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Abstract

The future of Magnetic Particle Imaging (MPI), as a tracer-based imaging modality, crucially relies on the develop-
ment of high-performing tracers. Due to their ideal structural and magnetic properties, biogenic nanoparticles
extracted from magnetotactic bacteria are promising candidates for MPI tracer research. In the present study we in-
vestigate the potential of bacterial magnetosomes, extracted from wild-type bacteria of the strain Magnetospirillum
gryphiswaldense and various mutants thereof, as new tracer materials for MPI. Furthermore, we investigate the
structural and magnetic properties of the magnetosomes as well as their suitability as Magnetic Resonance Imaging

(MRI) agents in order to explain differences in MPI and MRI efficacies.

. Introduction

Besides technological advancements of the Magnetic
Particle Imaging (MPI) scanner and image reconstruc-
tion methods, the future of this tracer-based imaging
technology crucially relies on the development of high-
performing tracer materials. Due to their superior mag-
netic properties, iron oxide nanoparticles synthesized
by magnetotactic bacteria constitute a potential tracer
material [1]. These bacterial organisms conduct biomin-
eralization, which is the process of formation of solid
material within biological systems. The product of this
biologically-controlled process are so-called magneto-
somes, which serve as magnetic sensors for magneto-
taxis, the orientation along the earth’s magnetic field.
These monocrystalline nanoparticles consist of pure and
almost defect-free magnetite with fully matured particles
having a high monodispersity in size and shape, while
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their colloidal stability is maintained by biomembranes
surrounding each particle [2]. Therefore, magnetosomes
are promising candidates as high-performing tracers for
MPI. Indeed, some of the highest MPI efficacies found
so far were observed by Kraupner et al. for magnetite
nanoparticles synthesized by magnetotactic bacteria of
a mutant strain of Magnetospirillum gryphiswaldense[3].
Based on these results we investigate the potential of bio-
genic iron oxide nanoparticles extracted from wild-type
Magnetospirillum gryphiswaldense strains and various
other mutants thereof, as new tracer materials for MPI
with a focus on the size dependency. We compare the
results to those obtained with Resovist®, the former MRI
gold-standard as well as standard reference in MPI tracer
research. Since the MPI efficacy of a tracer, to our knowl-
edge, often correlates with the tracer’s performance as
an MRI agent, we also analyze the nanoparticles’s NMR
relaxivities. Furthermore, the particles’ physicochemi-
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cal and magnetic properties are investigated in order to
explain differences in the MPI and MRI efficacies.

Il. Materials and Methods
1.1.

For magnetosome isolation, wild-type and mutant Mag-
netospirillum gryphiswaldense strains were grown under
anoxic conditions in modified flask standard medium [4]
at 25°C in a Biostat C fermenter (B. Braun Biotech Inter-
national, Germany). After cell harvest by tangential flow
filtration and centrifugation, magnetosome isolation was
performed as previously described [5]. The resulting iron
concentrations were 10.4 mM, 8.7 mM, 41.3 mM, 9.4 mM,
and 22.5 mM for wild-type, mutant 1, mutant 2, mutant
3 and mutant 4, respectively. For further experiments,
the magnetosome suspensions were diluted in a buffer
containing 10 mM HEPES and 1 mM EDTA.

Magnetosome Isolation

I1.1l. Magnetosome Samples

In the present work five samples of bacterial magneto-
somes were investigated. One of them was extracted
from wild-type Magnetospirillum gryphiswaldense hav-
ing a reported mean crystal diameter of 35.6+13.0 nm [6].
Furthermore, magnetosomes of four different mutant
strains which form magnetite crystals of different core
sizes due to deletions of genes involved in the biosynthe-
sis of magnetosomes (AF3D [7], Amms48 [6] termed mu-
tant 1 and 4, respectively) or iron uptake systems (AFe4
[8], AfeoAB1 termed mutant 2 and 3, respectively) were
used.

I1.1I1. Nanoparticle Characterization

The physicochemical and morphological properties of
the extracted magnetosomes were analyzed by determi-
nation of the mean intensity-weighted hydrodynamic
diameter via dynamic light scattering (DLS, using a
NICOMP Submicron Particle Sizer Model 370, NICOMP
Particle Sizing Systems) and the core size via transmis-
sion electron microcopy (TEM, using a Zeiss CEM 902
A).

To give an indication of the MPI efficacy, the Mag-
netic Particle Spectrum (MPS) was recorded at a drive
field with an amplitude of 10mT and a frequency of
Jfo =25kHz using a commercial magnetic particle spec-
trometer system (Bruker BioSpin). A minispec mq40
(Bruker BioSpin, Germany) operating at 0.94 T was used
for the determination of the R1- and R2-relaxivities,
which are a measure of the contrast enhancement in
MRI. The effective magnetic core sizes were estimated
via static magnetization measurements using an MPMS
XL (Quantum Design). MPS and static magnetization
curves were recorded at iron concentrations of 2.1 mM,
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1.7mM, 8.3 mM, 1.9 mM, 4.5 mM, and 5.0 mM for wild-
type, mutant 1, mutant 2, mutant 3, mutant 4, and Reso-
vist, respectively. For relaxivity measurements the re-
laxation times of all samples were determined at iron
concentrations of 1.5 mM, 1.0 mM, 0.5 mM, and 0.1 mM.

I1l. Results

I11.I. Physicochemical Characterization

Fig. 1 depicts a typical TEM micrograph of isolated wild-
type magnetosomes revealing well-distributed particles
and the absence of any larger particle aggregates. How-
ever, a large proportion of particles, especially the larger
ones, seem to be aligned in chains, which is possibly due
to magnetic interactions.
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Figure 1: Typical TEM micrograph of extracted wild-type mag-
netosomes.

Typical TEM micrographs of mutant 1, 2, 3, and 4 are
shown in Fig. 2. The respective crystal sizes determined
from TEM are given in Tab. 1. The wild-type magneto-
somes exhibit a mean crystal diameter of 36.5 nm, which
is in perfect agreement with the value reported in litera-
ture [6].

The mutants 1, 2, and 3 exhibit significantly smaller
crystal diameters compared to the wild-type, where the
smallest mean size at 23.0 nm is observed for mutant 1.

This sample simultaneously exhibits the narrowest
particle size distribution of all samples investigated here.
Mutant 4, on the other hand, exhibits a larger mean par-
ticle diameter of 44.2 nm. In the respective TEM micro-
graphs only a small amount of the particles are isolated,
while most of them are connected to others, forming long
chains and agglomerates.

The larger mean crystal diameters of the wild-type
and mutant 4 magnetosomes are above the threshold size
for superparamagnetism for cubic magnetite particles [9].
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Figure 2: Typical TEM micrograph of isolated magnetosomes
of mutant 1 (a), mutant 2 (b), mutant 3 (c), and mutant 4 (d) at
identical magnifications.

Thus, a significant proportion of the particles are prob-
ably magnetically blocked at room temperature which
is the reason for the formation of particle chains due
to magnetic interactions. For the samples with smaller
crystal diameters almost no particle chains could be ob-
served in TEM indicating a superparamagnetic behavior.

Table 1: Mean crystal sizes d, with standard deviation o (via
TEM) and mean intensity-weighted hydrodynamic diameter
dy with standard deviation o (via DLS) of extracted magne-
tosomes.

Sample df[nm] o*[nm] dy[nm] opy[nm]
Wwild type 36.5 8.4 103 66
Mutant 1 23.0 4.0 68 35
Mutant 2 30.9 6.0 111 57
Mutant 3 32.0 6.1 96 58
Mutant 4 44.2 10.5 143 94

* For the statistic evaluation the following number of particles was
analyzed: wild-type n =455; mutant 1 n = 354; mutant 2 n = 148;
mutant 3 n =366; mutant 4 n =470.

DLS was used to determine the hydrodynamic diam-
eter and the presence of particle aggregates in suspen-
sion (see Tab. 1). The wild-type magnetosomes exhibit
a mean hydrodynamic diameter of 103+66 nm, while
the diameters of the mutants vary between 68 nm and
143nm. As expected, the hydrodynamic diameter in-
creases with increasing crystal size; however, the for-
mer is about thrice as high. This disparity is likely to
be caused through the presence of particle agglomerates
and chains, which were also observed in TEM images.
Note, that DLS weights those structures strongly, i.e. the
signal intensity scales with the square of the volume.
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LI, MPS and MRI efficacy

The MPS of the bacterial magnetosomes as well as of
Resovist are shown in Fig. 3.
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Figure 3: MPS of magnetosomes and Resovist measured at
10 mT and f, =25kHz.

Here, mutants 2 and 3, having a mean crystal size
very close to the theoretically predicted ideal size for
MPI of 30nm [10], exhibit the highest amplitudes over
the entire frequency range. In contrast, the wild-type
magnetosomes as well as mutant 1, having a larger and
smaller diameter, respectively, exhibit a slightly lower
MPS efficacy, where that of the smaller mutant 1 particles
is even lower than that of the larger wild-type particles.

This correlation between core size and MPI efficacy
is additionally depicted in Fig. 4 showing the ratios of
the third harmonic amplitude u; to the third harmonic
amplitude of Resovist as a function of the crystal diam-
eter. Here, u; of all magnetosome samples exceed the
amplitude of the reference Resovist by a factor of 2.9 up
to 7.2 demonstrating the vast potential of bacterial mag-
netosomes in MPI tracer research.

Furthermore, the spectra of the wild-type magneto-
somes and mutants 1, 2, and 3 exhibit a less steep slope
compared to Resovist, resulting in an even more pro-
nounced difference in the signal intensity in the higher
harmonics range. However, mutant 4, which exhibits the
lowest signal of the investigated samples, provides an
MPS having a wave-like character, which might result
from interparticle magnetic interactions due to the large
particle size.

The immobilization of particles via freeze-drying re-
sults in the suppression of Brownian rotation. As a conse-
quence the relaxation of the magnetic moments can only
occur via the Néel process, e.g. the internal moments’
rotation. Thus, the ratio of u; of the freeze-dried sample
to us of the suspended sample, where the magnetic re-
orientation can additionally occur via Brownian rotation,
gives an insight in the particle dynamics. As shown in
Fig. 4, where the signal loss of the third harmonic am-
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Table 2: R1- and R2 relaxivities and ratio R2/R1 of magneto-

somes determined at 0.94 T and 39°C.

Sample Rl1[l/(mmols)] R2[l/(mmols)] RI1/R1
Wwild type 10.3 457 44.4
Mutant 1 10.9 287 26.3
Mutant 2 10.2 517 50.7
Mutant 3 12.5 594 47.5
Mutant 4 6.9 302 43.9

Resovist 20.0 219 11.0

signal loss 1, freeze-dried / %

2 T T T T 20

d_/nm

Figure 4: Ratios of the third harmonic amplitude u; to the
third harmonic amplitude of Resovist and signal loss of 3 upon
freeze-drying as functions of crystal diameter d,..

plitude upon freeze-drying as a function of the crystal
diameter is depicted, u; decreased by 27 %-95 %. Here,
the sample with the smallest crystal diameter (mutant 1)
exhibits the smallest signal decrease, indicating that in
this sample the largest proportion of magnetic moments
relax via the Néel process. With increasing crystal diam-
eter, the signal loss due to immobilization also increases,
which is in agreement with the fact, that the proportion
of magnetic moments relaxing via the Néel process de-
creases with increasing particle core volume. Thus, the
immobilization of mutant 4, exhibiting the largest core
size, led to an almost complete signal loss of 95 %. For
comparison, Tab. 2 shows the NMR relaxivities of the
magnetosomes and Resovist determined at 0.94 T. Due
to the transversal relaxivity of 219 I/ (mmol-s), Resovist is
often used in T2-weighted MRI sequences leading to a
signal extinction of neighboring protons and thus a dark
image contrast of particle-containing tissue [11]. Both
the wild-type magnetosomes and all mutants exhibit
higher R2 relaxivities indicative of an enhanced signal
extinction in T2-weighted MRI and thus an improved
imaging performance compared to the reference mate-
rial. While the R2 relaxivities of mutants 1 and 4 are only
slightly enhanced, the respective values of mutants 2
and the wild-type magnetosomes are more than twice as
high. However, the highest R2 relaxivity of 594 1/ (mmol-s)
is observed for mutant 3. Thus, similar to the MPS re-
sults, magnetosomes with a crystal size around 31 nm
feature the best performance in NMR relaxivity measure-
ments. Both smaller (mutant 1) and larger (mutant 4)
particles exhibited a less enhanced transversal relaxivity
compared to the reference.

Furthermore, no irreversible aggregation effects, veri-
fied by DLS, could be observed after the particles were
exposed to the magnetic field of 0.94 T. This indicates
that the aggregation effects observed for mutant 4 in the
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MPS measurements, in which a significant weaker field
of 10 mT was applied, are possibly due to a reversible
field-induced formation of particle chains as described
by Chantrell et al. [12]. This is confirmed by the fact that
in the immobilized state, in which chain formation can
be precluded [13], the wave-like behavior of the MPS is
absent (data not shown).

111, Static Magnetization

The static magnetization curves, which are shown in
Fig. 5 (inset), exhibit a saturation magnetization of nearly
480 kA/m, which is the value of bulk-magnetite, indicat-
ing the purity of the crystalline phase.
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184 | —"—mutant 2 400
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40 2
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Figure 5: Distributions of the effective magnetic diameters of
all magnetosome samples calculated from their static magneti-
zation curves normalized to the volume fraction of magnetite
(inset) using the Moment Superposition Model.

By applying the Moment Superposition Model, as-
suming a lognormal distribution of non-interacting mag-
netic moments, the mean magnetic volumes were calcu-
lated [14]. According to the best fit, a bimodal size dis-
tribution was applied for mutant 4, whereas for mutant
1-3 and the wild-type sample, a monomodal distribution
fits well to the data. The size distributions are shown in
Fig. 5.

Due to the different weighting of the various methods
(DLS, TEM, M(H)) a comparison of the absolute effective
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diameters is rather complicated. However, because of
the assumption of a lognormal distribution the analysis
of the M(H)-data can also yield the mean magnetic di-
ameter d,,, which is number-weighted and thus compa-
rable with that of TEM. The respective values are shown
in Tab. 3.

Table 3: Mean magnetic diameters with volume fractions in
brackets calculated from the static magnetization curves.

Sample d. [nm] O, [nm]
wild type 23.4+0.9 8.5
Mutant 1 18.1+0.1 3.2
Mutant 2 26.2+0.4 7.5
Mutant 3 24.1+0.2 5.4
Mutant4  16.0+0.2 (20 %) 3.3

50.0+2.0 (80 %) 7.1

For mutants 1-3, exhibiting a rather narrow size dis-
tribution, d,,,/d. ~ 0.8. This reduced effective magnetic
size might be attributed to the formation of clusters dur-
ing the M(H) measurement, which leads to flux closure
reducing their magnetic moment. In the wild-type mag-
netosomes and mutant 4, where the calculated (number-
weighted) mean diameter amounts only to 20 nm, this
effect is even stronger. Hence, we believe that the small
d,,/d. ratios of 0.66 and 0.45 obtained for wild-type and
mutant 4, respectively, are related to a high degree of
dipolar interaction. This is in agreement with the large
core sizes, leading to the presence of particles, which are
likely no longer superparamagnetic, i.e. the magnetic
moments are blocked. Furthermore, the occurrence of
the bimodality in the magnetic size distribution of mu-
tant 4 might be attributed to the increased presence of
aggregates. Note that the trends in size and in the nar-
rowness of the size distributions amongst the different
samples are the same for TEM and M(H) related distri-
butions.

IV. Conclusion

In this work, the potentials of biogenic iron oxide
nanoparticles extracted from wild-type magnetotactic
bacteria of the strain Magnetospirillum gryphiswaldense
and four mutants thereof as new tracer materials for MPI
and contrast agents for MRI were analyzed and their
structural and magnetic properties were investigated.
The isolated wild-type magnetosomes exhibited
mean crystal diameters of 36.5 nm and the mutants di-
ameters of 23.0nm to 44.2nm. The larger crystallites
interact magnetically leading to the formation of chains
and agglomerates, which is likely due to the loss of super-
paramagnetism. The MPS performances of all magneto-
some samples, except mutant 4 showing strong magnetic
interactions due to the large particle size, exceed the per-
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formance of Resovist by far, revealing the great potential
in MPI tracer research. Also in MRI the magnetosomes’
contrast efficacy is superior compared to the former iron
oxide-based gold-standard Resovist. However, similar to
the MPS results the MRI efficacy of the sample with the
largest crystal size is only slightly enhanced.
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