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The magnetic properties of magnetosome magnetite are of interdisciplinary interest because magne-
tosomes are potential carriers of natural remanent magnetization and paleoenvironment, as well as
novel nano-biomaterials in biotechnological and biomedical applications. We carried out magnetic and
electron transmission microscopy analyses of fresh Magnetospirillum magneticum AMB-1 whole cells
and isolated magnetosomes. Results revealed that AMB-1 synthesized single-domain magnetite mag-
netosomes, which are arranged in the form of linear fragmental chain. The distinct differences of mag-
netic properties between these two samples can be faithfully interpreted in terms of spatial arrange-
ment of magnetosomes and magnetostatic interaction. For the whole cells, the strong intra-chain in-
teractions and weak inter-chain interactions generate behaviors of non-interacting uniaxial single-
domain particles. Its &ratio is 3.0 and passes the Moskowitz test. In contrast, the isolated magneto-
some sample has reduced values of coercivity and &ratio (1.5), due to increasing three-dimensional
magnetostatic interactions and collapse of magnetosome chains. These observations provide useful
insights into applications of the biogenic magnetite (magnetosomes) in magnetic nano-materials and
magnetofossils in the paleomagnetic and environmental magnetism.
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Magnetotactic bacteria (MTB) are a heterogeneous
group of prokaryotes with the capability of synthesizing
magnetosomes, which are intracellular, membrane-
enveloped crystals of magnetite or greigite. The magne-
tosomes, ranging from 30 nm to 120 nm, are usually
arranged in the form of single or multiple straight chains
within cell, assisting the bacterium in orienting and
swimming along the geomagnetic field lines!"?. In the
past decade, the potential bionanomaterial and biomedi-
cal applications of magnetosomes have been highlighted

due to their unique characteristics, i.e., narrow size ran-

ge, perfect crystal morphology and high chemical puri-
3,4 . .

ty[ 1 Therefore, magnetic properties of magnetosomes

have been of great interest in fields of environmental

magnetism, paleomagnetism and biomagnetism, as well
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as nano-biomaterial and biomedical utilization” .

Rock magnetic parameter can reflect the nature of the
magnetic minerals, grain size, domain states, and magne-
tostatic interactions. Therefore, rock magnetism is used as
an important tool to study the magnetic properties of
MTB produced magnetic crystals, including cultivated

[12-17] 18,19]

and wild types!"™'"”L. Previous studies re-

vealed that the linear magnetosome chain produces

strains

strong intra-chain magnetostatic interaction and has pro-
nounced shape anisotropy' """, which may result in high
oratio value (>2), where o-ratio is Jrc/Izrc, reflecting the
difference of remanence losses across the Verwey transi-
tion between the field-cooled (FC) and zero-field-cooled
(ZFC) processes. The oratio therefore has been used to
determine the presence of magnetofossils™'*'*'! known
as the Moskowitz test!'®. The &ratio is reduced as the
magnetosome were extracted from MTB cells and col-
lapsed into a highly interacting system, such as a
clump!'®?. Other magnetic properties, e.g. coercivity
(B.), coercivity of remanence (B,,), and the My/M; (M,
saturation remanence; M;, saturation magnetization) can

[12,16,17,20] In

be influenced by magnetostatic interactions
other words, magnetic measurements are useful in unrav-
eling the spatial arrangement and magnetostatic interac-
tion of magnetosomes. Besides, previous investigations
found that, for inorganic stoichiometric magnetite, the
Verwey transition temperature (7y) is ~120—125 K; mag-
netosome magnetite produced by cultivated and unculti-
vated MTB have lower 7, (100—110 K)!'®!%1921221 pap
et al." interpreted the reduced 7, as an intrinsic property
of bacterial magnetosome magnetite.

Pure culture of MTB provides sufficient quantities of
whole cells and isolated magnetosomes for magnetic
measurements. Recently, Li et al.**! reported that Mag-
netospirillum magneticum AMB-1, when grown in batch
culture under microaerobic conditions, initiates to min-
eralize magnetosomes simultaneously at multiple sites
within the cell body and finally forms a linearly frag-
mental chain consisting of 3 to 5 sub-chains. Both the 7,
and B, of whole cell samples increased with the growth
of magnetosomes. The present study systematically
compared the magnetic properties of fresh whole cells
and isolated magnetosomes of AMB-1 after 96 h culture.
The magnetic measurements included room-temperature
hysteresis loops and first-order reversal curve (FORC)
diagrams, Verwey transition and Moskowitz test. Finally,
effects of magnetostatic interactions of magnetosomes

on bulk magnetic properties of samples were discussed.

1 Material and methods

Strain AMB-1 (Magnetospirillum sp. ATCC 700264>*)
was grown in an enriched magnetic spirillum growth
medium (MSGM) as previously described™’, with the
addition of 60 pmol/L Fe-quinate. Total 5 L batch cul-
ture of cells was carried out statically at 26°C for 96 h.
Cells were harvested by centrifugation at 10000 r/min
for 10 min at 4°C. Half of the centrifuged cells was sus-
pended into 10 mL distilled water and was sonicated for
5 min with pulses of 5 s alternated with pauses of 5 s
within ice bath using an ultrasonic disrupter (VCX130,
SONICS, U.S.A.). The magnetosomes were magneti-
cally purified by using a neodymium-boron magnet and
were then washed with distilled water. This extraction
process was repeated for 5 times, after which the mag-
netosomes were magnetically pelleted. The fresh sam-
ples of residual cell pellet and isolated magnetosomes
were loaded into gelatin capsules and were immediately
magnetically measured. To avoid possible oxidation, the
whole process of magnetosome extracting and sample
loading was carried out inside an anaerobic glove box
(oxygen concentration lower than 0.03%).

The analyses of number, grain size, spatial arrange-
ment, crystal structure and selected area electron diffrac-
tion (SAED) of magnetosomes were performed with a
JEM2010 transmission electron microscope (TEM)
(JEOL, Japan) operating at 200 kV.

Room-temperature hysteresis loops and FORCs were
measured using a MicroMag 2900 Alternating Gradient
Magnetometer (Princeton Measurements Corporation,
sensitivity is 1.0x10™"" Am®). Hysteresis loops were me-
asured between £1.0 T with an averaging time of 200 ms.
Subsequently the saturation isothermal remanent mag-
netization (SIRM) acquired at 1.0 T was demagnetized
in a backfield to obtain B.. FORCs were measured by
following the protocol described by Roberts et al.l?.
FORC diagrams were calculated using the FORCinel ver-
sion 1.05 software with a smoothing factor (SF) of 317,
Generally, in a FORC diagram, the horizontal axis H.
corresponds to the coercivity distribution and the verti-
cal axis H, corresponds to the distribution of interaction
fields2628:291

Low-temperature magnetic experiments were per-
formed using a quantum design magnetometer (MPMS
XP-5, sensitivity is 5.0x107"° Am?). Zero-field-cooled
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(ZFC) and field-cooled (FC) curves were acquired by
cooling the samples from 300 K to 5 K in a zero field
and in a 5 T field, respectively, followed by giving a
saturation isothermal remanent magnetization in a field
of 5 T at 5 K (hereafter termed SIRMs1.5¢), and then
measuring the remanent magnetization in zero field at
intervals of 2—5 K upon warming to 300 K. The 7 is
defined as the temperature for the maximum of the first-
order derivative of the FC curve (dM/dT). The oratio
(0rc/ Ozrc) was calculated after Moskowitz et al.'® The
o0 is defined as (Mgox— Mis50x)/Mgox, Where Mgox and
M50k are the remanences measured at 80 K and 150 K,
respectively.

2 Results

2.1 Spatial arrangement of magnetosomes

Figure 1(a) shows typical TEM images of linear ar-
rangement of magnetosome sub-chains within whole
AMB-1 cell body. Statistic results showed that the

@

Figure 1

AMB-1 cells produced 14 magnetosomes per cell in av-
erage with a mean grain size of 45.6+12.3 nm. Most
cells (> 90%) formed linearly fragmental chains consist-
ing of 3 to 5 sub-chains separated by large gaps. Each
sub-chain commonly contains 3 to 6 closely-aligned ma-
gnetosomes. These results are consistent with our previ-
ous observations>.

As shown in Figure 1(b), the isolated magnetosomes
exhibit a significantly different spatial arrangement of
particles from within the whole counterparts. An overall
feature is that magnetosome sub-chains were completely
destroyed and were collapsed into aggregation with vari-
ous spatial arrangements. More specifically, part of mag-
netosomes collapsed completely tends to closely pack
into a clump. While the residual magnetosome chains,
with part of the chains closed to form loops, seem to
loosely aggregate. Higher-magnified TEM observations
revealed that the magnetosome membranes were still in-
tact and enveloped the isolated magnetosomes.

The SAED pattern and high resolution TEM (HRT-

.. 6nm Zone axis[110]

Representative TEM images of (a) whole AMB-1 cell showing magnetosome sub-chains, Sn (n = 1, 2,---) indicates sub-chain; (b)

isolated magnetosomes, box-b1, -b2, -b3 and -b4 represent the magnetosome clump, residual magnetosome chains, magnetosome chain
loops and magnetosomes bounded with residual cell debris, respectively, and box-b5 indicates the higher-magnified TEM image showing the
intact magnetosome membranes; (c) SAED pattern of a group of isolated magnetosomes (camera length = 80 cm), the analyses of SAED
pattern and characteristic d-spacings determined the single phase of magnetite for magnetosomes; (d) HRTEM images of a magnetosome
crystal imaged in the [11° 0] zone, showing a well ordered single crystal structure with a cubo-octahedral crystal morphology, inset: magnifi-
cation and Fourier transform of magnetosome marked by box. The spacings of 4.8 A and 4.2 A agree with those of the {111} and {002} lattice

planes of magnetite, respectively.
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EM) images indicate that magnetosomes produced by
AMB-1 are well crystallized magnetite with cubo-cta-
hedral crystal morphology (Figure 1(c), (d)).

2.2 Standard hysteresis parameters

Room-temperature hysteresis loops for the whole AMB-
1 cells and their isolated magnetosomes are shown in
Figure 2(a), (b), respectively. Both the hysteresis loops
are closed at ~50 mT, saturated at low field (< 200 mT)
and well characterized by the pot-bellied shape. How-
ever, the standard hysteresis parameters differ signifi-
cantly. The whole cell sample shows typical Stoner-
Wohlfarth type hysteresis loop and has the B, By, Bei/B.
and M. /M values of 18.6 mT, 23.3 mT, 1.25 and 0.46,
respectively (Figure 2(a)). In comparison, the isolated
magnetosome sample has the B, B, B/B. and M /M,
values of 12.2 mT, 18.2 mT, 1.5 and 0.33, respectively
(Figure 2(b)).

2.3 FORC diagrams

As shown in Figure 3, the FORC distributions with well
closed concentric contours around a central peak for
both the samples indicate dominant single-domain (SD)

(2628291 The peak coercivity,

behaviors of magnetosomes
which is defined as the coercivity field corresponding to
the peak of FORC distributions, is 29.8 mT and 21.2 mT
for the whole cells and the isolated magnetosomes, re-
spectively. Both of them are numerically larger than the
B, values determined by their corresponding back-field
demagnetization curves, possibly due to the asymmetry
of coercivity distribution in the FORC diagrams.

The rather weak or negligible inter-sub-chain and in-
ter-cell magnetostatic interactions are well exhibited by
the rather narrow vertical spread along the H, axis (<5
mT) in the FORC diagram (Figure 3(a). However, the
FORC diagram for the isolated magnetosome sample

1.0
B=186mT
B,=23.3mT
05
B,/B.=1.25
s M M =0.46
-05-
1.0 : : : @
~200 -100 0 100 200

H (mT)

shows a pronounced vertical spread with an order of
nearly 20 mT at low coercivity regions (H, = ~15 mT),
indicating strong three-dimensional magnetostatic inter-
actions. Additionally, this vertical distribution gradually
constricted towards larger /. and reached a similar level
at H. > 50 mT to that for the whole cell sample (Figure
3(b)). The FORC diagram with a slightly bimodal nature
for the isolated magnetosomes is possibly due to the
co-existence of the residual magnetosome chains (higher
coercivity) and the close package of collapsed magne-
tosome chains (lower coercivity). The half-width field
(Hp12), which is defined as the value of the interaction
field where the peak of the FORC distribution has re-
duced to half of its maximum value, is 2.4 mT and 4.2
mT for the whole cells and isolated magnetosomes, re-
spectively (Figure 3).

2.4 The Verwey transition and Moskowitz test

The thermal demagnetization curves for the whole cells
and isolated magnetosomes are shown in Figure 4(a), (b),
respectively. Both ZFC and FC curves show sharp drops
in remanence intensity between 90 K and 110 K, which
corresponds to the Verwey transition of magnetosome
magnetite!'*'®'*! Both samples have consistent 7', of
106 K, lower than ~120—125 K for stoichiometric mag-
netite. The reduced 7, for AMB-1 magnetosomes, which
is consistent with previous studies on cultivated or un-
cultivated MTB, is possibly due to the nonstoichiometry
of magnetosome magnetite, i.e., ion vacancies or crystal
defects. On the other hand, the distinct Verwey transi-
tion and same 7, values for both samples indicate that
the 7 is not related to the spatial arrangements of mag-
netosomes. And the extracted magnetosomes did not
undergo effects from oxidation, because any slight oxi-
dization can shift the 7, to a lower temperature, as well

as depress and broaden this transition*”),

1.0
B=122mT
B =18.2mT
0.5 4
B /B=15
=3 M, /M=0.33
-0.5
10 : (b)
-200 -100 0 100 200
H{mT)

Figure 2 Normalized hysteresis loops for the whole AMB-1 cell sample (a) and the isolated magnetosome sample (b) at room temperature.
B., Ber, Ms and M, represent the coercivity, remanent coercivity, saturation magnetization and saturation remanence, respectively.
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Figure 3 Room-temperature FORC diagrams for the whole AMB-1 cell sample (a) and the isolated magnetosome sample (b), both derived
with a smooth factor of 3. Insets in (a) and (b): vertical profile through the peak of the FORC distribution rendering a measure of the half-width
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Figure 4 Normalized low-temperature saturation remanence demagnetization curves for the whole AMB-1 cell sample (a) and the isolated
magnetosome sample (b) after the samples were pretreated in zero-field cooled (ZFC, open squares) and in field cooled (FC, solid squares).

Nevertheless, the remanence lost at 7y (dgc and dzgc)
is less for the whole cells than that for the isolated mag-
netosomes (Table 1). The dpc/Izrc for the whole AMB-1
cell sample is 3.0, suggesting that the Moskowitz test is
still valid for magnetosome sub-chains. Due to collapse
of linearly fragmental chains into an interacting system,

the isolated magnetosome sample has its opc/dzrc of 1.5,
lower than the threshold of the Moskowitz test (2.0), but
still larger than the Jratio values of inorganic magnetite
samples!'®.  Additionally, the isolated magnetosome
sample exhibits a faster thermal decay on remanence

below 30 K and above 120 K than the whole cell sample
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(Table 1 and Figure 4). This suggests a higher degree of
progressive unblocking of magnetization occurring in
the isolated magnetosomes than in the whole cells,
which indicates that there is a relatively higher contribu-
tion of superparamagnetic (SP) particles in the former
than in the latter.

Table 1 Comparison of low-temperature magnetic parameters
between the whole AMB-1 cell sample and the isolated magneto-
some sample

Isolated magneto-

Content Whole cell sample some sample
7.2 106 K 106 K
LTD_FC(5—30 K)%" 7.0 12.9
LTD_FC(120—300 K)% 13.8 25.3
Src? 0.35 0.45
Szrc® 0.12 0.30
OrclOzc® 3.0 15

a), T,, Verwey transition temperature, is determined by the maxi-
mum of the dM/dT of FC data; b) LTD_FC(X=Y K)% = (Mx—My)/

Mxx100; €) Skc,, Ozrc and Sc/dzc Were calculated after Moskowitz et
al.lel

3 Discussion

Previous studies revealed that the linearly magnetostatic
interactions inside magnetosome chain lead to the entire
chain to act as an elongated SD particle with high uni-
axial shape anisotropy energy”'*. Some smaller mag-
netosomes located at ends of magnetosome chain could
be constrained by intra-chain magnetostatic interac-
tions™*!. Due to well separating of cytoplasm and high
shape anisotropy energy of magnetosome chains, the
sample consisting of randomly orienting whole MTB
cells may behave as an isotropic ensemble of non-in-
teracting uniaxial SD particles!' "', When grown mi-
croaerobically in batch culture, AMB-1 forms a linearly
fragmental chain consisting of 3—5 sub-chains. The cen-
ter-to-center distance between adjacent magnetosomes
within sub-chains appears to be stable, and the distance
between adjacent sub-chains is larger than 200 nm during
the whole process of magnetosome formation!*".

The AMB-1 whole cell sample shows a typical
Stoner-Wohlfarth type hysteresis loop and has a M,y/M;
value very close to 0.5, which indicates the predomi-
nance of uniaxial SD behavior of sub-chains. For the
isolated magnetosome sample, the disruption of cells
and collapse of magnetosome sub-chains causes in-
creasing contribution of SP behavior and significantly
increasing negative magnetostatic interactions, i.e., in-
ter-particle and inter-chain interactions. As a result, the
low- and room-temperature magnetic properties signifi-

cantly changed, e.g. By, B., Mi/Ms and Opc/Ozrc de-
crease, and B.,/B., orc and Ozgc increase. The Hyyp is 4.2
mT for the isolated magnetosome sample, higher than
2.4 mT for the whole cell sample, but much lower than
8.2 mT for the chemically synthesized SD magnetite
powder (without biomembrane envelopment)!'”). This
strongly indicates that the magnetosome membrane
plays an essential role to decrease the magnetostatic in-
teractiyns of magnetosome. The weak interactions can
be helpful to dispersing magnetosomes uniformly within
solution, which is crucial for the biomedical and bio-
technological applications of isolated magnetosomes.

To identify magnetofossils from sediments or sedi-
mentary rocks is important to reconstruct paleoenviron-
ment. In natural environment, the magnetosome chains
usually suffer more or less degree of chain collapse due
to consolidation of sediments. The mixture of detrital
magnetic minerals may make the detection of magneto-
fossils more complicated. Moskowitz et al.'® proposed
the threshold (1.5) of Opc/dzrc for a positive chain re-
sponse in mixtures of chains and inorganic magnetite.
This value could be further reduced by higher content of
detrital minerals and other effects. Pan et al.”* measured
two sediment samples with dead MTB from Lake
Chiemsee, and obtained the orc/Szrc of 1.47 and 1.25 for
the freeze-dried and air-dried samples, respectively.
They interpreted the reduced Jrc/dzrc as a result of low-
temperature oxidation and chain breakup. Our result
corroborated these previous findings, suggesting that the
Orc/ Ozrc values ranging from 1.2 to 2.0 possibly imply
that the presence of magnetosome chains suffered vari-
ous degrees of either disruption or mixed with inorganic
magnetic minerals or both. Therefore, rock magnetism
with combination of multiple parameters is an important
approach to rapidly identify magnetofossils in bulk
sediment samples.

4 Conclusions

AMB-1 synthesizes magnetite magnetosomes in micro-
aerobic batch culture. The whole AMB-1 cell sample
shows significantly different magnetic properties from
those of the isolated magnetosome sample. The former
has a Stoner-Wohlfarth type hysteresis loop, narrow ver-
tical spread in FORC diagram and high &ratio, while
the latter has reduced B., B.., M;/M; and Jratio due to
collapse of magnetosome chains and increasing of mag-
netostatic interaction between magnetosome crystals.
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Nevertheless, the magnetostatic interaction within the
isolated magnetosomes is still lower than that of chemi-
cally synthesized magnetite (without biomembrane sur-
rounding). Finally, our results suggest that the magne-
tostatic interactions possibly do not contribute to the
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