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Abstract: Magnetic parameters of magnetosomes inside the bacteria of MSR-1, LBB-42, AMB-1, SP-1,
BB-1, and SO-1 strains of the genus Magnetospirillum fixed by 5% formalin in the nutrient medium
were estimated by measurements of the nonlinear longitudinal response to a weak ac magnetic field
(NLR-M2) at room temperature. For the BB-1, MSR-1, and AMB-1 strains, the measurements of
the electron magnetic resonance (EMR) spectra with the special X-band spectrometer for wide-line
registration were also carried out. To trace the evolution of the magnetic state of the magnetosomes
during the long-term storage, freshly prepared samples (“new”) and samples after a year of storage
at 4 ◦C (“old”) were studied. The assessment of the state of the bacteria ensemble in the medium after
the long-term storage was carried out for one typical strain (BB-1) using atomic force microscopy.
The stable single-domain state of magnetic centers in the magnetosomes indicating their proximity to
a superparamagnetic (SPM) regime was found at the scan frequency 0.02 Hz of the steady magnetic
field. This allowed a semi-quantitative analysis of M2 data to be carried out with the formalism
based on the numerical solution of the kinetic Fokker–Planck equation for SPM particles. Processing
the NLR-M2 data demonstrated the presence of two kinds of magnetosomes in both the “new” and
“old” samples: (i) those with the large magnetic moment (the “heavy”, monodisperse mode) and
(ii) those with the comparatively small magnetic moment (the “light”, highly dispersed mode). The
EMR spectra were formed mostly by the “heavy” fraction for both samples. The presence of two
peaks in the spectra evidenced the presence of conventional uniaxial magnetic anisotropy in the
magnetosomes. The appearance of one or two additional peaks in the spectra in the “old” fraction
of some strains implied their instability at the long-term storage, even when fixed by formalin and
sealed in the nitrogen atmosphere.

Keywords: magnetosomes; Magnetospirillum spp.; nonlinear response to ac magnetic field; electron
magnetic resonance
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1. Introduction

Magnetotactic bacteria (MTB) are organisms that have been deeply studied in recent
years, due to their interesting magnetic behavior and their potential applications in thera-
nostics and hyperthermia, and as biosensor devices. MTB produce organelles arranged as
intracellular chains of submicron-sized membrane-enclosed magnetic particles called mag-
netosomes, composed of magnetite (Fe3O4) or greigite (Fe3S4) single crystals [1–5]. They
orient and move along the Earth’s geomagnetic field lines searching the areas of aqueous
reservoirs where the magnetic field helps MTB to locate at the oxic–anoxic transition zone
within chemical gradients.

The crystalline properties of magnetosomes make them very attractive for bioengineer-
ing applications, including use as contrast agents in nuclear magnetic resonance imaging
or nano-heaters in hyperthermia therapy [6]. In the latter case, the heating efficiency
demonstrated by magnetosomes was reported to be higher than the heating efficiency that
characterized the nanoparticles prepared by the chemical synthesis protocols [7,8]. Since
the competitive chemical procedures yield wide-range nanoparticle distributions [9,10] and
smaller heating efficiencies, it became appealing to use MTB as bioreactors to produce high-
quality magnetic nanoparticles for medical purposes. MTB of the genus Magnetospirillum
are the best studied MTB, due to their relatively easy cultivation. Magnetospirillum spp. are
basically spirilla-shaped bacteria, which produce magnetite-containing magnetosomes or-
ganized in a single chain [11]. Mature crystals have a truncated octahedral shape and an av-
erage diameter of 40–45 nm [12]. All Magnetospirillum species are chemoorganoheterotrophs
and require microaerophilic conditions for magnetosome biosynthesis. Minor differences
between species relate to the use of different sets of substrates and the range of the amount
of oxygen in which cells can grow [11,13]. It was shown that model strains Magnetospirillum
magneticum AMB-1 and Magnetospirillum gryphiswaldense MSR-1 have distinct strategies in
the magnetosome chain organization. In AMB-1, the chain is fragmented, while in MSR-1,
the magnetic crystals are arranged as a continuous chain [14–16]. The magnetosome size
and the amount of magnetosomes in the chains depend on the stage of growth [17]. In addi-
tion, physical properties, including magnetic ones, are influenced by the growth conditions
and the composition of the medium [18–22].

Despite a large amount of information accumulated on the magnetic behavior of
MTB [9,23,24], there is still lack of information concerning the magnetic parameters (primar-
ily static as well as dynamic) of magnetosomes inside the cells of different Magnetospirillum
species. Therefore, the main purpose of this study was to investigate freshly grown magne-
totactic spirilla strains of the genus Magnetospirillum that were then fixed with 5% formalin
in comparison with strains that were grown and fixed a year before, to estimate the mag-
netic parameters of the magnetosomes inside the cells and to trace their time evolution in
the nutrient medium via adding 5% formalin.

In magnetic measurements, we employed a nonlinear longitudinal response to a
weak ac field with the registration of the second harmonic of magnetization M2 (NLR-M2).
The recorded dependences of the M2 phase components on the static magnetic field H
were further processed using formalism based on the Gilbert–Landau–Lifshitz equation
for the stochastic dynamics of superparamagnetic (SP) particles underlying the Fokker–
Planck (FP) kinetic equation [25,26]. This allowed us to estimate the magnetic parameters
of the magnetosomes, to establish their two-mode distribution over magnetic moments,
and, accordingly, to determine their sizes, and to compare the results for some strains
with electron magnetic resonance (EMR), atomic force microscopy (AFM), and known
transmission electron microscopy (TEM) data.

2. Materials and Methods
2.1. Cultivation of MTB

M. moscoviense BB-1 [13], M. gryphiswaldense MSR-1 [27], and M. caucaseum SO-1 [13]
were grown in a flask standard medium (FSM) [28] with 20 µM of Fe(III) citrate. M. mag-
neticum AMB-1 [29], M. marisnigri SP-1 [13], and M. kuznetsovii LBB-42 [12] were grown
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in a magnetic spirillum growth medium (MSGM) [30] with 20 µM of Fe(III) citrate. After
120 h of cultivation, a part of the bacteria was fixed by adding 5% formalin to the nutrient
medium, while another part was used as grown. Both batches of the “new” bacteria in the
nitrogen atmosphere were placed in sealed cuvettes for magnetic measurements and stored
at 4 ◦C. To determine how well magnetosomes are preserved during long-term storage, the
magnetic measurements were also carried out on the “old” bacteria after a year of storage
under the same conditions.

2.2. Characterization of Bacteria

By using AFM, we characterized the state of the formalin-fixed M. moscoviense BB-1
strain and its magnetosomes after the long-term storage. The bacteria were imaged using a
Scanning Probe Microscope (SPM) Solver manufactured by NT-MDT, Nova v. 1.0.26. The
NSG03 (non-contact silicon gold-plated) probe was used with a tip radius of 10 nm and a
height of 14–16 µm. The cantilever had a length of 135 µm, a width of 30 µm, and a thickness
of 1.54 µm, while the force constant and the resonant frequency were 1.74 N/m and 90 kHz,
respectively. The sample was prepared as follows: 5 microliters of the suspension were
brought on a glass slide and dried for two minutes. The dried sample was immediately
placed on the SPM table for scanning.

Transmission electron microscopy (TEM) was used to analyze the cell and magneto-
some morphology. A drop of concentrated cells was placed on a formvar-carbon-coated
copper grid, rinsed three times with MQ and dried in air. Bacteria imaging was carried
out on a JEOL JEM-1011 (JEOL, Tokyo, Japan) transmission electron microscope with
accelerating voltages of 80 kV.

2.3. Magnetic Measurements and Data Quantifying

Magnetosomes in Magnetospirillum spp. reveal large magnetic moments [5] that
provide for the magnetization of the bacteria ensemble in a weak magnetic field to be close
to saturation [31] and, hence, strong non-linearity of its M(H) dependence [26]. To assess
their magnetic parameters, the registration of the second harmonic of magnetization M2
in the bacteria ensemble under the steady magnetic field H and the parallel weak ac field
h(t) = h sin(ωt) with h = 1.1 kA/m and f = ω/2π = 15.7 MHz was performed. This approach
provided for the elimination of the contribution from the diamagnetic environment (unlike
SQUID measurements) and for a negligible contribution from possible paramagnetic centers
in the bacteria (due to an almost linear character of their M(H) dependence).

A homemade installation described earlier [32], adapted for studying MNPs [26,33,34],
was used in experiments. It consisted of two dc-field Helmholtz coils, a radiofrequency
(RF) generator with a low-frequency filter at the output, a two-mode (f, 2f ) resonant sensor
containing the sample, and a receiver registering the second-harmonic response with a
high-frequency filter at the input. High sensitivity of the setup was provided by (i) the
use of the two-mode sensor, (ii) the effective record of the 2f signal induced by the sample
with the 2f -mode selective system, (iii) deep suppression of the 2f voltage from the RF
generator and the f voltage at the input of the receiver by the high- and low-frequency
filters, respectively, ensuring the amplitudes of the ac field up to 4 kA/m, and (iv) the
employment of materials and elements in the two-mode sensor which do not generate the
spurious 2f signal. The Q-factor of the 2f mode Q2 ≈ 200 ensured the enhancement of the
setup sensitivity by a factor of

√
Q2 compared to the nonresonance registration in the ac

susceptibility measurements.
Both signal components, ReM2(H,T) and ImM2(H,T), were recorded simultaneously

as functions of H at room temperature, which corresponds approximately to the bacteria
habitat temperature. The sample temperature was stabilized by a flow thermostat using
evaporated N2. The steady field H was slowly scanned in the range from –24 to 24 kA/m
and backwards symmetrically relative to the point H = 0, with the scan frequency varied in
the range of 8 ≥ Fsc ≥ 0.02 Hz, to control the field hysteresis in the signal. In accordance
with the symmetry properties of M2, the hysteresis provides evidence for the presence of a
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ferromagnetic moment in the sample [35]. In the current experiments, the condition M2~h2

was obeyed, which provided applicability of the analytical expressions for the M2 response
obtained by the perturbation theory [35,36] in the qualitative analysis of the experimental
data. This technique was employed previously for studying biogenic MNPs in viable
eukaryotic cells where a small amount of magnetosome-like structures was detected [37].
It is interesting to note that this response depended on the aggregation (suspension/pellet)
of the cells. The sensitivity of the measurements was about 10−13A·m2.

The measured dependences ReM2(H, T) and ImM2(H, T) were processed using the
formalism of the numerical solution for the kinetic FP equation for the stochastic magnetiza-
tion dynamics of superparamagnetic (SPM) particles with arbitrary directions of anisotropy
axes [25],

2τN
∂W
∂t

= − 1
sin ϑ

[
∂

∂ϑ
( J̃ϑ sin ϑ) +

∂

∂ϕ
J̃ϕ

]
, (1)

with

J̃ϑ = −
[

β

(
∂H
∂ϑ
− 1

α sin ϑ

∂H
∂ϕ

)
W +

∂W
∂ϑ

]
, (2)

J̃ϕ = −
[

β

(
1
α

∂H
∂ϑ

+
1

sin ϑ

∂H
∂ϕ

)
W +

1
sin ϑ

∂W
∂ϕ

]
. (3)

Here, W(t) is the nonequilibrium probability–density function for directions of the
particle magnetic moment m with the damping constant α and the time scale τN being
the Néel free-diffusion (zero-potential) relaxation time proportional to α−1 and β = 1/kBT.
The magnetic potentialH consists of the uniaxial anisotropy energy and the energy of the
magnetic moment in the total magnetic field H = H0 + h:

H = − Ea

m2 (mn)2 −mH ,

where n is the anisotropy axis direction. The direction of m defined by the spherical angles
ϑ and ϕ thermally fluctuates in the field H (Figure 1).
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The function W(t) is expanded in the series on spherical harmonics

W(t, ϑ, ϕ) = ∑
lm

clm(t)Ylm(ϑ, ϕ) , (4)
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and in the Fourier series reducing Equation (1) to a set of linear equations which, in turn, is
expressed as a continuous-fraction matrix equation

Sn = −
[
Qn + Q+

n Sn+1Qn+1
]−1 , (5)

with the matrices Qn, Qn
+ and Qn+1 (n = 1, 2, ...) composed of the spherical harmonics

indices, the direction cosines γi and γ′ i of the magnetic fields relative to the anisotropy
axis n (Figure 1), as well as of the parameters entering Equations (1)–(3) and the magnetic
potential H. The normalized kth Fourier harmonic of the magnetic moment in the field
direction is

mk(ω) =

√
4π

3

[
γ3ck

10(ω) +
(γ1 + iγ2)ck

1−1(ω)− (γ1 − iγ2)ck
11(ω)

√
2

]
, (6)

where ck
ij(ω) are the Fourier transforms of clm(t) in Equation (4). The quantities ck

ij(ω) are
the elements of the column vector S1, the solution of Equation (5). The complex fit function
for the M2 response is obtained by the convolution of mk(ω) for k = 2 with the distribution
over the values of magnetic moments fM:

M2(H0) = M̃
∫

fMm2(ω, h, H0)dM , (7)

where M̃ is the total saturation magnetization of the sample. The function fM corresponds
to the distribution over the particle volumes when all the particles are magnetically homo-
geneous with the same, size-independent magnetization. In most cases, the log-normal
distribution is valid.

Computation of the fit function (7) at each experimental point requires multiple solving
of Equation (5). The solution accuracy is determined by the retained terms in the spherical
harmonics and Fourier expansions. The simultaneous fitting of the real and imaginary
parts of the measured signals using Equation (7) yields the following quantities: (i) the
sample saturation magnetization M̃, (ii) the mean magnetic moment MC and the width of
the fM distribution σ, (iii) the mean anisotropy energy Ea and field Ha, (iv) the average angle
Ψ between n and H (Figure 1), and (v) the parameters defining magnetization dynamics,
viz., the damping constant α and the Néel relaxation time τN. Given the concentration of
iron, additional information can be extracted, namely, the mass and volume saturation
magnetizations of the sample, the average number of iron ions in the particles, the mean
particle size, and some others.

This is a rather general approach. In particular, the requirement h � H on the
alternating magnetic field is not mandatory, thereby keeping the formalism valuable even
for quite small H.

The formalism was applied to study a colloidal aqueous solution of SPM iron oxide
nanoparticles in the dextran shell (SPIONs) [26]. The criterion of applicability of the
procedure is the absence of, or the presence of only a small of, magnetic hysteresis in
the H dependences of the signals, which points on the SPM nature of the response. The
computational resources of the PIK Data Centre of NRC “Kurchatov Institute” (PNPI,
Gatchina, Russia) were used, with the in-house provided software.

Prior to the fitting, the raw data were averaged between the direct (Idir) and reverse
(Irev) scans and the part that was antisymmetric relative to H = 0 was extracted, as required
by the model, as follows:

Iav =
1
4
[Idir(H) + Irev(H)− Idir(−H)− Irev(−H)] . (8)

This averaging removed a possible constant bias to obey the condition ReM2(H = 0) = 0
required by the formalism and reduced the data to the region H > 0 to use in the data-
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fit procedure. In addition, as the magnetosomes in the specimens were disoriented, the
isotropic distribution of the anisotropy axes directions was implied.

A set of parameters characterizing the magnetosome ensembles in the bacteria under
study was obtained, describing their magnetic properties, such as the magnetic moments,
the magnetic anisotropy energy, and the saturation magnetization. The most relevant
parameter for the assessment of the magnetosome state is the number of magnetically
active centers in each bacteria line derived as the ratio of the saturation magnetization and
the magnetic moment.

To obtain additional information on the magnetic state of the magnetosomes, we used
EMR. We applied a special homemade X-band spectrometer operating at the frequency
F = ω/2π = 8.54 GHz [38]. The spectrometer was supplied with a cylindrical two-mode
balanced microwave resonator with the TE111 type of electromagnetic oscillations. The dc
magnetic field H was directed along the cylinder z axis. The sample (MTB in the cultivation
medium with the addition of formalin for the bacteria fixation) was placed at the bottom of
the resonator in the special cylindrical cavity, where it was affected by the ac field h linearly
polarized along the x axis perpendicular to H (the excitation xz plane). The detection yz
plane was perpendicular to the excitation one, and thus the detected signal was proportional
to the off-diagonal component of the susceptibility tensor χyx(ω) corresponding to the y
component of the induced magnetic moment My(ω) = χyx(ω)hx(ω). Deep frequency-
independent decoupling between the excitation and detection modes was achieved by
ensuring the frequency degeneracy, viz., the independence of the eigenfrequencies of the
resonator from the rotation of the excitation plane around the z axis in the xy plane of
the resonator. This made it possible to use a microwave source with the high oscillation
power ~1 W without frequency and amplitude noises at the detector input which, in
turn, provided the possibility of not using the field modulation technique and enhancing
the spectrometer sensitivity in registering broad EMR lines. This facility has proved its
efficiency in a number of condensed matter studies, including aqueous and buffer colloidal
solutions of MNPs [26,34–37,39,40].

This technique is also expected to provide the estimation of the dipolar coupling
energy of magnetosomes in the chain directly inside the cells.

3. Results and Discussion
3.1. Transmission Electron Microscopy

As mentioned above, Magnetospirillum spp. forms one chain of magnetosomes used
for orientation in the Earth’s magnetic field, as shown in Figure 2 for M. caucaseum SO-1 and
M. marisnigri SP-1 strains. The amount of magnetosomes in the chain, as well as their size,
differs in different Magnetospirillum spp. strains [1–5]. BB-1, SO-1, SP-1, MS-1, and LBB-42
produce ~25 magnetosomes per cell with an average size of 40–50 nm; AMB-1 produces
~20 magnetosomes per cell with the size ~45 nm; MSR-1 produces ~30 magnetosomes with
the size 32–45 nm.

3.2. Atomic Force Microscopy

The AFM image of the M. moscoviense BB-1 “old” prepared in the manner described
above is shown in Supplement Figure S1. Magnetosome aggregates and chains of various
lengths and configurations, as well as single magnetosomes from destroyed cells of the
BB-1 strain, are visible in the field of the Figure. Preserved BB-1 cells can be expected to
contain such fragments, as well as intact and partially destroyed magnetosome chains. It
can also be expected that a part of the ensemble of the BB-1 bacteria includes formalin-fixed
cells at the stage of division, containing halves of the mature chains of magnetosomes.
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Figure 2. TEM images of M. caucaseum SO-1 (a) and M. marisnigri SP-1 (b) with a chain of magnetosomes.

3.3. NLR-M2 Results

To determine the magnetic parameters of magnetosomes inside the bacteria (without
their destruction) in freshly grown cultures without fixation with formalin and in the
medium with the addition of formalin for fixation, 1-mL cuvettes were used, filled, and
sealed in the nitrogen atmosphere. The experiments were carried out at room temperature.

To characterize the magnetosome magnetic state (single-domain/multi-domain), the
dependences ReM2(H) and ImM2(H) were registered at three steady field scanning frequen-
cies Fsc = 8, 0.25, and 0.02 Hz. The increase in the scanning period provides more time for
the relaxation of magnetization. The dependence of the magnetic hysteresis on the scan
frequency would indicate its dynamic character, suggesting the stable single-domain state
of magnetosomes and the presence of magnetic anisotropy [31,34,36,41]. The absence of
such dependence, in contrast, would indicate the formation of multidomain aggregates
due to the adhesion of the magnetosomes after the destruction of their lipid shells. The
magnetic relaxation in this case is determined by the motion of the domain walls [31,41]
rather than by the rotation of the nanoparticle magnetic moment. The hysteresis in this
case is associated with the pinning of the magnetic moment on structural inhomogeneities
and does not depend on the time allotted for relaxation (the scanning period of the field H).

The phase components ReM2(H) and ImM2(H) recorded at Fsc = 8 and 0.25 Hz, as well
as ReM2(H) recorded at Fsc = 0.02 Hz (the latter together with their best fit) for some strains
(MSR-1, AMB-1, LBB-42, and SP-1), both for the “old” and “new” bacterial samples, are
shown in Figures 3–6.

As was found in the NLR-M2 measurements, the addition of 5% formalin to the as-
grown cultures in the medium does not lead to a detectable change in the M2 response
in five days, except for the MSR-1 strain (not shown). This implies only a weak influence
of such a concentration of formalin on the internal organization of magnetosomes in the
cells for most of the strains, at least during this time interval. As for the MSR-1 strain,
in five days after the formalin administration, the amplitude of the M2 response grew
approximately two-fold in both phase components, accompanied by a considerable increase
in the field hysteresis, indicating some unexpected tendency for this strain. From Figure 3,
this tendency persists for a longer storage period. However, it is much less pronounced
with a lower scan frequency, as seen from the ratio of the signals in panels (c) and (f)
compared to that in the panels (a) and (d).
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Figure 3. Dependences on static field H of phase components of M2 response, ReM2(H) (open blue
and solid red circles) and ImM2(H) (open green and solid black stars), for MSR-1 strain recorded at
frequencies of H-scan Fsc= 8 and 0.25 Hz are presented in panels (a,b,d,e). Solid symbols present
the curves recorded at direct H-scan and open symbols are used for curves registered at the reverse
sweep. For clarity, this is additionally indicated by arrows having the same color as the color of
the corresponding symbols. Panels (c,f) display ReM2(H) dependences registered at Fsc= 0.02 Hz
and their best fits (black lines). Red and green lines correspond to two components of entire signal
(see text). The upper panels (a,b,c) reflect the magnetic state of “fresh” (“new”) bacteria and lower
panels (d,e,f) characterize the state of bacteria after one year of storage (“old”). The hatched peaks in
(f) present M2 response simulated for the NPs 40 nm size.
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Figure 4. Dependences on static field H of phase components of M2 response, ReM2(H) (open blue
and solid red circles) and ImM2(H) (open green and solid black stars), for LBB-42 strain recorded at
frequencies of H-scan Fsc= 8 and 0.25 Hz are presented in panels (a,b,d,e). Solid symbols present
the curves recorded at direct H-scan and open symbols are used for curves registered at the reverse
sweep. For clarity, this is additionally indicated by arrows having the same color as the color of
the corresponding symbols. Panels (c,f) display ReM2(H) dependences registered at Fsc= 0.02 Hz
and their best fits (black lines). Red and green lines correspond to two components of entire signal
(see text). The upper panels (a–c) reflect the magnetic state of “fresh” (“new”) bacteria and lower
panels (d–f) characterize the state of bacteria after one year of storage (“old”). The hatched peaks in
(f) present M2 response simulated for the NPs 40 nm size.
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Figure 5. Dependences on static field H of phase components of M2 response, ReM2(H) (open blue
and solid red circles) and ImM2(H) (open green and solid black stars), for AMB-1 strain recorded at
frequencies of H-scan Fsc= 8 and 0.25 Hz are presented in panels (a,b,d,e). Solid symbols present
the curves recorded at direct H-scan and open symbols are used for curves registered at the reverse
sweep. For clarity, this is additionally indicated by arrows having the same color as the color of
the corresponding symbols. Panels (c,f) display ReM2(H) dependences registered at Fsc= 0.02 Hz
and their best fits (black lines). Red and green lines correspond to two components of entire signal
(see text). The upper panels (a–c) reflect the magnetic state of “fresh” (“new”) bacteria and lower
panels (d–f) characterize the state of bacteria after one year of storage (“old”). The hatched peaks in
(f) present M2 response simulated for the NPs 40 nm size.
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component. Our fitting of the M2 response, taking into account the imaginary component, 
yielded the Gilbert damping factor of the order 10. Therefore, only the real part of the 
response was processed further, without taking into account the ImM2 component.  

The signals registered at Fsc = 8 Hz exhibited two peaks, indicating two fractions in 
the distribution of magnetic moments. Two peaks, somewhat less pronounced, were also 
present in the responses recorded at Fsc = 0.25 Hz. Therefore, when fitting the 0.02 Hz ReM2 
signals, we assumed a two-mode distribution of magnetic moments. It should be noted 
that the use of a single-mode model, even with the size dispersion, yields a much worse 

Figure 6. Dependences on static field H of phase components of M2 response, ReM2(H) (open blue
and solid red circles) and ImM2(H) (open green and solid black stars), for SP-1 strain recorded at
frequencies of H-scan Fsc= 8 and 0.25 Hz are presented in panels (a,b,d,e). Solid symbols present
the curves recorded at direct H-scan and open symbols are used for curves registered at the reverse
sweep. For clarity, this is additionally indicated by arrows having the same color as the color of the
corresponding symbols. Panels (c,f) display ReM2(H) dependences registered at Fsc= 0.02 Hz and
their best fits (black lines). Red and green lines correspond to two components of entire signal (see
text). The upper panels (a–c) reflect the magnetic state of “fresh” (“new”) bacteria and lower panels
(d–f) characterize the state of bacteria after one year of storage (“old”).
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As shown in Figures 3–6, the 8 Hz M2 response exhibits a large field hysteresis.
Decreasing the hysteresis with the scan frequency suggests its dynamical nature and
the stable single-domain state of the magnetosomes. The vanishing of the hysteresis at
Fsc = 0.02 Hz indicates proximity of the magnetosome ensemble to the SPM regime, opening
the possibility of using the FP formalism. The imaginary component of the response coming
from high-frequency magnetization dynamics [34–36] is significantly smaller than the real
component. Our fitting of the M2 response, taking into account the imaginary component,
yielded the Gilbert damping factor of the order 10. Therefore, only the real part of the
response was processed further, without taking into account the ImM2 component.

The signals registered at Fsc = 8 Hz exhibited two peaks, indicating two fractions in
the distribution of magnetic moments. Two peaks, somewhat less pronounced, were also
present in the responses recorded at Fsc = 0.25 Hz. Therefore, when fitting the 0.02 Hz
ReM2 signals, we assumed a two-mode distribution of magnetic moments. It should be
noted that the use of a single-mode model, even with the size dispersion, yields a much
worse fit convergence, with a much larger chi-square. The synthesis of magnetosomes
and their chains in MTB is genetically controlled [1–5,42,43], which suggests identity of
their magnetic moments. The attempt to fit the first, larger-moment (“heavy”), mode
with the dispersed moment distribution resulted, as a rule, in much worse fit quality. At
the same time, it can be assumed that the second (“light”), mode, corresponding to a
smaller average moment of the magnetic centers, can have a distribution in sizes and,
accordingly, in magnetic moments. However, its account for the second mode does not
yield regularly better chi-squares, and the moment distribution cannot be specified, due
to the strong correlation between the fit parameters. The fit curves for the experimental
data are presented in panels (c) and (f) of Figures 3–6. The contribution of the “heavy”
fraction (red line) to the response is concentrated mainly in the weak-field region, while
the contribution of the “light” fraction (green line) extends over the entire measured field
region. Specifically, the rapid rise of the signal at low fields comes from the former, while
the “tail” of the signal is formed by the latter.

The obtained parameters, viz., the saturation magnetization, the number of magnetic
centers responsible for the signal, and the magnetic moment of the center, are shown in
Table 1 for all the strains, each measured both as-prepared and after one year of storage.
The anisotropy energies were also obtained from the data processing. However, their values
seem to be controversial and not sufficiently reliable to be presented. At the moment, we
provide only estimation of the order of their magnitude, Ea~103 K.

Table 1. Magnetosome parameters obtained by fitting NLR-M2 experimental data from Magnetospiril-
lum strains recorded at H-field scan frequency 0.02 Hz.

Culture
“Heavy” Fraction “Light” Fraction

~
M (10−10 A ·m2) NP (108) MC (105 µB)

~
M (10−8 A ·m2) NP (1010) MC (105 µB)

BB-1
old 8.60 (46) 4.45 (28) 2.08 (7) 4.19 (29) 15.6 (1.3) 0.289 (13)
new 5.9 (1.8) 6.3 (2.2) 1.01 (18) 1.8 (4.4) 14 (41) 0.14 (21)

MSR-1
old 12.5 (7) 9.6 (6) 1.394 (46) 2.45 (14) 7.4 (5) 0.357 (14)
new 1.176 (48) 0.596 (29) 2.128 (53) 0.3069 (45) 0.670 (11) 0.4936 (41)

LBB-42
old 3.14 (37) 1.79 (24) 1.89 (12) 0.55 (6) 1.63 (22) 0.366 (28)
new 3.25 (9) 2.47 (8) 1.421 (23) 0.576 (10) 2.124 (42) 0.2926 (27)

AMB-1
old 3.91 (33) 3.03 (29) 1.39 (7) 0.94 (11) 4.3 (6) 0.235 (13)
new 3.1 (7) 2.3 (6) 1.46 (18) 0.6 (5) 2.9 (3.0) 0.23 (13)

SP-1
old 0.50 (15) 0.15 (1.5) 3.5 (34) 0.2039 (38) 0.251 (5) 0.875 (10)
new 1.65 (39) 0.87 (23) 2.04 (25) 0.344 (24) 0.79 (7) 0.467 (27)

SO-1
old 0.292 (25) 0.082 (8) 3.84 (20) 0.297 (11) 1.105 (46) 0.290 (6)
new 9 (11) 12 (3000) 0 (200) 0 (0.18) 0 (3.9) 0.05 (37)
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The large error bars in the obtained parameters, especially in the saturation magnetization
and the number of magnetic centers, are due, on the one hand, to a poor signal-to-noise ratio at
a given scan frequency and, on the other hand, to a strong correlation of the model parameters.

Note that we studied unsynchronized cell cultures in the aqueous suspension form, so
the samples contained the cells at different stages of growth, including cells in the stage of
division and dying cells. Thus, the ensemble of magnetosomes in the sample included the
chains of magnetosomes of different sizes [17]. A contribution to the magnetic response was
also made by the proteins containing iron nanoparticles, for the genetically controlled growth
of the magnetosomes [44]. Unlike conventional magnetic measurements using dehydrated
fixed samples, in our case of an aqueous solution, cells and magnetosomes can move and
rotate. In particular, the scanning magnetic field H forces the cells with the magnetosome
chain attached to the membrane to orient themselves along the field and to overturn when the
field direction changes. The scan period 1/Fsc = 125 ms is too short for the complete reversal.
Therefore, the extremum of the ReM2(H) signal recorded, for example, at the reverse H scan is
located in the quadrant H > 0, rather than in the quadrant H < 0 as expected for symmetrical
reasons (Figures 3a,d, 4a,d, 5a,d and 6d). Increasing the sweep period to 4 s allows the cells to
make such an overturn, although a certain time lag from the field, manifesting itself in the
H hysteresis, still remains (Figures 3b,e, 4b,e, 5b and 6b,e). A short delay is observed even
for the minimal Fsc = 0.02 Hz, which indicates that it takes time, even more than 50 s, to flip
the cells.

From Table 1, the magnetic moment of the “heavy” mode with the extremum in the
weak field is, at least, several times greater than the moment of the “light” mode and
should be attributed to the magnetosome chains fixed on the bacterial cytoskeleton. The
“heavy” fraction also exhibits two orders of magnitude of lower saturation magnetization
and the number of magnetic centers for the entire ensemble of the bacteria in the sample,
compared to the “light” fraction. This suggests that it is energetically unfavorable for
the cells to synthesize a pool of the “heavy” fraction of magnetosomes, due to losses in
magnetostatic energy. Only one chain is synthesized in every cell [1–5], as illustrated by
the TEM image of Figure 2. This chain is bound to the cytoskeleton to avoid its rolling up.
In contrast, the “light” fragments are free to roll up or to couple antiferromagnetically with
each other by dipolar forces to minimize their magnetostatic energy. This explains the mean
magnetic moments of the “light” fractions being only of the order 104 µB, corresponding
to the effective NP size of less than 10 nm, which is much smaller than expected for
magnetosomes [1–5,45]. The high concentration of magnetosomes in the “light” fraction can
be seen in the AFM image of Figure S1. This fraction with the wide distribution of magnetic
moments can probably include, at least partially, nascent (immature) magnetosomes formed
after the cell division, the iron-carrying proteins for synthesis, and fragments of the chains
formed in dead cells after the destruction of their membranes. These structures can be
expected to have significantly smaller moments than that of the magnetosome chain
of mature cells. The fragments of the magnetosome chain that are not bound to the
cell membrane are probably structurally compacted due to dipolar correlations of the
antiferromagnetic type to decrease the magnetostatic energy, resulting in the decrease
of their total magnetic moment. The “old” and “new” specimens exhibit more or less
close parameters, except only M̃ for MSR-1. The parameters for SO-1 “new” could not be
resolved. These peculiarities evidence the possibility of noticeable evolution of even the
formalin-fixed culture during one year of storage.

Panels (c) and (f) of Figures 3–6 show M2 signals recorded at Fsc = 0.02 Hz with a
relatively small hysteresis and close amplitudes in both samples, “old” and “new”, for
all strains. Only the amplitude of the response of the “old” sample of the MSR-1 strain
somewhat exceeds the average level. Well-defined extrema of the signals located near H = 0
correspond to a large moment of the magnetic centers and can be attributed to the “heavy”
fraction. However, as the fitting results show, the response also contains a comparable
contribution from the “light” fraction with an extremum at H ~ 10 kA/m. The increase
of Fsc to 8 Hz is accompanied by an increase of the hysteresis and, in most samples, by a
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shift in the position of the signal extremum from the region H < 0 to the region H > 0 in the
direct scan curves, as Figures 3a, 4a,d, 5a,d, and 6a show. This indicates the large relaxation
time, so that the scan period at 8 Hz is too short for the magnetosome ensemble to reach
the thermal equilibrium. A considerable increase of the hysteresis in the response of the
“old” samples after the one-year storage may be associated with the enlargement of some
part of magnetosomes of the “light” fraction, due to fusion of their magnetic cores during
the destruction of their lipid shells.

From Table 1, the magnetic moments of the “heavy” fraction vary significantly in
different MTB strains. Their values correspond, at most, to the NP size of 25 nm, which is
too small for any MTB known [9,45]. The reason is the field hysteresis in the M2 response,
which smears the signal to be processed when averaging between the direct and reverse
scans (Equation (8)). As a result, in the vicinity of H = 0, the fit curves cannot describe
the fast growth of the true signals (Figures 3–5 and 6c,f), and the magnetic moment of the
“heavy” fraction turned out to be essentially underestimated. This rapid growth of the
signals, both in forward and backward scans, can be fairly well described by the response
curves simulated for the magnetic moment M = 1.7·106 µB (hatched peaks in the vicinity
of H = 0 in Figures 3f, 4c, and 5f) corresponding to the NP size of 40 nm, which is within
the range that is typical for magnetosomes [1–5,9,45,46]. However, magnetosomes form
linear chains consisting of dozens of NPs strongly coupled by dipolar forces, and their
total magnetic moment is, at least, an order of magnitude larger. The simulation of the
nonlinear response from such an array yields a narrow peak centered at H = 100 A/m (not
shown), well inside the hysteresis region (±1 kA/m). Thus, for the obtained anisotropy
energy of the order 103 K, even at the smallest scan frequency used, the low-frequency
magnetization dynamics of the array with such a great magnetic moment is still far beyond
the SPM regime, and the formalism based on the FP equation may not be applied. To
correctly measure this signal, a scan frequency Fsc much lower than 0.02 Hz is needed, yet
it is unavailable in the setup used. Its upgrade is intended.

3.4. EMR Results

To minimize dielectric losses from the cultivation medium, the samples in a flat
cylindrical cuvette 0.15 mm high with a diameter of 20 mm, filled and sealed under
nitrogen, were placed at the bottom of a balanced cylindrical resonator with the TE111
microwave oscillation type used in the spectrometer [38]. EMR spectra were obtained from
the suspensions of BB-1, MSR-1, and AMB-1 strains of the genus Magnetospirillum; the spin
induction signals were recorded at room temperature. The phase of the reference voltage
of the microwave detector was determined from the shape of the signal from the witness
sample (nitroxyl radical). The latter was placed on the wall of the microwave cavity opposite
the bottom of the resonator with the sample cuvette to avoid the contribution of the sample
magnetization to the field at the place of the witness. The EMR signal proportional to the
mixture of the dispersion χ”yx - and absorption χ′yx parts of the magnetic susceptibility was
registered as a function of the magnetic field ranging from 70 to 520 kA/m. The adjustable
mixing angle was preset in the measurement and further specified in the fit procedure.

The suspension of bacteria with magnetosomes, due to their random orientation, is
magnetically similar to a polycrystalline ferromagnet. The optical density of the suspensions
was measured to be 0.06–0.09, indicating a rather low concentration of the bacteria. Therefore,
one may neglect the magnetic interactions between them and consider the bacteria ensemble
within the model of independent “grains”. In the case of conventional uniaxial magnetic
anisotropy, the signal from nanoparticles of the same type is split into two peaks [47].

In our case, the original EMR signal was registered, rather than its derivative. The initial
processing of the spectra consisted in subtracting the background signal from the resonator
without a sample. The latter includes the Hall effect from conduction electrons of the resonator
material, which are involved in the microwave currents flowing through the bottom of the
resonator. Like the resonant magnetic transition in the sample, the Hall effect leads to rotation
of the polarization plane of microwave oscillations in the resonator [38]. The Hall effect can
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also be observed in the sample if it contains charged carriers. It is known that the line shape
of the signal from a polycrystalline ferromagnetic sample is not Lorentzian [47]. Therefore, for
the semi-quantitative analysis of the recorded EMR spectra, the line shape of any signal was
assumed to be Gaussian. Depending on the number of extrema, two, three, or four Gaussians
were used at the fitting, together with the linear Hall signal. Then, for clarity, the Hall signal
was subtracted from the fitted spectra. The signals for BB-1, MSR-1, and AMB-1 and their fits
are presented in Figure 7. The fit parameters are shown in Table 2.
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Figure 7. Electron magnetic resonance spectra and their fits for suspensions of BB-1, MSR-1, and
AMB-1 strains of the genus Magnetospirillum. The experimental signals and the fitting curves are
presented by open circles and red lines, respectively. The Gaussians obtained at fitting include both
absorption and dispersion (solid and dashed lines, respectively); their contribution to fitting curves
with appropriate weights is shown below the experimental points. Referring to Table 1, magenta,
blue, green and orange lines represent Gaussians 1, 2, 3, and 4, respectively. The arrows on panels
(a,d) indicate the position of the residual signal from the witness (nitroxyl radical, g-factor = 2.0055),
after subtracting the background signal from the resonator without the sample.
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Table 2. Room temperature fit parameters of EMR spectra lines for Magnetospirillum BB-1, MSR-1,
and AMB-1 strains.

Parameters BB-1 in FSM
New

BB-1 in FSM
Old

MSR-1 in
FSM New

MSR-1 in
FSM Old

AMB-1 in
MSGM New

AMB-1 in
MSGM Old

Mixing angle, grad −66 (1) −36 (4) −82 (7) −40 (2) −41 (4) −29 (5)

Gaussian 2

g-factor 3.388 (3) 4.574 (3) 2.354 (7) 4.6 (1) 4.54 (2) 4.80 (9)

Line width Γ, A/m 11.58 (4) 18.9 (1.1) 64.8 (2.6) 26.7 (1.4) 19.0 (9) 25.5 (2.8)

Amplitude, arb.un. 77 (1) 189 (33) 470 (60) 441 (30) 320 (34) 230 (35)

Gaussian 1

g-factor 2.348 (3) 2.384 (1) 2.183 (1) 2.456 (7) 2.294 (9) 2.104 (2)

Line width Γ, A/m 23.24 (24) 25.8 (5) 16.2 (6) 20.4 (4) 22.3 (5) 15.9 (1.6)

Amplitude, arb.un. 134 (2) 262 (6) 55 (4) 176 (10) 197 (4) 42 (19)

Gaussian 3

g-factor 3.376 (4) 3,04 (1) 3.00 (4)

Line width Γ, A/m 7.2 (6) 6.2 (8) 12.4 (1.8)

Amplitude, arb.un. 11 (2) 11 (2) 44 (16)

Gaussian 4

g-factor 2.49 (2)

Line width Γ, A/m 10.9 (1.1)

Amplitude, arb.un. 34 (13)

Our previous experiments with colloidal aqueous solutions of magnetite nanoparticles
in a dextran shell with the average magnetic core size 10 nm and the average magnetic
moment 2.6 × 104 µB showed the formation of MNP aggregates with the average number
of MNPs 55. Due to the minimization of magnetostatic energy by dipolar forces, both of a
single aggregate and the entire ensemble of MNPs, the average magnetic moment of the
aggregate was only about two moments of a single MNP. The EMR measurements showed
a break in these magnetic correlations in an external magnetic field of 110 kA/m [26].
The estimation of the dipolar field created by a magnetosome at the neighboring one
in the chain (in the “heavy” fraction), based on the estimated magnetosome moment of
1.7 × 106 µB and the average distance between magnetosome centers in the TEM images of
40–50 nm (Figure 1), yields the crossover field Hcross ≈ 250–350 kA/m. This means that
each magnetosome follows the external field independently in the fields above Hcross. The
analyzed extrema in the EMR spectra are localized in the lower fields (Figure 7) and arise
from magnetosomes that are ferromagnetically linked in the chains by dipolar forces. Since
the dipolar correlations in the “light” fraction have, at least partly, an antiferromagnetic
character, the magnetic moment of the ”light” fraction is an order of magnitude smaller
than that of the ”heavy” one (Table 1). Therefore, the broad weak signal from the highly
dispersed “light” fraction is not actually observed against the background of the signal
from the “heavy” fraction with much larger moment. This suggests that the observed EMR
signals should be attributed to the “heavy” fraction, whose magnetosome chain is attached
to the membrane [1–5,29].

As shown in Figure 7, the amplitudes of the experimental signals for the “old” and
“new” fractions differ little for different strains. At the same time, the signal from the “old”
fraction is somewhat less than that from the “new” fraction for one and the same strain.
The positions of the first of two main fitting signals (magenta Gaussians) near g-factor 2 are
practically the same for all strains, BB-1, MSR-1, and AMB-1, both for the “new” and “old”
samples, as also shown in Table 2. Hereafter, the g-factor refers to the effective g-factor
characterizing the position of the signal in the magnetic field. The closest values of the first
Gaussian g-factors in the “new” and “old” samples are found in the AMB-1 strain, while
some difference is observed in the BB-1 strain, and some more difference is found in the
MSR-1 strain. As for the second main fitting signals (blue Gaussians), their field positions
are rather close for all the strains in the sample “old”, while the positions of the second
Gaussians are noticeably different in the trials “new”.

In a magnetosome chain, one can expect the orientation of the moments of magnetic
core and, probably, their anisotropy axes along the chain due to their dipolar correlations,
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providing an additional contribution to the anisotropy. As briefly discussed above, in the
case of uniaxial anisotropy, one would expect the EMR signal from the Magnetospirillum
ensemble to split into two peaks. For the positive anisotropy constant, the second peak is
shifted toward weaker fields [47], as it is really observed for the main (magenta and blue)
peaks of the “old” and “new” samples in all the strains, with the exception of the MSR-1
“new” one (Figure 7e). In the latter case, both lines exhibit close g-factors, suggesting a
rather small magnetic anisotropy.

A comparison of the g-factors of the second main peak (see Table 2 and Figure 7,
blue lines) for the “new” and “old” samples of BB-1, MSR-1, and AMB-1 strains shows
their increase in the “old” samples for all the strains. In AMB-1, this increase is relatively
small compared to the larger increase observed in BB-1 and the maximal increase in MSR-1
(Figure 7c,d and Table 2), suggesting the corresponding increase in magnetic anisotropy in
these strains when stored after fixation with 5% formalin.

Note the appearance of an additional weak peak in the EMR spectrum of the “old”
sample of the MSR-1 strain, its position being between the main peaks (Figure 7c). In
addition, note the appearance of the third weak peak in the spectrum of the “new” sample
of the AMB-1 strain, accompanied by one more (the fourth peak) in the signal of the “old”
sample of this strain; the positions of the additional peaks are between the main ones
as well (Figure 7e,f and Table 2). This indicates different stability of the magnetosome
chain in different strains and suggests the decrease of the magnetic anisotropy of the
“heavy” fraction chain in parts of the bacterial ensembles. This can be caused by several
factors: (i) the presence of cells at different stages of division with different lengths of
magnetosome chains and different sizes of immature and mature magnetosomes; (ii) the
shortening of the magnetosome chain, due to its partial degradation; and (iii) the folding
of magnetosome chains when detached from the cytoskeletons of the cells, accompanied
by decreasing both their magnetic moments and the contribution to magnetic anisotropy
due to “antiferromagnetic” dipolar correlations. The gradual destruction of magnetosome
chains in the “old” samples of some strains at long-term storage occurred not randomly, as
evidenced by the appearance of additional peaks with definite g-factors. Otherwise, the
random destruction of the magnetosome chains would have resulted in a smeared signal,
due to the continuous distribution of g-factors and anisotropy energies.

The result of the evolution of the magnetosome organization in Magnetospirillum spp.
after the long-term storage can be seen from the AFM data for the BB-1 strain in Figure S1.

4. Conclusions

Magnetosomes produced by six MTB strains of the genus Magnetospirillum, BB-1,
MSR-1, SO-1, AMB-1, SP-1, and LBB-42, were studied by second-harmonic nonlinear
response. Each culture was measured after fixation by 5% formalin, both as-prepared
and one year after preparation. A bimodal size and, correspondingly, magnetic moment
distribution was found in all the species. The “heavy”, monodisperse mode is suggested
to correspond to the fixed-in-space linear chains of magnetosomes in accordance with the
transmission electron microscopy data for mature cells of two strains, SO-1 and SP-1. The
cell ensemble includes dividing cells at different stages of maturation, which contribute to
the signals of both the “light” and “heavy” fractions. The “light”, highly disperse, mode is
implied to consist of more or less free shorter fragments. The latter are either rolled up or
coupled with each other by dipolar forces to decrease the magnetostatic energy and the
magnetic moment of the aggregate. From the AFM image, one can suggest degradation of
a part of the cells at long-term storage of the BB-1 culture, even when fixed by formalin.
The obtained mean magnetic moments, the saturation magnetizations, and the number
of magnetic centers responsible for the signals noticeably differ for all the strains. The
“heavy”-fraction parameters are only rough estimations, due to magnetic hysteresis in
the M2 response. Electron magnetic resonance evidenced uniaxial magnetic anisotropy
of the “heavy”-fraction magnetosome chains and its different stability in different strains.
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Slow destruction of magnetosome chains at long-term storage occurred in certain places,
not randomly.

The magnetic parameters were extracted solely from the NLR-M2 measurements,
while the EMR data were analyzed phenomenologically to obtain qualitative information
on the MTB strains complementing the quantitative data.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app13042431/s1. Supplementary Figure S1: The AFM image of
the M. moscoviense BB-1 “old” fixed by addition of 5% formalin to culture after a year of storage.
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