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The biomineralization of magnetite nanocrystals (called magnetosomes)
by magnetotactic bacteria (MTB) has attracted intense interest in biology,
geology and materials science due to the precise morphology of the particles,
the chain-like assembly and their unique magnetic properties. Great efforts
have been recently made in producing transition metal-doped magnetosomes
with modified magnetic properties for a range of applications. Despite
some successful outcomes, the coordination chemistry and magnetism of
such metal-doped magnetosomes still remain largely unknown. Here,
we present new evidences from X-ray magnetic circular dichroism (XMCD)
for element- and site-specific magnetic analyses that cobalt is incorpora-
ted in the spinel structure of the magnetosomes within Magnetospirillum
magneticum AMB-1 through the replacement of Fe®" ions by Co*" ions in
octahedral (Oy,) sites of magnetite. Both XMCD at Fe and Co L, 3 edges, and
energy-dispersive X-ray spectroscopy on transmission electron microscopy
analyses reveal a heterogeneous distribution of cobalt occurring either
in different particles or inside individual particles. Compared with non-
doped one, cobalt-doped magnetosome sample has lower Verwey transition
temperature and larger magnetic coercivity, related to the amount of
doped cobalt. This study also demonstrates that the addition of trace
cobalt in the growth medium can significantly improve both the cell growth
and the magnetosome formation within M. magneticum AMB-1. Together
with the cobalt occupancy within the spinel structure of magnetosomes,
this study indicates that MTB may provide a promising biomimetic system
for producing chains of metal-doped single-domain magnetite with an
appropriate tuning of the magnetic properties for technological and
biomedical applications.

1. Introduction

Magnetic nanoparticles (MNPs) have a broad range of applications from data
storage to medical imaging and to hyperthermia treatment of tumours [1-3].
Tailored synthesis of MNPs by which the physical and magnetic properties are
well controlled is essential for determining the technological and biomedical
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applications that they are suitable for. For instance, MNPs with
single-domain (SD) sizes and one-dimensional (1D) arrays have
advantages in magnetic memory devices [4] and magnetic
hyperthermia [5] due to their stronger magnetic anisotropy
and hysteresis than their random assemblages [6-8].

A number of methods including co-precipitation, hydro-
thermal approaches and mechanical ball milling have been
developed to produce nanocrystals of magnetite (Fe;O,) or
maghemite (y-Fe;O3), the most popular MNPs in biomedical
applications due to their low toxicity and high magnetization,
for different commercial uses [9]. However, these methods
often involve high temperature with toxic solvents resulting
in high environmental and energy costs. Recently, synthesis
of MNPs by biotic processes such as microbial biominera-
lization [10-16] or biocatalysis by biomolecules [17-23]
has attracted a great interest in producing novel MNPs
with high quality and biocompatibility under environment
friendly conditions (e.g. at room temperature and ambient
pressure and in toxic-free solutions).

Magnetotactic bacteria (MTB) have an incredible ability to
form nanocrystals of SD magnetite within intracellular lipid
vesicles (named as magnetosomes) that have high chemical
purity, narrow size and shape distributions, species- or
strain-specific crystal morphologies, and are usually organized
into chain(s) [24-26]. By using the magnetosome chain(s),
MTB cells orient themselves and navigate along the Earth’s
magnetic field lines when they are swimming in aquatic
environments [24]. As an intriguing model system, MTB
have, therefore, been extensively studied for better understand-
ing the magnetite biomineralization and geomagnetic
sensitivity in organisms [24,25], but also have recently been
modified for producing physically and biologically tailored
MNPs [13,27,28]. For instance, to enhance the magnetic hard-
ness of magnetosome magnetite, Staniland et al. [13]
pioneered a cobalt-doping study of magnetosomes within
three cultured strains of the bacterium Magnetospirillum. They
have shown that the presence of cobalt increases the coercivity
of the magnetosomes by 36-45%, depending on the bacterial
strains and the cobalt contents. Recently, Tanaka ef al. [11]
further increased the levels of cobalt doping approximately
up to 3.0% by increasing the concentration of cobalt ions in
the initial culture medium. It has been evidenced that the pres-
ence of cobalt in the magnetosomes significantly increases the
magneto-crystalline anisotropy constant and the magnetic
hysteresis, and therefore increases the heating efficiency for
applications in alternating magnetic field cancer therapy [29].
These previous studies are extremely important for the devel-
opment of functionalized magnetosomes for biotechnological
and biomedical applications. However, one fundamental ques-
tion, i.e. the coordination chemistry and magnetism of cobalt
within the magnetosomes, still remains largely unknown,
and information on the structure and the magnetic properties
of Co-doped magnetosomes is very limited.

In this study, we investigate the magnetosome formation
in Magnetospirillum magneticum AMB-1 anaerobically grown
under three [Co®']/[Fe®*] ratio conditions: 0/22.1 pM,
2.1/20 pM and 12.1/10 pM, hereafter referred to as Co(0),
Co(2.1) and Co(12.1), respectively. Scanning transmission elec-
tron microscopy (STEM) observations show that the presence
of trace cobalt in the initial growth medium (e.g. 2.1 pM)
significantly improved the cell growth and magnetosome
formation. Rock magnetic measurements on the whole-cell
samples reveal that, compared with the Co(0) magnetosomes,

the Co(2.1) and Co(12.1) magnetosomes have reduced
Verwey transition temperature (T,) and increased coerci-
vity (B.) values, eg. T,=108K, B.300K)=144mT
and B.(5K)=740mT for the Co(0) versus T,=100K,
B.(300 K) = 27.3 mT and B.(5 K) =275.4 mT for the Co(12.1).
The site occupancy, valence and distribution of cobalt within
the magnetosomes have further been studied by X-ray absorp-
tion spectroscopy (XAS) and X-ray magnetic circular dichroism
(XMCD) at both Fe and Co L, 5 edges. Experimental and theor-
etical XMCD analyses reveal a heterogeneous distribution of
cobalt occurring either in different particles or inside individ-
ual particles. Within cobalt-doped magnetosomes, only Co*"
was incorporated in octahedral (Oy,) sites of magnetite through
the substitution of Fe’". These findings are supported by
energy-dispersive X-ray spectroscopy (EDXS) performed
by transmission electron microscopy (TEM) on individual
particles. Finally, the potential process of cobalt doping in the
magnetosomes and its significance in the tailored synthesis
of MNPs are discussed.

2. Experimental

2.1. Bacterial growth and sample preparation
Magnetospirillum magneticum strain AMB-1 (ATCC74205) was
used in this study, and the cells were grown within a modified
ATCC-recommended medium where CoCl, was omitted from
the Wolf’s mineral solution, and cobalt and iron sources were
added in three different proportions: 22.1 pM of Fe’*-quinate,
2.1 uM of Co*"-quinate plus 20 pM of Fe’*-quinate or 12.1 uM
of Co*"-quinate plus 10 pM of Fe’'-quinate. These three
cultures were hereafter termed as Co(0), Co(2.1) and Co(12.1),
respectively. The Co(2.1) culture actually contains same
concentration of Co®" to the normal ATCC-recommended
medium, where Co*" was supplied by CoCl, through the
Wolf’s mineral solution. The cell cultures were performed
anaerobically in a YQX-II anaerobic incubator (ShangHai
CIMO Medical Instrument Co. Ltd, [O,] < 300 pm) at 26°C
[30]. For each culture, 2.51 of cells were grown. After grown
to the stationary phase (i.e. 96 h), all bacterial cultures were
harvested by centrifugation at 8000 r.p.m. at 4°C for 10 min
and immediately stored at —20°C under nitrogen protection
for further processing.

About 10" cells were loaded into a non-magnetic gelatin
capsule and dried at ambient temperature within a COY
anaerobic chamber (COY Labs, USA, [O,] < 100 ppm) over-
night for magnetic measurements. Other cells were used for
isolating magnetosomes for X-ray absorption and magnetic
circular dichroism measurements. To do this, the cells were
resuspended into approximately 100 ml of Milli-Q water, dis-
rupted by an ultrasonicator (VCX130, SONICS, USA);
magnetosomes were magnetically collected with a bar
magnet and then washed with distilled water at least five
times. To avoid possible post-oxidization of magnetosomes
during the extraction, the whole process of cell disruption
and magnetosome isolation was performed inside the COY
anaerobic chamber as described in Li ef al. [31]. Milli-Q water
was heated to 80°C and degassed by bubbling with nitrogen
for 1 h to remove dissolved oxygen. The extracted magneto-
somes were stored in 0.2 ml of degassed 100% alcohol in a
2 ml Crimp-Top vial (Sigma-Aldrich). All the whole-cell and
isolated magnetosome samples were maintained in pure
nitrogen atmosphere at —20°C prior to measurements.
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2.2. Transmission electron microscopy analyses

For TEM analyses, intact cells or extracted magnetosomes
of AMB-1 were deposited onto carbon-coated copper grids
and studied with a JEOL 2100F microscope operating
at 200 kV. This microscope was equipped with a field
emission gun, a high-resolution UHR pole piece and a
JEOL detector with an ultrathin window allowing detec-
tion of light elements, and a STEM device, which allows
Z-contrast imaging in high-angle annular dark field
(HAADF) mode. Magnetosome numbers and sizes were
analysed using standard analytical software for processing
digitized HAADF-STEM images (IMAGE ]). The dimensions
were estimated by determining the best fit of an ellipse to the
projection of the particle. The major and minor axes of
the best fitting ellipse were used as the length (L) and width
(W) of the crystal, respectively. The grain size was defined as
(L+W)/2, and the shape factor as W/L. Here we used
HAADF-STEM imaging rather than conventional bright-field
TEM, because the former is also efficient enough for imaging
those very small magnetosomes (less than 5 nm) due to their
big chemical contrast from surrounding cytoplasm. Therefore,
the combination of HAADF-STEM imaging and ellipse
fitting is believed to produce negligible artefacts in the size
distributions [32].

2.3. Rock magnetic measurements
Room-temperature, first-order reversal curves (FORCs) were
measured using a VSM3900 magnetometer (Princeton
Measurements Corporation VSA 3900, sensitivity = 5.0 x
10" Am®) following the protocol as described by Roberts
et al. [33]. For each sample, a total 120 curves were measured
with a positive saturation field of 500 mT, an increasing field
step () of 1.87 mT and an average time of 200 ms. The FORC
diagrams were calculated using the FORCINEL version 2.05
software with a smooth factor of 3 [34], and the FORC charac-
teristic coercivity (B.rorc) was given by the median
coercivity of the marginal coercivity distribution [6].
Low-temperature magnetic measurements were per-
formed with a Quantum Design MPMS XP-5 SQUID
magnetometer (sensitivity = 5.0 x 10'° Am?). Thermal de-
magnetization curves were obtained by cooling samples
from 300 to 10K in zero field (ZFC) and in a 25T field
(FC), respectively, followed by imparting a saturation isother-
mal remanent magnetization (SIRM) in a 2.5 T field (hereafter
termed as SIRM;ok »57), and then measuring the remanence
in zero field during warming up to 300 K. The Verwey
transition temperature (T,) of magnetite was defined as
the temperature of the maximum of the first derivative
of the FC curves, and the Verwey transition signature of
magnetosome chains is characterized by the &-ratio (8gc/
8zrc), in which 8gc and dzpc are calculated as 6 = (Mgox —
Misox)/ Mgok, where Mgox and M50k are the remanences
measured at 80 K and 150 K, respectively [35].
Low-temperature hysteresis loops between +3T and
backfield SIRM demagnetization curves were measured
also with the MPMS XP-5 SQUID magnetometer, and the
corresponding magnetic hysteresis parameters including
coercivity (B.), saturation magnetization (M) and saturation
remanence (M,s) were determined after applying the high-
field (1-3 T) slope corrections for linear contributions from
the paramagnetic phase. Remanence coercivity (B.) was
determined from the backfield SIRM demagnetization curve.

2.4. X-ray absorption and magnetic circular dichroism Il

measurements

XAS and XMCD spectra at Fe and Co L3 edges were
obtained on beamline DEIMOS at the French synchrotron
radiation source SOLEIL (Proposal number: 20110175).
The DEIMOS beamline has been optimized for stability and
reproducibility in terms of photon flux and photon energy.
The main end-station consists in a cryo-magnet with two
split coils providing a 7 T magnetic field along the beam or
2 T perpendicular to the beam with a controllable tempera-
ture on the sample from 370 K down to 1.5K. It delivers
polarized soft X-rays to perform XAS, XMCD and X-ray
linear dichroism in the energy range from 350 to 2500 eV
[36]. A glove box is also available in the DEIMOS beamline
which allows the whole process of sample preparation and
insertion into the beamline under oxygen-free environments.
Inside such beamline-connected anaerobic cabinet, the
extracted magnetosomes were mounted on acetone-washed
silicon wafer surface attached to the sample manipulator.
After being anaerobically dried within the glove box, samples
were loaded by saturating the manipulator in a stream of
nitrogen gas during insertion into the vacuum chamber.
The specimen was positioned central to the magnetic pole
pieces, with the X-ray beam entering through a small centred
hole in one of the pole pieces, parallel to the magnetic field
and perpendicular to the sample surface. The incoming
photon flux and the absorbed photon flux were monitored
in total electron yield mode, which gives an effective probing
depth of approximately 5 nm.

The XMCD signals were recorded by both flipping the cir-
cular polarization (either left or right helicity) and the external
magnetic field. The XMCD signal was obtained as the dif-
ference txmep =0 — o', where o~ = [0 (B”) + or(B1)]/2,
o =[o(B") + or(B)]/2, or (oR) is the cross-section with
left (right) polarized X-rays, and B* (B”) the magnetic field
parallel (antiparallel) to the X-ray propagation vector. This
procedure ensured a high signal-to-noise ratio and allowed
us to discard any spurious systematic signals. In this study,
all the XAS spectra have been measured for samples cooled
to 4 K and in an external magnetic field of 0.6 T.

We have also measured element-specific magnetization
curves detected by XMCD at 3 K. This has been done by
setting the energy of monochromator at the energy where
the XMCD signal is maximized (in absolute value) and
then switching the magnetic field between +0.6T on the
fly while collecting the total electron yield of the sample.

2.5. X-ray absorption spectroscopy and X-ray magnetic
circular dichroism data processing

We performed a quantitative analysis of the Co(0) and
Co(12.1) XAS and XMCD spectra by fitting the data with
the XAS and XMCD experimental spectra of maghemite
and magnetite with accurate known stoichiometry [37,38].
The robustness of the method was first tested by reproducing
very accurately the XAS and XMCD signals for the Co(0)
sample. It was then applied to the Co(12.1) sample, and the
missing fraction of Fe*" in Oy, sites allowed the determination
of the Co®* content in O, sites.

XAS and XMCD spectra were simulated at the Co
L5 edges using ligand field multiple calculations develo-
ped by Thole et al. [39]. The details can be found in
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Figure 1. Characterization of magnetosomes produced by AMB-1 cells within the Co(0) (a,b), Co(2.1) (¢,d) and Co(12.1) (e,f) cultures. (a,c.e) HAADF-STEM images of
AMB-1 cells and magnetosomes, while (b,d,f) indicate the corresponding grain size distributions (values of mean size (standard deviation), distribution skewness and

statistics number are shown in each panel).

Arrio et al. [40]. The calculations for the simulation of the Co
L, 5 edges have been performed in an octahedral environment
with the spin orbit coupling acting on the 3d shell, {34 =
22 meV, the reduction of the Slater integrals k = 70%, the
cubic crystal field parameter 10Dq = 1 eV, a HWHM broad-
ening by a Lorentzian function I73=0.2eV at the L; edge
and I7, =0.4 at the L, edge and a HWHM broadening by
a Gaussian function o= 0.1eVK

3. Results

3.1. Magnetosome number, grain size and chain

arrangement
STEM observations at HAADF mode reveal that the presence
of cobalt in the initial growth medium significantly improved
the magnetosome formation and chain organization, i.e. more
magnetosomes with larger sizes and longer chains were
produced in the Co(2.1) and Co(12.1) cultures than in the
Co(0) culture (figure 1; electronic supplementary material,
figure S1). In the Co(0) culture, the AMB-1 cells synthesized
17 magnetosomes on average, with a mean size of 26.8 +
14.4 nm and shape factor of 0.84 + 0.11. These values increase
to 21 magnetosomes, and 38.2 + 15.7 nm and 0.83 + 0.09 for
the Co(2.1) culture, and 19 magnetosomes, and 40.3 +
16.9 nm and 0.80 + 0.09 for the Co(12.1) culture, respectively.
The grain size distributions of magnetosomes produced
within the Co(2.1) and Co(12.1) cultures are characterized
by negatively skewed shapes with the skewness value of
—0.23 and —0.35, respectively. In contrast, the magnetosomes
produced in the Co(0) culture have a positive skew

distribution with the skewness value of 0.36. This indicates
that most magnetosomes are close to their mature sizes
within the Co(2.1) and Co(12.1) cultures, while they are
immature within the Co(0) culture [41]. Notably, there were
no obvious differences in the crystal morphology and the
number of twinned crystals among these three cultures.
Since all the three cultures were performed under the same
total cation concentration of [Co*"] + [Fe®'], the differences
in the magnetosome formation (i.e. numbers, grain sizes
and chain configurations) among them should be ascribed
to the presence and content of cobalt rather than to the
deficiency of cation source.

3.2. Magnetic properties

All the three samples have FORC diagrams that similarly pre-
sent a set of closed contours with narrow vertical distribution
around a specific coercivity value (figure 2a,d,g), indicating
that dominantly SD magnetosomes were formed within
AMB-1 cells under these three culture conditions [41]. With
the increase of [Co*'] in the initial growth medium, the hori-
zontal FORC distribution shifting towards the right clearly
shows an increase of coercivity for magnetosomes produced
within the presence of cobalt [41]. Specifically, the character-
istic coercivity determined by the FORC (B rorc) increases
from approximately 30.5 mT for the Co(0) culture to approxi-
mately 38.6 mT for the Co(2.1), and to approximately 40.7 mT
for the Co(12.1) at room temperature. The increase in the
coercivity could be interpreted as either the increase in
grain size and chain integrity or cobalt doping within the
magnetosomes, or both, as reported previously by Staniland
et al. [13].

Downloaded from http://royalsocietypublishing.org/rsif/article-pdf/doi/10.1098/rsif.2016.0355/464848/rsif.2016.0355.pdf

by

guest

on 16 February 2026

gggogloz :{1 aJanaJU/ '505 YT ‘510'ﬁu!qs!|qnd‘/(19posw/(or;15j H



®) 10 —0 © 60
dM/dT of FC b
— 4 =
Z 0.8 2 5 30l
= 2 | g NE
; 2 0.6 4 < Z
5 5 7,=108 K L 0
< g 04 = T =
L g 4 18,50=0.20 ° g E
'; =] 02 _6FC:0'44 -[}-7ZFC | 3 % 3.0+
B, rorc=30.5 mT Opc /8750 =22 B-rC
0 - - . . - 1 10 -6.0 : :
0 50 100 150 200 250 300 -300 -150 0 150 300
@0 0 (N 4o
 os dM/dT of FC s @
5 3061 10 E
o N o
5 = T,=104K 1585 %
= E 04 8,.0=0.047 =2
S 5 ZFC= 1205
x = 8:c=0.23 U2 s
021 Suc /B e =49 25 3
B, zorc=38.6 mT FeitzECT ]
- 0 - - . . . .3.0 —4.0 - ! ;
0 50 100 150 200 250 300 -600 =300 0 300 600
h i
*) 1.0 ® 4.0
3.0
2.5 g‘ s 0.8 { oo ~ 201
=
2005 5061 5
15 % = e 0
T EE 7,=100K o
1.0 :PD é 04 0.90 N —0.042 z
05 % = gyl K = 20
: 0.2 1 8:c=0.13
BC.FORC= 40.7mT 0 0 086;0 80 90 100 110 120 130 140 O lypc=3.1 40
0 20 40 60 80 0 50 100 150 200 250 300 Z1200 600 0 600 1200
B (mT) temperature (K) field (mT)

Figure 2. Magnetic properties of magnetosomes produced by AMB-1 cells within the Co(0) (a—c), Co(2.1) (d—f) and Co(12.1) (g—1i) cultures. (a,d,g) Room-temp-
erature, first-order reversal curves (FORCs) diagrams; (b,e,h) thermal decays of saturation remanence magnetization imparted at 2.5 T at 10 K after cooling the
sample from 300 to 10K in a 25T field (FC) and zero field (ZFC); (cfi) hysteresis loop measured at temperatures 5, 100, 200 and 300 K. Note that the

x-axes scales of (¢), (f) and (/) are different.

To test whether the magnetic changes result from the
chemical alteration of magnetosome crystals, we measured
thermal demagnetization curves from 10 to 300K and
magnetic hysteresis loops at different low temperatures. As
shown in figure 2b, the abrupt decrease in remanence around
100-110K on the thermal decays of saturation remanence
magnetization acquired at 2.5 T field at 10 K (SIRMz 51 10K)
after cooling in a field of 2.5 T (FC) or zero (ZFC) indicates
the Verwey transition of magnetosome magnetite, as observed
in previous studies [41]. The difference between the remanence
losses of FC (8gc) and ZFC (8zpc) curves upon warming across
the Verwey transition, quantitatively described as dpc/ dzrc, is
related to the chain configuration of magnetosomes [31,35,41].
As expected, the Verwey transition behaviours of the magneto-
somes are distinctly different among the three cultures
(figure 2b,eh). Importantly, unlike the sharp transition
observed in both FC and ZFC curves for the Co(0) sample,
the Verwey transition signals of the Co(2.1) and Co(12.1)
samples are suppressed, and only a small drop can be observed
at approximately 100 K on FC curve of the Co(12.1) (see the
inset in figure 2h). Since the three cultures dominantly produce
SD magnetosomes with similar crystal morphology and fre-
quency of twinned crystals, the observed decrease of dpc and
87rc, and increase of Spc/ 8zrc with the increase of [Co®*] in
the initial growth medium can be interpreted as an enhance-
ment of the shape anisotropy of magnetosome chain

[31,3541], resulting from longer chains of magnetosomes
within the Co(2.1) and Co(12.1) cultures compared with the
Co(0) culture, as observed by TEM (figure 1). In addition, the
observed decrease of T, from 108 K for the Co(0), to 104 K
for the Co(2.1) and to approximately 100 K for the Co(12.1),
strongly indicates an overall decrease of magnetite purity
or increase of crystalline disorder, or both, for magneto-
somes as can be expected if cobalt ions enter the Fe;O,4 spinel
structure [42].

Consistently, the magnetic hysteresis differs significantly
among the three cultures (figure 2c,f,i). Both coercivity (B.)
and remanence coercivity (B.,) measured at each same temp-
erature enlarge with the increase of [Co>*] within the initial
growth medium (table 1). With the measuring temperature
decreasing from 300 to 5K, the differences in B, and B,
between the Co(0) and Co(12.1) cultures become larger and
larger, while they become smaller and smaller between the
Co(0) and Co(2.1) cultures (table 1). For instance, B, and B,
at 300K are 144mT and 25.8mT, respectively, for
the Co(0) sample, 27.0 mT and 34.3 mT, respectively, for the
Co(2.1) sample, and 27.3 mT and 36.9 mT, respectively, for
the Co(12.1) sample, while at 5K they become 74.0 mT (B,)
and 994mT (B,) for the Co(0) sample, 974 mT and
1174 mT for the Co(2.1) culture, and 275.5mT (B.) and
314.5 mT (B,,) for the Co(12.1) culture. Since more and more
small magnetosomes become magnetically blocked with
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The arrow in (d) indicates the missing fraction of Fe>™ in 0, site that is interpreted as resulting from Co>™ substitution.

Table 1. Summary of the physical properties of magnetosomes produced by AMB-1 in three different cultures.

B/B (mT)
size (nm) oratio 300 K
(o(0) 268 + 134 108 2.2 14.4/258 16.9/29.1 17.8/31.5 185/31.7  37.4/544 59.9/79.9 72.3/96.5 74.0/99.4
(0(2.1) 382+ 157 104 49 27.0/343 28.4/37.2 315/40.7 32.9/43.8  52.5/67.8 77.3/95.0 93.8/112.7  97.4/117.4
(0(12.1) 403 4+ 169 100 3.1 27.3/36.9 32.7/48.7 49.0/71.4 87.9/108.0 168.1/185.8 233.0/256.6  274.3/308.6  275.5/314.5

temperature decreasing from 300 to 5 K and start to contribute
to the observed magnetic hysteresis, the effect of grain size dis-
tribution on B, and B, becomes smaller and even negligible at
5K [43]. Therefore, a nearly fourfold rise in the B. and B,
values at 5K for the Co(12.1) culture to the Co(0) culture
should result from chemical changes in the magnetosomes,
i.e. cobalt was doped in the magnetosomes within the
Co(12.1) culture. While, despite similar magnetic hysteresis at
300K, a nearly twofold rise in the B. and B, values at 5K
for the Co(12.1) culture compared with the Co(2.1) culture
might indicate that the cobalt content in the Co(2.1) doped
magnetosomes could be tiny.

In addition, compared with the pot-bellied shape for the
Co(0) and Co(2.1) samples (figure 2c,f), the hysteresis loop
for the Co(12.1) becomes wasp-waisted when measured at
100 and 5 K (figure 2i). Generally, a wasp-waisted hysteresis
indicates a range of grain sizes, mixed magnetic mineralogy
and/or a mixture of grains with heterogeneous composition
[44]. In our case, only spinels with narrow grain size distri-
bution were produced by the AMB-1 cells within the three
cultures, as observed by TEM. Therefore, the wasp-waisted
hysteresis particularly observed at low temperatures only
for the Co(12.1) magnetosomes may suggest a heterogeneous
doping of cobalt within individual particles.

3.3. Coordination chemistry of cobalt within the
magnetosome magnetite

To determine the coordination chemistry of cobalt within
the spinel structure of magnetosomes, both XAS and
XMCD at Fe and Co L, 5 edges were performed on the mag-
netosomes produced within the Co(0) and Co(12.1) cultures.
The experimental XMCD spectra at Fe L, 53 edges were fitted
by a linear combination of experimental XMCD signal for
pure magnetite and pure maghemite (electronic supplemen-
tary material, figure S2) [37,38]. As shown in figure 3, the
composition of the magnetosomes produced by the AMB-1
cells in the Co(0) culture slightly deviates from stoichio-
metric magnetite, which possibly results from crystal
defects (e.g. cation vacancy) occurring during magnetosome
biomineralization [30]. From the linear combination of the
fit in figure 3, one can determine that the calculated ratio of
Fe*" Oy, :Fe’ Ty :Fe>* Oy, for the magnetosomes produced in
the Co(0) culture is 0.70:1.00:1.20 (this ratio is 1:1:1 for
stoichiometric magnetite) (figure 3ab). In contrast, the
Co(12.1) magnetosomes are obviously non-stoichiometric
with a significant decrease of the Fe?" Oy, peak (figure 3c,d).
From the linear combination, one can compute that the
ratio of (Fe*"+ Co*")Oy : Fe* Ty : Fe* "0, is 0.575:1.00: 1.28.
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Figure 4. (a) Experimental XAS spectra at the Fe and Co L,; edges on the (o(12.1) magnetosomes for right and left polarized X-rays in a 0.6 T magnetic field at
4 K. The baseline difference prior to the Co L, edges is due to magnetic XAFS from Fe L, ; edges. (b) Experimental XMCD signal (black dots) at the Co L, ; edges
compared with the ligand field multiple calculated spectrum (red line) for octahedral Co®" ion. The two peaks around 780 and 795 eV in (a) arise from the M, 5
edges of Ba impurities in the Si wafer on which the sample was deposited (electronic supplementary material, figure S5).

Based on the previous analysis in figure 3d, we can estimate
the difference between the experimental feature originating
from Fe?™ and the fit that has been made. This difference can
be interpreted as equal to the amount of cobalt ions that enters
the magnetosomes. The cobalt concentration, defined as [Co]/
([Fe] + [Co]) is found to be approximately 6% of the total metal
ion content in the Co(12.1) magnetosomes. One can also deter-
mine the cobalt concentration by scaling the intensity of the
XAS spectra at Co L, 3 edges with respect to the spectra at Fe
L5 edges and considering the sum rule on the number of holes
[39]. If the average number of holes on the Co and Fe 3d shells
are considered, one finds [Co]/([Fe] + [Co]) ~ 4% (figure 4a).
This new result is in line with the previous value determined
from the fit on the XMCD, although it is slightly less precise
because of the uncertainty between the ratio of the radial integrals
for the electric dipole transitions at Fe and Co L, 3 edges. Notably,
XAS and XMCD measurements were made in total electron
yield mode with an effective probing depth of approxima-
tely 3—5nm, where the signal decreases exponentially with
increasing depth, hence most XAS and XMCD signal originates
from the first few nanometres. Therefore, the cobalt content
within magnetosomes might be overestimated in the case
where the concentration of cobalt would be higher at the surface
of the magnetosomes than in the bulk. To precisely determine
the amounts of cobalt doping, some chemical analyses on dis-
solved samples of the magnetosomes are needed in the near
future, e.g. the total concentration of iron can be determined
by Ferrozine assay, while the relative amounts of cobalt and
iron can be measured by inductively coupled plasma atomic
emission spectroscopy [10,13].

The site occupancy and oxidation state of the cobalt within
the magnetosomes were further studied by examining the
XMCD spectra measured at the Co L,5 edges (figure 4b).
Theoretical XAS and XMCD spectra have been calculated for
Co** and Co®" ions in both O, and T4 coordinations (electronic
supplementary material, figure S3). They have been normal-
ized and broadened to account for instrumental broadening
for comparison with the experimental spectra. The strong
resemblance of the experimental data to the XAS and XMCD

spectra calculated for an octahedral Co®" ion suggests that
the Co cations reside almost exclusively on octahedral sites
(figure 4b). In addition, the XMCD signal at the Co L3 edge is
very large and amounts to 140% of the isotropic Co L; edge.
This is a strong indication that the cobalt ions have to be present
inside the magnetosome and cannot be paramagnetic ions
polarized by neighbouring magnetite crystals, i.e. Co*" ions
were incorporated into the O, sites of the spinel structure of
magnetosome magnetite by substituting Fe>". This conclusion
is fully in line with the observed reduced Fe** concentration in
octahedral sites as concluded from the analysis of the Fe L, 5
edge XMCD spectra.

To further evaluate the Co®" substitution and its effect on
the magnetic properties of the magnetosomes, we have
measured element-specific magnetization curves detected by
XMCD at the Fe and Co L, edges at approximately 3 K.
From figure 5, it is possible to gain information on the reparti-
tion of cobalt ions inside the magnetosomes. One first finds that
the coercivity measured at the Fe L, 3 edges is 9 times larger for
the Co(12.1) magnetosomes, approximately 210 mT (figure 5b),
than for the Co(0) magnetosomes, approximately 23 mT
(figure 5a). This is a very strong confirmation that cobalt ions
are incorporated inside the spinel structure of magnetosomes
and increase the coercivity of the whole magnetite crystals.
One also observes that for the Co(12.1) magnetosomes the
magnetization curves measured at Co and Fe L,; edges are
slightly different (figure 5b). One notes that the normalized
remanent magnetization (i.e. remanent magnetization divided
by magnetization at saturation) for the magnetization curve
measured at Co L, 3 edges is 89%, whereas it is 82% for the
curve measured at the Fe L, 3 edges. In contrast, the remanent
magnetization for the Co(0) magnetosomes is equal to 33% of
the magnetization at saturation. A simple rule of proportional-
ity then indicates that around 90% of the magnetosomes have
incorporated cobalt ions, whereas 10% have not and remained
pure Fe bearing magnetites. From these determinations, one
can compute the expected magnetization curve and coercivity
using the magnetization curve measured on the Co(0) magne-
tosomes at the Fe L, ; edges and on the Co(12.1) magnetosomes
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Figure 5. Element-specific magnetization curves detected at 3 K by XM(D at the Fe (black line) and Co (red line) L5 edges in the Co(0) magnetosomes (a) and
(0(12.1) magnetosomes (b). Note that the x-axis is different for the two types of magnetosomes.

at the Co L,3 edges (electronic supplementary material,
figure S4). A straightforward comparison indicates that the
linear combination is quite different from what has been actu-
ally measured on the Co(12.1) magnetosomes at the Fe L,
edges. We interpret this difference as a sign that Co is not
homogeneously distributed inside the magnetosomes. In this
picture, we expect a gradient of cobalt concentration with the
largest concentration at the surface of the magnetosomes. The
magneto-crystalline anisotropy of cobalt ions combined with
the surface anisotropy would tend to increase the coercivity
values. For Fe, the surface anisotropy would not contribute
as much because of its distribution inside the whole bulk
of the magnetosome. This scenario also explains the lower
coercivity for Fe than for cobalt in the Co(12.1) magnetosomes.

4. Discussion and conclusion

The chemical purity of magnetite produced by MTB has been
discussed for many years. On the one hand, the magnetosome
formation is genetically controlled, resulting in a well-ordered
crystal structure, nearly perfect stoichiometry and narrow size
distribution, thus well-defined magnetic properties [24,25].
Such crystallographic, magnetic and chemical properties
have been widely used as potential criteria for identifying
fossils of magnetosomes (i.e. magnetofossils) from ancient

sediments or rocks [26,45]. On the other hand, to tune their
magnetism suitable for various applications, great efforts
have been made over the last decade in incorporating other
transition metals such as Co, Mn, Zn, Cu and Ni into magneto-
somes [11,13,14]. Very recently, Amor ef al. [46] tested the
incorporation of 34 trace elements including some transition,
light and heavy metals in magnetosomes produced by
M. magneticum AMB-1. They found that, despite very low con-
centration (approx. 1-10 ppm), most trace elements within the
magnetosomes can be measurable by high-resolution induc-
tively coupled plasma mass spectrometry. In the present
study, we have investigated for the first time the coordination
chemistry and magnetism of cobalt-doped magnetosomes
with XMCD for element- and site-specific magnetic analysis.
Experimental and theoretical XMCD analyses at both Fe and
Co L,;3 edges demonstrate unambiguously that Co*" was
incorporated within the spinel structure of magnetosomes by
the substitution of Fe*" at the Oy, sites. Such substitution may
occur heterogeneously, e.g. a gradient of cobalt concentration
with the largest concentration at the surface of the magneto-
somes, resulting in a joint effect of magneto-crystalline
anisotropy of cobalt ions and surface anisotropy on increasing
the coercivity of cobalt-doped particles. We further studied the
cobalt distribution among different particles with EDXS in
TEM mode. The results clearly show that the cobalt concen-
tration varies from particle to particle even within the same
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Figure 6. EDXS measurements performed on individual magnetosome particles. (a) TEM image of one magnetosome chain within one same cell which was ana-
lysed by EDXS in TEM mode. (b,c) EDX spectra of six individual particles as indicated by the numbers in (a). For each particle, the EDX spectrum was recorded with a
counting time of 4 min and an electron probe of several nanometres to optimize a good signal to noise ratio and to minimize the induced irradiation damage of the
particles. All the EDX spectra were normalized by their own Fe-Kox peak, and therefore the degree of asymmetry of Fe-K[3 peak (approx. 7.05 keV) and the intensity
of Co-KPB peak (approx. 6.92 keV) could be compared among the six individual particles and closely related to their cobalt amounts. Clearly, those cobalt-doped
magnetosomes are characterized by an obviously asymmetric Fe-K(3 peak (approx. 7.05 keV) with a small shoulder at approximately 6.92 keV (i.e. Co-Ko peak)
along with a small Co-K@ peak at approximately 7.65 keV, i.e. particles 1—3 may contain more cobalt than particles 4—6.

magnetosome chain within the same cell (figure 6). Those
cobalt-doped magnetosomes are characterized by an obviously
asymmetric Fe-KB peak (approx. 7.05keV) with a small
shoulder at approximately 6.92 keV (i.e. Co-Ka peak) along
with a small Co-Kp peak at approximately 7.65 keV (e.g. par-
ticles 1-3 in figure 6). These new results, consistent with the
bulk magnetic properties (e.g. reduced T, and wasp-waisted
hysteresis loop) and element- and site-specific XMCD results,
altogether demonstrate that some magnetosomes within
AMB-1 present a heterogeneous doping by Co®' in the
octahedral sites of magnetite.

Partially consistent with previous observation of a toxic
effect of cobalt on AMB-1 cell growth [11], the present study
shows that the addition of 12.1 pM of Co*" in the initial culture
medium significantly delays the cell growth and slightly
decreases the final cell density compared with the Co(2.1)
culture which contains a trace amount of cobalt (2.1 uM) (elec-
tronic supplementary material, figure S6). Importantly, this
study reveals that, compared with the Co(0) culture, i.e. without
any cobalt in the initial growth medium, the presence of trace
cobalt can significantly improve the magnetosome formation
and the cell growth in the Co(2.1) culture, i.e. more magneto-
somes with larger sizes and longer chains (figure 1), and
higher final cell density in the latter than the former (electronic
supplementary material, figure S6). This indicates that trace
cobalt benefits the cell growth and magnetosome formation
within AMB-1. Actually, cobalt is a bio-essential metal for life,
either forming the central cobalt—corrin complex of cobalamin
(vitamin B12) or directly binding in enzymes such as nitrile
hydratase and carbonic anhydrase [47]. We assume that cobalt
is necessary for biosynthesis of B12 or some key enzymes

which might be linked to magnetosome formation within
AMB-1. An active or/and passive transport of excess cobalt
to cells or cell walls (periplasm) may occur when AMB-1 is
growing in cobalt-containing medium. Cobalt ions may com-
pete with iron ions for sites of cation diffusion system on
the magnetosome membrane, and then it is co-transported
into the magnetosome membrane and co-precipitated as
cobalt-doped magnetite. Alternatively, within the periplasm,
cobalt ions can be initially co-precipitated within ferrihydrite,
precursor for magnetosome magnetite [48], and further form
cobalt-doped magnetite by recrystallization reaction within
magnetosome membrane. A heterogeneous distribution of
cobalt within inter- and inner-magnetosomes suggests that
Co>" might be largely incorporated in magnetosomes only
when Fe’" in the medium is largely consumed for building
magnetite. Within the whole-genomic information on AMB-1,
an ECF-type Co”" transporter gene cluster CbiMNQO
(Amb0275-Amb0278), a cobalamin synthesis gene cluster
(Amb0292-Amb0298), and a cobalt—precorrin synthesis gene
cluster (Amb2641 and Amb2642) were found and presu-
med to be the respective homologous genes [49]. The roles of
these genes in the transport and incorporation of cobalt into
magnetosomes would deserve further studies.

Cobalt doping in magnetite nanoparticles has also been
performed in Fe’'-reducing bacteria which produce large
quantities of superparamagnetic magnetite extracellularly
[10,12]. Compared with trace cobalt (approx. 1-3%) doping
in magnetosome magnetite in previous studies [11,13] and
approximately 4-6% in the present one, the amounts of
cobalt doped in extracellular magnetite can be much larger,
e.g. the atom ratio of Co/Fe can reach up to approximately
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50% [10,12]. Besides the presence of Co?" ions in the Oy, sites,
up to 17% Co®" ions can also be incorporated into Ty sites
[10]. From an application point of view, a precise doping by
which the valence, site occupancy and content of cobalt in
the spinel structure of magnetite can be controlled is crucial
for producing promising MNPs with precisely controlled mag-
netic properties. To use cobalt-doped magnetosomes for cancer
therapy for instance [29], chains of magnetosomes doped with
suitable amounts of cobalt have higher efficiency compared
with other MNPs due to a good compromise between coerciv-
ity increasing and magnetization decreasing [50]. This study
demonstrates that cobalt can be exclusively incorporated into
the spinel structure of magnetosome magnetite at the Oy, sites
as Co”" which significantly increases the coercivity at both
ambient and low temperatures. Consistent with previous
studies [13,25,30,46], this study further demonstrates that the
biomineralization process of magnetosomes within MTB
system could be affected by environmental factors such as
medium components. While MTB do biomineralize in a very
ordered, precise manner to form chain-arranged SD magnetites
with narrow size and shape distributions, the chemical and
therefore magnetic properties of magnetosomes can be tuned
by an incorporation of Co*" into Oy, sites of magnetites through
the replacement of Fe®" ions. Since significant progress
has been achieved recently in the large-scale production of
magnetosomes [51] and the biosynthesis in a foreign micro-
organism by transfer of magnetosome gene clusters [52],
MTB may provide a promising biomimetic system for precisely
producing chains of Co®*-doped SD magnetite which have
optimizing magnetic properties, i.e. enhanced coercivity but
not-too-low saturation magnetization, as well as uniaxial
in-plane anisotropy.
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