lines highlight the values at which the irreversibility between the ZFC and FC-
M(H) occurs: 107 K (undoped), 100 K (Mn(100)), and 60 K (Mn(480)), and the low temperature transition at 50 K.
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0.49 throughout the whole temperature range. These values
around 0.5 indicate that the undoped magnetosomes behave
like randomly oriented uniaxial magnetic single domains in the
framework of the Stoner−Wohlfarth model.60 In contrast,
when the field is applied in the cooling process, mr

FC increases
abruptly below the Verwey transition up to 0.6 at 50 K and up
to 0.72 at 5 K.
The magnetic response of the Mn(100) and Mn(480)

magnetosomes changes notably. The coercive fields of the
ZFC/FC-M(H) remain roughly constant down to 100 K, for
the Mn(100) magnetosomes (μ0Hc

ZFC/FC ≈ 20 mT), and 60 K,
in the case of the Mn(480) sample (μ0Hc

ZFC/FC ≈ 15 mT).
Below these temperatures, the splitting of the ZFC and FC-
M(H) occurs. In the case of the μ0Hc

ZFC, a smooth increase
down to 50 K takes place. Beneath the low-temperature
transition, μ0Hc

ZFC steeply rises up to 58 and 50 mT,
respectively. Similarly, μ0Hc

FC rises softly at 50 K followed by
the increase up to 50 mT (Mn(100)) and 44 mT (Mn(480))
at 5 K. On the other hand, the reduced remanence
magnetizations of the ZFC/FC-M(H) remain fairly constant
down to 100 K (mr

ZFC/FC ≈ 0.39) and 60 K (mr
ZFC/FC ≈ 0.36),

respectively. Below these temperatures, mr
ZFC increases

gradually equating the values obtained for the undoped
magnetosomes at low temperature. In the case of the FC-
M(H), mr

FC increases moderately down to 50 K and then rises
up to 0.71 at 5 K, for the Mn(100) sample, and 0.66, in the
case of Mn(480) magnetosomes.
The relative change of the coercive field and remanence

magnetization between the ZFC and FC-M(H) measurements
as a function of temperature for the three samples can be
tracked in Figures 7c,d. Here, it is clear that the divergence
between the ZFC and FC-M(H) values decreases with
increasing Mn doping. The irreversibility between the ZFC
and FC-M(H) seems to root its origin in the Verwey transition,
as will be discussed in the following section. Hence, it suggests
that the cubic-to-monoclinic crystallographic phase transition
still occurs in the presence of Mn cations but it is shifted from
107 K (undoped magnetosomes) to 100 K for the Mn(100)
sample, and down to 60 K, for the Mn(480) magnetosomes.
Similar results are inferred from the conventional ZFC and FC
M(T) curves presented in Figure S7 in the Supporting
Information and previously reported by Prozorov and co-
workers.21 It is worth noting that the temperature values at
which the split occurs coincide with the ones in which the kink
of the M(H) curves becomes negligible.
Magnetic Model. Aiming to understand the role of Mn in

the magnetic properties of the doped magnetosomes, with
special focus on their magnetic anisotropy, we have carried out
numerical simulations of the magnetization dynamics of the
magnetosomes. These have been computed at different
temperatures considering a Stoner−Wohlfarth model with
some pertinent modifications, as described previously by our
group.18,61,62 To achieve clear cut conclusions, we have
selected the Mn(480) sample, which has evidenced more
distinct magnetic differences compared to the undoped
magnetosomes. Precisely, we just remind here that Mn(100)
magnetosomes exhibit an intermediate behavior. All of the
simulations presented here were performed considering a
single magnetic phase.
In brief, magnetosome chains were considered as a

collection of independent single domain nanoparticles large
enough to be thermally stable and so to have the magnetization
firmly anchored at the minimum energy states. Therefore, the

physical problem can be implemented using a single particle
approach described by Stoner−Wohlfarth. Interparticle dipolar
interactions occurring between the nearest magnetosome
neighbors in the chain are assumed to impose an additional
anisotropy contribution, equal for all.63−65 Note that the
chain−chain interactions in the freeze-dried cells are negligible
due to the large distance separating two chains of magneto-
somes.36,66 The equilibrium orientation of each magnetic
dipole is therefore calculated by minimizing the single dipole
energy density, E, which is computed as the sum of three
contributions:18,61

(i) The first term of the single dipole energy density is the
cubic magnetocrystalline energy (Ec)

θ φ θ φ θ= [ + ]
E K( , )

sin ( )sin (2 ) sin (2 )
4c c

4 2 2

(1)

Kc being the cubic anisotropy constant and θ and φ the polar
and azimuthal angles in spherical coordinates, respectively, of
the magnetic moment (ûm) considering the ⟨100⟩ crystallo-
graphic directions as the reference system (see the Supporting
Information, Figure S8).
(ii) An effective uniaxial anisotropy contribution along the

ûuni axis arising from the competition between the magneto-
some shape anisotropy and the interparticle dipolar inter-
actions between the closest magnetosome neighbors in the
chain

θ φ = [ − ̂ · ̂ ]E K u u( , ) 1 ( )uni uni uni m
2

(2)

where Kuni is the uniaxial anisotropy constant. On the basis of
the previously reported chain configuration of undoped
magnetosomes in M. gryphiswaldense, and for the sake of
simplicity, the direction of the uniaxial axis ûuni has been fixed
at 25° out of the chain axis (which corresponds to the [111]
crystallographic easy axis of magnetite), toward the ⟨110⟩
direction.61,67

(iii) The Zeeman energy (EZeeman) in an external magnetic
field μ0H⃗ given by

θ φ μ= − ̂ · ̂E MH u u( , ) ( )Zeeman 0 H m (3)

where ûH represents the external magnetic field unit vector.
Thus, the single dipole energy density E is described as

θ φ θ φ θ φ θ φ= + +E E E E( , ) ( , ) ( , ) ( , )c uni Zeeman
(4)

Under these considerations, the ZFC/FC-M(H) loops at
different temperatures have been simulated assuming a
dynamical approach described elsewhere.61,68,69 Kc and Kuni
have been adjusted to achieve the best match between the
experiment and theory. Kc and Kuni values found in simulations
are presented in Figure 9 and will be discussed hereafter. As
shown in Figure 8a−d, the simulated curves accurately
reproduce the experimental hysteresis loops of the Mn(480)
magnetosomes including the observed kink present in the
remanence region down to 60 K. As shown in the Supporting
Information, Figure S9, the presence or absence of this
kink depends on the ratio r between the absolute value of the
cubic anisotropy constant and the uniaxial anisotropy constant,
r = |Kc|/|Kuni|, so that for r > 1 a clear kink is observed, while
for r ≤ 1 the kink is not distinguished anymore. Contrary to
the undoped magnetosomes, where r ≤ 1 from 300 K to TV,

18

the Mn(480) magnetosomes show a ratio r > 1 down to the
Verwey transition, giving rise to the observed kink (see the
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Supporting lnformation Figure S10). As described hereafter,
below the Verwey transition the anisotropy becomes
essentially uniaxial, being the reason why the kink disappears
below TV.
The thermal evolution obtained for Kc and Kuni for the

Mn(480) magnetosomes, as well as for the undoped sample
(extracted from Marcano et al.18) is shown in Figure 9.
From the simulation, we find that Kc is negative from 300 K

down to 60 K. The absolute value of Kc (|Kc|) increases from
10.80 kJ/m3 at 300 K to 16.00 kJ/m3 at 110 K. Then, |Kc|
slightly decreases down to 14 kJ/m3 at 60 K. Below this
temperature the experimental M(H) loops present an
essentially uniaxial behavior and the role of the cubic
magnetocrystalline anisotropy becomes negligible in the
simulation. In comparison with the undoped magnetosomes,
the incorporation of Mn2+,3+ into the spinel structure of
magnetite introduces an additional negative contribution to the
cubic magnetocrystalline energy. The whole trend as well as
the obtained anisotropy values of Kc agree with the results
reported in the late fifties in single crystals of Mn-substituted
magnetite considering a concentration of Mn around 3 atomic
%.70,71 On the other hand, Kuni remains constant (slightly
varying between 8 and 10 kJ/m3) from the room temperature
down to 60 K. As mentioned above, Kuni stems from the
competition between the magnetosome shape anisotropy and
the strength of the dipolar magnetic interactions, both
depending only slightly on the temperature in this range. A
similar tendency was observed for undoped magnetosomes

from 300 K to TV, reporting values around 11−13 kJ/
m3.18,61,72 The reduction of the ≈25% observed in Kuni arises
from the competition of the two anisotropy terms: the shape
anisotropy and the dipolar interactions. No substantial
differences were observed in the size and the arrangement of
the magnetosomes within the bacteria that might affect the
dipolar magnetic interactions although slight variations on the
magnetic moment of the magnetosomes may occur as a
consequence of Mn doping. On the other hand, TEM images
show a modification of the shape of the magnetosomes with
Mn doping. The presence of softly faceted magnetosomes
could alter the shape anisotropy, and hence, the Kuni. Below 60
K, Kuni in the Mn(480) magnetosomes suddenly increases up
to 27 kJ/m3, also mimicking the trend of the undoped
magnetosomes below TV. When the cubic-to-monoclinic
transition takes place, the magnetocrystalline anisotropy of
the undoped sample changes from cubic to essentially uniaxial
along the ⟨100⟩ crystallographic directions. Thus, the effective
uniaxial anisotropy results from the competition of the
magnetocrystalline anisotropy, shape anisotropy, and dipolar
magnetic interactions with neighboring magnetosomes in the
chain.
Finally, the differences observed between the FC and ZFC

cases are attributed to the orientation distribution of the
monoclinic axis below the Verwey transition. It is well known
that cooling under an applied magnetic field triggers the
unequivalency of the three ⟨100⟩ monoclinic axes, setting the
easy magnetization axis along that ⟨100⟩ direction that is closer
to the direction of the applied field.70 However, aiming to
reproduce the experimental hysteresis loops of the magneto-
somes at low temperature, we further need to assume an
intrinsic discrimination of the three ⟨100⟩ crystallographic
directions. That is, in the absence of an applied field, the
orthorhombic deformation would preferentially take place
along the ⟨100⟩ direction closer to the easy magnetization axis
of each magnetosome (ûuni, which points 25° out of the chain
axis toward the ⟨110⟩).61,67 In contrast, when an external field
is applied in the cooling process, the three ⟨100⟩ directions
become equally probable. Thus, in the FC measurements, two-
thirds of the orthorhombic deformation will take place along
the ⟨100⟩ direction closer to ûuni, and one-third will occur in
the remaining ⟨100⟩ direction. The latter is approximately
perpendicular to ûuni, so strongly competes with it. As a
consequence, this gives rise to a decrease of the effective
uniaxial anisotropy in the FC case with respect to the ZFC,
which explains the experimentally observed decrease in the
coercive field in the FC situation (see Figure 8 and the
Supporting Information, Figure S11).

Figure 8. ZFC/FC-M(H) loops of the Mn(480) magnetosomes
measured at (a) 5 K, (b) 60 K, (c) 110 K, and (d) 300 K. Continuous
lines correspond to the simulated loops considering the anisotropy
constants presented in Figure 9. The inset highlights the
reproducibility of the kink at 110 K.

Figure 9. Best theoretical−experimental matching values for (a) cubic magnetocrystalline, Kc and (b) uniaxial anisotropy, Kuni, constants obtained
for Mn(480) compared to undoped magnetosomes (extracted from Marcano et al.18).
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■ CONCLUSIONS
In conclusion, we carried out a complete study on the Mn
doping of magnetosomes within M. gryphiswaldense MSR-1.
Using two different culture media differing in the Mn
concentration we have demonstrated the possibility to obtain
Mn doping grade magnetosomes. This opens up the possibility
to tune the magnetic properties under ambient conditions for a
range of advanced biomedical applications.
From the combination of structural techniques we have

detected up to 2.3 atomic % Mn incorporated in the
crystallographic structure of the magnetite, with a dominant
presence of Mn2+ in the tetrahedral coordination coexisting
with a minority of Mn ions, predominantly Mn3+, in the
octahedral coordination. The Mn doping of the magnetosomes
results in a notable change of their magnetic properties, which
has been addressed by a complete magnetic characterization
based on the study of the ZFC/FC-M(H) loops as a function
of temperature. Prominent among these are a reduction of the
coercive field concomitant with a shift of the Verwey transition
to lower temperatures with increasing Mn doping. On the basis
of the slightly modified Stoner−Wohlfarth model and
considering the different anisotropy contributions, we have
been able to accurately reproduce the magnetic behavior of
Mn-doped magnetosomes. This has allowed us to shed light on
the role of Mn incorporation in the magnetocrystalline
anisotropy of the magnetosomes, which accurately reproduced
the behavior classically observed in single crystals of Mn-
substituted magnetites. Furthermore, we observed a decrease
in the effective uniaxial anisotropy attributed to the
modification of the shape of the doped magnetosomes, also
suggested by TEM imaging.
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