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Development of manganese

ferrite coated with Prussian blue

as an efficient contrast agent for
applications in magnetic resonance
Imaging
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Magnetic iron oxide nanoparticles are frequently utilized as contrast agents in magnetic resonance
imaging (MRI). However, the release of iron ions leads to the formation of reactive oxygen species
(ROS), resulting in cell damage. In this study, we developed MRI contrast agents containing amine-
functionalized MnFe,O, nanoparticles with a Prussian blue (PB) surface coating to enhance their
biocompatibility. The prepared MNPs were embedded in polyvinylpyrrolidone and dried. The resulting
crystals can be redispersed in water immediately before use, forming a stable colloid. The particle

size of nanoparticles (43 +13 nm) is suitable for the intended application. The values of Hc (52 Oe)

and Mr (3.7 emu/g) for the particles indicate a soft ferromagnetic nature. The coating of the particles
with PB results in a significant reduction of their toxicity, as evidenced by a toxicological test on
HEK293 cells. This colloid was tested in vitro as an MRI contrast agent as well as in healthy animal. The
longitudinal relaxivity (r,) of the PB-MnFe,0,-NH, sample was determined to be 0.01 (mg/mL)'ms™1.
The transversal relaxivity was measured as well (r,: 0.77 (mg/mL)*ms™* and r,*: 1.48 (mg/mL)'ms™?,
which were in the same range as Feraheme and Endorem. Prussian blue-coated MnFe,O, emerges

as a promising T2-weighted contrast material, representing a novel combination of two well-known
contrast-capable materials.
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Various magnetic nanoparticles are being investigated in many biomedical fields, such as MRI contrast agents
and targeted drug delivery systems, owing to their biocompatibility and potential for the controlled release
of therapeutic agents and hyperthermia treatment!-®. Magnetic nanomaterials are used in various sample
preparation operations in which the component to be measured is extracted by magnetic separation, such
as the isolation of macromolecules, for example, DNA and glycans’"!°. In magnetic resonance imaging, Gd
chelate complexes are increasingly being displaced by iron oxide-based magnetic nanoparticles in clinical
applications. The use of Gd-based contrast agents raises toxicity issues due to the unexpected release of free
Gd ions in the body'"!2. The iron oxide-based magnetic nanoparticles, especially superparamagnetic ones,
including magnetite, maghemite, and the various ferrite nanoparticles, are well usable as MRI contrast agent
instead the above-mentioned Gd complex, owing to their biocompatibility'*!%. However, problems can also
arise with magnetic iron oxide contrast agents. Undesirable side effects have been reported with commonly
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used commercially available iron oxide contrast agents, including local pain, hypotension, hypersensitivity,
anaphylactic shock, vasodilatation, and paresthesia'®. Due to the health risks and side effects mentioned above,
ferumoxide (Feridex, Endorem) and ferucarbotran (Ciavist, Resovist) were withdrawn from the market in 2008
and 2009'*716. For magnetite and maghemite-based contrast agents, the aim should be to ensure successful
imaging in MRI scans with the lowest possible dose. These contrast agents can cause iron overload, resulting in
the increased production of reactive oxygen species (ROS) via Fenton and Haber-Weiss reactions, which can
cause intracellular damage!”~2*. The toxicity of magnetic nanoparticles can be reduced by adding biocompatible
layers on the surface (e.g., HSA)?>?°. Another way to reduce toxicity is to use complexing agents to make the
surface of the particles chemically resistant, preventing iron leaching. A promising complexing agent is potassium
hexacyanoferrate, which forms a chemically inert complex with Fe(II) and other divalent transition metal ions.
Prussian blue, also known as iron(II) iron(III) octadecacyanide (Fe'™,[Fe"(CN)],), is a biocompatible complex
with a wide range of applications in both nanomedicine and imaging diagnostics?’. Maghemite nanoparticles
treated with a potassium hexacyanoferrate complexing agent can be coated with a Prussian blue layer on
their surface, thus biocompatibility is ensured®®. Prussian blue analogues are easy to prepare since potassium
hexacyanoferrate complexes efficiently with other divalent transition metal ions such as zinc(II), copper(II),
manganese(II), cobalt(I), etc., forming chemically stable transitional metal hexacyanoferrate complexes?®~3!.
The production of the Pussian blue coating mentioned for maghemite may be feasible on other magnetic
nanoparticles such as transition metal ferrites (MFe,O,, where M: Cu(II), Mn(II), Co(II), Zn(II), etc.), which
are spinel-type magnetic metal oxides**~**. These magnetic nanomaterials are well-suited as T2 MRI contrast
agents®~. The aforementioned MFe,O, spinel-type magnetic nanoparticles can be prepared in various ways,
including solvothermal, coprecipitation, sonochemical, microemulsion, or hydrothermal synthesis38‘43. Amine
functional groups® or various coatings® can be formed on the surface of ferrite nanoparticles. An efficient
and high-yield synthesis method for amine-functionalized magnesium ferrite nanoparticles is the solvothermal
method*. In the solvothermal method, ethylene glycol (EG), polyethylene glycol (PEG), or a mixture of ethanol
and EG-water in the presence of surfactants and sodium acetate are used as the reaction medium. These synthesis
methods yield nanoparticles with similar morphologies*~*”.

Our work aims to develop a Prussian blue-coated MnFe,O, type T2 contrast material embedded in a
biocompatible polymer, which can be stored in solid form for a long time (for years) and easily redissolved in an
aqueous medium. For nanoparticles embedded and dried in a PVP polymer, a shelf life of several years can be
designated. However, when SPIO colloidal systems are in an aqueous environment, the potential for aggregation
must be considered. This issue is not present in dried and re-dispersible contrast agents. In the case of solid, well
dispersible formulations, concerns regarding the adverse effects of temperature fluctuations (or freezing) on
colloid stability are not relevant, in contrast to the case of aqueous medium contrast agents.

Results and discussion

Formation mechanism of the amine functionalized manganese ferrite nanoparticles

The formation of manganese ferrite nanoparticles is assisted by the transformation of monoethanolamine
(MEA), as the presence of manganese(Il) ions reduces the thermal decomposition temperature of MEA,
releasing ammonia*®. Furthermore, Rochell has shown that the presence of Fe(III) ions promotes the oxidative
degradation of MEA. During this process, an aminium radical is formed, which is deprotonated to an imine
radical that is further degraded to ammonia and aldehyde (hydroxyacetaldehyde) via imine?’. The alkaline
conditions lead to the formation of Fe(OH), and Mn(OH),, which can be transformed into MnFe,O, through
dehydration.

NH, CH,CH,OHFe* and — HT HoN*= CH — CH, — OH + H,0 Fe*Tand — HT HOCH,CHO + NHj
_ _

NHs + H,O — NHJ + OH™
Fe’* + 30H™ — Fe(OH),
Mn** + 20H™ — Mn (OH),
Mn (OH), + 2Fe (OH), — MnFe;04 + 4H0

Characterization of the MnFe,0,-NH, nanoparticles
TEM measurements were carried out on manganese ferrite nanoparticles, which formed clustering structures
with a diameter of 43+ 13 nm (Fig. 1a and b). These clustering structures show high integrity, with spherical
structures built from smaller individual ferrite nanoparticles (Fig. 1c). The production of the same aggregated
spherical particles has been reported by several research groups in the polyol-based solvothermal synthesis of
manganese ferrite®*->2 The crystallization of the smaller ferrite nanoparticles into the greater spherical structures
seen in the TEM image is a typical phenomenon for other ferrites also (NiFeZO » CoFe,0,, MgFe O, ZnFe,O,
etc.) and magnetite prepared by polyol method in ethylene glycol medium. Nonkumwong et al. have prepared
amine-functionalized magnesium ferrite nanoparticles using the same method as ours, with morphologies very
similar to those of our manganese ferrite nanoparticles™. Similar spherical aggregates were formed when urea
(as an ammonia source) was used in the solvothermal synthesis of zinc ferrite, nickel ferrite and cobalt ferrite in
ethylene glycol medium?®*. Similar spherical aggregates were also produced from copper ferrite by Castilla, using
ethylene glycol sodium acetate and polyethylene glycol as reactants in addition to metal precursors®.

Based on the XRD results, the crystallite sizes were calculated using full width at half maximum (FWHM),
with an average crystallite size of 5+2 nm. The ferrite particles were examined by selected area electron
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Fig. 1. TEM picture of the MnFe,O,-NH, clustering structures (a) and their size distribution histogram

(b) HRTEM picture of the cluster which built from smaller, individual manganese ferrite nanoparticles (c)

SAED picture of the nanoparticles with the Miller indices (d) and the Miller indexed reflexions on X-ray
diffractogram (e) of the MnFe,O,-NH, nanoparticles.

diffraction (SAED), and the nanoparticles in the HRTEM pictures were identified as MnFe,O, spinel (Fig. 1d).
The measured d-spacing values were correlated with the d-values in X-ray databases, specifically the powder
diffraction file of the jacobsite (PDF 74-2403) spinel structure (Fig. 1d). On the X-ray diffractogram, reflection
peaks were located at 18.2° (111), 29.9° (220), 35.2° (311), 42.4° (400), 52.7° (422), 56.4° (511), and 61.6° (440)
two theta degrees, which match the peaks corresponding to the manganese ferrite phase (PDF 74-2403) (Fig. le).
No other metal oxide phases were found in the sample. The polyol-based solvothermal synthesis method is well
suited for the production of pure ferrite phases, and there are many examples in the literature not only for
manganese ferrite, but also for zinc ferrite, cobalt ferrite, nickel ferrite and magnesium ferrite, which can be
produced without impurities®>>%4,

In the high-angle annular dark-field (HAADF) image, the manganese ferrite nanoparticles appear in sharp
contrast (Fig. 2a). The elemental maps show that the positions of iron, manganese, and oxygen elements are the
same in the detected area (Fig. 2b, c and d). This suggests that iron, manganese, and oxygen are present as ferrite
in the sample, with no signs of iron and manganese separately on the elemental map. The presence of nitrogen in
the elemental maps can be explained by the presence of ethanolamine molecules on the surface of the MnFe,O,
nanoparticles (Fig. 2e). The energy-dispersive X-ray spectrum (EDS) identified the elements that make up the
ferrite structure, namely manganese, iron, and oxygen (Fig. 2f). In addition to the ferrite components, a band of
copper is also visible in the spectrum, due to the material of the sample holder grid used in electron microscopy.
The source of the carbon is partly a carbon layer on the surface of the TEM grid and partly organic molecules
(ethylene glycol and ethanolamine) adsorbed on the surface of the nanoparticles.

Characterization of the Prussian blue modified MnFe,O,-NH, nanoparticles

The MnFe,O,-NH, PB samples were also examined by HRTEM. The TEM images show that the morphological
characteristics of the untreated and Prussian blue-coated manganese ferrite samples were different (Fig. 3a).
As detailed above, the manganese ferrite nanoparticles, which are 5+2 nm in size (as measured by XRD),
crystallize into spherical aggregates that can be disintegrated by the complexing agent. The degree of integrity
of the spherical nanoclusters was reduced in the case of the Prussian blue-coated sample (PB-MnFe,0,-NH,)
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Fig. 2. HAADEF picture of the amine-functionalized ferrite particles (a) and their constituent elements (Mn,
Fe, O, N) on element maps (b-e) and EDS with the components (f) of the MnFe,O,-NH, nanoparticles.

Fig. 3. HRTEM picture of the untreated cluster structures MnFe,O,-NH, particles, (a) and the PB-

MnFe,O,-NH, (b) nanoparticles, which have not maintained their integrity and have broken up into smaller
nanoparticles.
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(Fig. 3b). The nanoclusters seen in the untreated manganese ferrite (MnFe,O,-NH,) samples were dispersed into
small crystallites by the complexation effect.

The phase structure of the PB-MnFe,O ,-NH, nanoparticles were examined by XRD (Fig. 4). The diffractogram
identified reflections characteristic of the jacobsite (MnFe,O,) phase, located at 18.2° (111), 29.8° (220), 34.9°
(311), 42.8° (400), 52.8° (422), 56.4° (511), and 61.7° (440) two theta degrees. The quantity of manganese ferrite
is 43 wt% (PDF 74-2403) (Fig. 4). Other peaks are located at 17.6° (200) and 24.9° (220) two theta degrees,
which belong to the Prussian blue, with a quantity of 7.3 wt% (PDF 73-0687). Gogen et al. observed also these
reflexions in the case of Prussian blue-coated magnetite nanoparticles, at 17.40° and 24.76° (20 degrees)*.

However, owing to the deposition of Prussian blue on the manganese ferrite particles, the phase composition
changed, forming other compounds alongside the Fe,[Fe(CN)], phase. The characteristic reflections of
magnetite were identified on the diffractogram at 18.5° (111), 30.1° (220), 35.5° (311), 43.1° (400), 53.4° (422),
57.1° (511), and 62.5° (440) two theta degrees (PDF 19-629). The quantity of magnetite is 45.4 wt%. Similar to
our method, Thammawong et al. deposited a Prussian blue coating on the surface of magnetite nanoparticles
using K, [Fe(CN),] by ultrasonication®. They also examined the sample by XRD and found no impurities next
to the Prussian blue and magnetite phases. The procedure we used differs in that after forming the Prussian blue
coating on the surface of the MnFe,O, particles by ultrasonication, we added FeCl, solution to further increase
the amount of Prussian blue on the nanoparticles. It can be assumed that a small fraction of the manganese
ions was complexed with potassium hexacyanoferrate, so that part of the manganese ferrite was converted to
magnetite, but manganese(II) ferrocyanide or other Prussian blue analogue of manganese was not detected in
the XRD measurements. The absence of the Mn-containing Prussian blue complex is explained by the position
of the Mn(II) ion in the Irving-Williams Series®®. As the ionic radius decreases from Mn(II) to Zn(II) within the
period, the stability of the complex increases. Furthermore, the crystal field stabilization energy (CFSE) increases
from Mn(II) towards Ni(II), which also increases the stability of the complex. A similar observation was made
by Risset et al. who synthesized Mn-containing Prussian blue analogue, Rb, Mn,[Fe(CN) ], ,-4.8H,0 particles,
during the production of Rb; , M, [Fe(CN)], -7.2H,0 PBA hollow nanoparticles®®. But manganese contained
impurities were found in the sample at 4.3 wt% (potassium manganese chloride and manganese chloride urea
complex) alongside the main phases (PDF 76-0970 and PDF 30-0810).

To confirm the existence of a manganese ferrite structure and the presence of a Prussian blue coating,
XPS measurements were performed. The XPS spectra of the MnFe,O,-NH, sample identified peaks of iron,
manganese, oxygen, nitrogen, and carbon (Fig. 5a). The high-resolution Mn 2p spectrum contained two
characteristic peaks at 641.2 eV and 653.2 eV binding energies, which are characteristic for Mn 2p, , and
Mn 2p, ,, confirming the presence of divalent®® Mn ions (Mn?*) in the MnFe,O, spinel (Fig. 5b)>"!. The +2
oxidation state of manganese is also supported by the difference in the positions of the two peaks resulting from
the cleavage of the Mn 3s band (SI Fig. 1). The Mn 3s bands show an intensity maximum at binding energies of
88.7 eV and 82.6 eV, with a difference (AE) of 6.1 eV, supporting the presence of Mn(II)®2. The Fe 2p spectra of
the non-modified amine-functionalized manganese ferrite and its Prussian blue-coated counterpart show the Fe
2p, , and Fe 2p, , multiplets at 724.6 and 711 eV binding energy values, respectively (Fig. 5¢c). These peaks, along
with the satellites (at 733.2 and 719.1 eV), indicate that Fe is present in the form of trivalent (Fe>+)>1:63,

25 30 35
2 O degree (°)

Fig. 4. X-ray diffractogram of the PB-MnFe,O -NH, sample, and the Miller indexed reflexions of the crystal
phases present in the sample such as magnetite, manganese ferrite and Prussian blue.
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Fig. 5. XPS results: survey spectrums of the MnFe,O, and PB-MnFe,O,-NH, nanoparticles (a) Mn 2p bands
of the divalent Mn ions (Mn?*) in the MnFe,O, spinel (b), Fe 2p peaks indicate the form of trivalent iron
(Fe**) (c), N 1s band origin from the amine functional groups (C-N) and N=C bonds in the Fe'™,[Fel(CN) ],
(d), O1 s band of the lattice oxide and functional groups in the PB-MnFe,O,-NH, (e) and C 1s band of the
adsorbed organic molecules and Prussian blue in the PB-MnFe,O,-NH, (f).

(n/n)% Cls |Fe3p |[Mn3p | N1s | Ols | K2p | Fe 3p/Mn 3p
MnFe,0-NH, [220 |166 |82 |08 |525 |- 2.0
MnFe,O,-NH, PB | 26.5 | 15.3 5.8 4.2 475 0.7 2.6

Table 1. Surface mole percent (n/n%) of the elements in the MnFe,O,-NH, and MnFe,O,-NH, PB.

The presence of divalent manganese (Mn?*) and trivalent iron (Fe**) confirms the chemical composition of
MnFe,O,. This is further confirmed by the iron to manganese ratio of 2.0 (16.6 (n/n)% Fe and 8.2 (n/n)% Mn),
corresponding to the stoichiometric ratios in the manganese ferrite (Table 1.). It was confirmed by XRD results,
which indicated the presence of manganese ferrite spinel only; no other metal oxides were found (Fig. 4).

In contrast, the Fe: Mn ratio for manganese ferrite modified with Prussian blue is 2.6 (15.3 (n/n)% Fe
and 5.8 (n/n)% Mn) this iron excess being explained by the presence of iron(II) iron(III) octadecacyanide
(Fe',[Fel(CN),],) and the magnetite phase, which was also identified by XRD measurement (Fig. 4).

Potassium was also measurable in the PB-MnFe,O,-NH, sample at 0.7 (n/n)% amounts, due to the use of
potassium hexacyanoferrate. A significant increase in nitrogen content (from 0.8 n/n% to 4.2 n/n%) is observed
for the Prussian blue-modified manganese ferrite due to its nitrogen content (Table 1).

The aforementioned mentioned nitrogen in 0.8 (n/n)% is found in the C-N bonds of the amine functional
groups in the MnFe,O,-NH, sample (Fig. 5D). In contrast, in the MnFe,O,-NH, PB sample, an additional band
with high intensity was observed, contributing to the higher nitrogen content (4.2 n/n%) of the sample due to
the C=N bonds of the Fe'l,[Fe'!(CN) ], (Fig. 5d).
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The oxygen contents of the two manganese ferrite samples were similar (52.5 n/n% and 47.5 n/n%), found as
lattice oxide (at 530 eV), adsorbed water within the lattice (at 532.5 eV) and the hydroxyl groups of the adsorbed
organic molecules (ethylene glycol) at 531.5 eV binding energy (Fig. 5¢)°'. The proportion of oxygen from the
functional groups of organic compounds is about 6.3 (n/n)%, with the remaining 46.2 (n/n)% in metal oxides
(and adsorbed water) in the case of the MnFe,O,-NH, sample. The carbon content (22.0 n/n%) of the MnFe,O,-
NH, origin from the adsorbed ethylene glycol, ethanol amine (Fig. 5f) and, loosely bound adventitious carbon.
On the C 1s spectra of the Prussian blue coated sample are identified peaks at 284.8 eV, 286.1 eV, 287.6 eV and
288.6 eV binding energy values, characteristic of the C-C, C=N, C-OH, C-O-C, C=0 and O-C=0 bonds.
These originate from the adsorbed organic species, including the adventitious carbon and the Prussian blue
(Fig. 5f)°!. The presence of K 2p8 ,and K2p, , peaksat 293.2 eV and 295.9 eV is due to the presence of potassium
hexacyanoferrate, K,[Fe(CN)]**. The Fe(II) content of the Prussian blue in the PB-MnFe,O,-NH, sample can
be determined from the XPS spectrum by obtaining the difference spectrum of the Fe 2p spectra of the two
manganese ferrite samples (Fig. 6)°.

The functional groups on the surface of the amine-functionalized manganese ferrite nanoparticles were
identified by Fourier transform infrared spectroscopy (FTIR) (Fig. 7a). In the FTIR spectra, two bands are found,
which contribute to the tetrahedral at 587 cm~! and octahedral complexes at 458 cm™! of the metal-oxygen bond
vibrations in the spinel structures. The band at 587 cm™! was assigned to the vibrations of the Fe*-~O?". The peak
at 458 cm™! represented the trivalent metal-oxygen vibration at the octahedral B-sites in the MnFe,0,-NH,
sample. The bands of these M-O vibrations are found in the FTIR spectra of another ferrites (CoFezO » Fe;0,
MgFe,0, NiFe,0,)*®. The bands between 890 cm™' belong to -CH, deformation vibration due to the presence
of the adsorbed organic compounds, ethanol amine or ethylene glycol from the solvothermal synthesis of the
MnFe,O,. The vC-O stretching vibration of the alcoholic groups originates from the adsorbed ethylene glycol,
similar to the BOH band at 1390 cm™! and vOH band at 3481 cm™!. The presence of the bands at 1627 cm™!
and 3320 cm™! wavenumbers originates from the bending and stretching vibration of the amine functional
groups. The C=C stretching vibration band was identified at 1583 cm~!, originating from the adsorbed organic
molecules. The presence of the adsorbed water molecules leads to a vibration band at 1662 cm™!. The two low-

— MnFe,0,-NH,
— PB-MnFe,0,-NH,
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Fig. 6. Difference X-Ray photoelectron spectrum of the Fe 2p spectra of the two manganese ferrite samples,
indicates the presence of the divalent iron content of the Prussian blue in the PB-MnFe,O,-NH, sample.
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Fig. 7. FTIR spectrum (a) and zeta potential distribution (b) of the MnFe,O,-NH, (marked blue) and PB-
MnFe,O,-NH, nanoparticles (marked red). The C=N bond characteristic of Prussian blue is marked with a
circle on the FTIR spectrum.

intensity peaks at 2850 cm™~! and 2930 cm™! were the symmetric and asymmetric stretching vibration modes
of the aliphatic and aromatic C-H bonds. The hydroxyl and amine functional groups on the surface of the
magnetic nanoparticles contribute to their good dispersibility in polar solvents, such as water. The protonation
and deprotonation processes of the -NH, and -OH groups contribute to the change in the surface charge of the
nanoparticles, thereby affecting their zeta potential. The measured zeta potential in distilled water was —9.2+3.4
mV (Fig. 7b). In the case of the PB-MnFe,0,-NH, sample, the presence of Prussian blue was confirmed by FTIR
measurement. The spectrum showed the characteristic stretching vibration of CN bonds in the Fe?*~CN-Fe**
fragment at 2065 cm™! wavenumber, alongside the previously detailed vibration bands®®-72. CN bonding leads
to a sharp and intense band in the FTIR spectrum, similar results have been obtained for magnetite particles
treated with Prussian blue?. In our experiment, the Prussian blue coating on the surface of the magnetic
nanoparticles was subsequently complexed, whereas Jomma et al. produced magnetite doped with Prussian
blue by one-step solvothermal synthesis”. In their experiment, potassium hexacianoferrate was added to an
ethylene glycol solution of Fe(III) chloride and then heated in an autoclave at 190 °C for 12 h. and K,Fe(CN),,
the above-mentioned vC=N band of high intensity appeared in the infrared spectrum of the sample, confirming
the presence of Prussian blue.

The average zeta potential of the PB-MnFe,O0,-NH, was —8,1+4, mV, very similar to the Prussian blue-free
manganese ferrite (Fig. 7b). Due to the moderate zeta potential, electrostatic stabilization is not sufficient for the
colloidal system to remain stable for a long time to ensure colloidal stability, steric stabilization was applied using
polyvinyl pyrrolidone (PVP).

Owing to the presence of PVP, the manganese ferrite nanoparticles are well dispersible in water (Fig. 8a).

The magnetization curve of the ferrite sample was measured at 303 K for a magnetic field of 11 kOe using a
vibrating-sample magnetometer (VSM). The magnetic saturation (Ms) reached 44 emu/g (Fig. 8b). This value
is smaller than the reported magnetization for bulk MnFe,O, (82 emu/g). The discrepancy originates from the
enhanced surface-to-volume ratio of nanoparticles, where the canted surface spins do not contribute to overall
magnetization’*. The magnetization curve shows a very small hysteresis loop with low coercivity (Hc) and low
remanent magnetization (Mr), as seen in the inset of Fig. 8b. The values of Hc (52 Oe) and Mr (3.7 emu/g) for
the MnFe,O,-NH, sample are small, indicating the soft ferromagnetic nature at room temperature (Fig. 8b).
Manganese ferrite with similarly soft ferromagnetic properties (Ms: 65.8 emu/g, Mr: 8.9 emu/g and Hc:70 Oe)
was prepared by Gao et al., with particle sizes in the 20-30 nm range””. Their synthesis method was different from
ours, they used an ammonia coprecipitation procedure from a solution of iron(III) chloride and manganese(1II)
chloride, after hydrothermal treatment was carried in distilled water at 180 °C. The coprecipitation procedure
supplemented with the above-mentioned hydrothermal treatment was applied by Karaagac et al., by varying
the temperature of the hydrothermal reaction between 100 and 220 °C, with a synthesis time of 4 h’°. As the
synthesis temperature increased, Ms values increased from 35 to 64 emu/g, Hc from 22 to 58 Oe and Mr from 1.6
to 8.5 emu/g. This indicates that it is easier to magnetize the nanoparticles synthesized at higher temperatures,
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Fig. 8. Dispersibility in water (a) and VSM curves (b) of the amine-functionalized MnFe,O, nanoparticles.
The magnified section of the VSM curve shows the hysteresis, i.e. the ferromagnetic property of the particles.

Sample ID. Synth. method d (nm) Ms (emu/g) | Mr (emu/g) | Hc (Oe) | Ref.
MnFe,0, Solvothermal 43 44 3.7 52 This work
S100 16.1 34 1.6 22

S120 Hydrothermal 15.4 49 3.0 28 76
S1 1.8 16 0.1 1.0

MnFe,0, Hydrothermal 23 65.8 8.9 70 7
MF sol-gel auto-combustion process | 35 78.2 316 56.1 77
MnFe,0, thermal decomposition method | 10.4 33 0 0 78
MnFe,0, hydrothermal method 20-30 nm | 43.89 0 0 7
PO thermal decomposition 6.5 26.6 0 0 80
MnFe,0, co-precipitation 4.7 55 0 0 8t
MnFe,O, Solvothermal method 200-400 |75 1.2 12 82
MnFe,O, co-precipitation 5 69 0 0 8
MnFe,0, (573) | thermal decomposition 11.2 72 0.1 0.7 84
MENP, 16.1 15.9 1.7 94.1

MENP co-precipitation technique 14.4 14.3 1.6 95.2 85
MFNP, 11.5 14.8 1.6 93.7

MnFe,O, ball milling technique 8.4 41 0 0 86

Table 2. Comparison of the coercivity, saturation magnetization, and particle size of the different ferrite
nanoparticles.

we carried out the synthesis at 198 °C, at the boiling point of ethylene glycol, at atmospheric pressure and
obtained 44 emu/g Ms at 52 Oe coercivity, these values fit well into the ranges mentioned above.

The magnetization properties of manganese ferrite samples prepared by different synthesis methods are
summarized in Table 2. It is observed that, the specific magnetization ranges of the MnFe,O, from ~ 16 emu/g
to ~ 78 emu/g, are associated with the particle size and crystal structure (Table 2).

DLS tests were carried out in distilled water at pH 6.1 to study the colloidal stability of the PVP-stabilized
nanoparticles. For the measurement, a 10 mg sample (PB-MnFe,O,-NH, particles dried in PVP) was
dispersed in 2 mL distilled water. The PB-MnFe,O,-NH, samples were colloidally stable. DLS estimated the
mean hydrodynamic diameter (intensity-based harmonic average) of PB-MnFe,0,-NH, to be 140+2 nm
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(average + SD), which had only marginally altered over time. The results indicate that there was no substantial
change in the colloidal phase over the 3.5 h of testing. The PB- MnFe,0,-NH, nanoparticles did not flocculate
or aggregate, as indicated by the computed 0.163+0.018 summarized polydispersity index (PDI) (Fig. 9.). The
above tests were necessary to ensure that the colloid remained stable for the 3 h prior to use, and our tests
confirmed this. The contrast agent, when dried in PVP carrier, retains its stability for a very long time, which
can be dissolved immediately and rapidly before polymer use, this provides steric stability for the nanoparticles
dispersed in the aqueous medium. The chains of polymer molecules adsorbed on the surface of the particles
prevent the nanoparticles from approaching each other and aggregating within range of distance for Van der
Waals force.

Test results of PB-MnFe,0,-NH, contrast agent in magnetic resonance imaging

The purpose of in vitro measurements is to obtain approximate information about how a sample behaves in
solution in a high magnetic field before in vivo measurements. From this measurement, theoretical calculations
can be made to obtain the relaxivity of the samples, which is a good predictor of the sequence in which the
material will be used (positive-illuminating or negative-darkening contrast agent). In vitro MRI measurements
were performed on five different ferrite concentrations (0.01, 0.02, 0.05, 0.1, 0.2, 1 mg/mL). The Prussian blue-
coated manganese ferrite samples were examined.

In vitro MRI measurements

The aim of the in vitro MRI measurements was to determine the capabilities of the PB-MnFe,O,-NH, PVP to be
used as an MRI contrast agent. The essential property of MRI contrast agents is relaxivity, the ability to modify
the relaxation time (T'1, T2 and T2*) of the medium per unit concentration. For this, a standardized method was
used, previously described in our published work®”8.

Size-distribution of PB-MnFe,O,-NH, nanoparticles

—=— (0 min
—e— 30 min
—4&— 60 min
—v— 120 min
—— 210 min

I
100 200 300 400 500
Particle diameter (nm)

Fig. 9. The size-distribution shift over time in the PB-MnFe,0,-NH, samples. No significant change is visible
over the measured time.
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Five PB-MnFe,O,-NH,-PVP samples with different ferrite concentrations (0.01, 0.02, 0.05, 0.1 and 0.2 mg/
mL) were diluted in distilled water, poured in 2-2 mL Eppendorf tubes and placed in a sample holder. Compared
to the previously described CuFe,O,-NH, and ZnFe,O,-NH,, the PB-MnFe,O,-NH, samples produced a
similarly homogeneous MRI signal, as particles exceeded excellent colloidal stability during the measurements.

T1, T2 and T2* maps were calculated based on the Multi-IR FSE scan, the Multi-echo SE scan and the
Multi-echo GRE scan respectively (Fig. 10a). The relaxivities of our sample were determined by the degree to
which the relaxation rate (R1, R2, R2*), the inverse of the relaxation time, varies with ferrite concentration.
Figure 10b depicts this linear relationship, and displays the fitted first-order polynomials (solid lines) to the
measured relaxation rate values (dots). The goodness of the fit is characterized by the R2, the closer the value to
1 the more confident the fitted parameter.

The longitudinal relaxivity (r,) of the PB-MnFe,O,-NH, sample was determined to be 0.0093 (mg/mL)'ms~".
The transversal relaxivity was measured also (r,: 0.7730 (mg/mL) 'ms™' and r,*: 1.4814 (mg/mL) 'ms™". In this
sense, the Prussian blue-coated manganese-ferrite nanoparticles had similar characteristics to the previously
examined ZnFe,O,-NH,, CuFe,0,-NH, and other superparamagnetic iron oxide (SPIO) nanoparticles; their
transverse relaxivities were in the same range as Feraheme and Endorem. Despite its PB content, the longitudinal
relaxivity remained as low as it was in the case of ZnFe,0,-NH,, CuFe,0,-NH,.

The measured relaxivity values help to observe the r1/r2 ratio and determine the “true nature” of the contrast
agent: the smaller the r1/r2, the more T2 effect is present in the sample. The r1/r2 ratios of our samples (0.012)
were significantly lower than Endorem (80-150 nm) exhibiting an r1/r2 ratio of 0.044 and Resovist (62 nm)
showing a ratio of 0.032 °°. This indicates that our ferrite solution functions predominantly as a T2 contrast agent
with negligible T1 effects®.

Toxicology measurement

Alamar Blue is utilized to assess cellular redox potential and offers benefits over the MTT assay, primarily
due to its simpler sample preparation process’’. While there are some concerns about the assay’s biochemical
mechanisms and interactions with non-porous silicon in the absence of cells, it is generally well-regarded for its
sensitivity and reliability in various cell types®.

To assess the efficacy of the PB coating on MnFe,O,-NH, particles, the Alamar Blue assay was employed.
HEK293 cells were cultured in DMEM and water media for 24 h as control conditions (Fig. 11). The rationale
for using water as a medium is to simulate a worst-case scenario for cellular viability, as water lacks essential
nutrients, growth factors, and osmotic balance, leading to rapid cell death. This contrasts with DMEM, which
provides a nutrient-rich environment that supports cell growth and maintains cellular homeostasis. The
nanoparticles, whose toxicity is not well understood, were tested in these conditions to observe their effects on
cell viability. PVP and PB-coated MnFe,O,-NH, particles were tested at concentrations ranging from 1 mg/mL
to 0.1 mg/MI. Control measurements indicated a significant difference between cells cultured in DMEM, which
supports cell growth, and those in water, which induces cell death. The PB coating on MnFe,O,-NH, particles
markedly influenced the viability of HEK293 cells compared to the traditional PVP coating which was evidenced
by higher RFU values at all tested ferrite concentrations, directly correlating with increased cell viability.

0.5 ° R2*
y=1.4814 x + 0.0409
0.4+ R%=0.9284
203 . Xo
E 7730 x 0.0373
& 0.2 R™=0.8692
° RI
0.1 y=0.0093 x + 0.0007
0.0 ™ e R>=0.9740

000 005 0.0 015 020
Cp. (Mmg/mL)

Fig. 10. Voxel wise calculated relaxation time maps of PB-MnFe,O,-NH,-PVP concentration row (Panel a),
from which transversal and longitudinal relaxation rates were determined for every ferrit concentration (Panel
b). Solid lines show the result of the linear fit of relaxivities.
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Fig. 11. The results of the Alamar Blue fluorescent assay on HEK293 cells. Positive and negative control
measurements were established to evaluate the validity of the results (red and pink columns). The conventional
PVP coated MnFe,O,-NH, particles (blue columns) were compared to the PB-MnFe,O,-NH, samples (orange
columns). Clearly, PB coating reduced the toxic effects of MnFe,0,-NH, particles in case of higher than

0.5 mg/mL.

In vivo MRI measurement

PB-MnFe,0,-NH, sample was chosen to be injected in vivo due to its stability in vitro measurements. A
concentrated sample with a ferrite concentration of 1 mg/mL was available for injection; a dose of 6.55 mg/kg
body weight was intravenously injected into the tail vein as a 0.20 mL bolus. An immediate uptake was observed
in the liver and the spleen (Fig. 12) as on the post-15 min spin echo scan the signal intensities decreased
compared to the pre-scan. This is confirmed by the voxel-wise calculation of the signal intensity change on the
SE scan between the Pre and Post 15-min scans (right section of Fig. 12). The highest change comes from bowel
motion (red area) and besides that the nanoparticle accumulation in the liver (yellow area). This suggests that the
PB-MnFe,0,-NH, particles are rapidly taken up by the liver and spleen, highlighting their potential for targeted
delivery and imaging applications. No other organs accumulated the nanoparticles according to our spin-echo
(SE) scans. Compared to results including Prussian Blue nanoparticles, the predominant T2 and T2* contrast
of the ferrite nanoparticles can be detected in the figures. The inverse signal increase is noticeable in the kidney
area, whereas Prussian Blue nanoparticles would exhibit hyperintense changes throughout the lungs, kidneys
and liver?”93%4,

Methods

Materials

The manganese ferrite nanoparticles were synthesized from the following ingredients: manganese (II) nitrate
tetrahydrate, Mn(NO,),-4H,0 (Carl Roth GmbH, Karlsruhe, Germany); iron(IIl) nitrate-nonahydrate,
Fe(NO,),9H,0 (VWR International, Leuven, Belgium). Ethylene glycol, HOCH,CH,OH, (VWR Int.
Ltd., F-94126 Fontenay-sous-Bois, France); monoethanolamine, NH,CH,CH,0H (Merck KGaA, D-64271
Darmstadt, Germany); and sodium acetate, CH,COONa (ThermoFisher GmbH, D-76870 Kandel, Germany)
were used as reducing agents and dispersion media for the metal precursors. Potassium hexacyanoferrate(II)
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Fig. 12. T2-weighted spin-echo (SE) scans of a mouse at 2 different time points—before injection and 15 min
after intravenous injection of PB-MnFe,O,-NH,. The voxel-wise change of SE signal intensities (3rd image)
shows the highest uptake in the liver. Hyperintense changes are also visible on the subtraction image, in the
abdominal aorta, kidney and spleen.

trihydrate, K,[Fe(CN)]-3H,O and iron(III)-chloride (anhydrous), FeCl, (Sigma Aldrich Ltd., MO 63103, Saint
Louis, USA) were used for deposition of Prussian blue layer on the surface of the manganese ferrite nanoparticles.

Characterization techniques

Analysis of particle size and morphology with applying of transmission electron microscopy

For characterization of the particle size, morphology and crystalline phases of the manganese ferrite nanoparticles
were carried out by high-resolution transmission electron microscopy (HRTEM). For the HRTEM examination,
a Talos F200X G2 electron microscope with field emission electron gun, X-FEG (accelerating voltage 20-200 kV)
was used. For imaging and selected area electron diffraction (SAED) measurements, a SmartCam digital search
camera (Ceta 16 Mpixel, 4k x 4k CMOS camera) was used with a high-angle annular dark-field (HAADF)
detector. During the HRTEM examination, the aqueous dispersion of ferrite was dropped on 300 mesh copper
grids (Ted Pella Inc., 4595 Redding, CA 96003, USA).

Identification of the crystal phases present in the sample mean of the X-ray diffraction method

Identification and quantification of the crystal phases were carried out by X-ray diffraction (XRD) measurements
using a Bruker Discovery diffractometer (Cu-Ka source, 40 kV and 40 mA) in parallel beam geometry (Gobel
mirror) with a Vantec detector using Powder Diffraction Files (PDFs). The average crystallite size of the
manganese ferrite domains was calculated using the mean column length calibrated method, employing full
width at half maximum (FWHM) and the width of the Lorentzian component of the fitted profiles (for the
evaluation, TOPAS 4 software was applied).

Identification and quantification of the PB in the samples by X-ray photoelectron spectroscopy

To determine the composition and chemical state of the sample surfaces, XPS measurements were performed
using a Thermo Scientific ESCALAB Xi* instrument. A monochromatized Al K-alpha source (1486.6 eV) with
a 650 um spot size was used. Due to the ferromagnetic nature of the samples, the electron transfer lens of the
instrument was used in electrostatic mode. For each sample, wide-range spectra were collected (at an analyzer
pass energy of 80 eV) to survey the elemental composition. For quantitative and chemical state analysis, high-
resolution spectra (at 20 eV pass energy) were recorded for the following photoelectron lines: C 1s, O 1s, Mn
2p, Fe 2p, N 1s, Mn 3s, Fe 3p regions. Charging of the sample surface was compensated using the instrument’s
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automatic built-in dual charge compensation system. The energy of sp3-bonded carbon (C-C/C-H) in C 1s,
set at 284.8 eV was used as an internal reference for fine energy scale adjustment. All elemental composition
calculations were performed assuming that the samples were homogeneous within the XPS-detected volume.
The errors in the quantitative analysis (elemental composition) were estimated to be in the range of + 10%.

Identification of the functional groups on the surface of manganese ferrite nanoparticles

The manganese ferrite samples were examined with Fourier transform infrared spectroscopy (FTIR) using a
Bruker Vertex 70 spectroscope in transmission mode to identify their surface functional groups. For the FTIR
measurements, 15 mg of the sample was pelletized with 250 mg of spectroscopic grade KBr.

Characterization of the magnetic behaviour of the manganese ferrite by vibrating-sample magnetometer

The magnetic characterization of ferrite nanoparticles was carried out using a self-developed (University of
Debrecen) vibrating-sample magnetometer (VSM) system based on a water-cooled Weiss-type electromagnet.
The powder samples were pelletized for measurements, with a typical mass of 20 mg. The magnetization (M)
was measured as a function of the magnetic field (H) up to a field strength of 10,000 Oe at room temperature.

Measurements of the hydrodynamic diameters of the nanoparticles by dynamic light scattering technique

For measurements of the hydrodynamic size, size distribution, and zeta potential, a Litesizer 500 (Anton Paar,
Hamburg, Germany) was used. DLS (dynamic light scattering) measurements were performed at 25 °C in
automatic mode (for backscatter detector, fixed at 175°; for side scatter, 90° detector angle; for front scatter, 15°
detector angle) using a 633 nm He-Ne laser. Samples were measured in polystyrene disposable cuvettes (Anton
Paar, Hamburg, Germany). The tests were carried out in distilled water. A 10 mg sample (PB-MnFe,O,-NH,
nanoparticles dried in PVP) was dissolved in 2 mL distilled water. The pH was 6.1.

Toxicology tests on manganese ferrite

The human embryonic kidney cell line (HEK 293; ATCC, Manassas, VA) was maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Lonza) supplemented with 10% fetal bovine serum, 50 U/mL penicillin, and 50 ug/mL
streptomycin in a 5% humidified CO, incubator at 37 °C in cell culture flasks. For toxicology measurements, the
cells were transferred onto black flat-bottom chimney 96-well plates (Greiner Bio-One, ref 655076) at a density
0f 10,000 cells/well, where they were allowed to adhere for 24 h. PVP and PB-coated MnFe,O,-NH, were added
to the cells at ferrite concentrations ranging from 1 mg/mL to 0.01 mg/mL. Water and DMEM were used as
positive and negative controls, respectively. After 24 h of incubation at 37 °C in a 5% humidified CO, incubator,
the DMEM medium was exchanged for a transparent medium. To assess the toxicology of the MnFe,O -NH,
nanoparticles, Alamar Blue (Invitrogen) was added at a ten-fold dilution, and the cells were incubated for 2 h
at 37 °C*. Fluorescence intensity was detected using a Varioskan Lux multimode microplate reader (Thermo
Fisher Scientific, Waltham, MA, USA) at room temperature, with an excitation wavelength of 570 nm and an
emission wavelength of 590 nm. In the case of every well, three parallel measurements were conducted. Results
are shown as relative fluorescence units (RFU).

Magnetic resonance imaging

MRI measurements were performed in vitro using a NanoScan PET/MR system (Mediso, Budapest, Hungary),
equipped with a 3 T magnetic field, 600 mT/m gradient system, and a volume transmit/receive coil with a
diameter of 72 mm for in vitro samples and 42 mm for mouse scans. In vitro scans were performed on five
different manganese ferrite concentrations (0.01, 0.02, 0.05, 0.1 and 0.2 mg/mL) each held in a 2 mL Eppendorf
tube in an in-house made sample holder. All FSE scans and relaxometry measurements were performed with
the same geometrical parameters. One coronal slice was imaged with a slice thickness of 4 mm, a field of view of
50 mm, and an in-plane resolution of 0.36 mm. To determine T1 relaxation times, a Multi-IR FSE 2D sequence
was used, with a repetition time of 5200 ms, an echo time of 5.8 ms, and inversion times of 100, 400, 600, 800,
1000, 1300, and 2000 ms. The acquisition time was 21 min.

The T2 relaxation times were determined using a Multi-echo SE 2D sequence with a repetition time of
3856 ms and a first echo time of 5.5 ms, followed by 32 echoes with echo spacing intervals of 5.55 ms. The
measurement time was 9 min. A Multi-echo GRE 2D sequence was used for the calculation of T2* relaxation
times, with a repetition time of 350 ms and a shortest echo time of 1.71 ms, followed by 32 echo spacing with
echo intervals of 1.91 ms; the acquisition measurement time was 5 min. Based on these scans T1, T2 and T2*
relaxation times were calculated voxel-wise by Fusion software (Mediso, Budapest, Hungary) and relaxation
time maps were created.

An In vivo imaging study was performed on a healthy mouse (10-week-old female BalbC). The mice
(INNOVO Ltd., G6dolls, Hungary) were kept at 22+ 3 °C; the relative humidity was 30-70%, and the light/
dark cycle was 12/12 h. The animals were maintained on a standard rodent pellet diet (INNOVO Ltd., G6doll6,
Hungary) with tap water available ad libitum.

In vivo measurements were performed on mice under isoflurane anaesthesia (5% for induction and 1.5-2%
to maintain the appropriate level of anaesthesia; (3% for induction and 1.5-2% to maintain the appropriate level
of anaesthesia; Arrane, Baxter, Newbury, UK). 0.2 mL of the 1 mg/mL contrast material was injected into the
tail vein of the animal, resulting in a 6.5 mg/bwkg dose of ferrite. To investigate the biodistribution of the ferrite
nanoparticle a spin echo (SE) scan was repeated at three different time points (pre-injection, 15 min and 1 day
post-injection). Imaging was acquired on 7 coronal slices with 80 x 50 mm FOV, in plane resolution of 0.36 mm,
slice thickness of 0.8 mm, 2 averages and TR/TE 3 s/7 ms. Signal intensities on the images recorded at different
timepoints were compared visually to determine which organ accumulates the ferrite nanoparticles. In the case
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Fig. 13. Schematic illustration of the synthesis and chemical modification of the manganese ferrite
nanoparticles.

of pre and 8 min, post scans voxel-wise subtraction was possible, because between these two scans mouse was
not moved and maintained in anaesthesia.

Ethics declarations and approval for animal experiments

For the in vivo measurements, 7 =2 female, 10-week-old BalbC mice were used. 0.2 mL of the 1 mg/mL contrast
material was injected into the tail vein of the animals. In vivo measurements were performed with the mice under
isoflurane anaesthesia (5% for induction and 1.5-2% to maintain the appropriate level of anaesthesia (Arrane,
Baxter, Newbury, UK)). All procedures were conducted in accordance with the ARRIVE guidelines (PLoS Bio
8(6), 1000412, 2010) and the guidelines set by the European Communities Council Directive (86/609 EEC). The
study was approved by the Animal Care and Use Committee of Semmelweis University (PE/EA/01319-4/2023).
We confirm that all experiments were performed in accordance with relevant guidelines and regulations.

Synthesis methods of the manganese ferrite nanoparticle based contrast agent

Synthesis of the amine functionalized manganese ferrite nanoparticles

Amine-functionalized MnFe,O, spinel nanoparticles were synthesized by a solvothermal method at atmospheric
pressure at 198 °C under reflux for 12 h (Fig. 13). During this process, iron(III) nitrate nonahydrate (20 mmol)
and manganese(II) nitrate tetrahydrate (10 mmol) were dissolved in 50 mL of ethylene glycol. Sodium acetate
(12.30 g, 150 mmol) was dissolved in another 100 mL of ethylene glycol and heated to 198 °C in a three-necked
flask under reflux and continuous stirring. The solution of the metal precursors was added to the glycol-
based sodium acetate solution, followed by the addition of 35 mL of monoethanolamine (MEA). After 12 h of
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continuous agitation and reflux, the cooled solution was separated using a magnet. The solid phase was washed
several times with distilled water and then dispersed in distilled water.

Deposition of Prussian blue on the surface of the amine-functionalized manganese ferrite nanoparticles

An aqueous colloid of 100 mg of amine-functionalized MnFe,O, nanoparticles was added to 50 mL of an
aqueous solution of 0.1 millimole potassium ferricyanide during ultrasonication (Fig. 13). After three minutes of
sonication, a 10 mL solution of 0.1 millimole iron(III) chloride was added to the ferrite colloid during continuous
sonication. After the above steps, a Prussian blue (Fe,[Fe(CN),],) layer formed on the surface of the manganese
ferrite nanoparticles according to the overall reaction below:

4 FeCly + 3 K4[Fe (CN)g] = Fea[Fe (CN)], + 12 KCI

Afterwards, the magnetic nanoparticles were collected using a magnet and washed several times with distilled
water. The magnetic phase was redispersed in a 100 mL solution of 1.80 g PVP using an ultrasound homogenizer.
The water from the PVP-containing dispersion of manganese ferrite was evaporated using a rotary vacuum
evaporator, and the solid phase was dried at 80 °C overnight.

Conclusions

Amine-functionalized manganese ferrite magnetic nanoparticles were synthesized by the solvothermal method
the magnetic particles were treated with potassium hexacyanoferrate as a complexing agent and Fe(III) chloride
using high-power ultrasound. Due to the special reaction conditions of the ultrasonic synthesis method (owing
to its intense cavitation force), it is a promising technique for depositing Prussian blue (Fe'! [Fe'(CN),],), as a
biocompatible complex layer on the surface of manganese ferrite nanoparticles. The formation of the Prussian
blue was confirmed by FTIR and XRD measurements. The morphological characteristics of the Prussian blue-
coated and the untreated manganese ferrite samples were different the integrity of the spherical nanoparticles
was reduced in the case of the Prussian blue-coated sample (MnFe,04-NH, PB), as the nanoclusters seen in the
untreated manganese ferrite (MnFe,0,-NH,) samples were dispersed into small crystallites by the complexation
effect, as confirmed by TEM studies. Differences were observed in the phase composition based on the XRD
measurements. The untreated sample contained only the jacobsite (MnFe,O,) phase, but after treatment with
potassium hexacyano ferrate, formed other compounds: magnetite (Fe,O,), Prussian blue (Fe'! [Fe(CN),],).
The zeta potential of the PB-MnFe,O,-NH, was —8.1+4.0 mV, which was similar to the untreated MnFe,O,-
NH, sample + which had a zeta potential of +9.2+3.4 mV. Due to the low zeta potential of the nanoparticles,
the stability of their aqueous colloidal systems was insufficient. To overcome the problem of colloidal stability,
these ferrite nanoparticles were stabilized by polyvinylpyrrolidone in a dried form. PB-MnFe,O,-NH,
nanoparticles were embedded in PVP (ferrite content of 50 mg/g). The stability of the system was validated by
DLS measurements, during which no significant change in the size distribution was observed. The synthesized
particles have excellent stability in aqueous solutions, and their physical shape and size can be determined as
part of the in vitro characterization. These polymer-stabilized red-brown crystals could be easily redispersed in
distilled water and are applicable as contrast agents in magnetic resonance imaging (MRI).

In vitro MRI measurements allowed the determination of longitudinal and transversal relaxivities of PB-
MnFe,0,-NH,-PVP nanoparticles based on the T1, T2, and T2* maps of a concentration row sample. It showed
particularly high transversal relaxivity and low longitudinal relaxivity, which predicts a predominant T2 contrast,
thus signal decrease on MRI images.

In vivo MRI in mouse showed an accumulation of intravenously administered PB-MnFe,O, nanoparticles in
the liver and spleen. This biodistribution - high uptake in the liver and slow wash out from there - is in agreement
with the biodistribution of other superparamagnetic ferrite species. Nanoparticles with hydrodynamic size in
the 100 nm range are taken up by the reticuloendothelial system (RES) in the liver.

Nevertheless, non-functionalized Prussian blue showed less significant longitudinal and transversal
relaxivities, which did not support its in vivo use. On the other hand, the contrast capabilities of ferrites are
mainly limited to signal decreasing on T2 and T2*-weighted images, in which the hypointense signal is not the
desired one in every type of application. However, combining the two types of nanoparticles and exploiting
their advantageous features; attaching them to other iron-based contrast materials, such as ferrites, could be a
fundamental step in creating a new generation of iron-based contrast materials. Further optimization of the PB-
MnFe,O,-NH, nanoparticles, such as increasing longitudinal relaxivity (T1 contrast capability), drug molecule
incorporation, and using them as a drug carrier system, could further increase the significance of such a system
entering the market.
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