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Responsive Mn-Ferrite Nanoparticles for Multicolor
Magnetic Particle Imaging, Sensing, and Reactive Oxygen
Species Degradation

Fabian H. L. Starsich, Julia Feye, Robert Nifler, Gabriela Da Silva André, Elena Totter,
Konrad Scheffler, Florian Thieben, Erik Mayr, Jochen Franke, Tobias Knopp,
and Inge K. Herrmann*

New possibilities offered by Magnetic Particle Spectroscopy (MPS) and
Imaging (MPI) are increasingly being recognized and may accelerate the
introduction of MPI into clinical settings. As MPI is a tracer-based imaging
method, the design and development of responsive tracers for functional
imaging are particularly appealing. Here, Mn-ferrite (Mn,Fe; ,O,)
nanoparticles with finely tuned magnetic properties and enzyme-like
capabilities are reported as potential multifunctional theranostic agents. By
adjusting the Mn content in the iron oxide matrix, the magnetic particle
imaging signal of different tracers can be tweaked, allowing for the
simultaneous quantitative detection of two different tracers in a multi-color
approach. The Mn,FeO, tracers exhibit potent enzyme-like catalytic
properties, enabling degradation of reactive oxygen species, including H,0,
and OH~. Due to the readily interchangeable oxidation states of Mn and Fe
atoms in the crystal structure, a strong dependence of the magnetic

properties is observed on H,0O, exposure, which can be exploited for sensing.

This enables, for the first time, the sensing of reactive oxygen species based
on magnetic particle spectroscopy and imaging, with sensitivity down to

25 um H,0, and complete sensor recovery over time. In summary, Mn-ferrite
nanoparticles hold promising potential for imaging, sensing, and degradation

(i.e., myocardial infarction) or brains (i.e.,
stroke) but also applies to livers, lungs
(e.g., sleep apnea), and even multiple
organs simultaneously.'! The success-
ful restoration of the blood flow repre-
sents a key step in the treatment of is-
chemia. However, upon reperfusion, the
previously under-supplied body parts ex-
perience a sudden increase in oxygen
concentration.[?! The reperfusion of hy-
poxic tissue with O, results in the pro-
duction of a surplus of reactive oxygen
species (ROS), which in turn causes cel-
lular damage, a condition known as is-
chemic reperfusion injury. Under phys-
iological normoxic conditions, ROS have
important signaling functions and their
concentration is regulated via superox-
ide dismutase (SOD) and catalase (CAT)
enzymes, which degrade them into hy-
drogen peroxide and water, respectively.
However, if the ROS concentration is el-
evated due to ischemic reperfusion, the

of disease-relevant reactive oxygen species.

1. Introduction

Occlusion of the blood flow resulting in ischemia is the root cause
of serious medical conditions, including undersupplied hearts

enzymatic reaction rate is saturated, re-

sulting in tissue injury.
Current clinical approaches to di-
agnosis and treatment monitoring of
ischemia/reperfusion events are based on magnetic resonance
imaging, computed tomography, or ultrasound imaging. How-
ever, these methods have limited sensitivity and spatiotem-
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poral resolution, are based on ionizing radiation, and/or are
expensive.’] Magnetic particle imaging (MPI)!* has been pro-
posed as an emerging alternative to the latter methods for cardio-
vascular imagingl®! due to its high spatiotemporal resolution and
background-free imaging capabilities.[®’! The MPI technique is
based on the detection of magnetic nanoparticles responding to
an alternating magnetic field.}] As it is a magnetic tracer-based
method, it does not involve ionizing radiation exposure as does
computed tomography (CT) and is not limited in penetration
depth as opposed to optical imaging techniques. MPI has pre-
viously successfully been applied for the real-time imaging of
strokel®! or even a beating mouse heart,®! illustrating the capa-
bilities offered by the high spatiotemporal resolution. Interest-
ingly, it can be expanded to allow multi-color imaging based on
several distinct magnetic tracers, opening new possibilities for
functional (molecular) imaging.[’!

As MPI is a tracer-based imaging method, the quality of an
MPI scan directly depends on the characteristics of the used mag-
netic tracers.l’) To maximize resolution and sensitivity, an ideal
MPI tracer should exhibit a steep magnetization curve (high sus-
ceptibility, rapid response), and a stable signal. So far, research
has been focused on polymer-coated iron oxide particles such as
Resovist as these are readily accessible and were FDA approved.
Interestingly, the large material group of ferrites has not yet
been investigated extensively as MPI tracers. The replacement
of Fe atoms in the Fe; O, crystal by bi- or trivalent atoms, such as
Mn?*, Zn?*, or Gd** leads to the formation of interesting spinel
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structures with tunable magnetic properties. Silvestri et al. in-
vestigated various di- and tri-component nanocubes via magnetic
particle spectroscopy and reported Zn, , Fe, ;O, as a most promis-
ing candidate material.'%! Du et al. prepared MnFe, O, nanopar-
ticles for in vivo MPI and magnetic hyperthermia treatment."!]
Recently, we have reported flame-made non-stoichiometric Zn-
ferrites as promising highly stable MPI tracers.[!?] Flame syn-
thesis allows for the production of ferrites with precisely tunable
compositions,!3] sizes,['* and morphologies on a large scale (up
to kg h™!).['] On the one hand, this enables the straightforward
investigation of particle structure-function correlations, and on
the other hand, it offers a route to reproducible and scalable par-
ticle synthesis, which is instrumental for clinical translation once
the particle tracers have been optimized.

Most interestingly, such ferrite-based catalytically active
nanoparticles may also efficiently mimic antioxidant enzymes
and act as so-called nanozymes.['®! Certain materials with two in-
terchangeable oxidation states have been shown to catalyze the
SOD and CAT reactions. Naturally occurring enzymes contain
Fe, Mn, Zn, Cu, or Ni as active reaction sites. In addition to
CeO,!"718] and noble metal nanoparticles,**! iron!?’! and man-
ganese oxidel?!! nanozymes have been reported and show excel-
lent catalytic properties due to their spinel structure. Next to the
therapeutic degradation of ROS by such nanozymes, also the lo-
calization and quantification of ROS are crucial to adequately
manage or even prevent reperfusion damage. The accurate de-
tection of radicals, however, is a challenging task due to their
high reactivity and short half-life. Sensing via fluorescent dyes(??!
or nanoparticles!?*?* and electrochemical methods!?! have been
proposed and offer in vivo imaging capabilities. Nevertheless,
a real-time non-invasive technique for the accurate detection of
ROS is still heavily sought after.

Here, we present flame-synthesized ferrite MPI tracer candi-
date materials with tunable properties. We demonstrate that the
tracers can be engineered to exhibit pronounced nanozyme activ-
ity, effectively protecting cells from oxidative stress. Additionally,
the different tracers exhibit distinctly different magnetic behav-
ior detectable in MPI, hence allowing multi-color imaging and
distinction of different MPI tracers. Finally, we demonstrate that
such ferrites may even be employed as sensor candidate materi-
als as their magnetic properties change as a function of local ROS
concentration.

2. Results and Discussion

2.1. Synthesis and Characterization of Mn-Ferrite Tracers

Magnetically and enzymatically active Mn,Fe, O, nanoparticles
of different stoichiometry (x = 0.2, 0.5, 1, 2, 3) were produced via
scalable and dry flame spray pyrolysis. Figure 1 depicts scanning
transmission electron microscopy images of the Mn,,Fe, O,
(@) and Mn,FeO, (b) structures. Both systems show a fractal-
like morphology characteristic of flame-made nanoparticles. The
primary particles show an average diameter dgpg, of 9.6 nm
(Mn,,Fe,;0O,) and 10.6 nm (Mn,FeO,), and a respective geo-
metric standard deviation o, of 1.4 and 1.3. These values are
in good agreement with the obtained crystal sizes (see Table S1,
Supporting Information), which indicates monocrystallinity. The
primary particles are sintered together into larger aggregates fol-
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Figure 1. Scanningtransmission electron microscopy images ofa) Mng ,Fe, gO, and b) Mn,FeO, nanoparticles with corresponding elemental mappings
c,d) for Mn (blue) and Fe(red) below. e) Magnetization curves, f) number distribution of hydrodynamic diameters, and g) X-ray diffraction patterns of
prepared particles. Dashed lines indicate XRD-peak positions of Fe;O,4 spinel crystal phase.

lowing the high temperatures the materials experience during
the synthesis. These aggregates form larger agglomerates held
together via weak van der Waals forces. Hydrodynamic size mea-
surements (Figure 1f) following strong sonication of these parti-
cles suggest an aggregate diameter of 30-50 nm, with very sim-
ilar dp, ¢ for the different Fe-containing structures. Only pure
Mn,O, attained a dp; ¢ of %396 nm, which indicates substan-
tial agglomeration. This can be explained by the reduced surface
charge of Mn;0, (1.8 mV) compared to Mn,,Fe, ;O, (24.7 mV).
Particle suspension in water formed a colloidal dispersion that
remained stable for several days (Figure S1, Supporting Informa-
tion). The composition of the material was analyzed by elemental
mapping, which is depicted in Figure 1c,d for Mn,,Fe, ;O, and
Mn, FeO,, respectively. The images indicate a homogeneous in-
corporation of the Mn atoms into the iron oxide matrix, which
is further verified by the X-ray diffraction patterns, presented in
Figure 1g and Figure S2 (Supporting Information). These results
are in excellent agreement with Mn;0,[2% and ferritel**!* struc-
tures previously prepared by flame spray pyrolysis, where the suc-
cessful incorporation of Zn and/or Gd into the iron oxide crys-
tal was shown. Already small amounts of Mn (or Zn/Gd) lead
to the formation of the spinel crystal structure opposed to the
maghemite phase (Fe,0,) typically obtained in the strongly oxi-
dizing conditions of flame synthesis.[?’] A pure spinel magnetite
phase (Fe;0,) is not readily accessible via flame spray pyrolysis
and was approximated via low-content Mn-ferrites in this work.
The incorporation of Mn atoms into the iron oxide nanopar-
ticles enables the fine-tuning of their magnetic properties.

Adv. Sensor Res. 2025, 4, 2400189 2400189 (3 of 9)

Figure le shows the magnetization as a function of the applied
field (i.e., hysteresis curves) for the various Mn-ferrites and pure
Mn,O,. All ferrite particles attain S-shaped magnetization curves
indicating ferro-/ferrimagnetic behavior. Furthermore, the coer-
civities H, for all samples remained close to zero (below 2 mT/y,,
see Table S1, Supporting Information), which suggests that the
systems were measured in a superparamagnetic state. The sat-
uration magnetizations M, of the particles with low Mn con-
tent lie at ~#40 emu g~'. MnFe,O, shows the strongest magne-
tization, while Mn,FeO, has a reduced saturation magnetization
down to 20 emu g~!. Pure Mn;0, shows only very weak param-
agnetic properties, as expected. M values for flame-made Fe, O,
nanoparticles with comparable sizes of 38.8 emu g~! and H, of 6
mT have been reported.?®] Values for MnFe, 0, vary in the range
of 39 emu g 1®1to 74 emu g~!,[3%! depending on particle size and
synthesis method.

As evident from the magnetization curves shown above, the
magnetic properties of the particles can be influenced by the Mn
content in the iron oxide crystal. This is further investigated via
magnetic particle spectroscopy (MPS) measurements, which also
give first insights into the particles’ performance as MPI tracers.
Figure 2a depicts the MPS spectra amplitudes at selected har-
monics measured at 6 and 20 mT applied field. As expected, the
amplitudes drop faster below the detection limit (107 [a.u.] ata
smaller applied field. At the 3rd harmonic, which is frequently in-
vestigated as the main MPS frequency, the particles with low Mn
contents show a clearly stronger signal. At high harmonics such
as the 45th and 75th, Mn,FeO, reaches amplitudes similar to
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Figure 2. Magnetic particle spectroscopy results. a) Amplitude values for all Mn-ferrites at various harmonic frequencies were measured at 6 and 20
mT. b) Calibration lines. 3rd harmonic amplitude values as a function of particle concentration. (mean + SD, N = 3).

Mn,,Fe, ;O,. This observation corresponds to the magnetic hys-
teresis data shown above (Figure 1e), where a curve shape depen-
dence on the exact Mn content can be detected. Due to its weak
and paramagnetic properties, Mn;0, gives a strongly reduced
signal. The signal dependence on the particle concentration was
analyzed in Figure 2b, which depicts the calibration lines for the
3rd harmonic amplitudes. Mn, O, was excluded due to its low sig-
nal. All shown particles show linear trends down to ~100 pg mL~!
(see Figure S3, Supporting Information). The slopes of the cali-
bration lines and thus the signal sensitivity to the particle amount
decreases with increasing Mn content. Mn, cFe, O, attains the
strongest 3rd harmonic amplitude of all investigated samples
with 4.1 x 1077 [a.u.] at 20 mg mL~! and thus outperforms previ-
ously reported flame-made Zn, ,Fe, ,O, nanoparticles,!'?] despite
a smaller size.

2.2. Multicolor Imaging Using Different Ferrite Tracers

The accurate imaging of blocked blood flow, as well as of its
successful restoration is of key importance for the in-time treat-
ment of ischemia. A multi-color MPI approach is particularly
interesting in this regard, as it allows the simultaneous imag-
ing of different tracers injected, for example, at different time
points, locations, or with varying surface properties. The here
observed connections between the shape of the magnetization
curves (Figure 1b), the MPS spectra (Figure 2a), and the Mn con-
tent incorporated into the iron oxide matrix suggest that our dif-
ferent tracers can not only be detected but also distinguished via
MPI. To this end, system matrices for Mn,, Fe, ;O, and Mn,FeO,
were obtained independently. Thereafter, they were imaged in-
dividually at different locations within a phantom, as well as in
50/50 mixed form. The reconstructed images can be seen in
Figure 3a,b using the respective system matrices. Both the pure
as well as the mixed samples could be clearly detected and lo-
calized, however only using the corresponding system matrix, as
intended. The obtained signal intensities are quantitatively an-
alyzed in Figure 3c, where the measured weight percentage is

Adv. Sensor Res. 2025, 4, 2400189 2400189 (4 of 9)

shown as a function of the nominal content. The images obtained
via the Mn,, Fe, ;O, system matrix result in excellent agreement
with the predicted values, while the Mn,FeO, counterpart shows
a discrepancy of ~28 wt.% for the pure Mn, , Fe, ;O, sample. This
highlights the tracers’ applicability to multi-color MPI.

2.3. Enzyme-Like Properties of Mn-Ferrite Tracers

Following the successful localization of the ischemia, reperfu-
sion of the hypoxic tissue due to the de-blocking of the blood
supply will lead to increased ROS concentration. These in turn
can lead to substantial damage to healthy cells. In this scenario,
engineered catalytically active nanoparticles acting as so-called
nanozymes can assist the heavily overstrained naturally occur-
ring enzymes in the degradation of ROS to water and oxygen.
In Figure 4 we analyzed the enzymatic properties of our differ-
ent Mn-ferrites both in acellular a) as well as in vitro b) assays.
Two main steps in ROS degradation are typically described in
the literature: I) highly reactive superoxide radicals (O, ) are con-
verted into H,O, via superoxide dismutase enzymes (or their
mimics). II) H,0, is degraded into H,O and O, via catalase en-
zymes (or their mimics). Figure 4a analyzes the catalytic prop-
erties of the Mn,Fe,; O, nanoparticles in these reactions by de-
picting the respective converted ROS percentage (H,O, left, O,~
right). Increasing amounts of Mn in the iron oxide matrix leads
to overall better enzymatic properties. Pure Mn,;0, shows the
best performances, which can be explained by the highly in-
terchangeable Mn?* /Mn3* oxidation states beneficial to the in-
volved Fenton-like reaction. These seem superior to the Fe?* /Fe3*
states of the iron oxide crystal. Furthermore, a better performance
in the O, compared to the H, O, degradation can be observed for
Mn, sFe, ;O, and MnFe,O,. This suggests a connection between
the oxidative/reducing catalytic activity and the Mn/Fe ratio in
the system. We further verified, that the prepared nanoparticles
do not degrade H,0, into harmful OH™ radicals (see Figure S4,
Supporting Information), as previously partly reported for Mn-
based systems.[!]
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percentage after the addition of nanoparticle dispersion. b) 24 h cell viability after nanoparticle incubation (250 ug mL~", 2 h) and exposure to different

H,0, concentrations (22 h). (mean = SD, N = 3).

These trends are further verified by the in vitro results shown
in Figure 4b. The cells were incubated for 2 h with the vari-
ous nanoparticles and exposed to different H,O, concentrations
thereafter. Their viability was determined after an additional 22 h.
None of the samples alone (without H,0,) caused any substan-
tial cytotoxicity at the investigated concentrations (see also Figure
S5, Supporting Information). On the contrary, Mn,,Fe, ;O, and
Mn, ;Fe, ;O, showed even cytoprotective effects at elevated con-
centrations. As expected, increasing H,O, concentrations re-
sulted in pronounced cell death. This effect could be especially
contradicted by the prepared nanozymes with high Mn content.
While Mn,, Fe, ;O, only slightly improved cell viability, Mn, FeO,
sufficiently degraded the added ROS even at 100 um H,O,.

Adv. Sensor Res. 2025, 4, 2400189 2400189 (5 of 9)

Mn,; 0, showed the best performance and, interestingly, lead to
increased cell viability with increasing hydrogen peroxide con-
centrations. This can be explained by the high amounts of O,
produced from the added H, O, by the intra-cellular particles.

2.4. Hydrogen Peroxide Sensing via Mn-Ferrite Tracers

Triggered by the excellent enzyme-like properties of the prepared
Mn-ferrites, we hypothesized substantial changes in the particles’
surface oxidation states upon hydrogen peroxide exposure. This
would further affect the magnetic properties and thus allow ROS
sensing via magnetic particle spectroscopy. To this end, Mn, FeO,
particles (0.5 mg mL™') were exposed to 2.5 mm H,0, and their
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H,0, addition. b) Calibration curve of MPS signal between 5 pm and 25 mm H,0O,. (mean + SD, N = 3).
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Figure 6. H,0, sensing via magnetic particle imaging of Mn,FeO, particles. a) Time-evolution of MPI signal after H,0, addition (red arrow). Signal
reconstructed via a system matrix recorded pre (blue circles) or post (black squares) H,0O, addition. 2-D magnetic particle images before b) and after

100 min c) of H,0, addition.

MPS signal was recorded. Figure 5a shows the resulting 3rd to
5th amplitude ratio as a function of time. Compared to the initial
pure water state, the ratio rapidly increases within seconds and
stabilizes for ~5 min before slowly recovering back to the H,0,-
free state after roughly 1 h. A complete recovery is asymptotically
reached after ~2 h. This indicates a strong dependence of the
MPS signal on ROS and thus structure oxidation state, with fast
reaction times and complete recovery of the sensing elements.
Furthermore, the here used ratiometric signal approach (3rd
to 5th amplitude ratio) allows an H,0O, sensing independent of
the particle concentration, similar to previous temperature or vis-
cosity detection methods via MPS.[3233] To investigate the sens-
ing performance in more detail, Figure 5b depicts the particle
response to different H,0, concentrations after 3 min. The sys-
tem shows excellent sensitivity down to ~25 um. This falls clearly
into the biomedically relevant H,0, range.?*l At H,0, concentra-
tions above 250 um the effect levels off, which most-likely can be
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explained by a surface saturation of the particle sensors. Overall,
we attribute the change in the amplitude ratio, and consequently
the general sensing mechanism, to an oxidation state-dependent
magnetization. Due to the precise Mn doping achieved through
the FSP synthesis process, magnetic and catalytically active Mn-
ferrite particles are obtained. The catalytic decomposition of ROS
triggers a concentration-dependent modulation in the oxidation
state and MPS signal, while surface-regenerating effects lead to
a time-dependent recovery to the initial state.(Figure 6)
Ultimately, the developed nanosensors shall be utilized for
H,0, sensing via magnetic particle imaging. To this end, the
Mn,FeO, particles at a concentration of 0.5 mg mL™" were ex-
posed to 2.5 mm H,0, and the MPI signal recorded over time.
The images were reconstructed using a system matrix recorded
either before or after the H,O, addition. The signal changes in
line with the system matrix used, with both reconstruction meth-
ods demonstrating a clear and distinct response to H,0, addi-
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tion, consistent with the MPS data presented above. As antici-
pated, the shapes of the two curves are nearly inverted. The recon-
structed images, showing a stronger signal before (b) than after
H,0, addition (c), confirm these observations, reinforcing that
particle localization is effectively maintained even after H,0, is
introduced. Notably, data reconstructed using the pre- H,O, sys-
tem matrix tends to revert to its original H,O,-free state, while
data reconstructed with the post- H,0, system matrix remains
elevated even after 100 minutes, suggesting unique interactions
that will be an exciting area for future research.

3. Conclusion

Although the restoration of blood flow is the key treatment step
of ischemia, it can paradoxically also lead to severe tissue dam-
age following the resulting elevated oxygen and ROS levels. Here,
novel multifunctional Mn-ferrite MPI nanotracers for the detec-
tion, imaging, and treatment of this ischemia-reperfusion injury
have been developed. The utilized highly scalable flame synthesis
enabled the fine-tuning of the particles’ magnetic properties by
varying the Mn content in the iron oxide matrix. The two extreme
systems (Mn,,Fe, ;O, and Mn,FeO,), which both showed excel-
lent MPI properties, were investigated in a multi-color MPI ap-
proach. Next to their promising performance as MPI tracers, we
showed the outstanding enzyme-like properties of the prepared
Mn-ferrite nanoparticles. Both dye-based assays, as well as the
in vitro tests, highlighted the system’s capability of efficiently de-
grading reactive oxygen species, such as OH™ and H,0,. As such
they outperformed previously reported CeO, or Fe,O, nanopar-
ticles. We explain this by the highly interchangeable oxidation
states of both Mn and Fe atoms in the crystal structure. Next, we
hypothesized that these changing oxidation states should also af-
fect the magnetic properties of the particles. This claim was con-
firmed by exposing the Mn,FeO, structures to H,0, and mea-
suring the MPS as well as MPI signal over time. We detected
a clear dependency of the signals on both H,0, concentration
and time-after exposure. To the best of our knowledge, this for
the first time demonstrates ROS sensing via magnetic particle
spectroscopy and/or imaging. Opposed to previous MPS sens-
ing approaches for temperature or viscosity, the here reported
technology relies on direct changes to the surface of the nano-
material. This potentially makes this system more robust against
other influences, which will be the topic of further research,
also in vivo. In the future, various surface modification strate-
gies could be applied to Mn-ferrite particles to ensure long-term
stability or targeted delivery. Such modifications should be care-
fully selected to avoid impairing—and ideally, further enhance—
the catalytic activity.[*) In summary, our Mn-ferrite nanosystems
are proposed as a promising diagnostic and therapeutic platform
for the cardiovascular field, enabling the imaging, sensing, and
degradation of ROS.

4. Experimental Section

Particle Synthesis:  Nanoparticles were produced by flame spray pyrol-
ysis, as previously described.['*14] In brief manganese(ll) nitrate tetra-
hydrate (purum p.a. >97.0% (KT), Sigma—Aldrich) and iron(lIl) nitrate
nonahydrate (ACS reagent, >98%, Sigma—Aldrich) were dissolved un-
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der magnetic stirring in a 1:1 (by volume) mixture of ethanol absolute
(VWR Chemicals) and 2-ethylhexanoic acid (99%, Sigma—Aldrich). The to-
tal metal (Mn + Fe) concentration in the precursor was kept constant at
0.3 m and the Mn/Fe ratio adapted to the nominal values in the respective
particle samples. The liquid precursor was then fed at 8 mL min~! through
a capillary and dispersed into fine droplets by 5 L min~' O,. The droplets
are then ignited by a premixed CH,/O, (1.5/3.2 L min~") flamelet, which
results in the particle formation downstream. The produced materials
were then collected on a glass-fiber filter (Whatman GF6, 257 mm diame-
ter) with the aid of a vacuum pump (Busch, Seco SV 1040C). The particles
were used as synthesized and were well-dispersible in water because of
their relatively hydrophilic surface.

Characterization: X-ray diffraction patterns were recorded on a Bruker
D2 Phaser. The data was analyzed with Diffrac Eva and Topas 4 soft-
ware. Crystal structures were identified via ICSD 08 4611 (Mn,Fe;,O,)
and 68 174 (Mn3;0O,). Crystal sizes were obtained via the Scherrer equa-
tion. Scanning transmission electron microscopy (STEM) was performed
on a Talos F200x microscope (ThermoFisher, field emission gun at 200 kV)
with four attached silicon drift detectors. Samples were prepared by dis-
persing nanoparticles in mili-Q ultra-pure water. A dispersion drop was
deposited on a carbon-coated copper grid (EMR, Lacey Carbon Film 200
Mesh Copper) and then carefully dried. About 60 individual particles each
were measured to evaluate the size distribution as geometric mean. Dy-
namic light scattering and surface charge (Zeta potential) measurements
were conducted using a Zetasizer (Nano ZS90, Malvern Instruments). The
nanoparticles were dispersed at a concentration of 0.1 mg mL~" in H20
and sonicated for 10 min (Ultrasonic Processor, pulses: 28 s/2s, 90% Am-
plitude) prior the measurement.

Catalytic Activity Assays: To assess H,O, scavenging activity of
nanoparticles, a 25 ug mL™! nanoparticle dispersion was incubated in
50 mm H,0, (88 597, Sigma Aldrich) for 1 h at 37 °C. To ensure a ho-
mogenously dispersed solution, the particle solution was sonicated be-
forehand, and vortexed every 15 min during incubation time. Afterward,
the sample was centrifuged at maximal speed for 15 min. Part of the re-
maining supernatant was collected and diluted 1:1 in Milli-Q water. The
remaining H,O, concentration in the diluted samples was assessed by
measuring the absorbance at 240 nm. A standard curve was also mea-
sured to estimate the absolute H,0, concentration. To determine whether
the H,0, decomposition was attributed to CAT- or POD-like activity of
nanoparticles, an additional assay was performed to detect OH" gener-
ation by an aminophenyl fluorescein (APF) fluorescence indicator. 5 pum
APF (A4108, Sigma-Aldrich) were mixed with a 100 ug mL™" particle so-
lution in Tris HCI buffer (0.1 m) and T mm H,0,, vortexed, and incu-
bated at 37 °C for 30 min. Thereafter the fluorescent intensity was mea-
sured at 535 nm with excitation at 485 nm using a plate reader (Infi-
nite F200 Pro, TECAN). The superoxide (O,) scavenging activity was
quantified by a colorimetric method using WST-1 (2-(4-lodophenyl)- 3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)- 2Htetrazolium, monosodium salt).
For that 1.25 pug mL™" nanoparticle solution in Tris HCI buffer (0.1 m),
0.056 mm WST-1 solution in Assay buffer (1 um Hypoxanthine (H9377,
Sigma Aldrich) in 0.1 m Tris HCI buffer) and 9 mU mL™" Xanthine oxidase
(X4875, Sigma-Aldrich) were mixed, sonicated, and incubated at 37 °C for
5 min. During incubation time, samples were protected from light. Sub-
sequently, the reaction solution was centrifuged at maximal speed for 15
min. The remaining supernatant was retrieved and used to determine the
SOD activity by absorbance reading at 440 nm.

Cell Viability and Protection: Human gingival fibroblasts (hGF) were
cultured, passaged, and kept going in a cell culture flask in an incubator
at 37 °C and 5% CO,. To perform cell-based assays, hGFs were seeded
in a well plate with a density of 20000 cells cm™2 24 h prior to interven-
tion. To determine the toxicity of nanoparticles on cells, nanoparticle solu-
tions ranging from 50 to 1000 ug mL™" were dispersed in high-glucose
Dulbecco’s Modified Eagle's (D5796, Sigma—Aldrich) supplemented
with 10% fetal bovine serum (F9665, Sigma—Aldrich), 1% L-glutamine
(59292C, Sigma—Aldrich), and 1% penicillin—streptomycin—neomycin so-
lution (P4083, Sigma-Aldrich). The particle-medium mix was left to rest
for 30 min to enable formation of a protein corona around the nanopar-
ticles before its addition to the cells. After 24 h incubation at 37 °C and
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5% CO,, the cells were washed with prewarmed DPBS (D8537, Sigma—
Aldrich) three times, before assessing the cell viability by the CellTiter 96
AQueous One Solution Cell Proliferation Assay (Promega, G3580). The
cells reacted with the AQueous One solution reagent (317 ug mL™' MTS)
for 1hat 37 °C, 5% CO, prior to the absorbance readout at 490 nm.

To estimate the extent to which the nanoparticles protect cells from
ROS, a modified viability assay was performed. 0, 50, 75, or 100 mm H,0,
was added to the cells, which were previously incubated with 250 ug mL™!
nanoparticles for 2 h. All was incubated for the remaining 22 h before cell
viability was assessed as described above.

Magnetic Particle Spectroscopy: Magnetic particle spectroscopy (MPS)
was measured with a commercial MPS device (MPS-3, Bruker BioSpin
GmbH & Co. KG, Germany). The MPS operates at a fixed excitation fre-
quency of fy = 25.25 kHz and variable excitation field amplitudes B,
between 0.05 and 25 mT. An excitation field of B,, = 6 mT or B, =
20 mT was used for all measurements. Samples were filled into PCR tubes,
using 20 pL sample for each measurement, with data averaging of 10 s.
Consequently, for hydrogen peroxide sensing 10 L of Mn,FeO, particles
(0.5 mg mL~") were mixed with 10 uL 2.5 mm H,0, and MPS spectra were
recorded from 0.5 to 120 min. Different concentrations of Mn,FeO, rang-
ing from 1t0 0.0625 mg mL~" were measured for particle calibration lines,
while different concentration of H,0, ranging from 5 um to 25 mm were
chosen for the particle response. The resulting MPS spectra were recorded
3 min after adding H, 0O, to the sample each.

Magnetic Particle Imaging: Magnetic particle imaging (MPI) measure-
ments were performed using the MPI 25/20FF preclinical system (Bruker
BioSpin GmbH & Co. KG, Ettlingen, Germany). A 2D sinusoidal excita-
tion of 12 mT amplitude and a selection field with a gradient strength of
0.85 T m~" were set. Two system matrices were measured on an 11 x 11
equidistant grid using a 3 mm X 3 mm x 20 mm delta sample containing
180 pL of Mn,FeO, particles (0.5 mg mL~"). System matrices were taken
before and 2 h after the addition of 100 pL of H,0, (2.5 mwm). A total of 18
2D measurements were taken with the same delta sample placed at the
center of the field of view during these 2 h after H,O, addition. Each mea-
surement was averaged over 30 frames. Reconstruction was performed
using the Kaczmarz method with 2000 iterations and L, regularization via
the open-access Julia package MPIReco.

Statistical Analysis: Catalytic activity assays, cell viability and protec-
tion assays and magnetic particle spectroscopy measurements were con-
duced as 3 independent experiments, representing the results as (mean
+ SD, N = 3). Magnetic Particle Imaging data was processed by the open-
access Julia package MPIReco. Software used for statistical analysis in-
cluded OriginPro 2025 and GraphPad Prism 10.
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