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Achieving high spatial resolution in magnetic particle imaging (MPI)
remains a major challenge in advancing MPI capabilities. In this
study, Mn-Fe oxide nanoparticle tracers with octopod morphology
were synthesized, showing a 2.3-fold improvement in spatial
resolution while maintaining strong signal intensity at higher tracer
concentrations. This approach enables high-resolution MPI by
minimizing relaxation time through controlled anisotropy.

Introduction

Magnetic particle imaging (MPI) is an emerging molecular
imaging technique that utilizes tracer-based detection to
directly measure and quantify the magnetization of
superparamagnetic iron oxide nanoparticles (SPIONs).1-10
Improving the spatial resolution and sensitivity of MPI signal
requires minimizing the full width at half maximum (FWHM)
and maximizing the peak intensity of the tracer response
function (dM/dH).211-13.14 The spatial resolution in MPI is
strongly influenced by the inherent magnetic properties of
tracers, particularly the characteristics of their M-H
magnetization curve.'*1> A steeper M-H curve results in a
narrower point spread function (PSF) in x-space. 116718 The
design and optimization of magnetic tracers with the narrowest
PSF could be advantageous for applications that require
exclusively high resolution.1.218.19

To date, increasing the size of magnetic nanoparticles (NPs)
has been one of the most effective strategies for enhancing
spatial resolution in MPI, as increased saturation magnetization
generally leads to a reduced FWHM of the PSF.1517 The spatial
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resolution is theoretically expected to improve cubically with
increasing magnetic core diameter.l” On the instrument side,
resolution can also be improved by increasing the magnetic field
gradient strength of the spatial encoding field (T pom™).%7
However, both approaches are accompanied by significant
limitations. Increasing core size leads to longer magnetic
relaxation times of both Néel and Brownian relaxation, resulting
in relaxation-induced blurring that undermines resolution gains
from increase in volume.%217.20 Moreover, from an application
standpoint, larger
circulation times and limited tissue penetration, diminishing
their effectiveness in biological applications.112! Increasing the
gradient strength only increases resolution linearly and has rigid
limitations posed by hardware restrictions, so that gradients
beyond 5 T po m™" are practically hard to achieve, in-particular
in larger systems suitable for clinical applications.l”

tracers often exhibit reduced blood

Mechanistically, the magnetic relaxation dynamics of
SPIONs strongly depend on their crystalline anisotropy and
morphology, which govern the Néel relaxation time (t2), a key
determinant of spatial resolution in MPIl. The Néel relaxation
time exponentially depends on the anisotropy energy barrier,
defined by the product of the magnetic anisotropy constant (K)
and the particle’s magnetic volume (V). By introducing
manganese ions (Mn?*) into the iron oxide lattice, the crystalline
anisotropy constant can be effectively tuned, reducing the
energy barrier and accelerating Néel relaxation. This
acceleration minimizes relaxation-induced signal blurring,
thereby narrowing the PSF without requiring increases in
particle size. Moreover, morphological features such as
octopod shapes influence local magnetic environments by
altering surface spin disorders and anisotropy distributions,
further tuning relaxation behavior. These mechanistic insights
enable the design of tracers with enhanced MPI spatial
resolution through compositional and morphological
engineering rather than conventional size modifications. 22727
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Figure 1. (a) TEM image of 25 nm octopod-shaped Mn-Fe oxide NPs synthesized after
15 min reaction time, (b) HAADF-STEM image, and (c-e) STEM-EDX maps of Mn/Fe,
Mn and Fe. (f) TEM image of 50 nm Fe core-Mn shell NPs formed after a 60-min
reaction time, (g) HAADF-STEM image, and (h-j) STEM-EDX maps of Mn/Fe, Mn and
Fe.

Here, we demonstrate that 25 nm Mn-Fe oxide (Mn,FeQ,)
nanoparticles, composed of 65.4 at% Mn and exhibiting an
octopod morphology, achieve a 2.3-fold improvement over the
FWHM of commercial PrecisionMRX® iron oxide NPs of the
same size. Although this enhancement is accompanied by a
reduction in MPI sensitivity, the signal loss can be compensated
by increasing tracer concentration.

Results and Discussion
Synthesis and Structural Characterization

Mn-Fe oxide NPs were synthesized via thermal
decomposition of iron(lll) acetylacetonate and manganese(ll)
acetylacetonate at 295°C in benzyl ether, using 1,2-
hexadecanediol, oleic acid, and oleylamine as surfactants and
reducing agents (see Experimental Section in the Sl). Thermal
decomposition was chosen as the synthesis method because it
produces uniform nanoparticles and has previously been
demonstrated as a scalable approach for large-scale
production.?? The octopod-shaped Mn-Fe oxide NPs formed
after 15 minutes of reaction, with an average size of 25 nm, as
observed in the transmission electron microscopy (TEM) image
in Figure 1l1a. High-angle annular dark-field scanning TEM
(HAADF-STEM) and energy-dispersive X-ray spectroscopy
(STEM-EDX) mapping, shown in Figures 1b—e, reveal a uniform
Mn and Fe distribution throughout the nanoparticles. The
nanoparticle morphology remained stable after one year of
storage (Figure S3, Sl).

The reaction time was extended to 30 and 60 minutes to
investigate the time-dependent growth behavior of the NPs.
After 30 minutes, the octopod morphology began transitioning

2| J. Name., 2012, 00, 1-3

into a dendritic branched structure (Figure S1,. Sl which
became fully developed by 60 minutes (Figlirdd 1fpTRe\RParage
particle size increased to approximately 50 nm after 60 minutes
of reaction. The HAADF-STEM image and STEM-EDX mapping
(Figures 1g—j) reveal a compositional gradient, with Mn
predominantly concentrated in the shell and Fe enriched in the
core indicating the formation of Fe core-Mn shell structures,
likely due to elemental migration during particle growth.
Inductively coupled plasma optical emission spectroscopy (ICP-
OES, Table S1) confirms this shift, showing an increase in the
Fe:Mn ratio from 0.53 in the 25 nm octopod-shaped Mn-Fe
oxide NPs to 0.74 in the 50 nm Fe core—Mn shell NPs.

The time-dependent experiments provide insight into the
nanoparticle growth mechanism, which can be categorized into
three distinct stages.?®2° In the initial stage, the formation of Fe
and Mn monomers occurs in solution as the temperature is
maintained at 200 °C. During the second stage, as the
temperature increases to 295 °C, the concentration of Fe and
Mn monomers rises, reaching a level of supersaturation.?® Once
the critical supersaturation threshold is exceeded, nucleation
begins leading to the formation of NPs with an octopod
morphology (Figure 1a). Nucleation occurs rapidly within the
first ~15 minutes at 295 °C, followed by a sharp decrease in
monomer concentration due to the burst of nucleation. This
reduction suppresses further nucleation and promotes
continued growth of the existing NPs. At this stage, the NPs
exhibit a uniform alloy-like distribution of Mn and Fe, as
evidenced by the compositionally homogeneous octopod Mn-
Fe oxide NPs. In the final stage, elemental redistribution occurs,
with Fe migrating toward the core and Mn segregating to the
shell, resulting in the formation of Fe core—Mn shell structures.
The higher Min-to-Fe ratio observed in initial structures suggests
that the Mn precursor decomposes more rapidly than the Fe
precursor.

The high-resolution TEM images of the octopod-shaped Mn-
Fe oxide NPs and Fe core-Mn shell NPs are shown in Figure 2a
and 2b, respectively. The octopod-shaped NPs are single
crystalline, while the core-shell NPs are polycrystalline. The TEM
characterization of PrecisionMRX® iron oxide NPs is shown in
Figure S2, revealing a single-crystal structure with an average
particle size of 25 nm. The crystal structure of the NPs was
confirmed through selected-area electron diffraction patterns
(SAED), as shown in Figure 2c and d. For both octopod-shaped
MnFe oxide NPs and Fe core-Mn shell NPs, the SAED rings
matched well with Mn,FeQ,, confirming the spinel structure.
The interplanar spacing (d) values measured for each diffraction
ring were in good agreement with the characteristic values for
Mn,FeQ,, corresponding to crystal planes with Miller indices
(111), (220), (311), (400), (422), (511), and (440) with d-values
of4.97,2.99,2.57,2.18,1.75,1.65,and 1.55 A, respectively. The
fast Fourier transform (FFT) of the high-resolution TEM images
in Figure 2e and f exhibit the characteristic pattern of the
Mn,FeQ, crystal structure, viewed along the (400) and (220)
directions for octopod-shaped Mn-Fe oxide NPs, as well as the
(400) and (311) directions for Fe core-Mn shell NPs.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. High-resolution TEM images of (a) 25 nm octopod-shaped Mn-Fe oxide NPs
and (b) 50 nm Fe core- Mn shell NPs and their corresponding (c-d) SAED and (e-f) FFT
analyses.

The synthesis approach presented in this study produced
octopod-shaped Mn-Fe oxide NPs with high uniformity in size
and shape, a level of uniformity previously achieved only for
iron oxide NPs.30 The unique crystal structure, shape, and size
of these particles, in contrast to Fe core-Mn shell NPs, offer an
opportunity to study their magnetic properties and potential
applications in MPI.

Magnetic Characterization

To evaluate the magnetic properties of the NPs, hysteresis loops
were recorded at 300 K using a vibrating sample magnetometer
(VSM), as shown in Figure 3a. The 25 nm commercial
PrecisionMRX® iron oxide NPs displayed a high M, of 90 emu
g}, indicative of a strong alignment of magnetic moments in
the applied field. Their low coercivity (16 Oe) and high magnetic
susceptibility (0.197 emu/Oe) confirm superparamagnetic
behavior, making them highly responsive to external magnetic
fields. In comparison, the 25 nm octopod-shaped Mn-Fe oxide
NPs exhibited a much lower Mg, of approximately 12
emu/gresvn and a magnetic susceptibility of 0.013 emu/Oe, with
negligible coercivity close to 0. The 50 nm Fe core-Mn shell NPs
slightly improved Mg, to 20 emu/gresmn , With a coercivity of 50
Oe and a magnetic susceptibility of 0.019 emu/Oe.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. (a) The field-dependent magnetization curves and (b) the corresponding
normalized PSF for 25 nm octopod-shaped Mn-Fe oxide NPs, 50 nm Fe core-Mn shell
NPs, and 25 nm commercial PrecisionMRX® iron oxide NPs. Relaxometry
measurements were conducted at a sample concentration of 15 pg of total Fe and
Mn per 1 mL solvent, except for the hatched graph, which represents signal data for
25 nm octopod Mn-Fe oxide NPs at a concentration of 120 pg of total Fe and Mn per
1 mL solvent.

To further understand the magnetic behavior of Mn-Fe oxide
NPs, zero-field-cooled (ZFC) and field-cooled (FC) cycles were
measured using a VSM. The ZFC/FC curve (Figure S4, Sl) of the
25 nm octopod-shaped Mn-Fe oxide NPs shows a significantly
lower blocking temperature (T,) of around 125 K, in contrast to
the 50 nm Fe core-Mn shell NPs with a Ty, of approximately 275
K. The low T, of the octopod-shaped sample reflects its
superparamagnetic behavior at room temperature, attributed
to reduced crystalline anisotropy resulting from the Mn-Fe
oxide spinel structure and its unique octopod morphology. In
contrast, Fe core-Mn shell NPs exhibit a broad cusp in the ZFC
curve, reflecting a wider particle size and anisotropy
distribution, which results in a less uniform magnetic response.
The separation between ZFC/FC curves also highlights
interparticle interactions and differences in magnetic relaxation
dynamics among the samples, with the 25 nm octopod-shaped
Mn-Fe oxide NPs exhibiting minimal separation, indicative of
negligible magnetic retention and reduced interparticle
interactions.

J. Name., 2013, 00, 1-3 | 3
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Table 1. Summary of relaxometry MPI signal data.

sample Total pg FWHM Resolution | Max PSF
P (Fe, Mn) (mT) (mm) (a.u.)
Octopod Mn- 15 12 2.1 0.17
Fe Oxide NPs 120 10 1.7 0.76
Fe core-Mn 15 26 4.5 0.07
shell NPs
PrecisionMRX® 15 28 4.9 0.84

MPI Measurement

The MPI performance of the samples, at a concentration of 15
ug of magnetic atoms per mL n-hexane, was evaluated using a
preclinical Magnetic Insight Momentum MPI scanner. Figure 3b
shows the normalized PSF obtained from relaxometry
measurements. Spatial resolution was assessed by measuring
the FWHM of the PSF, representing image blurring caused by
particle relaxation (Table 1). Among the samples, the 25 nm
octopod-shaped Mn-Fe oxide NPs demonstrated the narrowest
FWHM of 12 mT (~2.1 mm), offering the highest spatial
resolution, which is approximately 2.1-2.3 times greater than
that of commercial PrecisionMRX® (28 mT FWHM, ~4.9 mm)
and Fe core-Mn shell NPs (26 mT FWHM, ~4.5 mm). This
enhanced resolution is attributed to the lower crystalline
anisotropy of the octopod-shaped NPs, which reduces the Néel
time constant and enables faster magnetic relaxation.217.26
Brownian relaxation is less likely to contribute significantly in
octopod-shaped NPs, as the faster Néel relaxation ensures that
the magnetic moments flip before any physical rotation of the
NPs occurs.t”

The signal sensitivity (maximum peak intensity) of the
octopod-shaped and core-shell NPs was significantly lower
compared to the commercial PrecisionMRX®, with reductions of
5-fold and 12-fold (Figure 3b), respectively. This is due to their
low Mg, (Figure 3a), which results from high Mn substitution
introducing antiferromagnetic interactions within the lattice,
thereby weakening the net magnetic moment. The loss in peak
signal intensity for the 25 nm octopod Mn-Fe oxide NPs was
offset by increasing the tracer concentration from 15 ug mL? to
120 pg mLl, resulting in a comparable to that of commercial
PrecisionMRX®, while still maintaining superior resolution.
(Table 1). This adjustment achieved a balance between
resolution and signal strength, as illustrated by the bar graph in
Figure 3b.

The reduced crystalline anisotropy lowers the energy barrier
for magnetic moment reorientation, allowing for faster and
more coherent magnetic response under the oscillating
magnetic field used in MPIl. Combined with the shorter Néel
relaxation time, this enables more efficient magnetization
reversal, improving the signal response and sensitivity of the
nanoparticles. These effects collectively enhance the MPI
performance compared to commercial systems.Magnetic
properties are affected by morphology, composition, crystal
structure, and nanoparticle size.?>3! The octopod-shaped
manganese-iron oxide nanoparticles are well-suited for use as

4| J. Name., 2012, 00, 1-3

MPI tracers because they have a single crystal structure and.a
small size of 25 nanometers. DOI: 10.1039/D5NR027808

Conclusions

In conclusion, this study highlights the potential of Mn-Fe oxide
NPs with optimized morphology and composition to improve
resolution in MPI. The 25 nm octopod-shaped Mn-Fe oxide NPs
exhibited a significant reduction in FWHM of the PSF signal to
12 mT, corresponding to a 2.3-fold improvement in resolution
compared to the 28 mT FWHM of the commercial
PrecisionMRX® iron oxide NPs and significantly better than the
26 mT FWHM of the Fe core-Mn shell NPs. This improvement is
attributed to their reduced crystalline anisotropy and shorter
Néel relaxation time. This demonstrates that spatial resolution
can be controlled by modifying tracer morphology and
composition to affect crystalline anisotropy and hence
relaxation dynamics, which offers an additional parameter for
fine-tuning MPI tracer performance to optimize MPI tracer
performance beyond the well-established parameters such as
particle size and magnetic susceptibility. The trade-off of
introducing antiferromagnetic interactions into NPs is of course
a reduced My,; which led to significant reduction in signal peak
intensity compared to the pure iron oxide sample
(PrecisionMRX®). However, in many practical experiments this
limitation can be offset by increasing the tracer concentration
by 8 times. These findings underscore the trade-offs between
spatial resolution and sensitivity in MPI tracers, highlighting the
potential of octopod-shaped Mn-Fe oxide NPs for applications
requiring exceptionally high resolution. This work opens
opportunities for in vivo validation and for extending the
synthetic approach to other dopant systems, thereby
broadening its applicability and potential impact.
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