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ABSTRACT: Multifunctional, biocompatible magnetic materials, s —05
—0.25

such as iron oxide nanoparticles (IONPs), hold great potential for
biomedical applications including diagnostics (e.g, MRI) and
cancer therapy. In particular, they can play a crucial role in

(90) LV

advancing cancer thermotherapy by generating heat when 0 e (min) 5

administered intratumorally and when exposed to an alternating 150 — =
magnetic field. This heat application is often combined with radio- 8
(chemo)therapy and/or imaging. Consequently, the design of 0 2
materials for such a multimodal approach requires hybrid o 3
nanoparticles that retain their magnetic properties while integrating 450 -—— S

additional functionalities. This work introduces synthesis and 30Field?k0e) 30
investigation of magnetically enhanced nanoparticles with a

palladium core (envisioned for future radiolabeling with therapeutic '**Pd) and a magnetic iron oxide shell containing paramagnetic
manganese (Pd/Fel(nMn)-oxide, n = 0.25 and 0.5). Doping the iron oxide lattice with Mn significantly increases magnetic
saturation, boosting specific loss power up to 1.7 times compared to that of undoped analogs. Interestingly, higher Mn-content in
Pd/Fel(0.5Mn)-oxide leads to a pronounced Mn outer rim, enhancing the heating efficiency at 346 kHz and 23 mT and contributing
to the water exchange on the surface of the paramagnetically doped nanoparticles, resulting in additional T} MRI contrast. The
enhanced magnetic properties of the hybrid Pd/FelMn-oxide nanoparticles enable effective therapeutic outcomes with injection of
only small quantities of the material, offering great potential for effective cancer treatment strategies that combine hyperthermia/

thermal ablation with radiotherapy while allowing for real-time monitoring via MRL

KEYWORDS: hybrid nanoparticles, palladium, iron oxide, manganese doping, magnetic properties, hyperthermia/thermal ablation,
MRI contrast

1. INTRODUCTION for sensitization (40—44 °C) or the complete eradication (>60
°C) of cancer tissues.”* Furthermore, SLP requirements vary
depending on the volume of the tumors to be treated. In
practice, this means that the concentration of the injected
MNPs must be varied to achieve a certain therapeutic
temperature increase.”” Therefore, optimization of the nano-
materials for MH/TA, while keeping an efficient heating
power, has become a significant challenge in biomedicine. At
the same time, optimized magnetic properties designed for
thermal treatments may also lead to improved MR-imaging , as
both heating performance and contrast enhancement are
directly related to saturation magnetization.”® These objectives
can be achieved by tuning the MNPs parameters, such as size,

One of the most challenging innovations in medicine lies in
multifunctional biocompatible nanoparticles (NPs) that can
revolutionize cancer diagnosis and therapy." Among various
applied nanomaterials, magnetic nanoparticles (MNPs) are
crucial for biomedical applications, such as drug delivery, cell
marking, magnetic hyperthermia/thermal ablation (MH/TA),
and magnetic resonance imaging (MRI).Z’3 For example, one
limitation of conventional MNPs in thermal treatments is their
low heating capacity, expressed as a specific loss power (SLP).
This limitation requires the local injection of large quantities of
MNPs." Although toxicity is not necessarily a concern (FDA-
approved magnetic iron oxide NPs (Ferumoxytol) are
administered intravenously at doses as high as 510 mg for
anemia treatment),® injecting large volumes directly into
tumors remains a difficult task. Hence, to fully exploit the
therapeutic potential of thermal treatments, it is crucial to
design MNPs with high heating efficiency at clinically relevant
doses (<10 mg/kg). This would enable the generation of
sufficient intratumoral and intralesional temperatures required
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Figure 1. Synthetic procedures for the preparation of Pd/FelMn-oxide nanoparticles (A); TEM images and corresponding size distributions of Pd/
FelMn-oxide NPs synthesized with the following precursor ratios: Pd/Fel(0.5 Mn)-oxide (B) and Pd/Fel(0.25 Mn)-oxide (C); HR-TEM and EDS
elemental mapping with individual signals for Pd (green), Fe (blue), and Mn (orange) of Pd/Fel(0.5Mn)-oxide (D) and Pd/Fel(0.25Mn)-oxide

(E).

shape, and magnetocrystalline anisotropy.' Saturation magnet-
ization (M) varies with the size of the MNPs until a threshold
size is reached, beyond which the magnetization value plateaus
and approaches the bulk magnetization value. Simultaneously,
an increase in size alters the balance of magnetic interaction,
causing the MNPs to transition from superparamagnetic to
single-domain, and eventually, to multidomain regimes.®
Conveniently, the MNPs preferred in biomedical applications
are sufficiently small to remain in the superparamagnetic
regime, where magnetism disappears after removing an applied
magnetic field, ensuring colloidal stability and resistance to
aggregation.”'’ Additionally, it appears that MNPs with a size
at the optimal threshold between superparamagnetic- and
single-domain behavior are ideal for thermal treatment."''
Thus, tuning the efficiency of MNPs through size adjustments
has limitations. On the other hand, tuning the anisotropy of
the MNPs is a very promising alternative strategy to increase
M leading to enhanced heating efficiency and relaxivities (r;,
where, i = 1 and 2), which stands for relaxation rate
enhancement per concentration of magnetic component—a
parameter important for MRL." Ways to influence the effective
anisotropy of MNPs are via changes on shape anisotropy, or on

magnetocrystalline anisotropy by doping or synthesizing core—
shell MNPs."*

In the last years, ferrite nanoparticles with the general
formula MFe,O, (M = Fe, Mn, Co, Ni) have been in the
spotlight due to their potential applications in biomedicine,
and to their remarkable magnetic properties, which can be
modified by introducing the desired composition of the
dopants.m—15 An example is an increased saturation magnet-
ization of MnFe,O, NPs (110 emu/g) compared to Fe;O,
NPs of the same size (101 emu/g) due to magnetic
engineering of the iron oxide nanocrystal by replacement of
Fe** with Mn?*.'

Lastly, the nanomedicine paradigm is shifting toward the
development of therapeutic agents that can generate
accompanying imaging signals. This advancement allows for
the visualization of the drug delivery and distribution process,
monitoring of therapy, and tracking the fate of NPs over
time.'” Iron oxide NPs are known for their ability to enhance
T, MRI contrast. When doped with paramagnetic ions, such as
Mn*'or Eu’*, these MNPs may enable dual T,/T, MRI
contrast,"® which is more desirable in certain clinical cases.
While ultrasmall Fe-oxide NPs (<10 nm) have been reported
to also exhibit a Ti-effect,'’” achieving both high T, MRI
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performance and sufficient magnetization for MH/TA
applications typically reclzuires optimization strategies beyond
mere size manipulations. % Therefore, engineering of magnet-
ization values via the composition of MNPs is critical for
developing sensitive magnetic probes for biomedical applica-
tions.""

In our previous work, we developed core—shell Pd/Fe-oxide
NPs of 20 nm for MR-image assisted MH/TA applications
combined with radiotherapy when the '°*Pd-radioisotope is
added to the core.”’ ™** As previously mentioned, tuning the
magnetic properties of NPs via their size, while maintaining
superparamagnetism, has limitations, while influencing aniso-
tropy presents a valuable alternative. This paper describes the
attempt to enhance the magnetic properties of Pd/Fe-oxide
NPs by tuning their magnetocrystalline anisotropy through
doping of the Fe-oxide coating with Mn. The literature reports
the possibility of replacing Fe-cations in the crystal lattice with
Mn-cations through the cation-exchange (CE) method,™
which involves mixing and heating of the premade Fe-oxide
NPs with additional precursors and surfactants. Therefore, in
view of the eventual need for '®*Pd-radiolabeling, the MNPs in
this study were synthesized using a seed-mediated thermal
decomposition with varying amounts of the Mn-precursor
(Figure 1A). The similar sizes and shapes of the obtained Pd/
FelMn-oxide NPs allowed us to investigate the effect of Mn-
doping on magnetic properties, heating, and imaging perform-
ance.

2. MATERIALS AND METHODS

2.1. Reagents. Palladium(II) acetate, oleylamine (OAm), tert-
butylamine-borane complex, ethanol, hexane, iron(III) acetylaceto-
nate (Fe(acac)s), manganese(II) acetylacetonate (Mn(acac),), 1,2-
hexadecanediol, 1-octadecene (ODE), oleic acid (OA), chloroform,
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[ carboxy-
(polyethylene glycol)-2000] sodium salt (DSPE-PEG,,,-COOH),
ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA),
sodium hydroxide (NaOH), manganese(II) chloride tetrahydrate
(MnCl,4H,0), toluene, and all chemicals were purchased from
Sigma-Aldrich and used without further purification.

2.2. Preparation of Oleylamine-Capped Pd NPs (Seeds).
OAm-capped Pd-seeds were prepared based on previously published
protocols.””*® Briefly, PA(II) acetate (56 mg, 0.249 mmol) was added
to 15 mL OAm in a 3-neck round-bottom flask. The reaction mixture
was heated to 60 °C in 10 min under a stream of nitrogen gas and
vigorous stirring. In parallel, the t-butylamine-borane complex (130
mg, 1.495 mmol) was dissolved in 3 mL of OAm and injected into the
reaction mixture via a septum, once the temperature reached 60 °C.
After addition, the reaction mixture was further heated to 90 °C with
a heating rate of 3 °C/min and kept at this temperature for 60 min.
After that, the reaction mixture was left to cool down to room
temperature and the Pd NPs were collected by addition of 30 mL
ethanol and centrifugation for 8 min at 10,500 rpm (11,830g). The
Pd-seeds were stored as such until further use. The final product was
redispersible in organic solvents such as toluene, hexane, or
chloroform.

2.3. Preparation of Pd/FelMn-Oxide via a Seed-Mediated
Method. The procedure employed to prepare Pd/FelMn-oxide NPs
for this study was adopted from protocols presented in previously
published articles.””*® Fe(acac), (23.5 mg, 0.066 mmol) together
with Mn(acac), (8 mg, 0.033 or 4 mg, 0.015 mmol) and 1,2-
hexadecanediol (50 mg) were added to a three-neck round-bottom
flask containing 20 mL of ODE, 660 uL of OA, and 65 uL of OAm.
OAm-capped Pd NPs (5.3 mg, 0.05 mmol) were dispersed in
approximately 0.4 mL hexane and sonicated for S min. Next, the Pd-
seeds in hexane were added to the 3-neck round-bottom flask. The
reaction mixture was slowly heated to 120 °C under a N, flow and
vigorous stirring and left at this temperature for 20 min to ensure the

complete removal of hexane. Subsequently, the reaction mixture was
further heated to 205 °C with a heating rate of 5 °C/min and kept at
this temperature for 120 min. After that, the reaction mixture was
further heated to 315 °C with a heating rate of 5 °C and kept at this
temperature for 60 min. Next, the reaction mixture was left to cool
down to room temperature, and the Mn-doped Pd/Fe-oxide NPs with
a different Fe:Mn ratio (Pd/Fel(0.5Mn)-oxide and Pd/Fel(0.25Mn)-
oxide) were collected by addition of 30 mL ethanol and centrifugation
at 10,500 rpm (11,830g) for 4—6 min. The procedure was repeated
several times with ethanol and one or two times with a combination of
ethanol and hexane in equal volumes. Lastly, the NPs were dried with
a gentle flow of N,/compressed air and stored as such until further
use. The final product could be redispersed in organic solvents such as
toluene, hexane, chloroform.

2.4. Preparation of Pd/FelMn-Oxide via the CE-Method.
Cation exchange of Mn*" with Fe** was carried out using a previously
published protocol.”” Pd/Fe-oxide seeds were first prepared using the
above-mentioned method. 40 mg of these NPs was dispersed in 20
mL mixture of ODE and toluene (1:1 v/v), heated to 100 °C, and
kept at this temperature for 30 min. After cooling down to room
temperature, 9.7 mg (0.4 mmol) MnCl,-4H,0 were added into the
flask directly. The mixture was then heated to 180 °C and maintained
for 2 h under a N, atmosphere. After the solution was cooled
naturally, the Mn-doped Pd/Fe-oxide NPs were collected by
centrifugation at 10,500 rpm (11,830g) for 4—6 min and washed
three times with a mixture of ethanol and hexane in equal volumes.
The NPs were dried by a gentle flow of N,/compressed air and stored
as such until further use. The final product could be redispersed in
organic solvents such as toluene, hexane, or chloroform.

2.5. Dispersion of Pd/FelMn-Oxide NPs in Aqueous Media
with DSPE-PEG,40o-COOH. The synthesized Pd/FelMn-oxide NPs
were transferred into water by means of functionalization with DSPE-
PEG,(0-COOH following a slightly modified protocol presented
elsewhere.>° First, 2 mg of Pd/FelMn-oxide NPs was dispersed via
ultrasonication in 1 mL of CHCI; containing 1.5 mg of PEG
surfactant. The vial containing the mixture was left open for 24 h for
the slow evaporation of the solvent until a pasty precipitate remained
at the bottom of the vial. The residual solid was heated to 80 °C for
10 min in a vacuum oven and subsequently flushed with a gentle N,
flow to ensure complete removal of CHCl;. Next, 1 mL of Milli-Q
water was added to the precipitate, and the mixture was sonicated for
1S min until a colloidal aqueous suspension was obtained. The
colloidal suspension of NPs was pipetted into Eppendorf vials, and the
unbound polymer and excess lipids were removed by two rounds of
centrifugation for 1 h at 19,600 rpm (30,000g) and subsequent
removal of the supernatant. Lastly, the NPs were collected in 1-2 mL
of Milli-Q water and kept as such for further use.

2.6. Pd- and Mn-Leakage Study. Pd/FelMn-oxide NPs (2.5
mg) with the surface covered with DSPE-PEG,4,-COOH surfactant
were resuspended in 0.5 mL of different incubation media (1 mM
EDTA (pH 7.4), acidified water (pH 6.5), saline, and serum). The
NPs were left in suspension for a specified amount of time (24h for
EDTA, and 48h for all other media), after which they were placed in
an Amicon Ultra Centrifuge tube with a centrifugal concentrator
Ultracel (30 kDa MWCO regenerated cellulose membrane) and
centrifuged for 20 min at 4200 rpm. The filtrate was collected and
analyzed with ICP-MS to determine the Pd and Mn-content. The
NPs were then resuspended in fresh medium and incubated until the
next time point, after which the same measurement procedure was
applied.

2.7. Physical Methods. Particle size, size distribution, and
morphology of the samples were determined by transmission electron
microscopy (TEM), using a 120 kV Jeol-JEM1400 microscope. The
samples were prepared by drop-casting a diluted NP’s suspension in
organic solvents such as hexane on a Quantifoil R1.2/1.3 Cu300 grid
and evaporating the solvent at room temperature. The mean diameter
and the size distribution of the samples were obtained by statistical
analysis of around 500—1000 NPs, using TEM images and Image]
software. The elemental mapping analysis was done with an Oxford
Instruments EDS detector X-MAX™ 100TLE on the same grids used
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for TEM. Dynamic light scattering (DLS) was measured on a Malvern
Pananalytical Zetasizer Pro (Worcestershire, United Kingdom)
equipped with a 633 nm laser.

Magnetic characterization by a superconducting quantum interfer-
ence device (SQUID) was carried out on an MPMS XL magneto-
meter from Quantum Design, using about 1—2 mg of dry NPs. The
hysteresis loops M(H) obtained under continuously varying applied
magnetic fields up to a maximum of +60 kOe at S and 300 K were
used for evaluation of saturation magnetization and coercivity.
Transmission *’Fe Mdssbauer spectra were collected at 4.2 K with a
conventional constant-acceleration spectrometer using a ’Co(Rh)
source. Velocity calibration was carried out using a-Fe foil. The
Mbossbauer spectra were fitted using the Mosswinn 4.0 program. The
heating power measurements were performed using the Magnetherm
Digital device manufactured by Nanotherics, with either S0 or 60 mm
coil, at alternating magnetic fields of 346 or 338 kHz and field
strengths of 23 or 18 mT, respectively, used for the calculation of the
SLP values. The device was equipped with two glass-fiber optic
thermometers (Osensa PRB-G40 2.0-STM-MRI) to measure the
temperature at the core (used for SLP) and bottom (to check for a
possible precipitation) of the sample. A sample of 1 mg/mL of NPs
was inserted in an insulated sample holder to reduce heat loss to the
environment and placed in the middle of the coil. The temperature
was equilibrated until it varied less than 0.05 °C/min before the start
of the measurement. The sample was then exposed to the magnetic
field. The heating capacity of MNPs is described as the specific loss
power (SLP) or intrinsic loss power (ILP) expressed in W/gg .y, OF
nHm?’/kg, respectively.

Measurement of the longitudinal (T),) and transverse (T,)
relaxation times were performed on a 1.5T at a 450W MR scanner
(GE Healthcare, Waukesha, WI) using phantoms prepared in
Eppendorf vials by suspending 1 mg of NPs in an agar solution. T
relaxation times were measured with an inversion recovery turbo spin
echo sequence with the following parameters: repetition time (TR) =
3000 ms, inversion time (TI) = 50, 100, 200, 250, 500, 750, 1000, and
1500 ms, echo time (TE) = 11.2 ms, field of view (FOV) = 192 X 192
mm?, slice thickness = 4 mm, acquisition matrix = 192 X 192, and
number of excitations (NEX) = 1. The data was analyzed with
MATLAB script (R2018b, The MathWorks INC, Natick) developed
by Barral et al.>* The T, relaxation times were measured with a spin
echo sequence with the following parameters: TR = 200 ms, TE = 9,
15, 25, 35, 55, and 75 ms, FOV = 192 X 192 mm?, slice thickness = 4
mm, acquisition matrix = 128 X 128, and number of excitations
(NEX) = 1. The data was fitted with a monoexponential signal decay
model using the MATLAB nonlinear curve fitting function. Relaxation
measurements were repeated once, and the obtained values were
calculated per voxel and reported as the mean with the standard
deviation over approximately 120 voxels per sample.

The SLP values and the relaxivities (1/T;, i = 1,2) of the samples
were calculated using the concentrations of Fe and Mn obtained from
the Inductively Coupled Plasma Optical Emission spectroscopy (ICP-
OES) data performed on the same samples after a microwave-aided
destruction of NPs dispersed in a 5% solution of HNOj;. The Electron
Paramagnetic Resonance (EPR) spectra were obtained with a Bruker
EMXplus X-band EPR spectrometer using a standard resonator
(ST9107) at room temperature operating at a microwave frequency of
9.78 GHz, microwave power of 0.002—63 mW (powerplot) or 20
mW, modulation frequency of 100 kHz, and modulation amplitude of
2.5 (powerplot) or S G. NPs resuspended in hexane were added to an
EPR tube and hexane was evaporated using N, flow. The EPR tube
was placed in the cavity, so that only part of the sample was in the
measurement window.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Pd/FelMn-
Oxide NPs. In our previous work, Fe(CO); was used as the
iron precursor for the synthesis of Pd/Fe-oxide NPs to obtain a
uniform core—shell structure.”**> However, in this work,
Fe(acac); was considered a better option, as it can be easily

adapted to the preparation of MnFe,O, by simply adding
Mn(acac), to the reaction mixture along with the Fe(acac),
precursor.'' Both Fe(acac); and Mn(acac), precursors are
readily available, as acetylacetonate group coordinates to a
range of metals, including Fe and Mn, with decomposition
temperatures around 200 °C.'"**** The synthesis method
used to generate Pd/FelMn-oxide NPs was a seed-mediated
thermal decomposition, similar to that employed for Pd/Fe-
oxide NPs, where premade OAm-capped Pd NPs were
introduced into the reaction mixture to act as seeds on
which the FelMn-oxide simultaneously nucleates and grows as
a coating. However, the newly introduced precursors failed to
form core—shell structures, presumably because of the
differences in the nucleation/growth regimes of Fe(acac),
and Mn(acac), as a consequence of their different chemical
properties and reactivities. While Fe(CO); favors heteroge-
neous nucleation on the seed’s surface followed by successive
growth rather than homogeneous nucleation, Fe(acac); does
not exhibit the same preference, with homogeneous nucleation
being favored in this case. During the synthesis, this resulted in
a mixture of single FelMn-oxide NPs, uncoated Pd-seeds and
incomplete core—shell morphology, as reported elsewhere.””

Therefore, new measures were employed during the
synthesis with Fe(acac), and Mn(acac), precursors to promote
heterogeneous nucleation and the formation of Pd/FelMn-
oxide NPs. These measures included: (i) using smaller
amounts of Fe—Mn precursors to avoid supersaturation
conditions that promote homogeneous nucleation, (ii) adding
less OAm-surfactant during the reaction, (iii) incorporating an
intermediate temperature step at approximately 200 °C for an
extended period of time to stimulate the formation of Fe(III)-
complex with surfactants, (iv) using a long-chain diol (1,2-
hexadecanediol) as an accelerant in the formation of Fe—O—
Fe bonds and as a mild reducing agent, and (v) increasing the
temperature of 315 °C for the growth stage. Similar measures
to promote the heterogeneous nucleation of Fe(acac); on
premade seeds have been proposed in other studies.””

After tuning the synthetic protocol accordingly, Pd/FelMn-
oxide NPs were successfully prepared via thermal decom-
position of Fe and Mn acetylacetonate precursors forming a
heterogeneous coating on preformed OAm-capped 5 mm Pd-
seeds, leading to hybrid MNPs with spherical-squared
morphology and sizes around 22 nm, as can be seen in the
TEM images presented in Figure 1B,C. Two experiments were
conducted, in which different amounts of Mn(acac), relative to
Fe(acac); were employed during the synthesis: 1[Mn]:2[Fe]
and 1[Mn]:4[Fe]. The two batches of NPs will be termed Pd/
Fel(0.5Mn)-oxide and Pd/Fel(0.25Mn)-oxide, respectively.
Independent of the precursor ratio introduced in the reaction,
the hybrid MNPs obtained the same spherical-squared
morphology (Figure 1B,C). In the bright-field TEM images,
the darker areas correspond to Pd, whereas lighter contrast
represents FelMn-oxide, as a result of the different electron
density of Pd compared to Fe and Mn, which both exhibit a
similar density and cannot be differentiated via different
contrast in TEM images, making it impossible to confirm the
presence of the two metals in the targeted composition of the
hybrid MNPs. For this, EDS elemental mapping analysis was
performed on the two batches of synthesized Pd/FelMn-oxide
NPs visualizing the individual signals for Pd, Fe, and Mn to
confirm their localization within the NP (Figure 1D,E).

Interestingly, in NPs prepared with a higher amount of Mn
(Pd/Fel(0.5Mn)-oxide), the Mn was found to be dispersed
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Table 1. Mossbauer Fitted Parameters of the Pd/FelMn-Oxide Samples at 4.2 K*

sample IS (mm s7') QS (mm s7) hyperfine field (T)

Pd/Fel(0.25Mn)-oxide 0.30 —0.05 S1.0

0.40 0.08 52.3

0.85 -0.32 46.0

0.57 1.03

0.48 —0.02 S1.3

0.50 —0.01 534
Pd/Fel(0.5 Mn)-oxide 0.42 —0.03 50.7

0.47 0.01 53.1

I (mm s %) phaseb spectral contribution (%)
041 Fe** (Fe;0,, A) yellow 9
0.41 Fe** (Fe;0,, B) cyan 9
0.74 Fe?* (Fe;0,, B) magenta 10
0.42 Fe’* green 16
0.46 Fe** (Fe;0,, A)° blue 29
041 Fe** (Fe;0,, B) red 27
0.77 Fe®* (Fe;0, A)° blue 50
0.59 Fe** (Fe;0,, B) red 50

“Experimental uncertainties: Isomer shift: IS + 0.02 mm s™'; Quadrupole splitting: QS + 0.02 mm s~'; Line width: I" + 0.03 mm s~; Hyperfine
field: + 0.1 T; Spectral contribution: +3%. bTetrahedral (A) and octahedral (B) sites of magnetite, the color code is used in Figure 2. “Influenced

by Mn** dopants.

within the Fe-oxide coating with most of the Mn atoms located
at the surface, forming an outer rim (Figure 1D). This effect
was not observed in the particles prepared with a lower Mn
amount (Pd/Fel(0.25Mn)-oxide), most probably due to an
insufficient amount of Mn atoms (Figure 1E). The EDS
mapping analysis confirmed the successful synthesis of Pd/Fel
Mn-oxide hybrid MNPs, with spherical-square morphologies,
relevant sizes (+20 nm), and different amount of Mn-doping,
which increased with the higher [Mn]:[Fe] precursor ratio
introduced in the synthesis.

To get insight into the effects of Mn-doping on the Fe-oxide
framework, which is crucial for interpreting the magnetic
properties of the NPs, Mossbauer spectroscopy was performed
at 4.2 K, revealing the hyperfine parameters of Fe ions in both
Pd/FelMn-oxide NPs (Table 1). The advantage of performing
the measurements at this temperature is that magnetite
undergoes Verwey transition,”> where signals of all three
components (tetrahedral Fe', octahedral Fe**, and octahedral
Fe®") can be observed separately, with a typical ratio of 1:1:1.
Indeed, this ratio was observed for Pd/Fel(0.25Mn)-oxide
NPs, where 28% of their components could be fitted with
contributions from magnetite species. A paramagnetic doublet
(16%) observable in the spectrum (Figure 2A) can be
explained as the result of the interaction of Fe with
paramagnetic Mn dispersed in the lattice without taking part
in the crystal structure.

Interestingly, another 27 and 29% of the contributions were
also fitted with the functions for the tetrahedral and octahedral
Fe®" of magnetite, with slight differences in IS and magnetic
field due to the influence of Mn and Pd dopants. However,
about 28% of octahedral Fe®", typically present in a magnetite
spectrum, was absent, likely due to the replacement by Mn**.
Since Mossbauer spectroscopy focuses solely on the state of
Fe, the effect of Mn interaction was observed indirectly
through the exclusive presence of tetrahedral and octahedral
Fe*’. As Mn** doping increases, Fe** ions are progressively
replaced, leading to a gradual disappearance of octahedral Fe**
from the spectrum (Figure 2B). A similar pattern was observed
in the spectrum of Pd/Fel(0.5Mn)-oxide NPs, where both
tetrahedral and octahedral Fe** contributed equally (50%),
indicating the complete replacement of Fe?*. Consequently, an
excess of Mn®" accumulated at the surface, forming an outer
rim.

X-ray diffraction (XRD) performed on both Pd/Fel
(0.25Mn)-oxide and Pd/Fel(0.5Mn)-oxide NPs further con-
firmed the appearance of Mn in the lattice by demonstrating
cubic phase ferrite, corresponding to the standard card of
Fe, Mn,0, (JCPDS: 04-024-5003) and Fe,MnO, (JCPDS:

Intensity (10° counts)

6.6

T T T T

-10 5 0 5 10
Doppler velocity (mm s™)
Figure 2. Mo0ssbauer spectra obtained at 4.2 K with the Pd/Fel

(0.25Mn)-oxide (A) and Pd/Fel(0.5Mn)-oxide NPs (B). The color
codes are indicated in Table 1.

01-071-4919), respectively (Figure 3). The average grain size
of both nanoparticles was calculated using the Scherrer
equation.”* The grain size of Pd/Fel(0.5Mn)-oxide NPs

Pd/Fe|(0.25 Mn)-oxide

o

L, !‘I.||.I|.||.|I||.||
Pd/Fe|(0.5 Mn)-oxide JCPDS: 01-071-4919

JCPDS: 04-024-5003

Intensity (a.u.)

Figure 3. XRD Patterns of Pd/FelMn-oxide NPs.
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Table 2. Overview of the Magnetic Properties of Pd/FelMn-Oxide and Pd/Fe-Oxide NPs: Saturation Magnetization (M) at 40
kOe, T = 5 and 300 K, Coercivity (H¢) at T = 5 and 300 K, and Calculated SLP, r; and r, Values

My (emu/gFe+Mn) Hc (O,)
MNPs SK 300 K SK 300 K
Pd/Fel(0.5 Mn)-oxide 140 112 308 20
Pd/Fel(0.25 Mn)-oxide 95 83 240 12
Pd/Fe-oxide” 69 61 67 12

SLP (w/gFe+Mn) Vlb (mMFe+Mn_l S_l) ”zb (mMFe+Mn_1 5_1)

386 874 + 0.3 443
352 5.95 + 0.4 404
233 4 440

“Measured at 346 kHz, 23 mT with STD < 5—10%. YMeasured at 1.5 T and 25 °C. “From previous work.>! “Not measured.

(19.34 nm) is comparable to the overall nanoparticle size,
while the grain size of Pd/Fel(0.25 Mn)-oxide NPs is slightly
smaller (14.68 nm). Following the DSPE-PEG,q,,-COOH
coating, necessary to transfer the NPs into aqueous media, the
morphology remained unchanged (Figure S1). The hydro-
dynamic size was measured to be 159.4 nm, which is of a
similar magnitude compared to that of the undoped Pd/Fe-
oxide (113.8 nm) (Figure S2A), and the colloidal stability of
the NPs remained good across various buffer solutions and pH
lower than physiological (Figure S2B, Table S1).

3.2. Magnetic Properties of Pd/FelMn-Oxide MNPs.
The static magnetic behavior of the Pd/FelMn-oxide MNPs
was investigated by SQUID magnetometry directly after the
synthesis, which means that the MNPs were coated with OA
after thermal decomposition and the subsequent cleaning
procedure. The magnetization curves resulting from the
alignment of the MNPs in the presence of an increasing
magnetic field (up to 50 kOe) were measured at S and 300 K,
as shown in Figure 4A,B, respectively.

The saturation magnetization was determined by extrapolat-
ing the highest magnetization values (40 kOe) to the ordinate
axis, where the field approaches zero (Table 2). The Mg values
obtained for the two batches of Pd/FelMn-oxide MNPs were
corrected for the presence of Pd-core and organic layer at the
surface, hence expressed as emu/ggp.,\,. For both temper-
atures, 5 and 300 K the saturation magnetization values were
higher for the Pd/Fel(0.5Mn)-oxide, which are NPs with
higher Mn-content (Figure 4, Table 2). It is important to note
that the hysteresis loops present small dips at high fields
because of the strong diamagnetic interaction of the plastic
capsule used during the measurements.

27470

As both batches of MNPs possess similar sizes, the
differences in Mg values can be attributed to the content of
the doping material in their composition. According to
multiple literature data, doping Fe-oxide crystal structures
with paramagnetic cations, such as Mn or Co, results in an
increase in magnetic anisotropy due to the replacement of
Fe**/Fe’* cations with more anisotropic Mn** or Co*'.
Additionally, the same studies observed that an increased
magnetic anisotropy ensured higher Mg values, which trans-
lates to more effective magnetic properties. As the Mg values
obtained for Pd/Fe-oxide NPs described previously were not
corrected for Pd-core and surfactants,”’ a relevant comparison
could not be made in this case. Nevertheless, it is clear that
adjusting the composition of the MNPs is indeed a better
strategy to increase the Mg of the NPs than size manipulations.

Both magnetization curves at 5 K display hysteresis with
substantial coercivity (Table 2), which indicates the typical
behavior of superparamagnetic MNPs below their blocking
temperature. On the other hand, the MNPs exhibit character-
istics of the superparamagnetic state at 300 K, with some low
remained coercivity that can be attributed to complex
interactions, such as frustrated order or spin canting
phenomena. Interestingly, the coercivity values at both 5 and
300 K are also higher for the Pd/Fel(0.5Mn)-oxide MNPs,
which is in line with the increased anisotropy, generally higher
for higher Mn-content."***’

3.3. Pd/FelMn-Oxide MNPs as Hyperthermia/Thermal
Ablation Agents. Thermal therapies in oncology include
hyperthermia, which involves increasing in vivo temperatures to
41—46 °C to sensitize other treatments such as chemo- and
radiotherapy, or thermal ablation where the temperatures are
>60 °C or exceed at least 46 °C to induce targeted ablation
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and cell death, potentially replacing surgelry.g’5 Two main
mechanisms contribute to the dissipation of heat produced by
MNPs when exposed to an alternating magnetic field (AMF),
depending on their sizes. In larger MNPs, which enter a
multidomain regime, heating results from hysteresis losses. In
smaller MNPs, like Pd/FelMn-oxide NPs in this study, which
exhibit superparamagnetism, the heat production is attributed
to Néel and Brownian relaxation mechanisms.">**

It is known that magnetic anisotropy plays a critical role in
SLP enhancement,'’ thus the heating efficacy of the two Pd/
FelMn-oxide batches with different amounts of Mn-doping was
evaluated (Figure S3). The samples containing 1 mg of Pd/Fel
Mn-oxide MNPs dispersed in 1 mL of water were subjected to
an alternating magnetic field at the frequency of 346 kHz and a
field strength of 23 mT. The SLP values were determined for
both Pd/FelMn-oxide NPs based on the eq 1:

c_ar
Mget Mn At (1)

SLP =

where, C is the heat capacity of the sample, mg,,y, is the sum
of the masses (g) of Fe and Mn in the colloidal NPs
suspension, determined by ICP-OES, and AT/At is the
temperature increase measured over time. Compared to the
previously reported SLP value for Pd/Fe-oxide NPs of 233 W/
gro | the SLPs of Pd/Fel(0.25Mn)-oxide and Pd/Fel(0.5Mn)-
oxide NPs were determined to be 352 and 386 W/gg,m
respectively.

The SLP is directly influenced by extrinsic parameters such
as the frequency and amplitude of the applied magnetic field,
as well as the viscosity of the surrounding medium."” It is also
affected by intrinsic parameters, including the size of the
MNPs, their magnetocrystalline or shape anisotropy, and
surface functionalization, which alters local magnetization at
the surface of the MNPs. Since all of these parameters were
consistent across the three investigated MNPs, the superior
heating efficiency (increase by S1—-66%) of Pd/FelMn-oxide
NPs over the Pd/Fe-oxide NPs can be attributed to the
presence and amount of Mn in the Fe-oxide coating. This
observation aligns with literature reporting that such doping
increases crystalline anisotropy leading to enhanced SLP."'"'*

To further investigate the effects of Mn-doping, a batch of
premade Pd/Fe-oxide NPs was doped with Mn via a cation
exchange procedure”* yielding Pd/FelMn-oxide(CE) NPs with
spherical-squared morphology and size of 19 nm (Figures S4
and S5). The XRD patterns (Figure S6) confirmed the
successful incorporation of Mn into the lattice, showing a
highly crystalline cubic phase, corresponding to the standard
card of Fe,MnO, (JCPDS: 01-071-4919). The heating efficacy
of Pd/FelMn-oxide(CE) NPs was compared with that of Pd/
Fel(0.5 Mn)-oxide NPs by calculating their intrinsic loss power
(ILP) values (eq 2), which are independent of experimental
conditions (i.e., frequency (f) and magnetic field (H)).

SLP
fH )

The ILP values of CE NPs have previously been shown to be
higher than those of Fe NPs due to Mn*" exchange.”
However, the ILP value of Pd/FelMn-oxide(CE) NPs (1.289
nHmz/kg) was lower than that of the developed Pd/Fel
(0.5Mn)-oxide NPs (3.083 nHm’/kg) (Figure S7). This can
be attributed to a lower fraction of Fe* (4%) that has been
replaced with Mn** in the CE-procedure, as revealed by
Mossbauer spectroscopy (Figure S8 and Table S2). These
results indicate that the seeded growth method is a better
choice for Mn?* doping, not only for achieving higher heating
efficiency but also because it eliminates the need for an
additional synthetic step.

3.4. Pd/FelMn-Oxide MNPs as MR Imaging Agents.
MRI is a well-known, noninvasive high-resolution imaging
technique in medicine that generates anatomical images based
on the differences in relaxation of water protons around solid
tissue and the surrounding biological media in the presence of
magnetic field. The proton relaxation rates can be altered by
administration of contrast agents (CAs), enhancing MRI
sensitivity and the contrast of the images. MRI CAs function
by reducing either the longitudinal (T;) or the transversal (T,)
relaxation times of protons in the target tissue, generating T'-
weighted images that give positive (bright) image contrast and
T,-weighted imaéges that result in negative (dark) contrast,
respectively.”' *° T| CAs are typically based on paramagnetic
ions like Gd** and Mn?", often in the form of ion-complexes,

ILP =
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whereas T, CAs generally rely on superparamagnetic NPs.
However, since MNPs designed for MH/TA are intended for
intratumoral injection, they are expected to reach much higher
local concentrations compared with intravenous administra-
tion. At these concentrations, the elevated r,-values could
introduce artifacts in T,-weighted imaging, limiting its
effectiveness until the MNPs diffuse and their local
concentration diminishes. By doping Pd/Fe-oxide with para-
magnetic Mn, the resulting MNPs may exhibit both T, and T,
contrast effects. To assess this potential dual-contrast
capability, T, and T, measurements were performed on both
batches of Pd/FelMn-oxide NPs after transferring them to an
aqueous medium with DSPE-PEG,;,,-COOH. Results in
Table 2 demonstrate that the r,-relaxivities of both Pd/Fel
(0.25Mn)-oxide and Pd/Fel(0.5Mn)-oxide are comparable to
those of Pd/Fe-oxide NPs alone. Interestingly, the r, value for
Pd/Fel(0.5 Mn)-oxide (8.74 mMg i, s~ ') is higher than that
for Pd/Fel(0.25 Mn)-oxide (5.95 mype,nn S'), as expected
due to higher Mn-content. Additionally, according to Li et al,
T)-effects are driven by Mn”"-ions at the MNPs surface,”’
which is consistent with our Pd/Fel(0.5Mn)-oxide NP’s as
confirmed by EDS analysis. Figure SA shows an indication of
T, contrast enhancement generated by both Pd/FelMn-oxide
NPs, with a more substantial effect for Pd/Fel(0.5 Mn)-oxide.
Clearly, the T)-contrast enhancement produced by the latter
MNPs is insufficient and is unlikely to enable them to function
as dual T,/T, CAs in practical applications, which would
require the r)/r, ratio close to 1. However, understanding how
surface Mn-doping affects relaxivity might potentially guide
further modifications to optimize contrast characteristics and
tune NPs design for other multimodal imaging contexts, where
even slight T, contributions might enhance overall imaging
performance.

To gain more insight into the interplay of the magnetic
components constituting the MNPs (i.e., Fe and Mn), EPR
spectra of dry Pd/FelMn-oxide NPs with different Mn-content
were recorded at room temperature, and the obtained
parameters are summarized in Table 3. As shown in Figure

Table 3. EPR Parameters of Pd/Fel(0.5Mn)-Oxide and Pd/
Fel(0.25Mn)-Oxide NPs

a

MNPs (mT) DH,'(mT) Py’ g’ Suosoned Lol
Pd/Fel(O.ZS 250 147 2.03 3.35 2.44 1.96
Mn)-oxide
Pd/Fel(O.S 326 155 0.82 2.78 2.07 1.72
Mn)-oxide
Pd/Fe-oxide 295 163 1.86 3.14 2.38 1.81

“Resonance field. “Line width. “The ratio of the amplitude of the peak
above and below the baseline. dg—factor at the positive peak the EPR
signal. fg—factor at H,; #g-factor at the negative peak the EPR signal.

hv
g =

pgB
Hz), uB = Bohr magneton, B = magnetic field (T). The g-factor for a
free electron in vacuum g, = 2.00232.

with h = Planck constant, v = microwave frequency (9.78

SB, the EPR active spins of both samples resulted in broad
spectra ranging from 1500 to 4500 G. The power saturation
behavior of the EPR signals in both cases shows almost no
saturation, confirming fast relaxation of the spins (Figure SC).
The slight decrease in signal intensity at maximal power (200
mW), being more pronounced for Pd/Fel(0.25Mn)-oxide
NPs, indicates slower relaxation for the less Mn-containing

MNPs. This is consistent with the larger AH,,, due to shorter
spin lifetime for more Mn-containing NPs, Pd/Fel(0.5Mn)-
oxide. The EPR spectra of the Pd/Fe-oxide NPs with and
without Mn-doping obtained at powers corresponding to each
data point in the power saturation curves are shown in Figure
S9.

The line shape of Pd/Fel(0.25 Mn)-oxide NPs corresponds
to a so-called Dysonian line, which is determined by the
diffusion of electrons, the penetration depth of the microwaves,
and relaxation time, while the more symmetrical line shape of
Pd/Fel(0.25 Mn)-oxide NPs resembles those observed for
superparamagnetic Fe-oxide NPs in general,”® as well as the
control Pd/Fe-oxide NPs in this study (Figure SB). According
to the Dyson theory, the symmetry parameter P, is correlated
with the ratio of electron diffusion and spin lifetime T/ Ty,
Since the spin lifetime Ty, (inversely proportional to the
AHPP) contains both T, and T, relaxation in metals, the
calculated P, value for Pd/Fel(0.5Mn)-oxide is significantly
lower compared to the less Mn-containing NPs.

3.5. Pd- and Mn-Leakage Studies. Since the designed
Pd/FelMn-oxide NPs are intended for biomedical applications,
their biocompatibility is of great importance. Palladium is
considered toxic for the human body, with the hypothesized
mechanism being the release of Pd ions, which can elicit a
range of cytotoxic effects in vivo.” Manganese toxicity
(manganism) is rare but poses a serious health hazard,
potentially leading to severe central nervous system patholo-
gies."”"" The Mn cytotoxicity arises from the triggering of
apoptosis in cells accumulating toxic doses of Mn. Depending
on the comorbid disease state or dietary variations, bodily
efflux and pancreatic elimination may become dysfunctional,
potentially affecting the cellular efflux of Mn as well. Changes
in glutamate and glutamine metabolism, mitochondrial
function, and the triggering of cellular apoptosis and necrosis
are key cellular responses to manganism, eventually leading to
the neuropsychiatric manifestations of Mn toxicity."" There-
fore, with biomedical applications in mind, a study was
conducted to determine the amounts of Pd and Mn released
from the MNPs. To assess this, Pd/FelMn-oxide NPs
functionalized with DSPE-PEG,0;-COOH were exposed to
1 mM EDTA (a compound typically used in leakage studies as
it strongly binds di- and trivalent metal ions),** and incubated
for 24 h, 48 h, and 7 d. Since only negligible amounts of Mn
and Pd (ug), close to the detection limit and below toxic
levels,*** were found by ICP-OES (Table S3), it could be
assumed that Fe-oxide coating encapsulating the Pd-core and
the surfactant layers create a sufficient barrier to prevent any
Pd or Mn leakage. Similar results were obtained from MNPs
incubated with acidified water (pH 6.5), saline, and serum after
48 h (Table S3). Therefore, the Pd/FelMn-oxide NPs can be
considered stable for biomedical use.

4. CONCLUSIONS

In conclusion, this study demonstrates the significant impact of
Mn-doping on the magnetocrystalline anisotropy of Pd/Fe-
oxide NPs, positioning them as promising candidates for
theranostic applications. Using a seed-mediated thermal
decomposition method, Pd/FelMn-oxide NPs with varied
Mn-doping levels were synthesized while preserving the
morphology of their undoped counterparts and thoroughly
investigated. The successful incorporation of Mn was
confirmed through EDS analysis, while SQUID magnetometry
revealed that the Mn-doped NPs are superparamagnetic,
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displaying high saturation magnetization and low coercivity
values. These enhancements translated into superior perform-
ance in hyperthermia/thermal ablation therapy, where Mn-
doped NPs, especially those with higher Mn-content, exhibited
up to 1.7 times greater SLP values under AMF exposure
compared with their undoped analogs.

Notably, NPs with higher Mn-content showed significant
Mn accumulation on their surface, prompting an investigation
of their T} MRI contrast properties, alongside their evident T,
enhancement and demonstrated therapeutic potential. Relax-
ivity measurements and MRI phantom assessments of the Mn-
doped NPs provided with a hydrophilic DSPE-PEG,,-
COOH layer revealed elevated r -values in the samples with
the highest Mn-content, reflecting the surface accumulation of
Mn. Although the increase in r, is insufficient to qualify these
NPs as dual T;/T, MRI CAs, these findings emphasize the role
of structural modifications in improving both imaging and the
therapeutic performance of nanomaterials.

Overall, this work provides valuable insights into the design
of multifunctional MNPs as cancer theranostics, offering a
promising direction for developing more effective probes for
thermal therapy coupled with accurate MRI-based monitoring.
This approach is expected to contribute to further advance-
ment of these materials in personalized therapies.

Bl ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.4c05452.

TEM images of Pd/FelMn-oxide NPs after DSPE-
PEG,y-COOH coating; DLS data on comparison of
the hydrodynamic sizes of Mn-doped and undoped Fe-
oxide NPs and Pd/FelMn-oxide NPs dispersed in saline,
serum, and acidified water at different time points;
comparison of the temperature change within aqueous
suspensions of Pd/Fel(0.5Mn)-oxide and Pd/Fel
(0.25Mn)-oxide NPs; TEM images of Pd/Fe-oxide
NPs prepared via thermal decomposition and Pd/Fel
Mn-oxide(CE) NPs prepared via cation exchange; size
distribution of Pd/Fe-oxide and Pd/FelMn-oxide(CE)
NPs and their XRD patterns; comparison of the
temperature change within aqueous suspensions of Pd/
Fel(0.5Mn)-oxide and Pd/FelMn-oxide(CE) NPs;
Mossbauer data of Pd/FelMn-oxide(CE) NPs; EPR
spectra of Pd/Fe-oxide NPs with and without Mn-
doping; Pd and Mn leakage from Pd/FelMn-oxide NPs
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Kristina Djanashvili — Department of Biotechnology, Delft
University of Technology, 2628 HZ Delft, The Netherlands;
Department of Radiation Science and Technology, Delft
University of Technology, 2629 JB Delft, The Netherlands;
orcid.org/0000-0003-1511-015X; Email: k.djanashvili@
tudelft.nl

Authors
Alexandra Maier — Department of Biotechnology, Delft
University of Technology, 2628 HZ Delft, The Netherlands;
Department of Radiation Science and Technology, Delft
University of Technology, 2629 JB Delft, The Netherlands

Qi Jia — Department of Biotechnology, Delft University of
Technology, 2628 HZ Delft, The Netherlands; Department of
Radiation Science and Technology, Delft University of
Technology, 2629 JB Delft, The Netherlands

Keshav Shukla — Department of Biotechnology, Delft
University of Technology, 2628 HZ Delft, The Netherlands;
Department of Radiation Science and Technology, Delft
University of Technology, 2629 JB Delft, The Netherlands

Achim Iulian Dugulan — Department of Radiation Science
and Technology, Delft University of Technology, 2629 ]B
Delft, The Netherlands

Peter-Leon Hagedoorn — Department of Biotechnology, Delft
University of Technology, 2628 HZ Delft, The Netherlands;

orcid.org/OOOO—OOO1-6342—2022

Rogier van Oossanen — Department of Radiation Science and
Technology, Delft University of Technology, 2629 JB Delft,
The Netherlands; Department of Radiotherapy, Erasmus MC
Cancer Institute, University Medical Center, 3008 AE
Rotterdam, The Netherlands; © orcid.org/0000-0002-
7010-947X

Gerard van Rhoon — Department of Radiation Science and
Technology, Delft University of Technology, 2629 JB Delft,
The Netherlands; Department of Radiotherapy, Erasmus MC
Cancer Institute, University Medical Center, 3008 AE
Rotterdam, The Netherlands

Antonia G. Denkova — Department of Radiation Science and
Technology, Delft University of Technology, 2629 JB Delft,
The Netherlands

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsanm.4c05452

Author Contributions

IAM. and QJ. contributed equally to this work. The
manuscript was written through contributions of all authors.
All authors have given approval to the final version of the
manuscript.

Funding

This research was funded by HTSM (High Tech Systemen en
Materialen), a research program within the Dutch Research
Council (NWO), Domain Applied and Engineering Sciences
(AES), grant number 16238.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge Elekta for the financial and
intellectual support on this project, Anton J.E. Lefering (TU
Delft) for the SQUID measurements, Dr. Kemal Sumser
(Erasmus MC) for the MRI data, and Dr. Ir. Frans D.
Tichelaar (TU Delft, Kavli Institute of Nanoscience) for the
EDS studies made possible by The Netherlands Electron
Microscopy Infrastructure (NEMI) project number
184.031.014, as part of the National Roadmap financed by
NWO.

B REFERENCES

(1) Blanco-Andujar, C.; Walter, A.; Cotin, G.; Bordeianu, C.; Mertz,
D.; Felder-Flesch, D.; Begin-Colin, S. Design of iron oxide-based
nanoparticles for MRI and magnetic hyperthermia. Nanomedicine
2016, 11 (14), 1889—1910.

(2) Jang, J. T.; Nah, H,; Lee, J. H.; Moon, S. H.; Kim, M. G.; Cheon,
J. Critical enhancements of MRI contrast and hyperthermic effects by

https://doi.org/10.1021/acsanm.4c05452
ACS Appl. Nano Mater. 2024, 7, 27465—-27475


https://pubs.acs.org/doi/10.1021/acsanm.4c05452?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c05452/suppl_file/an4c05452_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kristina+Djanashvili"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1511-015X
https://orcid.org/0000-0003-1511-015X
mailto:k.djanashvili@tudelft.nl
mailto:k.djanashvili@tudelft.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandra+Maier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Jia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Keshav+Shukla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Achim+Iulian+Dugulan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter-Leon+Hagedoorn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6342-2022
https://orcid.org/0000-0001-6342-2022
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rogier+van+Oossanen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7010-947X
https://orcid.org/0000-0002-7010-947X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerard+van+Rhoon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonia+G.+Denkova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c05452?ref=pdf
https://doi.org/10.2217/nnm-2016-5001
https://doi.org/10.2217/nnm-2016-5001
https://doi.org/10.1002/anie.200805149
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c05452?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

dopant-controlled magnetic nanoparticles. Angew. Chem., Int. Ed.
2009, 48 (7), 1234—1238.

(3) Song, L.; Yan, C.; Zhang, W.; Wu, H,; Jia, Z.; Ma, M.; Xie, J.; Gu,
N.; Zhang, Y. Influence of Reaction Solvent on Crystallinity and
Magnetic Properties of MnFe,O, Nanoparticles Synthesized by
Thermal Decomposition. J. Nanomater. 2016, 2016 (1), No. 4878935.

(4) Provenzano, R; Schiller, B.; Rao, M.; Coyne, D.; Brenner, L;
Pereira, B. J. Ferumoxytol as an intravenous iron replacement therapy
in hemodialysis patients. Clin. J. Am. Soc. Nephrol. 2009, 4 (2), 386—
393.

(5) Park, Y.; Demessie, A. A.; Luo, A.; Taratula, O. R;; Moses, A. S,;
Do, P.; Campos, L.; Jahangiri, Y.; Wyatt, C. R;; Albarqi, H. A,; et al.
Targeted Nanoparticles with High Heating Efficiency for the
Treatment of Endometriosis with Systemically Delivered Magnetic
Hyperthermia. Small 2022, 18 (24), No. ¢2107808.

(6) Dutz, S.; Hergt, R. Magnetic nanoparticle heating and heat
transfer on a microscale: Basic principles, realities and physical
limitations of hyperthermia for tumour therapy. Int. J. Hyperthermia
2013, 29 (8), 790—800.

(7) Adibzadeh, F.; Paulides, M. M.; van Rhoon, G. C. SAR
thresholds for electromagnetic exposure using functional thermal dose
limits. Int. J. Hyperthermia 2018, 34 (8), 1248—1254.

(8) Kolhatkar, A. G.; Jamison, A. C.; Litvinov, D.; Willson, R. C.;
Lee, T. R. Tuning the Magnetic Properties of Nanoparticles. Int. J.
Mol. Sci. 2013, 14 (8), 15977—16009.

(9) Issa, B,; Obaidat, I. M, Albiss, B. A; Haik, Y. Magnetic
Nanoparticles: Surface Effects and Properties Related to Biomedicine
Applications. Int. J. Mol. Sci. 2013, 14 (11), 21266—2130S.

(10) Lavorato, G. C.; Das, R; Alonso Masa, J.; Phan, M.-H.;
Srikanth, H. Hybrid magnetic nanoparticles as efficient nanoheaters in
biomedical applications. Nanoscale Adv. 2021, 3 (4), 867—888.

(11) Wu, L,; Mendoza-Garcia, A; Li, Q; Sun, S. Organic Phase
Syntheses of Magnetic Nanoparticles and Their Applications. Chem.
Rev. 2016, 116 (18), 10473—10512.

(12) Cotin, G; Perton, F.; Blanco-Andujar, C.; Pichon, B.; Mertz,
D.; Bégin-Colin, S. Chapter 2 - Design of Anisotropic Iron-Oxide-
Based Nanoparticles for Magnetic Hyperthermia. In Nanomaterials for
Magnetic and Optical Hyperthermia Applications; Fratila, R. M.; De La
Fuente, J. M., Eds.; Elsevier, 2019; pp 41—60.

(13) Jalili, H.; Aslibeiki, B.; Ghotbi Varzaneh, A.; Chernenko, V. A.
The effect of magneto-crystalline anisotropy on the properties of hard
and soft magnetic ferrite nanoparticles. Beilstein J. Nanotechnol. 2019,
10, 1348—1359.

(14) Fantechi, E.; Campo, G.; Carta, D.; Corrias, A.; de Julidn
Fernindez, C.; Gatteschi, D.; Innocenti, C.; Pineider, F.; Rugi, F,;
Sangregorio, C. Exploring the Effect of Co Doping in Fine Maghemite
Nanoparticles. J. Phys. Chem. C 2012, 116 (14), 8261—8270.

(15) Dogan, N.; Dogan, O. M,; Irfan, M.; Ozel, F.; Kamzin, A. S,;
Semenov, V. G.; Buryanenko, I. V. Manganese doped-iron oxide
nanoparticles and their potential as tracer agents for magnetic particle
imaging (MPI). J. Magn. Magn. Mater. 2022, 561, No. 169654.

(16) Lee, J.-H.; Huh, Y.-M,; Jun, Y.-w.; Seo, J.-w.; Jang, J.-t;; Song,
H.-T,; Kim, S; Cho, E.J; Yoon, H.-G; Suh, J.-S; Cheon, J.
Artificially engineered magnetic nanoparticles for ultra-sensitive
molecular imaging. Nat. Med. 2007, 13 (1), 95—99.

(17) Liu, D.; Yang, W.; Zhang, B. Magnetic Resonance Imaging and
Its Molecular Probes in Evaluating the Response to Tumor Treatment
Nano Biomed. Eng. 2024, DOI: 10.26599/NBE.2024.9290073.

(18) Yang, L.; Zhou, Z.; Liu, H.; Wu, C.; Zhang, H.; Huang, G.; Ai,
H.; Gao, J. Europium-engineered iron oxide nanocubes with high T,
and T, contrast abilities for MRI in living subjects. Nanoscale 2015, 7
(15), 6843—6850.

(19) Jeon, M.; Halbert, M. V.; Stephen, Z. R.; Zhang, M. Iron Oxide
Nanoparticles as T; Contrast Agents for Magnetic Resonance
Imaging: Fundamentals, Challenges, Applications, and Prospectives.
Adv. Mater. 2021, 33 (23), No. e1906539.

(20) Jeun, M.; Lee, S.; Kyeong Kang, J.; Tomitaka, A.; Wook Kang,
K,; 11 Kim, Y.; Takemura, Y.; Chung, K.-W.; Kwak, J.; Bae, S. Physical
limits of pure superparamagnetic Fe;O, nanoparticles for a local

hyperthermia agent in nanomedicine. Appl. Phys. Lett. 2012, 100 (9),
No. 092406, DOI: 10.1063/1.3689751.

(21) Maier, A,; van Oossanen, R;; van Rhoon, G. C.; Pignol, J.-P.;
Dugulan, I; Denkova, A. G.; Djanashvili K. From Structure to
Function: Understanding Synthetic Conditions in Relation to
Magnetic Properties of Hybrid Pd/Fe-Oxide Nanoparticles. Nano-
materials 2022, 12 (20), 3649.

(22) van Oossanen, R.; Maier, A.; Godart, J.; Pignol, J. P.; Denkova,
A. G.; van Rhoon, G. C.; Djanashvili, K. Magnetic hybrid Pd/Fe-oxide
nanoparticles meet the demands for ablative thermo-brachytherapy.
Int. J. Hyperthermia 2024, 41 (1), No. 2299480.

(23) Maier, A.; Djanashvili, K;; Denkova, A. G.; van Rhoon, G. C;
Pignol, J.-P.; van Oossanen, R. Synthesis of Hybride Palladium(103)/
Iron Oxide Nanoparticles for Thermobrachy Therapy. European
Patent Application No. 2029314, 2021 DOIL: October 4.

(24) Sytnyk, M.; Kirchschlager, R.; Bodnarchuk, M. L; Primetzhofer,
D.; Kriegner, D.; Enser, H.; Stang], J.; Bauer, P.; Voith, M.; Hassel, A.
W.; et al. Tuning the Magnetic Properties of Metal Oxide Nanocrystal
Heterostructures by Cation Exchange. Nano Lett. 2013, 13 (2), S86—
593.

(25) Lin, F.-h.; Chen, W.; Liao, Y.-H.; Doong, R.-a; Li, Y. Effective
approach for the synthesis of monodisperse magnetic nanocrystals
and M-Fe;0, (M = Ag, Au, Pt, Pd) heterostructures. Nano Res. 2011,
4 (12), 1223—1232.

(26) Mazumder, V.; Sun, S. Oleylamine-Mediated Synthesis of Pd
Nanoparticles for Catalytic Formic Acid Oxidation. J. Am. Chem. Soc.
2009, 131 (13), 4588—4589.

(27) Fantechi, E.; Roca, A. G.; Septilveda, B.; Torruella, P.; Estradé,
S.; Peird, F.; Coy, E.; Jurga, S.; Bastas, N. G.; Nogués, J.; Puntes, V.
Seeded Growth Synthesis of Au— Fe;O, Heterostructured Nano-
crystals: Rational Design and Mechanistic Insights. Chem. Mater.
2017, 29 (9), 4022—403.

(28) Sun, S; Zeng, H.; Robinson, D. B,; Raoux, S.; Rice, P. M,;
Wang, S. X; Li, G. Monodisperse M Fe,0O, (M = Fe, Co, Mn)
Nanoparticles. . Am. Chem. Soc. 2004, 126 (1), 273—279.

(29) Mohapatra, J.; Xing, M.; Liu, J. P. Magnetic and hyperthermia
properties of CoxFe;-xO, nanoparticles synthesized via cation
exchange. AIP Adv. 2018, 8 (S), No. 056725, DOIL: 10.1063/
1.5006515.

(30) Jin, Y; Jia, C; Huang, S.-W.; O’Donnell, M, Gao, X.
Multifunctional nanoparticles as coupled contrast agents. Nat.
Commun. 2010, 1 (1), No. 41.

(31) Barral, J. K;; Gudmundson, E.; Stikov, N.; Etezadi-Amoli, M.;
Stoica, P.; Nishimura, D. G. A robust methodology for in vivo T,
mapping. Magn. Reson. Med. 2010, 64 (4), 1057—1067.

(32) Song, Q; Ding, Y.; Wang, Z.; John, Z. Tuning the Thermal
Stability of Molecular Precursors for the Nonhydrolytic Synthesis of
Magnetic Mn Fe,O, Spinel Nanocrystals. Chem. Mater. 2007, 19 (19),
4633—4638, DOI: 10.1021/cm0709900.

(33) Verwey, E. J. W. Electronic Conduction of Magnetite (Fe;0,)
and its Transition Point at Low Temperatures. Nature 1939, 144
(3642), 327-328.

(34) He, K; Chen, N.; Wang, C.; Wei, L.; Chen, J. Method for
Determining Crystal Grain Size by X-Ray Diffraction. Cryst. Res.
Technol. 2018, 53 (2), No. 1700157.

(35) Mornet, S.; Vasseur, S.; Grasset, F.; Duguet, E. Magnetic
nanoparticle design for medical diagnosis and therapy. J. Mater. Chem.
2004, 14 (14), 2161-2178.

(36) Ganapathe, L. S.; Mohamed, M. A; Mohamad Yunus, R;
Berhanuddin, D. D. Magnetite (Fe;O,) Nanoparticles in Biomedical
Application: From Synthesis to Surface Functionalisation. Magneto-
chemistry 2020, 6 (4), 68.

(37) Li, M,; Bao, J.; Zeng, J.; Huo, L.; Shan, X;; Cheng, X; Qiu, D.;
Miao, W.; Zhu, X,; Huang, G.; et al. Engineering manganese ferrite
shell on iron oxide nanoparticles for enhanced T, magnetic resonance
imaging. J. Colloid Interface Sci. 2022, 626, 364—373.

(38) Stefani, C.; Langenberg, E.; Cordero-Edwards, K.; Schlom, D.
G.; Catalan, G.; Domingo, N. Mechanical reading of ferroelectric

https://doi.org/10.1021/acsanm.4c05452
ACS Appl. Nano Mater. 2024, 7, 27465—-27475


https://doi.org/10.1002/anie.200805149
https://doi.org/10.1155/2016/4878935
https://doi.org/10.1155/2016/4878935
https://doi.org/10.1155/2016/4878935
https://doi.org/10.2215/CJN.02840608
https://doi.org/10.2215/CJN.02840608
https://doi.org/10.1002/smll.202107808
https://doi.org/10.1002/smll.202107808
https://doi.org/10.1002/smll.202107808
https://doi.org/10.3109/02656736.2013.822993
https://doi.org/10.3109/02656736.2013.822993
https://doi.org/10.3109/02656736.2013.822993
https://doi.org/10.1080/02656736.2018.1424945
https://doi.org/10.1080/02656736.2018.1424945
https://doi.org/10.1080/02656736.2018.1424945
https://doi.org/10.3390/ijms140815977
https://doi.org/10.3390/ijms141121266
https://doi.org/10.3390/ijms141121266
https://doi.org/10.3390/ijms141121266
https://doi.org/10.1039/D0NA00828A
https://doi.org/10.1039/D0NA00828A
https://doi.org/10.1021/acs.chemrev.5b00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3762/bjnano.10.133
https://doi.org/10.3762/bjnano.10.133
https://doi.org/10.1021/jp300806j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp300806j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jmmm.2022.169654
https://doi.org/10.1016/j.jmmm.2022.169654
https://doi.org/10.1016/j.jmmm.2022.169654
https://doi.org/10.1038/nm1467
https://doi.org/10.1038/nm1467
https://doi.org/10.26599/NBE.2024.9290073
https://doi.org/10.26599/NBE.2024.9290073
https://doi.org/10.26599/NBE.2024.9290073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5NR00774G
https://doi.org/10.1039/C5NR00774G
https://doi.org/10.1002/adma.201906539
https://doi.org/10.1002/adma.201906539
https://doi.org/10.1002/adma.201906539
https://doi.org/10.1063/1.3689751
https://doi.org/10.1063/1.3689751
https://doi.org/10.1063/1.3689751
https://doi.org/10.1063/1.3689751?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/nano12203649
https://doi.org/10.3390/nano12203649
https://doi.org/10.3390/nano12203649
https://doi.org/10.1080/02656736.2023.2299480
https://doi.org/10.1080/02656736.2023.2299480
https://doi.org/10.1021/nl304115r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl304115r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12274-011-0173-2
https://doi.org/10.1007/s12274-011-0173-2
https://doi.org/10.1007/s12274-011-0173-2
https://doi.org/10.1021/ja9004915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9004915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b00608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b00608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0380852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0380852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5006515
https://doi.org/10.1063/1.5006515
https://doi.org/10.1063/1.5006515
https://doi.org/10.1063/1.5006515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5006515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms1042
https://doi.org/10.1002/mrm.22497
https://doi.org/10.1002/mrm.22497
https://doi.org/10.1021/cm070990o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm070990o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm070990o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm070990o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/144327b0
https://doi.org/10.1038/144327b0
https://doi.org/10.1002/crat.201700157
https://doi.org/10.1002/crat.201700157
https://doi.org/10.1039/b402025a
https://doi.org/10.1039/b402025a
https://doi.org/10.3390/magnetochemistry6040068
https://doi.org/10.3390/magnetochemistry6040068
https://doi.org/10.1016/j.jcis.2022.06.118
https://doi.org/10.1016/j.jcis.2022.06.118
https://doi.org/10.1016/j.jcis.2022.06.118
https://doi.org/10.1063/5.0059930
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c05452?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

polarization. J. Appl. Phys. 2021, 130 (7), No. 074103, DOI: 10.1063/
5.0059930.

(39) Kielhorn, J.; Melber, C.; Keller, D.; Mangelsdorf, I. Palladium -
a review of exposure and effects to human health. Int. J. Hyg. Environ.
Health 2002, 205 (6), 417—432.

(40) Evans, G. R;; Masullo, L. N. Manganese Toxicity. In StatPearls;
Treasure Island (FL), 2024.

(41) Keen, C. L.; Zidenberg-Cherr, S. Manganese. In Encyclopedia of
Food Sciences and Nutrition (Second ed.); Caballero, B., Ed.; Academic
Press, 2003; pp 3686—3691.

(42) Mohammadi, Z.; Shalavi, S.; Jafarzadeh, H. Ethylenediaminete-
traacetic acid in endodontics. Eur. J. Dent. 2013, 7 (Suppl 1), S135—
S142.

27475

https://doi.org/10.1021/acsanm.4c05452
ACS Appl. Nano Mater. 2024, 7, 27465—-27475


https://doi.org/10.1063/5.0059930
https://doi.org/10.1063/5.0059930?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0059930?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1078/1438-4639-00180
https://doi.org/10.1078/1438-4639-00180
https://doi.org/10.4103/1305-7456.119091
https://doi.org/10.4103/1305-7456.119091
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c05452?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

