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ARTICLE INFO ABSTRACT

Keywords: Medical imaging relies on tracer materials to enable accurate visualization and diagnosis of diseases. Magnetic
Magnetic Particle Imaging Particle Imaging (MPI) is an innovative tomographic modality that offers exceptional sensitivity and temporal
Tracer . . resolution. These characteristics make MPI particularly promising for clinical applications such as real-time
&ZZ;;L;:;EOPHHC s vascular and perfusion imaging, tumor detection, and intraoperative guidance. However, MPI performance

has so far been limited by the quality of available tracers, as conventional chemical synthesis provides only
restricted control over the size, shape, and magnetic properties of iron oxide nanoparticles. Biogenic magnetic
nanoparticles, so-called magnetosomes, produced by magnetotactic bacteria, represent a compelling alternative.
Magnetosome biosynthesis is fully genetically encoded, enabling the natural formation of magnetite nano-
particles with uniform size and morphology, which is difficult to achieve through chemical synthesis. Moreover,
genetic engineering of the bacterial production host allows precise tuning of particle characteristics, including
size, shape, and magnetic behavior, to meet specific application requirements. In this study, magnetosomes
isolated from different Magnetospirillum gryphiswaldense mutant strains, each biomineralizing particles with
distinct core diameters, were systematically evaluated as potential MPI tracers. Magnetic particle spectroscopy
(MPS) was used to identify the most promising candidates based on their signal properties. These tracers were
subsequently subjected to detailed signal analyses and phantom experiments to directly compare their imaging
performance. Our findings demonstrate that genetically tailored magnetosomes can substantially improve MPI
signal quality, underscoring their potential as next-generation tracers. This work provides a foundation for the
rational design of optimized biogenic nanoparticles to advance preclinical and future clinical MPI applications.
Statement of significance: Magnetic Particle Imaging (MPI) is a novel imaging technology with high sensitivity and
real-time capabilities, making it highly promising for clinical applications such as blood flow monitoring and
tumor detection. The performance of MPI strongly depends on the properties of the tracer materials used.
However, producing high-quality tracers through conventional chemical synthesis remains challenging. In this
study, we introduce an innovative biological approach by using genetically engineered magnetotactic bacteria to
produce uniform magnetic nanoparticles, so-called magnetosomes. This strategy allows precise control of particle
size, shape, and magnetic properties, resulting in tracers with superior performance. Our findings pave the way
for the development of next-generation MPI tracers, advancing both fundamental research and potential clinical
translation.
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1. Introduction

Medical imaging is an indispensable tool in modern medicine,
enabling early diagnosis, treatment monitoring, and a deeper under-
standing of physiological and pathological processes. Among emerging
modalities, Magnetic Particle Imaging (MPI) has gained attention as a
novel tomographic technique that directly visualizes magnetic nano-
particle tracers without background signal. First introduced by Gleich
and Weizenecker [1], MPI is free of ionizing radiation and provides
quantitative, three-dimensional images with exceptional temporal res-
olution (up to 21.5 ms) and tracer sensitivity in the picogram iron range
(896 pg re) [2]. These characteristics make MPI particularly promising
for dynamic real-time applications, such as vascular and perfusion im-
aging, tumor detection, and intraoperative guidance.

In contrast to anatomical imaging techniques, MPI depicts only the
tracer distribution, resulting in very high signal-to-noise ratios (SNR).
Signal generation relies on the non-linear magnetization response of
tracers to applied magnetic fields. A selection field creates a field-free
point (FFP) or field-free line (FFL), where an oscillating drive field ex-
cites only tracers within this low-field region, while particles outside
remain saturated. Moving this field-free region across the field of view
(FOV) enables spatial encoding, and the resulting signal is linear and
quantitative with respect to tracer concentration [3]. Beyond imaging,
MPI can also manipulate particles using magnetic forces and extract
functional information such as temperature or viscosity, enabling
multi-contrast imaging with a broad spectrum of future applications
[4-6]. Over the past decade, preclinical studies have highlighted the
strong potential of MPI for clinical translation, with proof-of-concept
experiments demonstrating its value in vascular diagnostics, targeted
therapy, and the real-time detection of acute conditions such as ischemic
stroke and gastrointestinal bleeding [7-10].

Recent advances in hardware are paving the way toward human-
sized MPI scanners [11-13]. However, the full potential of MPI criti-
cally depends on the availability of optimized, clinically approved
tracers [14]. Currently, most MPI tracers are synthetic iron oxide
nanoparticles (magnetic nanoparticles, MNPs) composed of magnetite
(FesO4) or maghemite (y-Fez0s) cores, typically 10-100 nm in size.
These particles are attractive due to their straightforward synthesis,
stability, and favorable biocompatibility [15,16]. Yet, reproducibility
and precise control over size, shape, and magnetic properties remain
challenging [17,18]. Moreover, surface modifications are often required
to stabilize particles for biomedical use [19]. For high-quality MPI
performance, tracers must exhibit superparamagnetism, short magnetic
relaxation times, low anisotropy, and uniform core size and shape
[20-22]. These requirements are particularly critical for human imag-
ing, where low drive-field amplitudes are necessary to prevent periph-
eral nerve stimulation [23,24].

Magnetosomes, biologically synthesized MNPs produced by magne-
totactic bacteria, represent a promising alternative to synthetic tracers.
In the model organism Magnetospirillum gryphiswaldense, magnetosomes
consist of highly uniform, cuboctahedral magnetite crystals enclosed by
a phospholipid membrane (magnetosome membrane, ~5 nm in thick-
ness) containing specific proteins essential for biomineralization
[25-27]. These intracellular vesicles act as natural nanoreactors [28,
29], enabling strict control of crystal growth and yielding nanoparticles
with exceptional homogeneity, high crystallinity, and narrow Gaussian
to log-normal size distributions that can hardly be achieved by chemical
synthesis [30-32]. The magnetite core consists mainly of a (single)
magnetic domain, and saturation magnetization values of up to 410
kA/m [33] and 90-110 emu/g Fe [34] have been reported. The sur-
rounding magnetosome membrane leads to a negative particle surface
charge, as indicated by zeta potential values of —34 to —38 mV [35-38].
Recently, the colloidal stability / aggregation behavior of magnetosomes
was systematically assessed when incubated in different buffer solutions
and cell culture media [39]. Although with prolonged incubation time
(up to 48 h) a tendency for the formations of magnetosome chains and
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smaller aggregates was observed, the particles showed colloidal stability
under a variety of conditions — a prerequisite for future in vivo
applications.

Since the late 1980s, magnetosomes have been suggested as ideal
agents for magnetic imaging due to their inherent material properties
[40-42]. A unique advantage of magnetosomes is that their biosynthesis
is entirely genetically encoded by over 30 genes, allowing precise ge-
netic engineering to tailor their magnetic properties. Deletion or over-
expression of specific genes can shift particle size and magnetic
behavior, generating variants ranging from unstable superparamagnetic
to stable ferrimagnetic states [29,31,32,43]. Initial studies demon-
strated that magnetosomes with core sizes around 30 nm exhibit optimal
MPI performance [33,44,45], consistent with theoretical predictions for
drive fields at ~26 kHz [46].

Building on these findings, this study systematically investigates
genetically engineered magnetosome variants with tailored core sizes.
Using magnetic particle spectroscopy (MPS) and phantom MPI experi-
ments, we evaluate their signal responses and imaging performance,
aiming to establish magnetosomes as next-generation tracers that could
significantly enhance MPI and broaden its applications in biomedical
imaging.

2. Materials and methods
2.1. Bacterial strains and cultivation conditions

For the production of size-adjusted magnetosome samples, geneti-
cally modified M. gryphiswaldense strains lacking various genes impor-
tant for crystal growth (AmamR [29]), magnetosome membrane
assembly (AmamF, AmmsF/AmamF) (each from [29]), magnetosome
chain arrangement (AmamJ [47]), or encoding cellular iron transporters
(AfeoAB1 [44], AfeoAB12 double mutant [45], AFe4 iron uptake mutant
[31]) were used. Loss of these genes results in a stepwise reduction in
magnetite crystal size due to crystal growth defects or reduced cellular
iron uptake, or the formation of magnetosome clusters instead of regular
chains [26,27] (Table S1).

The respective strains (wildtype/WT and mutants) were grown in
modified flask standard medium (FSM; 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 15 mM potassium lactate, 4 mM
NaNOs, 0.74 mM KH,POy, 0.6 mM MgSO4, 50 pM Fe(IID-citrate, 3 g L™*
soy peptone, 0.1 g L! yeast extract, pH 7.0) as previously described
[48]. Cultivation was performed in 5 L flasks under moderate shaking
(120 rpm) at 28°C, applying a headspace-to-liquid ratio of ~1:4 with air
in the headspace. Under these conditions, the oxygen concentration in
the medium declined with increasing cell density, thereby reaching
microoxic conditions and inducing magnetosome biosynthesis [49,50].
Cells were harvested in the late exponential growth phase by centrifu-
gation (9000 x g, 20 min, 4°C). Afterwards, cell pellets were resuspended
in 20 mM HEPES, 5 mM ethylenediaminetetraacetate (EDTA), pH 7.2,
and stored at —20°C until further use.

2.2. Magnetosome isolation

For the isolation of intact magnetosomes, a two-step purification
procedure was applied consisting of a magnetic separation and a sucrose
high-density ultracentrifugation step [51,52]. Cell pellets of microoxi-
cally grown M. gryphiswaldense cultures (WT or mutant strains) were
resuspended in 20 mM HEPES, 5 mM EDTA (pH 7.2), and disrupted by
3-5 passages through a microfluidizer system (M-110 L, Microfluidics
Corp., Westwood, MA, USA) equipped with a H10Z interaction chamber
at 124 MPa. The crude extracts were passed through a MACS
magnetic-separation column (5 mL; Miltenyi, Bergisch Gladbach, Ger-
many) placed between two neodymium-iron-boron magnets (each 4.0
cmx 2.0 cmx 1.0 cm, 1.3 T). Thereby, non-magnetic cellular compounds
passed the column and were instantly eluted whereas the magnetosomes
were retained within the column. In order to remove impurities, the
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column was washed with 50 mL extraction buffer (10 mM HEPES, 1 mM
EDTA, pH 7.2), followed by 50 mL high-salt buffer (10 mM HEPES, 1
mM EDTA, 150 mM NacCl, pH 7.2), and again 50 mL extraction buffer.
Afterwards, the magnets were removed, and the magnetosomes were
eluted with double-distilled water (ddH,0). The magnetosome suspen-
sion was then centrifuged through a 60% (w/v) sucrose cushion (in 10
mM HEPES, 1 mM EDTA, pH 7.2) for 2 h at 200,000 x g and 4°C. Because
of their high density, the magnetosomes pelleted at the bottom of the
tube, whereas residual cellular constituents were retained by the sucrose
cushion. Finally, the particles were resuspended in ddH50 and stored in
Hungate tubes at 4°C under a nitrogen atmosphere until further use.

With focus on future in vivo experiments, magnetosome suspensions
were sterile-filtrated prior to analyses as previously described [53].
Briefly, the suspensions were diluted with ddH3O to a final concentra-
tion of ~50 pg Fe mL?, and sterile-filtrated using a 0.22 pm PVDF
sterile-filter (Roth, Karlsruhe, Germany). After filtration, the suspen-
sions were concentrated again to obtain final Fe concentrations of 2 mg
mLL. Using this protocol, for statistical analysis multiple charges of each
magnetosome type were produced.

2.3. Transmission electron microscopy (TEM)

For TEM analyses of whole cells or isolated magnetosomes, the
respective samples (concentrated cell suspensions or highly diluted
magnetosome suspensions) were directly deposited onto carbon-coated
copper grids (Science Services, Munich, Germany). Magnetosome sam-
ples were additionally stained with 2% uranyl acetate. TEM was per-
formed on a JEM-1400Plus transmission electron microscope (JEOL,
Tokyo, Japan) operated with an acceleration voltage of 80 kV. Magne-
tosome sizes were measured from TEM micrographs using the software
ImageJ version 1.44p [54].

2.4. Determination of iron concentrations

Suspensions of magnetosomes isolated from the WT and mutant
strains were normalized to their overall iron concentration. The iron
content (mg Fe mL') was determined by atomic absorption spectros-
copy (AAS). Sample volumes of 5-20 uL were mixed with 69% nitric acid
(final volume 1 mL) and incubated for 3 h at 98°C. Afterwards, the
samples were diluted with ddH5O to receive a final volume of 3 mL. Iron
measurements were performed using a contrAA300 high-resolution
atomic absorption spectrometer (Analytik Jena, Jena, Germany)
equipped with a 300 W xenon short-arc lamp (XBO 301, GLE, Berlin,
Germany) as continuum radiation source. The equipment presented a
compact high-resolution double monochromator (consisting of a prism
pre-monochromator and an echelle grating monochromator) and a
charge-coupled device (CCD) array detector with a resolution of about 2
pm per pixel in the far ultraviolet range. An oxidizing air/acetylene
flame was used to analyze the samples (wavelength 248.3 nm). The
number of pixels of the array detector used for detection was 3 (central
pixel 1). Measurements were performed in quintuplicates, each as a
mean of three technical replicates (n = 15).

2.5. Dynamic light scattering (DLS) measurements

Zeta potential values and magnetosome hydrodynamic diameters
were determined by DLS analysis using a Zetasizer Nano-ZS (Malvern
Panalytical, Malvern, UK) at a wavelength of 638 nm in automatic mode
at 25°C. Measurements were performed on diluted magnetosome sus-
pensions (0.10 mg Fe mL) isolated from the WT of M. gryphiswaldense
or mutant strains as indicated; perimag nanoparticles (micromod Parti-
keltechnologie GmbH, Germany) at the same iron concentration served
as a control. Each sample was analyzed in quintuplicates on three
technical replicates (nt = 15) using DTS1070 cuvettes (Malvern
Panalytical, Malvern, UK). The evaluation software provided by the
supplier (Malvern Panalytical Zetasizer Software 7.13) is based on the
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Cumulant method and uses the Stokes-Einstein Equation for size deter-
mination. Intensity- and volume-weighted particle size distributions
were used to compare particle sizes from different magnetosome types.

2.6. Nanoparticle sedimentation assay

The sedimentation behavior of purified nanoparticles (i.e., their
tendency to settle in suspension as a measure of colloidal stability) was
analyzed as described previously [36,38]. In brief, the optical density of
a particle suspension (0.10 mg Fe mL) was monitored over time at a
wavelength of 508 nm (Evolution 201 UV-Visible Spectrophotometer;
Thermo Fisher Scientific, Waltham, MA, USA). Absorption values were
normalized to the initial reading at t = O h (start of the experiment),
thereby enabling direct comparison across different particle suspen-
sions. All measurements were performed at least in triplicate (n > 3).

2.7. Tailored magnetic particle imaging nanoparticles — perimag

The aim was to compare the magnetosome samples with the
commercially available MPI gold standard tracer, perimag (micromod
Partikeltechnologie GmbH, Germany). It is composed of nanoparticle
clusters enveloped by a dextran shell, with a reported hydrodynamic
diameter of 130 nm, a magnetic core diameter of about 19 nm, and iron
core sizes (individual particles) ranging from 3 nm to 8 nm [55,56].

2.8. Magnetic particle spectroscopy parameters

In contrast to Magnetic Particle Imaging (MPI), magnetic particle
spectroscopy (MPS) enables the direct assessment of magnetic nano-
particle dynamics without the need for image reconstruction. The
measured signal amplitude and its relaxation behavior in the time-
domain, together with the harmonic decay observed in the frequency-
domain, provide quantitative information on the dynamic response of
the tracer material under oscillatory excitation fields. These parameters
permit an evaluation of the suitability of specific tracers for multi-
dimensional drive-field excitation in MPL By applying additional
offset fields, the static point spread function (PSF) can be determined
experimentally. From this PSF, the full width at half maximum (FWHM)
in the x-space representation can be calculated, which serves as a
quantitative parameter for spatial resolution in MPIL.

Dynamic MPS measurements were performed using a calibrated
custom-built MPS system operating at a drive-field frequency of f =
26.042 kHz. For each measurement, 1000 periods were averaged, and
the sampling rate was set to 7.8125 MS/s [57]. Static PSF measurements
were conducted on a second calibrated custom-built MPS system spe-
cifically designed for offset-field experiments and equipped with addi-
tional offset-field coils [58]. In this system, the drive-field frequency was
f=25.0 kHz and the sampling rate was 15.625 MS/s, with 500 periods
averaged for each offset-field value.

In the initial experiment, the time-domain signal was determined at a
drive-field amplitude of 20 mT/uy. For each magnetosome type and
three independent batches (n = 3), a sample volume of 10 uL with an
iron concentration of 2 mg Fe mL ! (35.7 mmol L'!) was used. To eval-
uate tracer performance with respect to MPI, particularly for multi-
dimensional excitation, a detailed analysis was conducted on one
representative batch. The positive half-wave of the dynamic PSF in the
time-domain was examined to highlight relaxation effects. In the
frequency-domain, the odd harmonics of the magnetic moment were
analyzed to characterize harmonic decay. To enhance comparability
between tracers, harmonic amplitudes were additionally normalized to
a reference measurement obtained with perimag.

Magnetic relaxation was quantified directly from the time-domain
MPS signal using a model-free cross-correlation approach. The
measured waveform was separated into positive and negative drive-field
scan directions. In the adiabatic, quasi-static regime of magnetic particle
imaging, both half-cycles are expected to exhibit mirror symmetry,
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reflecting an instantaneous alignment of the magnetic moments with the
applied field. Deviations from this symmetry indicate non-adiabatic
behavior arising from finite Néel and Brownian relaxation processes
[59]. The mirrored negative half-cycle was cross-correlated with the
positive half-cycle, and the lag corresponding to the maximum of the
cross-correlation function was determined. While alternative methods,
such as TAURUS [60], exist for quantifying relaxation, we opted for the
model-free cross-correlation approach because it provided stable and
straightforward estimation of the effective relaxation time under our
experimental conditions. Since the relative displacement between the
two scan directions corresponds to twice the underlying physical delay,
the effective relaxation time was defined as

Teff = D) At,
where k* denotes the lag at maximum correlation and At represents the
sampling interval.

For the most promising tracer candidate, MPS hysteresis curves were
recorded at four drive-field amplitudes H € {6, 10, 14, 20} mT/yo. In
addition, a dilution series covering iron concentrations from 1.1 to 35.7
mmol L' was prepared to investigate signal linearity, which was
assessed using the third harmonic amplitude. FWHM experiments were
performed at the same set of drive-field amplitudes using perimag and
AfeoAB1 samples with an iron concentration of 2 mg Fe mL™! (35.7 mmol
L)) and a sample volume of 100 pL. Offset fields were varied in 0.2 mT
increments over a range from —25 mT to 25 mT to determine the static
PSF and the corresponding FWHM.

2.9. Bruker MPI scanner parameters

MPI, in contrast to MPS, measures the nonlinear magnetization of
spatially distributed tracer material. Utilizing reconstruction methods,
the spatial distribution is imaged. All MPI measurements performed in
this work were carried out with a preclinical Bruker MPI system 25/20
FF (Bruker Biospin MRI GmbH, Germany). The scanner topology is an
FFP setup, with a maximal gradient strength G, up to 2.5 T/m in the z-
direction and —1.25 T/m in x- and y-directions. The drive-field ampli-
tude can be set to a maximum of 14 mT/yg in x-, y- and z-directions. The
excitation frequencies are given by fy = 2.5/102 MHz, f, = 2.5/96 MHz
and f, = 2.5/99 MHz. Generally, an MPI system must be recalibrated
once a system parameter changes, including the use of different tracer
types. The system matrix measurement technique is a calibration pro-
cess in MP], it is mainly used for image reconstruction and is acquired as
the particle signal response from each location within a defined FOV
[61]. Further, a quantitative comparison of different tracers on system
matrix level can be done by considering the signal-to-noise ratio (SNR)
profiles [62].

2D system matrices were measured on a FOV size of 21 mm x 21 mm
in x- and y-direction. For each tracer, a delta-sample with 2 x 2 x 1 mm®
or 4 uL and a concentration of 35.7 mM iron was used. The drive-field
amplitude was set to 12 mT/po and the maximum gradient was set to
2 T/m. The delta-sample was placed by a robot on 21 x 21 grid positions
and measured with 100 averages per grid position. The quality of the
system matrices was assessed using the SNR values of the x-receive
channel [62]. For a set of frequencies kfy, based on mixing factors k, and
ky, with k(ky, ko) = (ke +1) 16 + (k, + 1) 17 and fp = 1531.86 Hz,
dedicated system matrix pattern are selected for comparison.

Image reconstruction was performed with two line-phantoms, one
with 12 x 1 x 4 mm® and one with 10 x 1 x 4 mm? containing 35.7 mM
iron. The phantoms were orientated once in x- and once in y-direction
with a 5 mm edge-to-edge distance. Additionally, for the best-
performing candidate and perimag, a v-phantom consisting of a hollow
cylinder with 0.9 mm diameter and an angular opening of 60° was filled
with 14 pL tracer (35.7 mM).

Utilizing the reconstruction framework MPIReco.jl [63],
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single-frame reconstructions were performed on an interpolated grid of
51 x 51 pixels to simulate low SNR conditions. For quantitative evalu-
ation, all 1000 acquired frames were reconstructed individually (n =
1000), and the normalized root-mean-square error (NRMSE) and
structural similarity index measure (SSIM) were calculated relative to a
voxelized ground truth generated from the CAD files [64].

To bridge the gap toward biological relevance without conducting in
vivo experiments, a scaled rat phantom was implemented based on the
anatomical model described by Exner et al. [65]. The phantom geometry
was uniformly scaled to 70% of its original size in all spatial dimensions,
resulting in a volume reduction by a factor of 2.92. Consequently, the
original organ volumes were reduced to 4821 mm? for the liver and 540
mm?® for the brain, while the tracer concentrations were maintained.
Organ-specific tracer concentrations were assigned according to the
reported steady-state in vivo values, with tracer exclusively distributed
in the liver (270 ng Fe mL!, 4.83 mmol L) and brain (74 ug Fe mLY,
1.33 mmol L!) compartments to emulate physiological accumulation.
Image reconstruction was performed using a system matrix acquired on
a regular grid of 40 x 40 x 20 positions covering a FOV of 50 mm x 50
mm x 30 mm. The system matrix acquisition and phantom measure-
ments were conducted with drive-field amplitudes of 12 mT/po and a
maximum gradient strength of 1.2 T/m. For both acquisitions, 46 av-
erages were applied to ensure consistent SNR conditions.

2.10. Statistical methods

If not otherwise stated, data were reported as mean =+ standard de-
viation (SD), and n represents the number of independent experiments
(technical or biological replicates). The size of magnetite crystals in
magnetosome samples was measured from TEM micrographs using
ImageJ [54] and data was plotted with the Fit-o-mat software [66].
Standard deviations were calculated using the Statistics standard library
of the Julia programming language (JulialLang) and SigmaPlot 12.0
software (Systat Software Inc., San Jose, CA, USA), which was also used
for statistical analysis.

Significance of differences in magnetosome crystal size was assessed
using a Kruskal-Wallis test followed by Dunn’s post hoc test with Bon-
ferroni correction. Data from replicate experiments were pooled prior to
statistical analysis. Zeta potential group comparisons, MPS signal
amplitude measurements, and MPI reconstruction comparison were
conducted using Welch’s t-test (two-tailed) assuming unequal variances.
Statistical significance was defined at p < 0.05. Pearson correlation
analysis was used to demonstrate the linear relationship between TEM
and DLS particle size measurements. Linear regression analysis was
performed on MPS dilution series measurements to assess the relation-
ship between iron concentration and MPS signal.

For image processing, GIMP software (GNU Image Manipulation
Program, version 2.10.38) and Adobe Illustrator CS6 (Adobe Systems
Inc., San Jose, CA, USA) were used.

3. Results
3.1. Structural characterization

Magnetosomes were purified from the unmodified WT of
M. gryphiswaldense and mutant strains AmamJ, AmamR, AmamF,
AmmsF/AmamF, AfeoAB1, AfeoAB12, and AFe4, in which different
biosynthetic magnetosome genes or iron uptake systems were deleted
(Table S1). TEM images of magnetosomes isolated from the respective
strains (Figs. 1 and S2) revealed homogeneous particle suspensions with
a mostly uniform geometry and only minimal deviations from the
cuboctahedral shape of WT particles (Fig. 2). Depending on the strain,
magnetosomes with average core sizes ranging from 21 to 40 nm were
produced. Magnetosome samples with smaller core diameters exhibited
a weak tendency towards lower standard deviations and thus, a nar-
rower size distribution. AfeoAB1, AfeoAB12, AFe4 and AmmsF/AmamF
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Wildtype (WT)
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—— 200 NM

Fig. 1. Transmission electron microscopy (TEM) micrographs of suspensions of different magnetosome types. Particles were isolated from the respective
strains according to published procedures [51,52] and in addition, sterile-filtrated to remove bacterial contaminations [53]. The resulting suspensions were free of

impurities and contained well-dispersed particles.
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Fig. 2. Magnetosome core size distribution. Violin plot of the core sizes of
magnetosomes isolated from different M. gryphiswaldense strains as indicated.
Each particle suspension was analyzed by TEM, and ImageJ software was used
to determine the mean core diameters (n > 350). The insets show TEM mi-
crographs of a representative magnetosome particle isolated from the respec-
tive strain. Differences in particle size distributions relative to the WT were
assessed using a Kruskal-Wallis test followed by Dunn’s post hoc test with
Bonferroni correction. Significance levels indicated in the figure correspond to
*k% p < 0.0001; ns, not significant.

showed a significantly reduced particle size compared to the WT, with
the smallest mean core diameter of 21.4 nm being measured for
AfeoAB12 (Table S2). The respective particle sizes measured from TEM
images agreed well with the superparamagnetic domain size range be-
tween 21 and 28 nm. However, for AmamR, AmamJ, and AmamF mutant
strains larger-sized magnetosomes of 30 to 36 nm were produced being
within the ferrimagnetic size range.

Although magnetosome purification narrows the particles’ size dis-
tribution [52], particles from all strains were still polydisperse to some
extent, which can be attributed to the presence of immature magneto-
somes. Magnetosomes of the ferrimagnetic size range resembled

matured, unmodified WT particles, with the typical cuboctahedral
structure (Figs. 1, S2). Nevertheless, it is difficult to determine the 3
dimensions lattice of each crystal without thickness measurements.
Magnetosomes with a core diameter larger than 30 nm are probably
magnetically blocked at room temperature and thus tend to form chains,
rings or aggregates due to magnetic interactions as described previously
(Figs. 1, S2) [67,68].

In dynamic light scattering (DLS) analyses on diluted magnetosome
suspensions (0.1 mg Fe mL%), increased particle diameters were
measured (compared to TEM) as DLS additionally accounts for the
contribution of the hydration shell that surrounds the particles (hydro-
dynamic diameter, Table 1). However, the relative ordering and size
hierarchy of the different particle types was preserved. Accordingly, a

Table 1

Effective relaxation times 7¢, determined from cross-correlation of the positive
and negative half-waves of the dynamic time-domain signal response, and the
corresponding particle sizes (i.e. core sizes measured by TEM and hydrodynamic
diameters obtained from DLS analyses).

Particle type 7 / Core size Hydrodynamic diameter (DLS) /
us (TEM) / nm nm
Intensity- Volume-
weighted” weighted**
perimag 1.41 3.3%% 133.4 £ 52.1 79.5 + 16.1
AfeoAB1 1.80 24.1 76.8 + 26.6 57.4 +£20.7
AfeoAB12 1.41 21.4 74.9 + 23.8 58.9 £19.0
AFe4 1.93 23.7 75.5 £ 32.7 52.8 £22.0
AmamJ 2.70 39.8 120.7 &+ 40.6 81.8 +29.3
AmamR 2.95 32.6 126.8 & 85.9 111.6 + 61.8
AmamF 4.24 30.8 100.1 + 31.0 77.8 + 31.8
AmmsF / 1.67 26.7 90.8 + 35.8 65.2 + 28.4
AmamF
wildtype WT 2.18 359 134.6 &+ 39.5 83.2 + 24.9

* reflects the measured scattering signal thereby favoring larger particle di-
ameters due to the strong size dependence of the scattering intensity (Rayleigh
approximation, I « d®);

" reflects the distribution of total particle volume across different size classes

and thus, provides a more representative estimate of the actual size distribution;

* core diameter of individual perimag particles, forming clusters with a
magnetic diameter of 19 nm [55].
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strong and statistically significant, positive linear correlation between
TEM and DLS particle sizes was obtained (Pearson’sr = 0.93,p < 0.01,n
= 7), indicating consistent scaling between core and hydrodynamic
particle diameters. AmamR magnetosomes showing a markedly higher
DLS value compared to the overall trend (111.6 + 61.8 nm, volume-
weighted; Table 1) were excluded from the correlation analysis due to
the presence of different particle size classes (as obvious from TEM
micrographs, Figs. 1, 2) and its pronounced polydispersity.

3.2. Magnetic particle spectroscopy (MPS) analysis

MPS was used to evaluate the magnetic performance of each mag-
netosome type and to benchmark them against the commercial MPI
tracer perimag (micromod Partikeltechnologie, Rostock, Germany) using
our custom MPS system [57]. Measurements were performed on 10 pL
samples containing 2 mg Fe mL™ at a drive-field amplitude of 20 mT/ug
and frequency of 26.042 kHz (Fig. 3). Samples of the MPI tracer perimag
at the same volume and iron concentration were included as a reference.
The resulting tracers were classified as either high-performing or sub-
optimal based on their signal characteristics.

For better visualization in time-domain, only the positive half-wave
of the MPS signal response is shown in form of the dynamic point spread
function (PSF). In the time-domain, high-performing magnetosome
types (AfeoAB1, AfeoAB12, AFe4) exhibited a MPS signal response with
a single, symmetric amplitude, and relaxation behavior similar to peri-
mag. Suboptimal variants (AmamR, AmamJ, AmamF, AmmsF/AmamF)
with an increased particle size (Table S2) displayed a strong relaxation
behavior, and the loop started to open up, indicating the onset of
coercivity with increasing particle size. Moreover, the MPS signal re-
sponses provided a delayed maximum or more than one local maximum,
displaying a suboptimal signal response. Among all tested variants,
AfeoAB1 showed the strongest response, with a 2.98-fold higher
amplitude compared to perimag (p = 0.043, n = 3; Welch's t-test).

In the frequency domain, the odd harmonics of the MPS signal
response are shown for AfeoAB1, AfeoAB12, and AFe4 as high-
performing tracers. High-performing candidates demonstrated a strong

dynamic point spread function

frequency domain signal
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signal with slower harmonic decay, which is advantageous for the
reconstruction process, a key parameter for spatial resolution in MPI. In
contrast, magnetosome samples isolated from AmamR, AmamJ, AmmsF/
AmamF, and AmamF strains did not show the desired signal response,
which can be identified in a non-smooth harmonic decay.

For direct comparison, the odd harmonics normalized to the refer-
ence signal response of perimag are shown (Fig. 3). High-performing
tracer candidates showed a smooth amplified signal response.
AfeoAB1 yielded the highest relative signal strength. Below 1 MHz, an
oscillation of the normalized signal response of AmamR, AmmsF/AmamF
and AmamF was visible. AFe4 and AmamJ provided a stronger signal
only for frequencies below 500 kHz.

Table 1 presents the effective relaxation times alongside the corre-
sponding magnetic core diameters for all investigated particle types. The
measured relaxation times range from 1.41 ps to 4.24 ps, with core di-
ameters of individual particles spanning 3.3 nm for perimag to 39.8 nm
for AmamJ, reflecting a broad dynamic range among the samples (it
should be noted that perimag consists of particle clusters with an overall
magnetic diameter of 19 nm [55]). A moderate positive correlation
between core size and relaxation time is observed, indicating that larger
cores exhibit slower magnetization dynamics, although the relationship
is not strictly monotonic.

In Fig. 4, the correlation between the mean core size and the
maximum MPS signal intensity is presented for three biological repli-
cates. When excited with a 20 mT/pg drive-field amplitude, the mutant
strains AfeoAB1, AfeoAB12, and AFe4 exhibited the highest signal am-
plitudes, which correlated with a mean crystal size below 28 nm. Most
mutant magnetosome samples exceeded the signal amplitude of the
reference tracer perimag, with AmamF showing the strongest response.
However, the apparent superiority of magnetosomes with larger core
sizes was limited to one-dimensional excitation under high drive-field
amplitudes, as the evaluation of the signal response shown in Fig. 3
revealed suboptimal behavior under these conditions. In contrast, WT
magnetosomes with a larger mean core diameter of approximately
35-40 nm generated the lowest signal among all investigated samples.

A more detailed MPS characterization of the best-performing
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Fig. 3. MPS signal response in time domain and frequency domain. The different magnetosome types investigated are categorized into high-performing tracers
for MPI (AfeoAB1, AfeoAB12, AFe4) and suboptimal candidates (AmamR, AmamJ, AmamF, AmmsF/AmamF, and WT). In time domain, the positive half-wave of the
dynamic point spread function is shown for a single replicate of each type, with perimag serving as reference. In frequency domain, the odd harmonics of the magnetic
moment are shown together with an empty measurement. Additionally, the odd harmonics normalized to perimag are provided.
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Fig. 4. Maximum MPS signal response distribution for three biological replicates of magnetosomes and perimag. For each replicate, the maximum magnetic
moment in time domain is given in relation to the mean iron-oxide core size extracted from TEM images. All replicates of AfeoAB1, AfeoAB12, AFe4, and AmmsF/
AmameF provide core sizes between 20 nm and 28 nm. Among the high-performing candidates for multi-dimensional drive-field excitation, AfeoAB1 shows the largest

magnetic moment.

candidate, AfeoAB1, is shown in Fig. 5. On the left, the hysteresis curves
at various drive-field amplitudes, commonly used in the MPI field, are
depicted. As the drive-field amplitude increased, the hysteresis loops
became broader, indicating pronounced relaxation effects. In the mid-
dle, the FWHM results for AfeoAB1 and perimag are shown. Across all
drive-field amplitudes, AfeoAB1 exhibits approximately 2 mT lower
FWHM compared to perimag, indicating a narrower spatial response. On
the right, the results of an MPS dilution series with six different iron
concentrations are displayed to demonstrate the stability and repro-
ducibility of the magnetosomes. The amplitude of the third harmonic
increased almost linearly with rising iron concentrations, confirming the
robust and stable signal characteristics of AfeoAB1, with a high coeffi-
cient of determination (R = 0.9935).

3.3. MPI system matrix and image reconstruction

With AfeoAB1 identified as the best-performing candidate, the tracer
dynamics under multi-dimensional drive-field excitation were investi-
gated. perimag was again used as the reference tracer, along with WT
magnetosomes in their as-isolated and non-modified state, as well as
magnetosomes purified from the AmamJ mutant strain, which had
previously demonstrated promising imaging performance in the work of
Makela et al. [69].

In Fig. 6, the measured two-dimensional (2D) system matrices of
AfeoAB1, AmamJ, WT magnetosomes, and perimag are compared. The
SNR profiles of the x-channel provide a quantitative comparison of the

system matrices across all frequencies. AfeoAB1 exhibited the highest
SNR over a broad frequency range, whereas the SNR values of AmamJ
and WT magnetosomes only surpassed those of perimag at frequencies up
to approximately 350 kHz. For selected frequencies, highlighted in red
in Fig. 6, complex color-coded system matrix patterns for the x-channel
are shown [70]. With increasing frequency, pronounced phase shifts
between the magnetosome samples and perimag became evident. Addi-
tionally, each pattern includes the SNR value normalized to perimag. In
these comparisons, AfeoAB1 consistently retained clear superiority,
while the SNR values of the other magnetosome samples converged
toward those of perimag as the frequency increased. Using these system
matrices, image reconstruction was performed for AfeoAB1, AmamJ, WT
magnetosomes, and perimag. The translation from MPS to multidimen-
sional Lissajous drive-field excitation may fail for magnetic nano-
particles with pronounced chain characteristics or strong anisotropy, as
they cannot follow rapid magnetic changes in all dimensions. Fig. 7
shows reconstructed images of two-line phantoms oriented in the x- and
y-directions. The purpose of this experiment was solely to demonstrate
that reconstruction is feasible at high tracer concentrations, rather than
to evaluate spatial resolution or other imaging performance metrics. Due
to the high concentration, successful reconstruction was achieved for all
magnetosome types. Based on the SNR analysis presented in Fig. 6,
AfeoAB1 exhibited superior SNR, and this tracer was therefore selected
for all subsequent experiments.

For a direct quantitative comparison between the most promising
candidate AfeoAB1 and perimag, the reconstructed images of a v-shaped
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Fig. 5. MPS hysteresis loop, FWHM, and dilution series of AfeoABI magnetosomes. For several drive-field amplitudes commonly used in the MPI community,
the hysteresis loops are shown. In the middle, the FWHM results obtained from static PSF measurements are presented. To verify signal linearity, the 3rd harmonic of
the magnetic moment is plotted for six different iron concentrations, together with the value obtained from an empty measurement.
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marked in red, the according system matrix patterns are provided. The patterns are shown in a complex-coded color scheme, where the amplitude is encoded in the
intensity and the phase is encoded in the color. For each frequency pattern, the SNR value normalized to perimag is noted in white.

phantom are presented in Fig. 8. Reconstruction quality was evaluated
over consecutive frames (n = 1000) to ensure statistical robustness. The
presented image obtained with AfeoABI displayed more distinct struc-
tural details of the phantom, with a more continuous and homogeneous
signal profile. Both tracers exhibited reconstruction artifacts near the
edges of the field of view (FOV).

Quantitative assessment was performed using a modeled mask, with
the NRMSE and the SSIM calculated for each reconstructed frame and
summarized as boxplots. The mean NRMSE was 0.157 for perimag and
0.112 for AfeoABI, indicating a substantially reduced reconstruction
error for AfeoABI. Likewise, the mean SSIM increased from 0.828 for
perimag to 0.912 for AfeoAB1, demonstrating a clear improvement in
structural fidelity and overall image quality. Statistical analysis
confirmed significant differences between the tracers for both metrics (p
<1 x 1071, Welch’s t-test).

In Fig. 9, reconstruction results of a scaled anatomic rat model
comprising the brain and liver phantoms are shown. All datasets were

reconstructed using identical reconstruction parameters to ensure
comparability. Due to minor robot misalignment between the two ex-
periments, the phantoms corresponding to the different tracers exhibit
slight relative spatial displacement. To ensure spatial correspondence,
the reconstructed datasets were axially registered prior to visualization.
For the displayed 2D reconstruction images, a reduced axial section of
31 pixels (instead of 40) was selected to improve structural visibility and
comparability. Consistent with the visual impression, AfeoAB1 provides
clearer structural representation in both organs compared to perimag. In
the brain phantom, the areal structures corresponding to the three
chambers are clearly resolved with AfeoAB1, whereas they cannot be
clearly distinguished in the perimag reconstruction. For quantitative
assessment of background noise, the standard deviation (SD) of the
signal was evaluated within the orange-marked region and normalized
to the respective maximum reconstruction signal. In the brain phantom,
the SD corresponds to 1.33% of the maximum signal for perimag and
0.43% for AfeoABI. In the liver phantom, the normalized SD values are
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Fig. 8. MPI reconstruction of v-phantom (60° angular opening). A photograph of the v-shaped phantom and the corresponding MPI reconstructions obtained
with perimag and AfeoAB1 are presented. Quantitative evaluation of reconstruction accuracy over n = 1000 reconstructed frames is also shown, presented as boxplots
of the structural similarity index measure (SSIM) and the normalized root mean squared error (NRMSE), calculated between each reconstructed frame and a modeled
ground-truth mask. Higher SSIM and lower NRMSE values are observed for AfeoAB1 magnetosomes, indicating improved image quality (*** p < 1 x 107%; Welch’s

t-test).

0.056% for perimag and 0.026% for AfeoAB1. The consistently lower
relative background fluctuations observed for AfeoABI confirm its su-
perior noise performance and enhanced image contrast under identical
reconstruction conditions. For both MNPs and both organs, positioned
relative to the rat phantom, corresponding surface renderings of the
reconstructions are shown in Fig. S3.

3.4. Physicochemical characterization of AfeoAB1 magnetosomes

Our results identify AfeoAB1 as best-performing and probably most
promising magnetosome type under the tested conditions. By applying
our well-characterized purification scheme [51,52], particles with intact
membranes were isolated. Thus, on TEM images a core-shell structure
became visible that largely resembled WT magnetosomes, with the
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Fig. 9. MPI reconstruction of scaled rat phantom. The phantom was scaled 1.5x smaller than the original anatomical model, with organ-specific tracer con-
centrations applied to emulate a steady-state in vivo distribution (brain: 74 pg Fe mL™; liver: 270 ug Fe mL™). A photograph of the phantom showing both brain and
liver sections is shown on the left. MPI reconstructions for the brain (top) and liver (bottom) are shown using perimag and AfeoABI magnetosomes. Compared to
perimag, AfeoAB1 magnetosomes provide improved structural fidelity, with the three chambers of the brain clearly identifiable. For each reconstruction, the orange
window marks the area where the standard deviation of the background signal was evaluated, showing lower background values for AfeoABI and thus, improved

image contrast.

magnetite cores being surrounded by an electron-light organic envelope
representing the magnetosome membrane (Fig. S4-A). This is further
supported by the particles’ surface charge indicated by zeta potential
values of —32.1 + 4.8 mV (AfeoAB1) and —34.7 + 3.7 mV (WT) with no
statistically significant difference between the two particle types (p =
0.11; Welch's t-test). For perimag, measured for comparison, the zeta
potential was determined to be —9.5 £ 0.5 mV. All measurements were
performed in ddH,O at an iron concentration of 0.10 mg mL, and
obtained values suggest colloidal stability of the respective nanoparticle
suspensions due to electrostatic repulsion.

These findings are also reflected in absorption-based sedimentation
assays (Fig. S4-B), with WT and AfeoAB1 magnetosomes showing almost
identical behavior. Accordingly, both particle suspensions remained
highly stable throughout the 18 h observation period, with normalized
sedimentation rates <2%. An initial albeit marginal sedimentation
phase was observed during the first 5 h; however, absorption values
declined by only ~1%. This was followed by an almost constant signal
over the subsequent 13 h (<1% additional sedimentation). perimag
exhibited similarly high colloidal stability, and only a negligible, near-
linear absorption decrease was observed over the 18 h observation
period (overall sedimentation rate <1%). Overall, the investigated
magnetosome suspensions — and consequently AfeoAB1 - can be
considered stable under the chosen experimental conditions, thereby
providing a solid basis for further application-oriented studies.

4. Discussion

In the present study, we expand the spectrum of MPI tracers by
introducing genetically engineered magnetosomes, biomineralized by
magnetotactic bacteria, as highly promising candidates for next-
generation MPI tracers. While previous studies such as Kraupner et al.
[33] have already highlighted the potential of magnetosomes, our
approach clearly differs from that of Makela et al. [69], who investigated
whole living bacteria of the WT and the AmamJ mutant strain of
M. gryphiswaldense as MPI tracers. Here, we systematically investigated
an extended set of isolated and purified magnetosome types, derived
from multiple genetically engineered bacterial deletion mutants. This
allowed a detailed characterization of their morphology via TEM, their

10

magnetic performance using MPS, and, ultimately, their imaging capa-
bility in MPI.

Despite some inherent polydispersity caused by the biological syn-
thesis and maturation processes [52], several magnetosome variants
fulfilled critical MPI requirements, including suitable core size and
uniform cuboctahedral morphology [20,21]. Mutants such as AmamR,
AmamJ, and AmamF produced magnetosomes with mean core sizes
above 30 nm, exceeding the superparamagnetic size threshold and thus,
exhibiting ferrimagnetic behavior [71]. In contrast, magnetosomes from
AfeoAB1, AfeoAB12, AFe4, and AmmsF/AmamF showed core sizes in the
optimal range of 21-28 nm (as determined from TEM micrographs),
classifying them as promising tracers. This size range closely matches
the theoretically predicted optimal core size for MPI of approximately
28 nm [46]. Moreover, our results are consistent with the experimen-
tally observed relaxation wall, indicating that further increases in the
core size yield in undesired dominant magnetic relaxation effects [72].

Using MPS as a pre-screening tool, we defined two essential criteria
to identify promising MPI tracers:

1. A magnetization signal response exceeding that of the commercial
standard tracer perimag, and

2. The absence of strong relaxation effects, which indicate unfavorable
particle size distributions, anisotropy, or agglomeration.

Magnetosomes of strain AfeoAB1 (~26 nm) emerged as the best-
performing candidate, exhibiting a nearly 3-fold stronger MPS signal
compared to perimag and showing no abnormal relaxation behavior.
Biomedically, this 3-fold signal amplification is highly significant, as it
fundamentally dictates the required contrast agent dose. A higher
intrinsic signal allows for a substantial lowering of the injected iron
concentration, effectively minimizing the systemic clearance burden on
the reticuloendothelial system while maintaining exceptional spatial
resolution.

The hysteresis analysis confirmed stable, non-aggregated particle
behavior even at increasing drive-field amplitudes. The same trend was
observed in the 1D evaluation of the PSF, where the FWHM for AfeoAB1
was consistently 2 mT lower than that of perimag across the investigated
set of drive-field amplitudes. However, the 1D PSF FWHM does not fully
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capture particle behavior under multidimensional Lissajous drive-field
excitation; because relaxation effects introduce delays in the PSF, a
tracer that appears favorable in 1D measurements may not faithfully
follow the rapidly changing multidimensional fields, leading to
degraded signal or contrast in practical Lissajous imaging. The dilution
series of AfeoAB1 demonstrated a linear correlation between concen-
tration and signal, indicating excellent stability and reproducibility.
Importantly, these MPS findings translated directly to multidimensional
MPI performance. AfeoAB1 showed the highest SNR values across a wide
frequency range in 2D system matrices, outperforming both WT mag-
netosomes and AmamJ particles, which had been previously suggested
as promising tracers [69]. While 2D imaging of line phantoms was
feasible with all three magnetosome types, the quantitative comparison
with perimag using the v-phantom clearly demonstrated the superior
image quality and reconstruction accuracy achieved with AfeoAB1. Even
though improvements in quantitative measures such as NRMSE and
SSIM were modest, they represent a significant step toward advancing
MPI tracer technology. In particular, the approach reduced the influence
of background artefacts and demonstrated consistently higher structural
similarity with the reference mask across the full set of 1000 evaluated
reconstructions. Reconstruction of the 3D-printed rat phantom shows
that AfeoABI provides clearer structural delineation and lower back-
ground noise than perimag, with improved resolution of fine features
such as the brain chambers. Using realistic phantoms allows direct
comparison of tracer performance while minimizing animal use and
suffering. In the absence of a defined in vivo application, these phantom
experiments provide sufficient insight into MPI performance, guiding
future in vivo studies after tracer optimization.

Our results also provide important context for studies using whole
cells as MPI tracers. Makela et al. [69] observed increased MPI signals
when using intact AmamJ cells in vivo, likely due to altered intracellular
magnetosome clustering. However, in our experiments, intact WT and
AmamJ cells showed only weak MPS responses compared to isolated
magnetosomes (Table S3), highlighting the limitations of whole-cell
approaches for MPI. Furthermore, the use of living bacteria poses sub-
stantial biosafety challenges, whereas purified magnetosomes, whose
biocompatibility has been demonstrated in multiple studies [38,39,52,
73-76], represent a far safer and more scalable solution.

So far, a couple of different studies have already comprehensively
evaluated potential biological effects by critically assessing several
biocompatibility parameters, including cell viability (i.e., metabolic
activity), cell death events during magnetosome treatment, and poten-
tial effects on cell proliferation. Data obtained from multiple assays were
combined to provide an integrated overall assessment. Across the
different cell lines tested (cancer lines as well as primary cells), only
minor effects on viability were observed, even at increased magneto-
some concentrations [38,39,52]. Accordingly, magnetosomes were
considered biocompatible [77] even for concentrations exceeding those
usually applied in in vivo settings. Furthermore, data available so far
confirm high blood compatibility, and only slight but not significant
complement activation was observed, with no indications for plasma
coagulation or hemolysis [78].

Despite the presence of lipopolysaccharide (LPS) components origi-
nating from the cell wall of the bacterial production strain [78], in initial
animal testings on rodents no pyrogenic effects were observed [73,76,
79]. In addition, strategies for endotoxin camouflage and removal have
been suggested [78] including coating with biocompatible polymers
such as serum proteins [80,81] and the introduction of further purifi-
cation steps of magnetosome suspensions, for instance the treatment
with mild detergents such as Triton X-100 [82], ion-exchange chroma-
tography, affinity adsorbents, gel filtration, or ultrafiltration [83].

Overall, our study establishes AfeoAB1 magnetosomes as highly
optimized, genetically engineered MPI tracers. By tailoring the magne-
tosome biosynthesis through genetic engineering, we have demon-
strated a precise and reproducible method to create nanoparticles with
ideal MPI characteristics, overcoming key limitations of synthetic
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tracers. This work provides a strong foundation for future studies
focused on in vivo imaging, surface functionalization for targeted ap-
plications, and the eventual translation of biologically produced tracers
into clinical MPI, thereby significantly expanding the potential of this
powerful imaging modality.

5. Conclusion and outlook

In conclusion, our comprehensive evaluation of genetically engi-
neered magnetosomes using TEM, MPS, and MPI identified AfeoAB1
magnetosomes as a highly promising candidate for next-generation MPI
tracers. By utilizing genetic engineering to bypass the structural limi-
tations of conventional chemical synthesis, this study provides a clear
translational pathway for using highly uniform biogenic magnetosomes
as predictable, reproducible, high-contrast diagnostics in preclinical and
future clinical MPI applications. These particles exhibited an optimal
core-size distribution, resulting in a strong and stable MPS signal as well
as superior image quality in MPI reconstructions compared to the
established synthetic tracer perimag. The genetically encoded biosyn-
thesis of magnetosomes provides a unique advantage by allowing pre-
cise and reproducible tuning of particle properties through targeted
genetic modifications, thereby overcoming key limitations of chemically
synthesized nanoparticles.

Currently, the magnetite cores of the investigated magnetosomes are
surrounded only by their natural biological membrane. While this native
coating offers some inherent stabilization, it may also promote parti-
cle—particle interactions, potentially affecting colloidal stability and MPI
performance. Future in vitro surface functionalization, such as the
addition of dextran or resin shells [84,85], could further improve sta-
bility, biocompatibility, and performance, especially when the particles
are suspended in physiological buffers such as PBS.

Looking ahead, AfeoAB1 magnetosomes hold significant potential for
in vivo MPI applications, including real-time vascular imaging, perfusion
studies, and cell tracking. Their genetic tunability opens new opportu-
nities for developing tracers with tailored magnetic properties [31,32]
or functionalized surfaces for targeted imaging [34,86-88]. Moreover,
their biological origin and reproducible biosynthesis address a critical
bottleneck in MPI translation by providing a scalable and consistent
source of high-performance tracers. Future work should focus on in vivo
validation, regulatory assessment, and the development of clinically
compatible production and stabilization processes.

Furthermore, as magnetosomes were already successfully tested as
potential agents for magnetic fluid hyperthermia (MFH) [30,89,90],
their application range might be extended toward a platform that effi-
ciently combines diagnostic and therapeutic modalities. In fact, AfeoAB1
magnetosomes have already been investigated for dual functionality as
MPI tracers and MFH heat mediators, providing substantially higher
imaging SNR and MFH temperature compared to synthetic MNP for-
mulations, thereby highlighting their theranostic potential [91].

By establishing genetically engineered magnetosomes as powerful
MPI tracers, this study paves the way for advancing MPI from a pre-
clinical research tool toward a clinically relevant imaging modality,
with broad applications across biomedicine. Ultimately, such tracers
could play a transformative role in modern medical imaging, enabling
highly sensitive, safe, and real-time diagnostics.
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