? pharmaceutics

Article

BSA-Based Stabilization of Prussian Blue-Coated Manganese
Ferrite Nanoparticles for MRI

Agnes Maria Ilosvai 2, Fatemeh Heydari %, Lasz16 Forgach >*(0, Babak Minofar >3, Noémi Kovacs >*,

34

Krisztian Szigeti 3", Ferenc Kristaly ', Lajos Daroczi 7, Miklés Németh 82, Tamas Ollar 8, David Reha °,

Béla Viskolcz 2

Academic Editor: Carla Martins

Lopes

Received: 16 July 2026
Revised: 20 September 2026
Accepted: 22 September 2026
Published: 24 September 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license.

and Lészlé Vanyorek 1*

Institute of Chemistry, University of Miskolc, Miskolc-Egyetemvaros, 3515 Miskolc, Hungary;
maria.agnes.ilosvai@uni-miskolc.hu (AM.L); bela.viskolcz@uni-miskole.hu (B.V.)

Higher Education and Industrial Cooperation Centre, University of Miskolc, 3515 Miskolc, Hungary;
babak.minofar@uni-miskolc.hu

Department of Biophysics and Radiation Biology, Semmelweis University, 1094 Budapest, Hungary;
fatemeh.heydari@stud.semmelweis.hu (F.H.); forgach.laszlo@med.semmelweis-univ.hu (L.E.);
noemi.kovacs@hcemm.eu (N.K.); szigeti.krisztian@med.semmelweis-univ.hu (K.S.)

In Vivo Imaging Advanced Core Facility, Hungarian Center of Excellence for Molecular Medicine
(HCEMM),6728 Szeged, Hungary

Department of Physical Chemistry, Faculty of Chemistry, University of Lodz, Pomorska 163/165,
90-236 Lodz, Poland

Institute of Mineralogy and Geology, University of Miskolc, 3515 Miskolc, Hungary; askkf@uni-miskolc.hu
Department of Solid State Physics, University of Debrecen, P.O. Box 2, 4010 Debrecen, Hungary;
lajos.daroczi@science.unideb.hu

Institute for Energy Security and Environmental Safety, HUN-REN Centre for Energy Research,
Konkoly-Thege M. 29-33, 1121 Budapest, Hungary; nemeth.miklos@ek. hun-ren.hu (M.N.);
ollar.tamas@ek.hun-ren.hu (T.O.)

9 IT4Innovations, VSB—Technical University of Ostrava, 17. Listopadu 2172/15, 708 00 Ostrava, Czech
Republic; rehadavid@gmail.com

Correspondence: laszlo.vanyorek@uni-miskolc.hu

Abstract

Objectives: Magnetic nanoparticles are promising candidates for T2-weighted magnetic
resonance imaging (MRI), but their physicochemical stability and biological compatibil-
ity remain important challenges for biomedical applications. Methods: In this study,
amine-functionalized manganese ferrite (MnFe,O4) nanoparticles were coated with
Prussian blue (PB) and subsequently formulated with bovine serum albumin (BSA). The
resulting formulation was characterized using X-ray diffraction, transmission electron
microscopy, X-ray photoelectron spectroscopy, Fourier-transform infrared spectroscopy,
magnetic measurements, dynamic light scattering, molecular dynamics simulations, cy-
tocompatibility assays, and MRI relaxometry. Results: The BSA-formulated nanoparti-
cles were readily redispersed after lyophilization and remained colloidally stable
throughout the 6 h observation period in the tested aqueous media. Molecular dynamics
simulations demonstrated persistent close contacts between the MnFe,O, surface and
BSA residues, supporting stable nanoparticle—protein association. MRI relaxometry
showed predominantly T2-weighted contrast behavior, with substantially higher r, than
r; relaxivity. In vitro metabolic activity measurements demonstrated higher relative
metabolic activity for the PB-coated formulation than for the corresponding uncoated
formulation within the BSA-formulated systems. A pilot in vivo MRI experiment per-
formed in a single mouse demonstrated rapid hepatic accumulation, with a detectable
reduction in liver signal intensity within 10 min after administration and persistence of
the hepatic signal change at the following-day measurement. Conclusions: These pre-
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liminary findings support further investigation of BSA-formulated PB-coated MnFe,O,
nanoparticles as a potential T2-weighted MRI contrast platform.

Keywords: magnetic nanoparticles; Prussian blue; MRI; ferrite

1. Introduction

Magnetic resonance imaging (MRI) is an extremely useful diagnostic procedure that
is widely used. This diagnostic method can be further improved by using contrast
agents. For contrast-enhanced MR imaging, different complexes and other derivatives of
gadolinium, as contrast agents, were approved by the United States FDA; these are
gadolinium chelate, gadoterate meglumine, gadobenate dimeglumine, gadodiamide,
gadoversetamide, and gadofosveset trisodium, with brand names Magnevist, Dotarem,
Prohance, Omniscan, Optimark, Gadavist, and Primovist [1]. Application of gadolinium-
based contrast agents can have a toxic effect on living organisms due to the unexpected
release of free Gd ions [2,3]. In order to avoid the aforementioned toxicity, the Gd-based
contrast materials are increasingly being displaced by iron oxide-based magnetic
nanoparticles in clinical applications. However, iron oxide-based contrast agents are not
without limitations, and their clinical uptake has also been moderated by reports of ad-
verse effects and iron overload. Iron oxide nanoparticles with superparamagnetic prop-
erties, namely magnetite and maghemite, are effective T2 contrast agents in MRI diag-
nostics due to their biocompatibility [4,5]. Furthermore, there are some types of patholo-
gies that cannot be diagnosed sufficiently effectively by Gd-based contrast agents, such
as the characterization of focal liver lesions (FLLs). In such cases, the use of superparam-
agnetic iron oxide (SPIO) contrast agents is appropriate [6]. Several types of superpara-
magnetic iron oxides have been developed, i.e., Ferumoxides (Feridex®), Ferucarbotran
(Resovist®), Ferumoxtran-10 (Combidex®, Sinerem®), and citrate-coated superparamag-
netic iron oxide particles (VSOP C184), which have been clinically tested as MRI contrast
agents [7]. Another SPIO agent, Ferumoxytol (Feraheme®), is approved for the treatment
of iron deficiency in adult chronic kidney disease patients. However, health safety con-
cerns have also been raised regarding preparations containing superparamagnetic iron
oxide. The administration of widely utilized commercial iron-based contrast agents has
been associated with diverse adverse effects, ranging from localized pain and hypoten-
sion to severe hypersensitivity, anaphylaxis, vasodilation, and paresthesia [5]. The ad-
ministration of these contrast media may lead to iron overload, which triggers the gener-
ation of reactive oxygen species (ROS) through Fenton and Haber-Weiss pathways, ulti-
mately resulting in significant intracellular damage [8-15]. Following reports of the
health risks and side effects detailed above, the commercial availability of ferumoxide
and ferucarbotran ceased in 2008 and 2009 [5,16,17]. For magnetite and maghemite-
based contrast agents, the aim should be to ensure successful imaging in MRI scans with
the lowest possible dose, without toxic effect. Surface coating with biocompatible materi-
als, including human serum albumin (HSA) and bovine serum albumin (BSA), has been
investigated as an approach to reduce nanoparticle-associated biological effects. BSA
and HSA have been investigated as protein-based carriers and stabilizing matrices be-
cause of their biocompatibility, aqueous solubility and modifiable surface chemistry [18-
22]. Both HSA and BSA can be excellent carriers for anticancer drugs and radiopharma-
ceuticals [23,24]. There are other ways to reduce toxicity caused by iron overload, such
as using complexing agents that cover the surface of magnetic particles, preventing iron
from being released. Potassium hexacyanoferrate serves as a promising chelating agent
by forming a chemically inert complex upon interaction with iron(Ill) ions. Prussian
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blue, also known as iron(II) iron(IIT) octadecacyanide (Fe>*[Fe**Fe?*(CN)]5), is a biocom-
patible complex that exhibits significant versatility, finding extensive applications across
the fields of nanomedicine and diagnostic imaging [25]. This process has also been suc-
cessfully applied to maghemite nanoparticles, which were coated with a Fe>'[Fe**Fe?*
(CN)¢]3 layer on their surface [26]. In addition to magnetite and maghemite, a number of
magnetic nanoparticles can be produced as oxides of trivalent iron and divalent transi-
tion metals, including transition metal ferrites (MFe,O4, where M: Cu(Il), Mn(II), Co(1l),
Zn(Il), etc.), which are spinel-type magnetic metal oxides [27-29]. The above-mentioned
ferrite nanoparticles are well suited as T2 contrast agents of magnetic resonance imaging
[30-32]. The spinel-type magnetic nanoparticles (MFe,O,) can be prepared by several
methods; one common process is solvothermal synthesis [33-35]. In the solvothermal
method, ethylene glycol or polyethylene glycol, next to the surfactants and sodium ac-
etate, is used as the reaction medium. These synthesis methods lead to the formation of
nanoparticles with similar morphologies and size [36-38].

While superparamagnetic iron oxide nanoparticles (SPIOs) have been widely inves-

tigated as T, -weighted magnetic resonance imaging (MRI) contrast agents, conventional

formulations continue to face severe clinical and technological limitations. The majority
of systems reported in the literature have either not been evaluated in physiological me-
dia or suffer from poor long-term colloidal stability.

Our previous study established the synthesis and MRI-related properties of
Prussian blue-coated MnFe,O4 nanoparticles [39]. The present work focuses instead on
formulation of an independently prepared batch of these nanoparticles with bovine
serum albumin (BSA). Particular attention was given to lyophilization and redispersion,
colloidal stability in physiologically relevant media, nanoparticle-BSA interactions, cyto-
compatibility, and MRI relaxivity.

Additionally, molecular dynamics (MD) simulations were used to investigate the in-
teractions between BSA and the nanoparticle surface and to identify amino acid residues
involved in persistent nanoparticle-protein contacts.

2. Materials and Methods
2.1. Materials

The manganese ferrite nanoparticles were made from the following ingredients:
manganese (II) nitrate tetrahydrate—Mn(NO3),-4H,O (Carl Roth GmbH, Karlsruhe,
Germany) and iron(Ill) 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,OH (Merck KGaA, D-64271
Darmstadt, Germany); and sodium acetate—CH3;COONa (ThermoFisher GmbH, D-
76870 Kandel, Germany). Potassium hexacyanoferrate(ll) trihydrate —Ky[Fe(CN)g]-3H,0O
and iron(Ill) chloride (anhydrous)—FeCl; (Sigma Aldrich Ltd., St. Louis, MO 63103,
USA) were applied for ferric ferrous cyanide coating of the ferrite nanoparticles. Bovine
serum albumin (Sigma Aldrich Ltd., St. Louis, MO 63103, USA) was used as a support
and stabilizing material for the magnetic nanoparticles.

2.2. Characterization Techniques

Structural and phase characterizations of the magnetic nanoparticles were con-
ducted using a Talos F200X G2 high-resolution transmission electron microscope
(HRTEM), equipped with an X-FEG field-emission gun operated between 20 and 200 kV.
Microscopic imaging and selected area electron diffraction (SAED) patterns were ac-
quired via a 16-Mpixel Ceta 4k x 4k CMOS SmartCam digital search camera featuring a
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high-angle annular dark-field (HAADF) detector. Samples were prepared by drop-cast-
ing an aqueous dispersion of the nanoparticles onto carbon-coated copper grids (Ted
Pella Inc., Redding, CA, USA).

The crystalline phases of the MnFe,O, and PB-coated MnFe,O, samples were char-
acterized by X-ray diffraction (XRD) using a Bruker Discovery diffractometer.
Measurements were carried out using a Cu-K-a radiation source operating at 40 kV and
40 mA. A parallel-beam arrangement was set up via a Gobel mirror, with diffraction pat-
terns recorded using a Vantec detector. Crystalline phases were assigned by comparison
against powder diffraction files (PDFs). To determine the mean crystallite domain size of
the manganese ferrite phase, profile fitting was performed using TOPAS 4 software; the
evaluation relied on the calibrated mean column length approach, utilizing both the full
width at half maximum (FWHM) and the Lorentzian peak profile width.

Surface elemental content and oxidation states were evaluated using a Thermo
Scientific ESCALAB Xi+ spectrometer, equipped with a monochromatic Al K-a X-ray
source (1486.6 eV) set to a spot diameter of 650 pm. Due to the ferromagnetic nature of
the specimens, the electron transfer lens was operated in electrostatic mode. Overall
composition surveys were obtained by recording wide-range spectra at an analyzer pass
energy of 80 eV. For accurate chemical state determination and quantification, high-reso-
lution core-level spectra were gathered at a pass energy of 20 eV for the C 1s, O 1s, Mn
2p, Fe 2p, N 1s, Mn 3s, and Fe 3p regions. Surface charging was neutralized using the
system’s integrated automatic dual-charge compensation unit. Calibration of the binding
energy scale was conducted by fixing the sp3 C 1s (C—C/C-H) peak position at 284.8 eV.
Elemental quantification was calculated under the assumption that the material was ho-
mogeneous within the probed XPS volume, with an estimated measurement error
within +10%.

To identify surface functional groups, the manganese ferrite samples were charac-
terized in transmission mode using a Bruker Vertex 70 Fourier-transform infrared (FTIR)
spectrometer. Sample preparation involved pressing 15 mg of powder with 250 mg of
spectroscopic-grade KBr into pellets.

The magnetic behavior of the ferrite nanoparticles was studied using a custom-built
vibrating-sample magnetometer (University of Debrecen, PO. Box 2, 4010 Debrecen,
Hungary) powered by a water-cooled Weiss-type electromagnet. Powder samples with a
typical mass of 20 mg were pelletized prior to analysis. Field-dependent magnetization
(M vs. H) was recorded at room temperature under applied fields up to 10,000 Oe.

Hydrodynamic diameter and surface charge (zeta potential) were characterized us-
ing a Litesizer 500 instrument at 25 °C (Anton Paar, Hamburg, Germany). Dynamic light
scattering (DLS) measurements were conducted at 25 °C utilizing a He-Ne laser source
operating at a wavelength of 633 nm. Measurements were recorded in automatic mode
at three distinct detection angles: 175° (backscatter), 90° (side scatter), and 15° (front scat-
ter). Measurements were carried out using single-use polystyrene cuvettes sourced from
Anton Paar (Hamburg, Germany).

Human embryonic kidney (HEK 293T) cells, sourced from ATCC (Manassas, VA,
USA), were cultivated at 37 °C and 5% CO, under humidified conditions. The growth
medium consisted of Dulbecco’s Modified Eagle’s Medium (DMEM; Lonza) enriched
with 10% fetal bovine serum, alongside penicillin (50 U/mL) and streptomycin (50
ug/mL). For toxicology assays, cells were seeded onto black, flat-bottom 96-well plates
(Greiner Bio-One, ref. 655076) at a density of 1 x 10* cells per well and allowed to adhere
for 24 h. For cytotoxicity testing, BSA-formulated MnFe;O4 nanoparticles with or with-
out PB coating were applied at ferrite concentrations ranging from 1 mg/mL to 0.01
mg/mL. Ultrapure water and Dulbecco’s Modified Eagle Medium (DMEM) served as
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positive and negative controls, respectively. Following 24 h of incubation at 37 °C with
5% CO,, the culture medium was replaced with a transparent medium for subsequent
measurements.

For cytotoxicity testing of the ferrite nanoparticles, alamarBlue® Cell Viability
Reagent (Invitrogen) was introduced at a 1:10 dilution factor, followed by a 1 h cell incu-
bation at 37 °C. Cell viability was assessed according to the manufacturer’s instructions
(Thermo Fisher Scientific, alamarBlue® Cell Viability Reagent, Cat. No. DAL1025). A
Varioskan Lux multimode microplate reader (Thermo Fisher Scientific, Waltham, MA,
USA) was employed for fluorescence detection. Fluorescence was measured using
Ex/Em = 570/590 nm on the Varioskan LUX multimode microplate reader (Thermo
Fisher Scientific), in accordance with the manufacturer’s recommended peak
excitation/emission settings for monochromator-equipped instruments (alamarBlue
Product Information Sheet, Thermo Fisher Scientific, Cat. No. DAL1025).

Raw fluorescence signals were recorded as relative fluorescence units (RFU) and
subsequently normalized to the untreated and dead-cell controls to obtain relative meta-
bolic activity (%). Using this assay, we evaluated the effect of BSA-formulated MnFe,O,
nanoparticles with and without PB coating on the metabolic activity of HEK 293T cells.
Relative viability was calculated by normalizing fluorescence signals to dead (0%) and
untreated (100%) controls, and data are reported as mean + SD from triplicate wells.

Relative viability (%) was derived via the following equation (Equation (1)):

RFU, -RFU,
Relative viability (%)= sample dead . 100 1)
RF Uuntreated - RF Udead
where:
* RFU,, ple = fluorescence signal of the nanoparticle-treated well;

*  RFUy,,q = average fluorescence of dead control wells (0% viability);

®  RFU,ptreated = @verage fluorescence of untreated control wells (100% viability).

Data are reported as mean + SD of triplicate wells.

Scans were acquired using a 3 T nanoScan® PET/MRI scanner (Mediso Ltd.,
Budapest, Hungary). In vitro scans were conducted on four different manganese ferrite
concentrations (0.002, 0.005, 0.01, 0.02 mg/mL) in 2 mL Eppendorf tubes. The geometrical
parameters of the scans were the same: one 4 mm thick coronal slice, and images were
acquired with a 50 mm field of view (FOV) and an in-plane spatial resolution of 0.36
mm. T; relaxation times (longitudinal relaxation time) were determined using a multi-
inversion recovery (multi-IR) spin-echo sequence (TR =5.2 s, TE = 5.8 ms) with inversion
times (TI) of 0.1, 0.4, 0.6, 0.8, 1, 1.3 and 2 s. T, mapping was performed via a multi-echo
spin-echo sequence (TR = 3856 ms), utilizing an initial echo time of 5.5 ms followed by 32
subsequent echoes at 5.55 ms intervals. For T,* calculations, a 2D multi-echo gradient-re-
called echo (GRE) sequence was employed (TR = 350 ms, minimum TE = 1.71 ms), con-
sisting of 32 echoes with 1.91 ms intervals and a total acquisition time of 35 min.

To execute in vivo MRI scans, a female BALB/c mouse was anesthetized using
isoflurane (Arrane®, Baxter, Newbury, UK). Sedation was induced at a 5% concentration
and subsequently held between 1.5% and 2% throughout the imaging procedure to pre-
serve a suitable anesthetic depth. The fat-saturated T2-weighted fast spin echo (FSE)
scans were collected at five different time points (pre-injection, 10 min, 25 min, 40 min,
and 1-day p.i.). An 80 x 50 mm FOV on 20 coronal slices was acquired, with a matrix size
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of 256 x 200, slice thickness of 1 mm, 8 averages, and TR/TE of 4800 ms/40 ms. The scan
time was 8 min.

Animals were maintained under controlled ambient conditions (22 + 2 °C) with a
standard 12 h light/dark schedule, while standard chow and water were provided ad li-
bitum. Animal health and behavior were monitored daily during the experimental pe-
riod. No animals showed signs of severe distress or reached predefined clinical end-
points (e.g., >20% weight loss, labored breathing, or prolonged lethargy) during the
study. At the end of the 24 h imaging period, animals were euthanized by overdose of
Euthasol (400 mg mL™ sodium pentobarbital, dose: 150 mg/kg i.p.). Animal handling,
MRI measurements, and animal experiments were performed by Dr. Laszlé Forgach, Dr.
Noémi Kovécs, and Fatemeh Heydari at the Department of Biophysics and Radiation
Biology, Semmelweis University, under the supervision of laboratory head Dr. Krisztian
Szigeti.

All procedures involving animals were conducted in accordance with the ARRIVE
guidelines 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 (approval number PE/EA/01319-6/2023).

2.3. Synthesis of the Amine Functionalized Ferrite Nanoparticles

During the synthesis of the NH,-functionalized MnFe,O, magnetic nanoparticles,
firstly, the iron (2 mmol) and manganese (1 mmol) precursors were dissolved in 50 mL
ethylene glycol. Another solution was made from sodium acetate (15 mmol) in 100 mL
ethylene glycol which was heated to 198 °C under reflux and continuous stirring. The
two solutions were mixed, after ethanol amine (35 mL) was added to the heated, metal
precursor-containing solution, which was boiled for 12 h next to continuous agitation
and reflux. The nanoparticles were separated from the solution using a magnet. After be-
ing resuspended in distilled water, the solid residue was repeatedly rinsed with distilled
water to ensure thorough washing. The formation of manganese ferrite is promoted by
ammonia released from the transformation of ethanolamine, because the presence of
manganese(Il) ions reduces the thermal decomposition temperature of the ethanolamine
[40]. Additionally, Rochell demonstrated that iron(IIl) species catalyze ethanolamine oxi-
dation. Mechanistically, this pathway generates an aminium radical intermediate that
undergoes deprotonation to yield an imine radical, which subsequently decomposes, by
way of an imine species into aldehyde (hydroxyacetaldehyde) and ammonia [41]. The al-
kaline conditions lead to the formation of iron(Ill) hydroxide and manganese(II) hydrox-
ide, which can be transformed into MnFe,;Oy4 through dehydration (Equations (2)—(6)):

3+ + 3+
NH,CH,CH,OH"™ " HN=CH - CH, -OH+H,0" HOCH,CHO-+NH; @)

NH; +H,0 - NH, +OH ®)
3+ -
Fe” +30H -Fe(OH), 4)
2+ -
Mn~ +20H -Mn(OH), ©)
Mn (OH ), +2Fe (OH ); -~ MnFe, 0, +4H,0 (6)
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2.4. Deposition of PB Layer on Surface of the NH,-Functionalized Manganese Ferrite

Amine functionalized ferrite (in aqueous colloid of 100 mg ferrite) was added to a
50 mL aqueous solution of potassium ferricyanide, K4[Fe(CN)4] (0.1 millimole), and 10
mL solution of 0.1 millimole of iron(IIl) chloride was incorporated into the ferrite colloid
under continuous ultrasonic treatment. Following these preparatory stages, a Prussian
blue (PB) shell —specifically ferric ferrous cyanide, Fe>*[Fe>*Fe?*(CN)¢];—was formed on
the outer shell of the manganese ferrite nanoparticles via the global reaction outlined be-
low (Equation (7)).

4 FeCly +3 Ky [ Fe(CN )g 1 =Fey [ Fe(CN )g | +12 KCI @)

After the washing of the MnFe,Oy particles, these were redispersed in a 10 mL solu-
tion of 900 mg BSA using an ultrasonic bath. The water from the BSA containing disper-
sion of ferrite nanoparticles was evaporated with freeze drying.

2.5. Computational Details for the Molecular Dynamics Simulation Model

The molecular dynamics (MD) simulation model was constructed based on the ex-
perimentally resolved crystal structure of bovine serum albumin (BSA) (PDB ID: 3V03),
together with three manganese ferrite (MnFe;O4) nanoparticles (Figure 1A). Before sys-
tem assembly, the protein structure was carefully inspected to ensure structural integrity
and suitability for simulation. Each magnetic nanoparticle was modeled as a spherical
particle with a radius of 25 A (Figure 1B), representing a simplified yet physically mean-
ingful approximation of the nanoparticle geometry. The atomic structure of the nanopar-
ticles was generated using the pymatgen library [42] and subsequently refined and visu-
alized with the Maestro program [43]. The composite BSA-MnFe,;Oy system was assem-
bled by manually positioning three nanoparticles in proximity to the protein surface at
selected regions of interest. This initial configuration was designed to enable potential
protein-nanoparticle interactions. Following placement, the entire system geometry was
optimized to relieve steric clashes and to refine the interfacial contacts between the pro-
tein and the nanoparticles, ensuring a physically realistic starting structure for subse-
quent MD simulations. The MD simulations were performed using GROMACS 2020 [44
—-46] with the AMBER99SB force field. Standard force field parameters were applied to
the protein. The parameters for the MnFe,O, nanoparticle were derived from a simpli-
fied, smaller structural model (Figure 1C) following the standard AMBER parameteriza-
tion protocol [47]. Atomic partial charges were calculated using the RESP method [48]
with the total charge of the MnFe,O, model constrained to zero. Atom types for the
small MnFe,O4 model were assigned based on the local chemical environment of each
atom. In total, one atom type was defined for Ni atoms, three atom types for Fe atoms,
and five atom types for O atoms. These atom types were subsequently transferred to all
corresponding atoms in the larger MnFe,O4 nanoparticle model (spherical particles with
a radius of 25 A) used in the simulations.
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Figure 1. Initial structural model of BSA in complex with three MnFe,O, nanoparticles used in the
simulations. The numerical labels indicate the arbitrary identifiers assigned to each MnFe,Oy
nanoparticle throughout the study (A). Structural model of the nanoparticle used in the simula-
tions (B). Simplified MnFe,O, model employed for force field parameterization. Color scheme:

oxygen (red), manganese (green), and iron (blue) (C).

MD simulations were performed at 300 K in a cubic simulation box with approxi-
mate dimensions of 18.1 x 18.1 x 18.1 nm?. The system was solvated with 180,143 TIP3P
water molecules, and 20 Na" counterions were added to neutralize the net negative
charge of the protein. Periodic boundary conditions were applied in all three XYZ direc-
tions. A time step of 2 fs was used, and bond lengths involving hydrogen atoms were
constrained using the LINCS algorithm. Production simulations of 100 ns were carried
out for both the isolated protein and the protein in complex with three MnFe;Oy
nanoparticles. All simulations were conducted in the NVT ensemble using a Berendsen
thermostat for temperature control. Trajectory coordinates were saved every 10 ps for
subsequent analysis.

To ensure the feasibility of the MD calculations, we carried them out using a simpli-
fied manganese ferrite nanoparticle surface, rather than a particle with a multi-layered
PB coating. Although the MD simulation we used does not account for the specific spa-
tial geometry of the cyanide (C=N) ligands, the model nevertheless accurately reflects
the overall electrostatic profile, localized partial charges and hydrogen-bonding sites of
the PB-coated surface. The model therefore provides a simplified representation of the
electrostatic and hydrogen-bonding interactions that may contribute to association be-
tween BSA and the nanoparticle surface.

3. Results and Discussion
3.1. Characterization of Manganese Ferrite Nanoparticles Synthesized via the Polyol Method

In the diffractograms of the ferrite sample, reflections were found at 26 values of
18.1°, 29.9°, 35.3°, 42.5°, 52.7°, 56.3°, and 61.7°, which correspond to (111), (220), (311),
(400), (422), (511), and (440) Miller indexed crystal lattices of the MnFe,O, (PDF 74-2403)
phase (Figure 2). No other metal oxide phases were found in the sample.
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Figure 2. X-ray diffractogram of the MnFe,O, nanoparticles [39].

Based on the TEM images, the MnFe,O4 nanoparticles formed spherical clusters
with an overall diameter of 55 + 11 nm. These clusters consisted of individual ferrite
nanoparticles with sizes of approximately 4-10 nm. (Figure 3A,B). These nanospheres
were composed of individual ferrite nanoparticles, and their sizes were between 4 and
10 nm (Figure 3C). The average crystallite size was determined to be 5 + 2 nm, calculated
from the full width at half maximum (FWHM) of the XRD peaks using the Scherrer
equation (6 + 2 nm by mean column length calibrated analysis; 5 £ 2 nm by Scherrer
FWHM). The average crystallite size was determined to be 5 + 2 nm by the Scherrer
equation (6 + 2 nm by mean column length calibrated analysis; 5 = 2 nm by Scherrer
FWHM). SAED analysis identified diffraction rings characteristic of the ferrite structure (
Figure 3D). The calculated d-spacing values were correlated with X-ray databases,
specifically the powder diffraction file of the manganese ferrite (PDF 74-2403). The re-
sults of the SAED are matched with the X-ray diffractograms of MnFe,Oy; reflections
were found at 20 values of 18.2° (111), 29.9° (220), 35.2° (311), 42.4° (400), 52.7° (422),
56.4° (511) and 61.6° (440) (Figure 2). The diameter of the manganese ferrite clusters was
45 + 13 nm (Figure 3A,B). The size of the nanoparticles that form the spherical clusters
(based on XRD measurement) was 6 + 2 nm; these nano-crystallites are shown on the
HRTEM picture (Figure 3C). The SAED image obtained for MnFe;O4 shows reflections
that confirm a spinel structure (Figure 3D).
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Figure 3. TEM picture (A), size distribution histogram (B), HRTEM (C) and SAED (D) picture of
the MnFe,O, nanoparticles.

VSM (vibrating-sample magnetometer) measurements were performed to examine
the magnetic properties of the samples (Figure 4). The magnetization curve of the
MnFe,O, sample was measured at 303 K. The Ms (saturation magnetization) of the
MnFe,O, nanoparticles was 44.0 emu/g next to the 6.00 kOe magnetic field. Moreover, a
hysteresis loop is located on its magnetization curves, whereas the Mr value was 3.7
emu/g and the coercivity (Hc) was 52.0 Oe; these values indicate ferromagnetic behavior
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(Figure 4). The measured Ms value of these manganese-ferrite nanoparticles is smaller
than the Ms value of the bulk phase MnFe>O4 (82 emu/g) [49]. The average size of the
nanoparticles we produced was 55 + 11 nm; owing to this small particle size, the finite-
size effect becomes more pronounced, resulting in lower Ms values for the nanoparticles
compared to the bulk phase [50]. The specific magnetization ranges of the reported
MnFe,O, nanoparticles, from ~16 emu/g to ~78 emu/g, are associated with the particle
size and crystal structure [51-55].

1

M (emu/g)

Figure 4. VSM curve of the amine-functionalized MnFe,O,

3.2. Characterization of the Prussian Blue-Coated Manganese Ferrite Nanoparticles

On the high-angle annular dark-field (HAADF) pictures of the Prussian blue (ferric
ferrous cyanide)-coated manganese ferrite (MnFe,O4-PB), nanoparticles appear in sharp
contrast (Figure 5). The elemental maps show that the positions of iron, manganese and
oxygen elements are the same in the detected area in the case of MnFe,Oy4 (Figure 5).
This suggests that iron and manganese are present as ferrite in the sample, with no signs
of iron and manganese separately on the elemental map. This indicates that ferric fer-
rous cyanide (Prussian blue) is not present as separate particles from the ferrite nanopar-
ticles but instead is present on their surface.

Figure 5. HAADEF picture and element maps of the MnFe,O,-PB nanoparticles.

The FTIR technique was used to identify the functional groups formed on the sur-
face of manganese ferrite nanoparticles (Figure 6). The FTIR spectra of ferrite samples
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treated and untreated with ferric ferrous cyanide show two characteristic bands that
contribute to the metal-oxygen bond vibrations in spinel structures in the range of 400
750 cm™! for tetrahedral and for octahedral complexes. The bands between 800 and 950
cm™! belong to the deformation vibration of the -CH, groups due to the presence of ad-
sorbed ethanolamine and ethylene glycol molecules after the synthesis of the ferrites.
The spectra also show the stretching vibrations of the carbon-oxygen bond around 1020
cm”!, which originate from the ethylene glycol on the surface of the ferrite particles. The
ethylene glycol also contributes to the BOH and vOH vibrations, which show absorption
between 1380 and 1500 cm™l; moreover, a broad band of the stretching vibration of the
hydroxyl group is also seen in the range 3000-3750. Bending and stretching vibration
bands indicating the presence of amine functional groups are visible around 1630 cm™!
and 3320 cm ™. The C=C stretching vibrational band of adsorbed organic molecules was
identified around 1580 cm™. The peak around 1660 cm™ is due to the adsorbed water
molecules. The adsorbed organic molecules (ethylene glycol) resulted in low-intensity
bands between 2800 and 2930 cm™}; these are the symmetric and asymmetric stretching
vibrational modes of the aliphatic and aromatic C-H bonds, respectively. The presence of
surface hydroxyl and amine functional groups on the magnetic nanoparticles enhances
their dispersibility within polar media, particularly aqueous solutions. In the case of the
sample containing ferric ferrous cyanide (MnFe,O4-PB), the characteristic vibrational
band of the CN bonds in the Fe?"-CN-Fe*" fragment appears between 2060 and 2080
cm™! [56-58].
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Figure 6. FTIR spectra of the Prussian blue (PB)-coated and the non-treated MnFeyOy
nanoparticles.

Potassium hexacyanoferrate is an effective complexing agent, the use of which may
be able to change the composition of the spinel phase. To clarify this, X-ray diffraction
studies were performed on a manganese ferrite sample treated with ferric ferrous
cyanide. The diffractogram identified reflections that are characteristic of spinel phases
of MnFe;Oy4; these were located at 26 values of 18.2° (111), 29.7° (220), 34.9° (311), 42.7°
(400), 52.6° (422), 56.4° (511) and 61.7° (440) (PDF 74-2403). (Figure 7). Thanks to the for-
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mation of the Prussian blue, additional peaks appeared at 26 values of 17.6° (200) and
24.9° (220), which belong to the ferric ferrous cyanide (PDF 73-0687). However, in addi-
tion to the Prussian blue phase, magnetite was also detected in the sample, which shows
characteristic reflections at 26 values of 18.5° (111), 30.1° (220), 35.5° (311), 43.1° (400),
53.4° (422), 57.1° (511) and 62.5° (440) in the diffractogram (PDF 19-629).

MnFe,O,
Fe,O,
Fe,[Fe(CN)g];

Intensity (a.u.)

2 O degrees (°)

Figure 7. X-ray diffractogram of the MnFe;O4-PB nanoparticles.

The quantity of magnetite synthesized in conjunction with manganese ferrite was
determined to be 34.2 wt%, and the amount of Prussian blue was 6.8 wt% in the

MnFe,O4-PB sample. A redox process takes place between the Fe3+ ions on the surface

of the manganese ferrite and the [Fe(CN)¢]* ions adsorbed onto the surface.
Hexacyanoferrate(Il) ions readily donate an electron and oxidizes to [Fe(CN)y]*
(hexacyanoferrate(IIl) ions) [59]. This electron is accepted by the surface Fe®* ion of the
manganese ferrite, thereby reducing it to an Fe?* ion. The resulting Fe?* ions differ in
charge and size from the lattice Fe*, allowing them to detach from the lattice into the so-
lution significantly more easily.

Based on the above, K4[Fe(CN)¢] can act not only as a passive coating, but also as an
active reagent; it can reduce surface iron(Ill) ions to iron(Il) ions while simultaneously
facilitating their leaching from the manganese ferrite lattice. Based on the above, the
presence of potassium hexacyanoferrate and the sonochemical reaction environment
promotes the formation and presence of iron(ll) ions in the system. Upon adding
iron(Ill) chloride solution to this mixture, the freshly introduced trivalent iron ions react
with the divalent iron ions. Driven by the cavitational energy, this stoichiometric combi-
nation of iron ions in a 1:2 ratio initiates the precipitation and crystallization of mag-
netite onto the surface of the existing manganese ferrite nanoparticles. The elemental
maps confirm that the formed magnetite is not present as separate particles, but rather
forms the spherical nanoparticles together with the manganese ferrite crystallites. The el-
emental mapping of the Prussian blue-coated manganese ferrite nanoparticles shows no
domains where iron is present separately from manganese (Figure 5).

The presence of Prussian blue was confirmed in the sample by XPS measurement.
The XPS spectra of the manganese ferrite sample show the manganese band, as well as
identifiable peaks for iron, oxygen, carbon, and nitrogen, the latter of which may origi-
nate from amine functional groups and C=N bonds, indicating the presence of Prussian
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blue (Figure 8A). Potassium is also present in very small quantities in the samples, origi-
nating from potassium hexacyanoferrate.
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Figure 8. XPS results: survey spectra of the Prussian blue-free and the PB-coated MnFe,O, (A). Mn
2p bands of the divalent Mn ions (Mn2*) in the MnFe;Oy4 spinel (B). Fe 2p peaks indicate the form
of trivalent iron (Fe**) (C). The deconvoluted Fe 2p3p2 band of the Prussian blue-coated MnFep;Oy
with the peaks of Fe(IIl) multiplet and Fe(II) (D).

The high-resolution Mn 2p spectrum exhibits two distinct peaks at binding energies
of 641.2 eV and 653.2 eV, corresponding to the Mn 2p3» and Mn 2py; states, respec-
tively., confirming the presence of divalent Mn(ll) ions in the manganese ferrite (Figure 8
B) [60-64].

The Fe 2p regions of the spectra for both the pristine MnFe;O4 and the PB-function-
alized composite exhibit doublet features, specifically the Fe 2p;/, and Fe 2p;, signals lo-
cated at 724.6 and 711 eV binding energy values (Figure 8C). These peaks, along with the
satellites (at 733.2 and 719.1 eV), indicate that Fe is present in the form of trivalent iron
(Fe*) [62]. The deconvolution of the Fe 2p;/, band reveals a peak characteristic of diva-
lent iron (Fe?*) at a binding energy of 708.5 eV, which is characteristic of Prussian blue
(Fe>*[Fe**Fe?"(CN)g]s) (Figure 8D).

The identification of divalent manganese (Mn?*) and trivalent iron (Fe®*) ions vali-
dates the chemical composition of the MnFe,O, spinel phases. This finding is addition-
ally supported by the untreated, Prussian blue-free specimen, which exhibited an iron-
to-manganese proportion of 2.0, a value matching the expected stoichiometry of the
spinel ferrite phase (Table 1). The phase purity of the manganese ferrite spinel was veri-
fied by XRD, which showed no evidence of additional metal oxides (Figure 2).
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Table 1. Surface mole percent (n/n%) of the elements and iron:transition metal ratio in the

MnFe,Oy4 sample, and in its Prussian blue-modified counterpart.

(n/n)% C1ls Fe3p Mn 3p N1s O1s K2p Fe3p/Mn 3p
MnFe;04 22 16.6 8.1 0.8 52.5 - 2
MnFe,04-PB 26.5 15.3 5.8 42 47.5 0.7 2.6

Elemental analysis of the PB-coated samples revealed an iron:transitional metal ra-
tio of 2.6 for MnFe,O4-PB (15.3% Fe and 5.8% Mn). The excess of iron observed in the
Prussian blue-containing ferrite sample can be attributed to the presence of the Prussian
blue coating (Fe**[Fe**Fe?*(CN)¢]3) and the Fe;0, phase, which was also confirmed by
XRD measurement (Figure 7).

Potassium was also detected at 0.7 (n/n)% in the MnFe;Oy4-PB sample, originating
from the K4[Fe(CN)¢] precursor. Furthermore, a substantial increase in nitrogen content
from 0.8 (n/n)% to 4.2 (n/n)% for the manganese ferrite confirms the successful incorpo-
ration of the nitrogen-rich Prussian blue layer (Table 1).

In the Prussian blue-free ferrite, the lower nitrogen content (0.8 (n/n)%) is attributed
to the C-N bonds within the amine functional groups (Table 1). This organic amine-de-
rived C-N peak is located at 400 eV in the N1s spectra (Figure 8A,D). Conversely, the
MnFe,0,- PB sample exhibits a high-intensity band at 397.7 eV, leading to an increased
nitrogen concentration (4.2 (n/n)%) due to the C=N bonds of the Fe>*[Fe>*Fe?*(CN)];
coating (Figure 9A).
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Figure 9. XPS spectra of the N 1s band origin from the amine functional groups (C-N) and N=C
bonds in the Fe**[Fe>'Fe?*(CN)g]3 (A), C 1s band of the adsorbed organic molecules and Prussian
blue in PB-MnFe,O, (B), and O1 s band of the lattice oxide and functional groups in the pristine
and Prussian blue-coated MnFe,Oy (C).

The C 1s spectra of the PB-coated MnFe;O4 samples exhibit distinct peaks at 284.8
eV, 286.1 eV, 287.6 eV, and 288.6 eV. These binding energy values are characteristic of C-
C, C=N, C-OH, C-O-C, C=0, and O-C=0O bonds (Figure 9B), which originate from the
Prussian blue layer, adventitious carbon, and other adsorbed organic species [63]. The K
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2p;/, and K 2p;), signals observed at 293.2 eV and 295.9 eV, respectively, confirm the
presence of residual potassium hexacyanoferrate [64]. Adsorbed organic species from
the synthesis, specifically ethylene glycol and ethanolamine, along with adventitious
carbon, account for the carbon levels measured in the MnFe,Oy (22.0 (n/n)%).

The formation of the Prussian blue shell Fe*'[Fe**Fe?*(CN)¢]3 accounts for the in-
creased carbon content observed in the modified samples (26.5 (n/n)% primarily due to
the presence of cyanide (C=N) ligands (Table 1).

Deconvolution of the O 1s bands revealed specific signals corresponding to lattice
oxides at 530.1 eV, along with lattice-bound adsorbed water at 532.5 eV. Additionally, a
peak at 531.5 eV was identified, which is attributed to the hydroxyl groups of adsorbed
organic species, such as ethylene glycol (Figure 9C) [63]. Functional groups (C-OH, C-O-
C, C=0 and O-C=0) contribute 6.3% of the total oxygen concentration in the manganese
ferrite sample treated with Prussian blue. The largest amount of oxygen is present in the
samples in the form of metal oxides and adsorbed water (Table 1).

3.3. Investigation of the Colloid Chemical Stability of Bovine Serum Albumin-Stabilized
MnFe,O4-PB Nanoparticles in Different Solvents

The contrast agent must be redispersed in sterile water, dextrose or physiological
saline solution before use. Ferrite nanoparticles stabilized with BSA disperse very
quickly in aqueous media, which is an important consideration for their field of applica-
tion (Figure 10A). Another important requirement is that the colloidal system remains
stable for a long time, and some stability tests were performed. We used DLS measure-
ments to track the stability of the water-based colloidal systems over time and monitored
changes in particle size. DLS measurements were performed at predefined time points
up to 6 h after redispersion. No significant shift in the particle-size distribution was ob-
served during this observation period (Figure 10B). No significant change was observed
in the mean and standard deviation values after six hours (Figure 10C). Together, these
observations are consistent with effective BSA-associated stabilization of the nanoparti-
cle dispersion during the 6 h observation period. The zeta potentials were measured, ini-
tially at -22.2 + 0.7 mV of the MnFe;O4-PB/BSA, which remained unchanged after six
hours, when it was measured at —-22.0 + 0.3 mV.
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Figure 10. Lyophilized powder of BSA-supported MnFe,O4-PB contrast agent for injection, and its
stable colloid (A), size distribution histogram (B), and average particle diameters with standard
deviations of MnFe,O4-PB/BSA (C) sample stability in time.

When using MRI contrast agents, different solvents are recommended to ensure the
appropriate concentration, namely physiological saline solution (0.9 wt%) and dextrose
solution (10 wt%). In order to examine how these two solvents affect the colloidal stabil-
ity of our contrast agent, we performed additional DLS measurements. The mean parti-
cle diameters of the MnFe,O4-PB/BSA were changed in the range 165 + 46 nm-178 + 65
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nm (in physiological saline solution) and 174 + 41 nm-201 + 59 nm (in dextrose solution)
based on the intensity-weighted size distribution (Figure 11A). No significant, trend-like
change in size distributions was observed for any of the solvents after six hours of mea-
surements. The same conclusion can be drawn with regard to hydrodynamic diameters
and polydispersity values (Figure 11B). Based on the above, it can be concluded that, in
addition to sterile water for injection, physiological saline solution and dextrose solution
can also be used to dissolve the two ferrite-based lyophilized contrast agents.
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Figure 11. Intensity-weighted size distribution (A) and hydrodynamic diameter and polydisper-
sity (B) vs. time in different solvents in case of MnFe;O4-PB/BSA.

3.4. Mapping Interactions Between Magnetic Nanoparticles and BSA Using Molecular
Simulation Methods

BSA-coated nanoparticles form a stable colloidal system in an aqueous medium, as
confirmed by DLS studies (Figure 10). The excellent colloidal stability indicates that a
strong interaction has developed between BSA and magnetic nanoparticles, making BSA
an effective encapsulant for producing lyophilized, redispersible MRI contrast formula-
tions with improved colloidal stability and biocompatibility. Molecular simulation mod-
eling was performed to investigate the interactions between the surface functional
groups identified by XPS measurements and BSA.

A 100 ns MD simulation was performed for BSA in aqueous solution and BSA in the
presence of three ferrite nanoparticles (MnFe,Oy,) (a radius of 25 A). Throughout the en-
tire simulation period, all three nanoparticles remained in close contact with the protein
surface, indicating stable protein—nanoparticle interactions under the applied conditions.
The final configurations obtained after 100 ns for both the isolated protein and the pro-
tein—nanoparticle complex are shown in Figure 12D. Structural differences between the
initial and final states of each system are illustrated in Figure 12C,D, highlighting the
conformational changes induced during the simulation.

Figure 12. Structures obtained after 100 ns of simulation: BSA in aqueous solution (A) and BSA in
complex with three manganese ferrite nanoparticles (B). Comparison of the initial and final struc-
tures after 100 ns of simulation: BSA alone (C); BSA in complex with three ferrite nanoparticles
(D). Initial structures are shown with protein in green and ferrite in red, while final structures are

shown with protein in magenta and the ferrite in blue.
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Root mean square deviation (RMSD) is a widely used metric to assess protein stabil-
ity, as it quantifies the average structural deviation over time relative to a reference con-
formation, providing insight into conformational changes and equilibrium behavior dur-
ing simulations. The RMSD of the protein in both simulations, pure BSA in the solution
and BSA with ferrite magnetic nanoparticles (MNPs) in the solution, is comparable (
Figure 13A). In the simulation without nanoparticles, the protein initially deviates more
strongly from its starting structure, but after about 60 ns, its conformation approaches
the initial structure more closely than in the nanoparticle-bound system. In contrast, the
RMSD of the protein in the presence of the magnetic nanoparticles increases more grad-
ually and reaches a stable plateau after approximately 50 ns. At equilibrium, the RMSD
of the protein in complex with MNDPs is slightly higher than that of the pure protein.
These results suggest that the MNDPs exert a stabilizing influence on the protein struc-
ture, reducing abrupt conformational fluctuations while maintaining overall structural
integrity. The RMSD of the individual nanoparticles relative to the protein is shown in
Figure 13B (the arbitrary numbering of the nanoparticles is defined in Figure 1). All three
nanoparticles exhibit notable deviations from their initial positions, which is expected
given that the initial configurations were manually placed. However, after approxi-
mately 50 ns of simulation, the nanoparticle positions stabilize, indicating equilibration.
Figure 13B also shows that magnetic nanoparticle 2 (MNP 2) undergoes the largest shift
from its initial structure compared to magnetic nanoparticle 3 (MNP 3) and, to a lesser
extent, magnetic nanoparticle 1 (MNP 1).
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Figure 13. RMSD of protein over the course of the simulation (A) and RMSD of the individual
MNPs (magnetic nanoparticles) relative to the protein during the simulation (B). Minimum dis-
tance between each MNP and the protein during the simulation (C) and the number of contacts
(atoms within 0.5 nm) between each MNP and the protein during the simulation (D).

The minimum distance between each magnetic nanoparticle and the protein re-
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mains relatively stable throughout the 100 ns simulation (Figure 13C), fluctuating be-
tween 2.0 and 2.2 A, indicating persistent close contacts. Analysis of the number of con-
tacts, defined as protein and nanoparticle atoms within 5 A, reveals that for MNP 1 and
MNP 2 (as labeled in Figure 1), the number of contacts decreases from ~300 to ~150
within the first nanosecond and then remains relatively constant for the remainder of the
simulation (Figure 13D), suggesting stable interactions.

In contrast, MNP 3 exhibits a significantly higher number of contacts, reaching
about 400, which stabilize after approximately 20 ns. During the initial 20 ns, the number
of contacts for MNP 3 fluctuates considerably, reflecting initial rearrangements. The
higher and more stable contact number for MNP 3 indicates a stronger interaction with
the protein compared to MNP 1 and MNP 2, consistent with its lower RMSD observed in
Figure 13B.

For further insights, the interactions between individual MNPs and protein amino
acid residues were further analyzed. For each frame of the molecular dynamics simula-
tion (50 ps per frame), the minimum distance between each nanoparticle and all protein
amino acid residues was calculated. This distance was defined as the shortest distance
between any atom of the analyzed MNP and any atom of the corresponding amino acid
residue. Amino acid residues exhibiting a minimum distance to the nanoparticle of less
than 3 A (0.3 nm) for at least 5% (5 ns) of the total 100 ns MD simulation time were se-
lected for further analysis (Table 2).

Table 2. List of amino acid residues in contact (distance < 3 A) with individual magnetic nanopar-
ticles and the percentage of simulation time during which they remained in contact throughout
the MD simulation.

MNP (1) MNP (2) MNP (3)

B Lys180 42% A Lys51 43% B Lys96 10%

B Lys273 100% B Arg81 8% B GIn319 100%

B Glu293 100% B Glu92 100% B Glu320 100%

B Glu166 6% A Lys76 14% B Ala321 82%

B Ser272 22% B Lys322 56%
B Arg208 81%
B Lys239 86%
B Lys316 85%
B Thr235 14%
B Lys232 8%

The minimum distances between the magnetic nanoparticles and the amino acid
residues identified as contacts (Table 2) during the MD simulation are shown in
Figure 14. For manganese ferrite MNP 1, the most persistent contact is with Glu293 in
chain B, which maintains a stable distance of approximately 2 A throughout the entire
MD simulation. Lys273 in chain B also exhibits a stable, though slightly more fluctuat-
ing, distance of 2-3 A over the full simulation time (Figure 14A). For MNP 2, the most
persistent contact is observed with Glu92 in chain B, maintaining a stable distance of
around 2 A throughout the simulation. The interaction between MNP 2 and Lys51 in
chain A is also relatively stable at approximately 2 A; however, this contact is lost after 42
ns of the MD simulation. This residue is partially replaced by Lys76 in chain A for a
short period between 57 and 69 ns of the simulation (Figure 14B).
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Figure 14. Minimum distance between individual magnetic nanoparticles and selected protein
amino acid residues during the MD simulation. Contacts between MNP 1 (A), MNP 2 (B), and
MNP 3 (C,D) and the amino acid residues in the BSA protein chain.

The most persistent contacts for manganese ferrite MNP 3 are with GIn319 and
Glu320 in chain B, both maintaining a stable distance of approximately 2.2 A throughout
the entire MD simulation (Figure 14C,D). The interactions with Ala321 and Lys322 are
also relatively stable, with distances of around 3 A during the simulation. The persis-
tently short distance between the nonpolar residue Ala321 and MNP 3 is likely due to
strong interactions of the neighboring residues Glu320 and Lys322 with the nanoparticle,
rather than a direct interaction between Ala321 and the nanoparticle itself.

Previous analyses indicated a substantially stronger overall interaction between
MNP 3 and the protein, which is further supported by the contact analysis. Two addi-
tional persistent contacts of MNP 3 (with Lys239 and Lys316 in chain B) are formed after
approximately 15 ns of the MD simulation and remain stable at around 2 A until the end
of the simulation (Figure 14C,D). Moreover, another persistent contact with Arg208 in
chain B is established after 30 ns and is maintained at approximately 2 A for the remain-
der of the simulation.

3.5. Testing of the Ferrite-Based Nanoparticles as MRI Contrast Agents

In order to characterize the capabilities of MnFe,O,-PB/BSA as MRI contrast agents,
in vitro relaxivity measurements were conducted. Quantitative images were calculated
to determine R1, R2, and R2* relaxation rates of every sample in the diluted concentra-
tion rows of the MnFe,O,-PB nanoparticles. Linear fitting to these data allowed the de-

termination of the rl, 12, and r2* relaxivities of the BSA-coated ferrite nanoparticles (
Figure 15).
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Figure 15. Results of the relaxivity measurements. T2 maps of different concentrations of
MnFe;O4-PB/BSA (A) in Eppendorf tubes shown on the same grayscale. The relaxation rates are
plotted as a function of the iron content of the samples and linear fitting (dotted lines) to them, the
slope of which shows the relaxivity values (B). The accuracy of the fits is characterized by the R?

values shown in the graph.

The longitudinal relaxivities (r1) of the MnFe;O4-PB/BSA samples were determined
to be 0.0026 (mg/mL)'ms™!. The transversal relaxivities were measured to be (r2: 1.91
(mg/mL)'ms™; r2*: 4.24 (mg/mL)'ms™!). The measured relaxivities indicate that incor-
poration of BSA preserved the predominantly T2-weighted contrast behavior previously
reported for the PB-coated ferrite system [39], while the obtained values remained
within the range reported for established SPIO-based contrast agents. The co-formation
of magnetite (34.2 wt%) during the PB coating process may contribute additively to the
transverse relaxivity of the composite, since magnetite is an established T2-weighted
contrast material. This mixed-phase character of the MnFe,O4-PB material is reflected in
the high r; value observed.

Clinically applied superparamagnetic iron oxide formulations and engineered fer-
rite nanoparticles generally exhibit a predominant effect on transverse relaxation, with
substantially higher transverse than longitudinal relaxivity values. Similar to these sys-
tems, the MnFe,O,-PB/BSA nanoparticles demonstrated a strong T,-weighted contrast
profile, characterized by a low r; value (0.0026 (mg/mL) 'ms™!) and substantially higher
transverse relaxivities (r; = 1.91 (mg/mL)'ms™}; ry* = 4.24 (mg/mL) 'ms™!). MRI contrast
agents used in clinical practice have higher measured r1 and r2 values; in the case of
Endorem, these are r1: 0.0734 (mg/mL)'ms™ (4.1 mM™ s™!) and r2: 1.67 (mg/mL) 'ms™
(93 mM ! s71). These values for Resovist are r1: 0.0824 (mg/mL) 'ms™ (4.6 mM ' s7!) and
12: 2.56 (mg/mL)'ms™! (143 mM™ s7!) [65]. The r2/r1 ratio was 23 for Endorem and 31
for Resovist [65]. In the case of our MnFe,Os-based sample, the resulting r,/r; ratio
(~735) indicates a pronounced preference toward transverse relaxation enhancement.
The 1,/ry ratio is dimensionless and comparable across both unit systems, as the conver-
sion factor cancels. It should be noted that direct numerical comparison between studies
remains challenging due to variations in magnetic field strength, pulse sequences, tem-
perature, particle morphology, surface modification, and relaxivity normalization
approaches.

3.6. Results of the Toxicology Measurement

The cytotoxicity of Prussian blue (PB)-coated manganese ferrite nanoparticles was
compared with that of their uncoated counterparts using the Alamar Blue assay.
Although the Alamar Blue assay alone measures only general metabolic activity and cell
viability, and does not elucidate specific cytotoxicity mechanisms (e.g., ROS generation
or inhibition of the Fenton reaction), it effectively illustrates the differences in biocom-
patibility between the coated and uncoated nanoparticles.

The cytotoxicity of Prussian blue (PB)-coated manganese ferrite nanoparticles was
compared with that of their uncoated counterparts using the Alamar Blue assay. The
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presence of FBS in the culture medium introduces a competitive protein environment
that will partially remodel the nanoparticle surface corona during the assay. This condi-
tion reflects a physiologically relevant challenge rather than an artifact, and the compar-
ative result between BSA-formulated and BSA+PB-formulated nanoparticles remains in-
ternally valid as both were tested under identical conditions.

Although the Alamar Blue assay alone measures only general metabolic activity and
cell viability and does not elucidate specific cytotoxicity mechanisms (e.g., ROS genera-
tion or inhibition of the Fenton reaction), it effectively illustrates the differences in bio-
compatibility between the coated and uncoated nanoparticles.

Across the tested concentration range (0.025-1 mg/mL ferrite), all samples exhibited
concentration-dependent effects on cell viability (Figure 16).

100 I MnFe,0,-PB/BSA [l MnFe,0,/BSA

80 -
60 -

40 -

Relative viability (%)

20

0.025 0.05 0.1 033 05 0.67 1

Concentration (mg/mL)

Figure 16. Relative viability of HEK 293T cells exposed to BSA-stabilized MnFe,O, nanoparticles,

with or without PB coating.

Mn-containing nanoparticles displayed a concentration-dependent effect on cell via-
bility. Within the BSA-formulated system, the PB-coated formulation showed higher rel-
ative metabolic activity than the corresponding uncoated formulation, with values rang-
ing from 52% to 87% and 20% to 34%, respectively, across the tested concentration range.
For both formulations, viability decreased progressively with increasing ferrite concen-
tration, reaching its lowest value at 1 mg/mL. These concentration-dependent cell sur-
vival data demonstrate that the protective effect of the PB shell remains effective even at
higher dosage levels (up to 1 mg/mL). Uncoated particles exhibit toxicity even at the
lowest dose (34% viability), whereas PB-coated particles maintain a viability of over 50%
even at the highest dose (1 mg/mL).

Within the BSA-formulated nanoparticle system, the PB-coated formulation showed
higher relative metabolic activity than the corresponding MnFe,O,/BSA formulation.
The toxicity-reducing effect of the PB coating is understandable given that uncoated fer-
rite nanoparticles exert their cytotoxic effect through the leaching of transition metal ions
(Fe**, Fe?* and Mn?"), which catalyze the production of intracellular reactive oxygen
species (ROS) via Fenton and Haber-Weiss reactions [8-15]. The PB layer on the surface
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of the manganese ferrite nanoparticles (the presence of which was confirmed by both
XRD and XPS measurements) acts as a passivating layer that inhibits the leaching of the
aforementioned heavy metal ions, thereby suppressing ROS generation processes.
Furthermore, as demonstrated by our MD simulations, the surrounding BSA matrix
forms a persistent protein shield through multivalent electrostatic interactions (e.g., with
Glu293 and Lys273 residues). The observed difference in metabolic activity is consistent
with a protective effect of the PB coating within the BSA-formulated system. However,
the present experimental design does not allow the independent contribution of BSA to
cytocompatibility to be quantified. However, Duan and colleagues reported the protec-
tive effect of BSA on a graphene oxide/BSA system [66].

3.7. Pilot In Vivo MRI Assessment of MnFe,O4-PB/BSA

A pilot in vivo MRI experiment was performed in a single female BALB/c mouse to
assess the feasibility of detecting hepatic accumulation of MnFe,O4-PB/BSA after intra-
venous administration. A formulation containing 1 mg/mL ferrite was administered at a
volume of 0.1 mL by tail-vein injection. The animal weighed 28.6 g; the administered
dose corresponded to 3.5 mg/kg body weight. Native MRI scans were acquired before
administration, followed by repeated imaging immediately after administration and
again on the following day.

The rapid reduction in hepatic signal intensity observed 10 min after administration
indicates rapid hepatic accumulation of the nanoparticles. Albumin-based surface for-
mulations have been reported to influence protein adsorption and circulation behavior
in other nanoparticle systems [67,68]. Therefore, the observed MRI signal changes
should not be interpreted as evidence of prolonged circulation. Instead, the data demon-
strate rapid hepatic uptake followed by persistence of the hepatic signal change at the
following-day measurement.

Maximum intensity projection visualization of the signal change (post-20 min scan
subtracted from the native pre-scan) highlights that, apart from the liver, only those ar-
eas that have shifted between the two images show a decrease in signal intensity. The
temporal evolution of hepatic signal intensity (Figure 17B) indicates that the hepatic sig-
nal change remained detectable at the following-day measurement after the initial rapid

uptake.
Pre 10 min p.i. 20 min p.i. 1dayp.i. MIP (Pre —20min p.i.) @ Mn-ferrite-PB/BSA

MnFe;0,- . 1.5
PB/BSA b

£ 1
w
~
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Figure 17. Results of in vivo MRI measurements (A). A representative coronal slice of MnFe,Oy-
PB/BSA in every timepoint shown on the same grayscale. The last image is a maximum intensity
projection (MIP) of the signal intensity change between pre- and 20 min post-injection; mean sig-
nal intensities in the liver normalized to the muscle signals are plotted against the time after ad-

ministration of ferrite-based contrast agent (B).

The rapid hepatic signal change observed in the present pilot experiment is consis-
tent with the known hepatic uptake of appropriately sized magnetic nanoparticles by
the reticuloendothelial system. These observations support rapid hepatic accumulation
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rather than prolonged blood circulation.

Because this experiment was performed in a single animal, the observations are con-
sidered preliminary and are not intended to establish population-level biodistribution,
pharmacokinetic parameters or systemic safety.

4. Conclusions

In this study, an independently prepared batch of amine-functionalized MnFe,O,
nanoparticles was coated with Prussian blue and subsequently formulated with bovine
serum albumin. The structural, spectroscopic and magnetic characterization confirmed
the expected ferrite/PB composition of the newly prepared material. The BSA formula-
tion enabled rapid redispersion after lyophilization and maintained colloidal stability
throughout the 6 h DLS observation period in the tested aqueous media. Molecular dy-
namics simulations identified persistent close contacts between the nanoparticle surface
and charged or polar BSA residues, supporting stable association between the protein
and nanoparticle surface. The BSA-formulated PB-coated nanoparticles retained pre-
dominantly T2-weighted MRI contrast properties. In vitro metabolic activity measure-
ments showed higher viability for the PB-coated BSA formulation than for the corre-
sponding uncoated BSA formulation; however, this comparison does not independently
quantify the contribution of BSA to cytocompatibility. A pilot in vivo MRI experiment
demonstrated rapid hepatic accumulation, with a significant hepatic signal change de-
tected within 10 min and persisting at the following-day measurement. Because the in
vivo assessment was performed in a single animal, these findings should be considered
preliminary and cannot establish population-level biodistribution, pharmacokinetics or
systemic safety. Further controlled studies are required to determine the specific contri-
bution of BSA to cytocompatibility and pharmacokinetic behavior and to evaluate the
translational potential of the formulation.

Author Contributions: Conceptualization, L.F,, L.V, FH. and AMI; methodology, L.F.,, L.D,,
AM.I, M.N,, T.O. and FX,; software, B.V, D.R. and B.M.; formal analysis, FX., N.K,, T.O. and
L.D,; resources, B.V,; data curation, L.F., L.V,, D.R,, B.M.,, and N.K,; writing —original draft prepara-
tion, L.V,, L.E. and F.H.; writing—review and editing, B.V,, K.S.; visualization, L.F., B.M., and FH,;

supervision, L.V. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Care and Use Committee of Semmelweis University (approval number PE/EA/01319-6/2023, 28
December 2023).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: This paper was supported by the Janos Bolyai Research Scholarship of the

Hungarian Academy of Sciences.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Kanal, E.; Maravilla, K.; Rowley, H.A. Gadolinium contrast agents for CNS imaging: Current concepts and clinical evidence.
AJNR Am. ]. Neuroradiol. 2014, 35, 2215-2226. [Google Scholar] [CrossRef] [PubMed]

2. Ebrahimi, P; Barbieri, M. Gadolinium as an Emerging Microcontaminant in Water Resources: Threats and Opportunities.
Geoscience 2019, 9, 93. [Google Scholar] [CrossRef]

https://doi.org/10.3390/pharmaceutics18101217


https://scholar.google.com/scholar_lookup?title=Gadolinium+contrast+agents+for+CNS+imaging:+Current+concepts+and+clinical+evidence&author=Kanal,+E.&author=Maravilla,+K.&author=Rowley,+H.A.&publication_year=2014&doi=10.3174/ajnr.A3917&pages=2215-2226&journal=AJNR+Am.+J.+Neuroradiol.&volume=35&issue=&pmid=24852287
https://scholar.google.com/scholar_lookup?title=Gadolinium+contrast+agents+for+CNS+imaging:+Current+concepts+and+clinical+evidence&author=Kanal,+E.&author=Maravilla,+K.&author=Rowley,+H.A.&publication_year=2014&doi=10.3174/ajnr.A3917&pages=2215-2226&journal=AJNR+Am.+J.+Neuroradiol.&volume=35&issue=&pmid=24852287
https://doi.org/10.3174/ajnr.A3917
https://pubmed.ncbi.nlm.nih.gov/24852287
https://scholar.google.com/scholar_lookup?title=Gadolinium+as+an+Emerging+Microcontaminant+in+Water+Resources:+Threats+and+Opportunities&author=Ebrahimi,+P.&author=Barbieri,+M.&publication_year=2019&doi=10.3390/GEOSCIENCES9020093&pages=93&journal=Geoscience&volume=9&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Gadolinium+as+an+Emerging+Microcontaminant+in+Water+Resources:+Threats+and+Opportunities&author=Ebrahimi,+P.&author=Barbieri,+M.&publication_year=2019&doi=10.3390/GEOSCIENCES9020093&pages=93&journal=Geoscience&volume=9&issue=&pmid=
https://doi.org/10.3390/GEOSCIENCES9020093
https://doi.org/10.3390/pharmaceutics18101217

Pharmaceutics 2026, 18, 1217 24 of 27

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

McDonald, J.S.; McDonald, R.J. MR Imaging Safety Considerations of Gadolinium-Based Contrast Agents: Gadolinium
Retention and Nephrogenic Systemic Fibrosis. Magn. Reson. Imaging Clin. N. Am. 2020, 28, 497-507. [Google Scholar]
[CrossRef] [PubMed]

Nasrin, S.; Chowdhury, F.U.Z.; Moazzam Hossen, M.; Islam, A.; Kumar, A.; Manjura Hoque, S. Study of the suitability of man-
ganese-substituted cobalt ferrites nanoparticles as MRI contrast agent and treatment by employing hyperthermia tempera-
ture. J. Magn. Magn. Mater. 2022, 564, 170065. [Google Scholar] [CrossRef]

Shah, A.; Dobrovolskaia, M.A. Immunological effects of iron oxide nanoparticles and iron-based complex drug formulations:
Therapeutic benefits, toxicity, mechanistic insights, and translational considerations. Nanomed. Nanotechnol. Biol. Med. 2018, 14,
977-990. [Google Scholar] [CrossRef] [PubMed]

Maurea, S.; Mainenti, P.P.; Tambasco, A.; Imbriaco, M.; Mollica, C.; Laccetti, E.; Camera, L.; Liuzzi, R.; Salvatore, M. Diagnostic
accuracy of MR imaging to identify and characterize focal liver lesions: Comparison between gadolinium and superparamag-
netic iron oxide contrast media. Quant. Imaging Med. Surg. 2014, 4, 181-189. [Google Scholar] [CrossRef] [PubMed]

Wang, Y.X.J. Current status of superparamagnetic iron oxide contrast agents for liver magnetic resonance imaging. World J.
Gastroenterol. 2015, 21, 13400-13402. [Google Scholar] [CrossRef] [PubMed]

Dadfar, S.M.; Roemhild, K.; Drude, N.I; von Stillfried, S.; Kniichel, R.; Kiessling, F.; Lammers, T. Iron oxide nanoparticles:
Diagnostic, therapeutic and theranostic applications. Adv. Drug Deliv. Rev. 2019, 138, 302-325. [Google Scholar] [CrossRef]
[PubMed]

Auffan, M.; Rose, |.; Bottero, ].Y.; Lowry, G.V.; Jolivet, ].P.; Wiesner, M.R. Towards a definition of inorganic nanoparticles from
an environmental, health and safety perspective. Nat. Nanotechnol. 2009, 4, 634-641. [Google Scholar] [CrossRef] [PubMed]
Laurent, S.; Forge, D.; Port, M.; Roch, A.; Robic, C.; Elst, L.V.; Muller, RN. Magnetic Iron Oxide Nanoparticles: Synthesis,
Stabilization, Vectorization, Physicochemical Characterizations, and Biological Applications. Chem. Rev. 2008, 108, 2064-2110.
[Google Scholar] [CrossRef] [PubMed]

Dringen, R.; Pawlowski, P.G.; Hirrlinger, ]. Peroxide detoxification by brain cells. . Neurosci. Res. 2005, 79, 157-165. [Google
Scholar] [CrossRef] [PubMed]

Maiorino, F.M.; Brigelius-Flohé, R.; Aumann, K.D.; Roveri, A.; Schomburg, D.; Flohé, L. Diversity of glutathione peroxidases.
Methods Enzymol. 1995, 252, 38-53. [Google Scholar] [CrossRef] [PubMed]

Aebi, H. Catalase in Vitro. Methods Enzymol. 1984, 105, 121-126. [Google Scholar] [CrossRef] [PubMed]

Latunde-Dada, G.O. Ferroptosis: Role of lipid peroxidation, iron and ferritinophagy. Biochim. Biophys. Acta (BBA) -General. Subj.
2017, 1861, 1893-1900. [Google Scholar] [CrossRef] [PubMed]

Xie, W.; Guo, Z; Gao, F.; Gao, Q.; Wang, D.; Liaw, B.-S.; Cai, Q.; Sun, X.; Wang, X.; Zhao, L. Shape-, size- and structure-con-
trolled synthesis and biocompatibility of iron oxide nanoparticles for magnetic theranostics. Theranostics 2018, 8, 3284. [Google
Scholar] [CrossRef] [PubMed]

Wang, Y.X.J. Superparamagnetic iron oxide based MRI contrast agents: Current status of clinical application. Quant. Imaging
Med. Surg. 2011, 1, 35-40. [Google Scholar] [CrossRef] [PubMed]

Wang, Y.XJ.; Idée, ] M. A comprehensive literatures update of clinical researches of superparamagnetic resonance iron oxide
nanoparticles for magnetic resonance imaging. Quant. Imaging Med. Surg. 2017, 7, 88-122. [Google Scholar] [CrossRef]
[PubMed]

Li, F; Yeh, S; Shi, Q.; Wang, P; Wu, H,; Xin, J. A Novel Thermal-driven Self-assembly Method to Prepare Albumin
Nanoparticles: Formation Kinetics, Degradation Behavior and Formation Mechanism. AAPS PharmSciTech 2022, 23, 250.
[Google Scholar] [CrossRef] [PubMed]

Huang, Y.; Luo, Y.; Zheng, W.; Chen, T. Rational Design of Cancer-Targeted BSA Protein Nanoparticles as Radiosensitizer to
Overcome Cancer Radioresistance. ACS Appl. Mater. Interfaces 2014, 6, 19217-19228. [Google Scholar] [CrossRef] [PubMed]
Hoogenboezem, E.N.; Duvall, C.L. Harnessing albumin as a carrier for cancer therapies. Adv. Drug Deliv. Rev. 2018, 130, 73-89.
[Google Scholar] [CrossRef] [PubMed]

Solanki, R.; Rostamabadi, H.; Patel, S.; Jafari, S.M. Anticancer nano-delivery systems based on bovine serum albumin nanopar-
ticles: A critical review. Int. ]. Biol. Macromol. 2021, 193, 528-540. [Google Scholar] [CrossRef] [PubMed]

Tazhbayev, Y.; Mukashev, O.; Burkeyev, M.; Lozinsky, V.I. Synthesis and Comparative Study of Nanoparticles Derived from
Bovine and Human Serum Albumins. Polymers 2020, 12, 1301. [Google Scholar] [CrossRef] [PubMed]

Kratz, F. Albumin as a drug carrier: Design of prodrugs, drug conjugates and nanoparticles. ]. Control. Release 2008, 132, 171—
183. [Google Scholar] [CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics18101217


https://scholar.google.com/scholar_lookup?title=MR+Imaging+Safety+Considerations+of+Gadolinium-Based+Contrast+Agents:+Gadolinium+Retention+and+Nephrogenic+Systemic+Fibrosis&author=McDonald,+J.S.&author=McDonald,+R.J.&publication_year=2020&doi=10.1016/J.MRIC.2020.06.001&pages=497-507&journal=Magn.+Reson.+Imaging+Clin.+N.+Am.&volume=28&issue=&pmid=33040991
https://scholar.google.com/scholar_lookup?title=MR+Imaging+Safety+Considerations+of+Gadolinium-Based+Contrast+Agents:+Gadolinium+Retention+and+Nephrogenic+Systemic+Fibrosis&author=McDonald,+J.S.&author=McDonald,+R.J.&publication_year=2020&doi=10.1016/J.MRIC.2020.06.001&pages=497-507&journal=Magn.+Reson.+Imaging+Clin.+N.+Am.&volume=28&issue=&pmid=33040991
https://doi.org/10.1016/J.MRIC.2020.06.001
https://pubmed.ncbi.nlm.nih.gov/33040991
https://scholar.google.com/scholar_lookup?title=Study+of+the+suitability+of+manganese-substituted+cobalt+ferrites+nanoparticles+as+MRI+contrast+agent+and+treatment+by+employing+hyperthermia+temperature&author=Nasrin,+S.&author=Chowdhury,+F.U.Z.&author=Moazzam+Hossen,+M.&author=Islam,+A.&author=Kumar,+A.&author=Manjura+Hoque,+S.&publication_year=2022&doi=10.1016/J.JMMM.2022.170065&pages=170065&journal=J.+Magn.+Magn.+Mater.&volume=564&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Study+of+the+suitability+of+manganese-substituted+cobalt+ferrites+nanoparticles+as+MRI+contrast+agent+and+treatment+by+employing+hyperthermia+temperature&author=Nasrin,+S.&author=Chowdhury,+F.U.Z.&author=Moazzam+Hossen,+M.&author=Islam,+A.&author=Kumar,+A.&author=Manjura+Hoque,+S.&publication_year=2022&doi=10.1016/J.JMMM.2022.170065&pages=170065&journal=J.+Magn.+Magn.+Mater.&volume=564&issue=&pmid=
https://doi.org/10.1016/J.JMMM.2022.170065
https://scholar.google.com/scholar_lookup?title=Immunological+effects+of+iron+oxide+nanoparticles+and+iron-based+complex+drug+formulations:+Therapeutic+benefits,+toxicity,+mechanistic+insights,+and+translational+considerations&author=Shah,+A.&author=Dobrovolskaia,+M.A.&publication_year=2018&doi=10.1016/j.nano.2018.01.014&pages=977-990&journal=Nanomed.+Nanotechnol.+Biol.+Med.&volume=14&issue=&pmid=29409836
https://scholar.google.com/scholar_lookup?title=Immunological+effects+of+iron+oxide+nanoparticles+and+iron-based+complex+drug+formulations:+Therapeutic+benefits,+toxicity,+mechanistic+insights,+and+translational+considerations&author=Shah,+A.&author=Dobrovolskaia,+M.A.&publication_year=2018&doi=10.1016/j.nano.2018.01.014&pages=977-990&journal=Nanomed.+Nanotechnol.+Biol.+Med.&volume=14&issue=&pmid=29409836
https://doi.org/10.1016/j.nano.2018.01.014
https://pubmed.ncbi.nlm.nih.gov/29409836
https://scholar.google.com/scholar_lookup?title=Diagnostic+accuracy+of+MR+imaging+to+identify+and+characterize+focal+liver+lesions:+Comparison+between+gadolinium+and+superparamagnetic+iron+oxide+contrast+media&author=Maurea,+S.&author=Mainenti,+P.P.&author=Tambasco,+A.&author=Imbriaco,+M.&author=Mollica,+C.&author=Laccetti,+E.&author=Camera,+L.&author=Liuzzi,+R.&author=Salvatore,+M.&publication_year=2014&doi=10.3978/j.issn.2223-4292.2014.01.02&pages=181-189&journal=Quant.+Imaging+Med.+Surg.&volume=4&issue=&pmid=24914419
https://scholar.google.com/scholar_lookup?title=Diagnostic+accuracy+of+MR+imaging+to+identify+and+characterize+focal+liver+lesions:+Comparison+between+gadolinium+and+superparamagnetic+iron+oxide+contrast+media&author=Maurea,+S.&author=Mainenti,+P.P.&author=Tambasco,+A.&author=Imbriaco,+M.&author=Mollica,+C.&author=Laccetti,+E.&author=Camera,+L.&author=Liuzzi,+R.&author=Salvatore,+M.&publication_year=2014&doi=10.3978/j.issn.2223-4292.2014.01.02&pages=181-189&journal=Quant.+Imaging+Med.+Surg.&volume=4&issue=&pmid=24914419
https://doi.org/10.3978/j.issn.2223-4292.2014.01.02
https://pubmed.ncbi.nlm.nih.gov/24914419
https://scholar.google.com/scholar_lookup?title=Current+status+of+superparamagnetic+iron+oxide+contrast+agents+for+liver+magnetic+resonance+imaging&author=Wang,+Y.X.J.&publication_year=2015&doi=10.3748/wjg.v21.i47.13400&pages=13400-13402&journal=World+J.+Gastroenterol.&volume=21&issue=&pmid=26715826
https://scholar.google.com/scholar_lookup?title=Current+status+of+superparamagnetic+iron+oxide+contrast+agents+for+liver+magnetic+resonance+imaging&author=Wang,+Y.X.J.&publication_year=2015&doi=10.3748/wjg.v21.i47.13400&pages=13400-13402&journal=World+J.+Gastroenterol.&volume=21&issue=&pmid=26715826
https://doi.org/10.3748/wjg.v21.i47.13400
https://pubmed.ncbi.nlm.nih.gov/26715826
https://scholar.google.com/scholar_lookup?title=Iron+oxide+nanoparticles:+Diagnostic,+therapeutic+and+theranostic+applications&author=Dadfar,+S.M.&author=Roemhild,+K.&author=Drude,+N.I.&author=von+Stillfried,+S.&author=Kn%C3%BCchel,+R.&author=Kiessling,+F.&author=Lammers,+T.&publication_year=2019&doi=10.1016/j.addr.2019.01.005&pages=302-325&journal=Adv.+Drug+Deliv.+Rev.&volume=138&issue=&pmid=30639256
https://scholar.google.com/scholar_lookup?title=Iron+oxide+nanoparticles:+Diagnostic,+therapeutic+and+theranostic+applications&author=Dadfar,+S.M.&author=Roemhild,+K.&author=Drude,+N.I.&author=von+Stillfried,+S.&author=Kn%C3%BCchel,+R.&author=Kiessling,+F.&author=Lammers,+T.&publication_year=2019&doi=10.1016/j.addr.2019.01.005&pages=302-325&journal=Adv.+Drug+Deliv.+Rev.&volume=138&issue=&pmid=30639256
https://doi.org/10.1016/j.addr.2019.01.005
https://pubmed.ncbi.nlm.nih.gov/30639256
https://scholar.google.com/scholar_lookup?title=Towards+a+definition+of+inorganic+nanoparticles+from+an+environmental,+health+and+safety+perspective&author=Auffan,+M.&author=Rose,+J.&author=Bottero,+J.Y.&author=Lowry,+G.V.&author=Jolivet,+J.P.&author=Wiesner,+M.R.&publication_year=2009&doi=10.1038/nnano.2009.242&pages=634-641&journal=Nat.+Nanotechnol.&volume=4&issue=&pmid=19809453
https://scholar.google.com/scholar_lookup?title=Towards+a+definition+of+inorganic+nanoparticles+from+an+environmental,+health+and+safety+perspective&author=Auffan,+M.&author=Rose,+J.&author=Bottero,+J.Y.&author=Lowry,+G.V.&author=Jolivet,+J.P.&author=Wiesner,+M.R.&publication_year=2009&doi=10.1038/nnano.2009.242&pages=634-641&journal=Nat.+Nanotechnol.&volume=4&issue=&pmid=19809453
https://doi.org/10.1038/nnano.2009.242
https://pubmed.ncbi.nlm.nih.gov/19809453
https://scholar.google.com/scholar_lookup?title=Magnetic+Iron+Oxide+Nanoparticles:+Synthesis,+Stabilization,+Vectorization,+Physicochemical+Characterizations,+and+Biological+Applications&author=Laurent,+S.&author=Forge,+D.&author=Port,+M.&author=Roch,+A.&author=Robic,+C.&author=Elst,+L.V.&author=Muller,+R.N.&publication_year=2008&doi=10.1021/cr068445e&pages=2064-2110&journal=Chem.+Rev.&volume=108&issue=&pmid=18543879
https://scholar.google.com/scholar_lookup?title=Magnetic+Iron+Oxide+Nanoparticles:+Synthesis,+Stabilization,+Vectorization,+Physicochemical+Characterizations,+and+Biological+Applications&author=Laurent,+S.&author=Forge,+D.&author=Port,+M.&author=Roch,+A.&author=Robic,+C.&author=Elst,+L.V.&author=Muller,+R.N.&publication_year=2008&doi=10.1021/cr068445e&pages=2064-2110&journal=Chem.+Rev.&volume=108&issue=&pmid=18543879
https://doi.org/10.1021/cr068445e
https://pubmed.ncbi.nlm.nih.gov/18543879
https://scholar.google.com/scholar_lookup?title=Peroxide+detoxification+by+brain+cells&author=Dringen,+R.&author=Pawlowski,+P.G.&author=Hirrlinger,+J.&publication_year=2005&doi=10.1002/jnr.20280&pages=157-165&journal=J.+Neurosci.+Res.&volume=79&issue=&pmid=15573410
https://scholar.google.com/scholar_lookup?title=Peroxide+detoxification+by+brain+cells&author=Dringen,+R.&author=Pawlowski,+P.G.&author=Hirrlinger,+J.&publication_year=2005&doi=10.1002/jnr.20280&pages=157-165&journal=J.+Neurosci.+Res.&volume=79&issue=&pmid=15573410
https://doi.org/10.1002/jnr.20280
https://pubmed.ncbi.nlm.nih.gov/15573410
https://scholar.google.com/scholar_lookup?title=Diversity+of+glutathione+peroxidases&author=Maiorino,+F.M.&author=Brigelius-Floh%C3%A9,+R.&author=Aumann,+K.D.&author=Roveri,+A.&author=Schomburg,+D.&author=Floh%C3%A9,+L.&publication_year=1995&doi=10.1016/0076-6879(95)52007-4&pages=38-53&journal=Methods+Enzymol.&volume=252&issue=&pmid=7476373
https://scholar.google.com/scholar_lookup?title=Diversity+of+glutathione+peroxidases&author=Maiorino,+F.M.&author=Brigelius-Floh%C3%A9,+R.&author=Aumann,+K.D.&author=Roveri,+A.&author=Schomburg,+D.&author=Floh%C3%A9,+L.&publication_year=1995&doi=10.1016/0076-6879(95)52007-4&pages=38-53&journal=Methods+Enzymol.&volume=252&issue=&pmid=7476373
https://doi.org/10.1016/0076-6879(95)52007-4
https://pubmed.ncbi.nlm.nih.gov/7476373
https://scholar.google.com/scholar_lookup?title=Catalase+in+Vitro&author=Aebi,+H.&publication_year=1984&doi=10.1016/S0076-6879(84)05016-3&pages=121-126&journal=Methods+Enzymol.&volume=105&issue=&pmid=6727660
https://scholar.google.com/scholar_lookup?title=Catalase+in+Vitro&author=Aebi,+H.&publication_year=1984&doi=10.1016/S0076-6879(84)05016-3&pages=121-126&journal=Methods+Enzymol.&volume=105&issue=&pmid=6727660
https://doi.org/10.1016/S0076-6879(84)05016-3
https://pubmed.ncbi.nlm.nih.gov/6727660
https://scholar.google.com/scholar_lookup?title=Ferroptosis:+Role+of+lipid+peroxidation,+iron+and+ferritinophagy&author=Latunde-Dada,+G.O.&publication_year=2017&doi=10.1016/J.BBAGEN.2017.05.019&pages=1893-1900&journal=Biochim.+Biophys.+Acta+(BBA)+-General.+Subj.&volume=1861&issue=&pmid=28552631
https://scholar.google.com/scholar_lookup?title=Ferroptosis:+Role+of+lipid+peroxidation,+iron+and+ferritinophagy&author=Latunde-Dada,+G.O.&publication_year=2017&doi=10.1016/J.BBAGEN.2017.05.019&pages=1893-1900&journal=Biochim.+Biophys.+Acta+(BBA)+-General.+Subj.&volume=1861&issue=&pmid=28552631
https://doi.org/10.1016/J.BBAGEN.2017.05.019
https://pubmed.ncbi.nlm.nih.gov/28552631
https://scholar.google.com/scholar_lookup?title=Shape-,+size-+and+structure-controlled+synthesis+and+biocompatibility+of+iron+oxide+nanoparticles+for+magnetic+theranostics&author=Xie,+W.&author=Guo,+Z.&author=Gao,+F.&author=Gao,+Q.&author=Wang,+D.&author=Liaw,+B.-S.&author=Cai,+Q.&author=Sun,+X.&author=Wang,+X.&author=Zhao,+L.&publication_year=2018&doi=10.7150/THNO.25220&pages=3284&journal=Theranostics&volume=8&issue=&pmid=29930730
https://scholar.google.com/scholar_lookup?title=Shape-,+size-+and+structure-controlled+synthesis+and+biocompatibility+of+iron+oxide+nanoparticles+for+magnetic+theranostics&author=Xie,+W.&author=Guo,+Z.&author=Gao,+F.&author=Gao,+Q.&author=Wang,+D.&author=Liaw,+B.-S.&author=Cai,+Q.&author=Sun,+X.&author=Wang,+X.&author=Zhao,+L.&publication_year=2018&doi=10.7150/THNO.25220&pages=3284&journal=Theranostics&volume=8&issue=&pmid=29930730
https://doi.org/10.7150/THNO.25220
https://pubmed.ncbi.nlm.nih.gov/29930730
https://scholar.google.com/scholar_lookup?title=Superparamagnetic+iron+oxide+based+MRI+contrast+agents:+Current+status+of+clinical+application&author=Wang,+Y.X.J.&publication_year=2011&doi=10.3978/j.issn.2223-4292.2011.08.03&pages=35-40&journal=Quant.+Imaging+Med.+Surg.&volume=1&issue=&pmid=23256052
https://scholar.google.com/scholar_lookup?title=Superparamagnetic+iron+oxide+based+MRI+contrast+agents:+Current+status+of+clinical+application&author=Wang,+Y.X.J.&publication_year=2011&doi=10.3978/j.issn.2223-4292.2011.08.03&pages=35-40&journal=Quant.+Imaging+Med.+Surg.&volume=1&issue=&pmid=23256052
https://doi.org/10.3978/j.issn.2223-4292.2011.08.03
https://pubmed.ncbi.nlm.nih.gov/23256052
https://scholar.google.com/scholar_lookup?title=A+comprehensive+literatures+update+of+clinical+researches+of+superparamagnetic+resonance+iron+oxide+nanoparticles+for+magnetic+resonance+imaging&author=W%C3%A1ng,+Y.X.J.&author=Id%C3%A9e,+J.M.&publication_year=2017&doi=10.21037/qims.2017.02.09&pages=88-122&journal=Quant.+Imaging+Med.+Surg.&volume=7&issue=&pmid=28275562
https://scholar.google.com/scholar_lookup?title=A+comprehensive+literatures+update+of+clinical+researches+of+superparamagnetic+resonance+iron+oxide+nanoparticles+for+magnetic+resonance+imaging&author=W%C3%A1ng,+Y.X.J.&author=Id%C3%A9e,+J.M.&publication_year=2017&doi=10.21037/qims.2017.02.09&pages=88-122&journal=Quant.+Imaging+Med.+Surg.&volume=7&issue=&pmid=28275562
https://doi.org/10.21037/qims.2017.02.09
https://pubmed.ncbi.nlm.nih.gov/28275562
https://scholar.google.com/scholar_lookup?title=A+Novel+Thermal-driven+Self-assembly+Method+to+Prepare+Albumin+Nanoparticles:+Formation+Kinetics,+Degradation+Behavior+and+Formation+Mechanism&author=Li,+F.&author=Yeh,+S.&author=Shi,+Q.&author=Wang,+P.&author=Wu,+H.&author=Xin,+J.&publication_year=2022&doi=10.1208/s12249-022-02407-5&pages=250&journal=AAPS+PharmSciTech&volume=23&issue=&pmid=36071310
https://scholar.google.com/scholar_lookup?title=A+Novel+Thermal-driven+Self-assembly+Method+to+Prepare+Albumin+Nanoparticles:+Formation+Kinetics,+Degradation+Behavior+and+Formation+Mechanism&author=Li,+F.&author=Yeh,+S.&author=Shi,+Q.&author=Wang,+P.&author=Wu,+H.&author=Xin,+J.&publication_year=2022&doi=10.1208/s12249-022-02407-5&pages=250&journal=AAPS+PharmSciTech&volume=23&issue=&pmid=36071310
https://doi.org/10.1208/s12249-022-02407-5
https://pubmed.ncbi.nlm.nih.gov/36071310
https://scholar.google.com/scholar_lookup?title=Rational+Design+of+Cancer-Targeted+BSA+Protein+Nanoparticles+as+Radiosensitizer+to+Overcome+Cancer+Radioresistance&author=Huang,+Y.&author=Luo,+Y.&author=Zheng,+W.&author=Chen,+T.&publication_year=2014&doi=10.1021/am505246w&pages=19217-19228&journal=ACS+Appl.+Mater.+Interfaces&volume=6&issue=&pmid=25314331
https://scholar.google.com/scholar_lookup?title=Rational+Design+of+Cancer-Targeted+BSA+Protein+Nanoparticles+as+Radiosensitizer+to+Overcome+Cancer+Radioresistance&author=Huang,+Y.&author=Luo,+Y.&author=Zheng,+W.&author=Chen,+T.&publication_year=2014&doi=10.1021/am505246w&pages=19217-19228&journal=ACS+Appl.+Mater.+Interfaces&volume=6&issue=&pmid=25314331
https://doi.org/10.1021/am505246w
https://pubmed.ncbi.nlm.nih.gov/25314331
https://scholar.google.com/scholar_lookup?title=Harnessing+albumin+as+a+carrier+for+cancer+therapies&author=Hoogenboezem,+E.N.&author=Duvall,+C.L.&publication_year=2018&doi=10.1016/j.addr.2018.07.011&pages=73-89&journal=Adv.+Drug+Deliv.+Rev.&volume=130&issue=&pmid=30012492
https://scholar.google.com/scholar_lookup?title=Harnessing+albumin+as+a+carrier+for+cancer+therapies&author=Hoogenboezem,+E.N.&author=Duvall,+C.L.&publication_year=2018&doi=10.1016/j.addr.2018.07.011&pages=73-89&journal=Adv.+Drug+Deliv.+Rev.&volume=130&issue=&pmid=30012492
https://doi.org/10.1016/j.addr.2018.07.011
https://pubmed.ncbi.nlm.nih.gov/30012492
https://scholar.google.com/scholar_lookup?title=Anticancer+nano-delivery+systems+based+on+bovine+serum+albumin+nanoparticles:+A+critical+review&author=Solanki,+R.&author=Rostamabadi,+H.&author=Patel,+S.&author=Jafari,+S.M.&publication_year=2021&doi=10.1016/j.ijbiomac.2021.10.040&pages=528-540&journal=Int.+J.+Biol.+Macromol.&volume=193&issue=&pmid=33482273
https://scholar.google.com/scholar_lookup?title=Anticancer+nano-delivery+systems+based+on+bovine+serum+albumin+nanoparticles:+A+critical+review&author=Solanki,+R.&author=Rostamabadi,+H.&author=Patel,+S.&author=Jafari,+S.M.&publication_year=2021&doi=10.1016/j.ijbiomac.2021.10.040&pages=528-540&journal=Int.+J.+Biol.+Macromol.&volume=193&issue=&pmid=33482273
https://doi.org/10.1016/j.ijbiomac.2021.10.040
https://pubmed.ncbi.nlm.nih.gov/33482273
https://scholar.google.com/scholar_lookup?title=Synthesis+and+Comparative+Study+of+Nanoparticles+Derived+from+Bovine+and+Human+Serum+Albumins&author=Tazhbayev,+Y.&author=Mukashev,+O.&author=Burkeyev,+M.&author=Lozinsky,+V.I.&publication_year=2020&doi=10.3390/polym12061301&pages=1301&journal=Polymers&volume=12&issue=&pmid=32517219
https://scholar.google.com/scholar_lookup?title=Synthesis+and+Comparative+Study+of+Nanoparticles+Derived+from+Bovine+and+Human+Serum+Albumins&author=Tazhbayev,+Y.&author=Mukashev,+O.&author=Burkeyev,+M.&author=Lozinsky,+V.I.&publication_year=2020&doi=10.3390/polym12061301&pages=1301&journal=Polymers&volume=12&issue=&pmid=32517219
https://doi.org/10.3390/polym12061301
https://pubmed.ncbi.nlm.nih.gov/32517219
https://scholar.google.com/scholar_lookup?title=Albumin+as+a+drug+carrier:+Design+of+prodrugs,+drug+conjugates+and+nanoparticles&author=Kratz,+F.&publication_year=2008&doi=10.1016/j.jconrel.2008.05.010&pages=171-183&journal=J.+Control.+Release&volume=132&issue=&pmid=18582981
https://scholar.google.com/scholar_lookup?title=Albumin+as+a+drug+carrier:+Design+of+prodrugs,+drug+conjugates+and+nanoparticles&author=Kratz,+F.&publication_year=2008&doi=10.1016/j.jconrel.2008.05.010&pages=171-183&journal=J.+Control.+Release&volume=132&issue=&pmid=18582981
https://doi.org/10.1016/j.jconrel.2008.05.010
https://pubmed.ncbi.nlm.nih.gov/18582981
https://doi.org/10.3390/pharmaceutics18101217

Pharmaceutics 2026, 18, 1217 25 of 27

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Soudahome, A.G.; Catan, A.; Giraud, P.; Kouao, S.A.; Guerin-Dubourg, A.; Debussche, X.; Le Moullec, N.; Bourdon, E.; Bravo,
S.B.; Paradela-Dobarro, B.; et al. Glycation of human serum albumin impairs binding to the glucagon-like peptide-1 analogue
liraglutide. J. Biol. Chem. 2018, 293, 4778-4791. [Google Scholar] [CrossRef] [PubMed]

Hegedts, N.; Forgach, L.; Kiss, B.; Varga, Z.; Jezsé, B.; Horvath, I.; Kovacs, N.; Hajdrik, P.; Padmanabhan, P.; Gulyas, B.; et al.
Correction: Synthesis and preclinical application of a Prussian blue-based dual fluorescent and magnetic contrast agent (CA).
PLoS ONE 2023, 18, e0295460. [Google Scholar] [CrossRef] [PubMed]

Zhang, X.Q.; Gong, SW.; Zhang, Y.; Yang, T.; Wang, C.Y.; Gu, N. Prussian blue modified iron oxide magnetic nanoparticles and
their high peroxidase-like activity. J. Mater. Chem. 2010, 20, 5110-5116. [Google Scholar] [CrossRef]

Salih, S.J.; Mahmood, W.M. Review on magnetic spinel ferrite (MFe204) nanoparticles: From synthesis to application. Heliyon
2023, 9, e16601. [Google Scholar] [CrossRef] [PubMed]

Liandi, A.R.; Cahyana, A.H.; Kusumah, A.].F.; Lupitasari, A.; Alfariza, D.N.; Nuraini, R.; Sari, R.W.; Kusumasari, F.C. Recent
trends of spinel ferrites (MFe,O,: Mn, Co, Ni, Cu, Zn) applications as an environmentally friendly catalyst in multicomponent
reactions: A review. Case Stud. Chem. Environ. Eng. 2023, 7, 100303. [Google Scholar] [CrossRef]

Sonia, L.C.; Phanjoubam, S. Optical, magnetic and spin resonance studies of MFe204 (M = Mn, Co, Zn) ferrites. Mater. Today
Proc. 2023. [Google Scholar] [CrossRef]

Bin, N.H.; Song, I.C.; Hyeon, T. Inorganic Nanoparticles for MRI Contrast Agents. Adv. Mater. 2009, 21, 2133-2148. [Google
Scholar] [CrossRef]

Sattarahmady, N.; Heidari, M.; Zare, T.; Lotfi, M.; Heli, H. Zinc-Nickel Ferrite Nanoparticles as a Contrast Agent in Magnetic
Resonance Imaging. Appl. Magn. Reson. 2016, 47, 925-935. [Google Scholar] [CrossRef]

Muhamad Arshad, J.; Raza, W.; Amin, N.; Nadeem, K.; Imran Arshad, M.; Azhar Khan, M. Synthesis and characterization of
cobalt ferrites as MRI contrast agent. Mater. Today Proc. 2021, 47, S50-S54. [Google Scholar] [CrossRef]

Aoopngan, C.; Nonkumwong, J.; Phumying, S.; Promjantuek, W.; Maensiri, S.; Noisa, P; Pinitsoontorn, S.; Ananta, S.;
Srisombat, L. Amine-Functionalized and Hydroxyl-Functionalized Magnesium Ferrite Nanoparticles for Congo Red
Adsorption. ACS Appl. Nano Mater. 2019, 2, 5329-5341. [Google Scholar] [CrossRef]

Li, M.; Gao, Q.; Wang, T.; Gong, Y.S.; Han, B.; Xia, K.S.; Zhou, C. Solvothermal synthesis of MnxFe3 - xO4 nanoparticles with
interesting physicochemical characteristics and good catalytic degradation activity. Mater. Des. 2016, 97, 341-348. [Google
Scholar] [CrossRef]

Wang, J.; Ren, F; Yi, R.; Yan, A.; Qiu, G.; Liu, X. Solvothermal synthesis and magnetic properties of size-controlled nickel fer-
rite nanoparticles. J. Alloys Compd. 2009, 479, 791-796. [Google Scholar] [CrossRef]

Melo, R.S.; Banerjee, P.; Franco, A. Hydrothermal synthesis of nickel doped cobalt ferrite nanoparticles: Optical and magnetic
properties. J. Mater. Sci. Mater. Electron. 2018, 29, 14657-14667. [Google Scholar] [CrossRef]

Azam, A. Microwave assisted synthesis and characterization of Co doped Cu ferrite nanoparticles. |. Alloys Compd. 2012, 540,
145-153. [Google Scholar] [CrossRef]

Shukla, A.; Bhardwaj, A.K,; Singh, S.C.; Uttam, K.N.; Gautam, N.; Himanshu, AK. Shah, J.; Kotnala, R.K.; Gopal, R.
Microwave assisted scalable synthesis of titanium ferrite nanomaterials. J. Appl. Phys. 2018, 123, 161411. [Google Scholar]
[CrossRef]

Tllosvai, A.M.; Heydari, F.; Forgach, L.; Kovacs, N.; Szigeti, K.; Mathé, D.; Kristaly, F.; Dardczi, L.; Viskolcz, B.; Nagy, M.; et al.
Development of manganese ferrite coated with Prussian blue as an efficient contrast agent for applications in magnetic reso-
nance imaging. Sci. Rep. 2025, 15, 14150. [Google Scholar] [CrossRef] [PubMed]

Wei, M.; Huang, A.C.; Shu, C.M.; Zhang, L. Thermal Decomposition and Nonisothermal Kinetics of Monoethanolamine Mixed
with Various Metal Ions. Sci. Rep. 2019, 9, 1592. [Google Scholar] [CrossRef] [PubMed]

Chi, S.; Rochelle, G.T. Oxidative Degradation of Monoethanolamine. Ind. Eng. Chem. Res. 2002, 41, 4178-4186. [Google Scholar]
[CrossRef]

Ong, S.P; Richards, W.D.; Jain, A.; Hautier, G.; Kocher, M.; Cholia, S.; Gunter, D.; Chevrier, V.L.; Persson, K.A.; Ceder, G.
Python Materials Genomics (pymatgen): A robust, open-source python library for materials analysis. Comput. Mater. Sci. 2013,
68, 314-319. [Google Scholar] [CrossRef]

Schrodinger Inc. Announcing Schrodinger Software Release 2018-1. Available online: https://ir.schrodinger.com/press-releases/
news-details/2018/Announcing-Schrdinger-Software-Release-2018-1-02-15-2018/default.aspx (accessed on 18 February 2026).
Berendsen, H.J.C.; van der Spoel, D.; van Drunen, R. GROMACS: A message-passing parallel molecular dynamics implemen-
tation. Comput. Phys. Commun. 1995, 91, 43-56. [Google Scholar] [CrossRef]

https://doi.org/10.3390/pharmaceutics18101217


https://scholar.google.com/scholar_lookup?title=Glycation+of+human+serum+albumin+impairs+binding+to+the+glucagon-like+peptide-1+analogue+liraglutide&author=Soudahome,+A.G.&author=Catan,+A.&author=Giraud,+P.&author=Kouao,+S.A.&author=Guerin-Dubourg,+A.&author=Debussche,+X.&author=Le+Moullec,+N.&author=Bourdon,+E.&author=Bravo,+S.B.&author=Paradela-Dobarro,+B.&publication_year=2018&doi=10.1074/jbc.M117.815274&pages=4778-4791&journal=J.+Biol.+Chem.&volume=293&issue=&pmid=29414771
https://scholar.google.com/scholar_lookup?title=Glycation+of+human+serum+albumin+impairs+binding+to+the+glucagon-like+peptide-1+analogue+liraglutide&author=Soudahome,+A.G.&author=Catan,+A.&author=Giraud,+P.&author=Kouao,+S.A.&author=Guerin-Dubourg,+A.&author=Debussche,+X.&author=Le+Moullec,+N.&author=Bourdon,+E.&author=Bravo,+S.B.&author=Paradela-Dobarro,+B.&publication_year=2018&doi=10.1074/jbc.M117.815274&pages=4778-4791&journal=J.+Biol.+Chem.&volume=293&issue=&pmid=29414771
https://doi.org/10.1074/jbc.M117.815274
https://pubmed.ncbi.nlm.nih.gov/29414771
https://scholar.google.com/scholar_lookup?title=Correction:+Synthesis+and+preclinical+application+of+a+Prussian+blue-based+dual+fluorescent+and+magnetic+contrast+agent+(CA)&author=Heged%C5%B1s,+N.&author=Forg%C3%A1ch,+L.&author=Kiss,+B.&author=Varga,+Z.&author=Jezs%C3%B3,+B.&author=Horv%C3%A1th,+I.&author=Kov%C3%A1cs,+N.&author=Hajdrik,+P.&author=Padmanabhan,+P.&author=Guly%C3%A1s,+B.&publication_year=2023&doi=10.1371/JOURNAL.PONE.0295460&pages=e0295460&journal=PLoS+ONE&volume=18&issue=&pmid=38033129
https://scholar.google.com/scholar_lookup?title=Correction:+Synthesis+and+preclinical+application+of+a+Prussian+blue-based+dual+fluorescent+and+magnetic+contrast+agent+(CA)&author=Heged%C5%B1s,+N.&author=Forg%C3%A1ch,+L.&author=Kiss,+B.&author=Varga,+Z.&author=Jezs%C3%B3,+B.&author=Horv%C3%A1th,+I.&author=Kov%C3%A1cs,+N.&author=Hajdrik,+P.&author=Padmanabhan,+P.&author=Guly%C3%A1s,+B.&publication_year=2023&doi=10.1371/JOURNAL.PONE.0295460&pages=e0295460&journal=PLoS+ONE&volume=18&issue=&pmid=38033129
https://doi.org/10.1371/JOURNAL.PONE.0295460
https://pubmed.ncbi.nlm.nih.gov/38033129
https://scholar.google.com/scholar_lookup?title=Prussian+blue+modified+iron+oxide+magnetic+nanoparticles+and+their+high+peroxidase-like+activity&author=Zhang,+X.Q.&author=Gong,+S.W.&author=Zhang,+Y.&author=Yang,+T.&author=Wang,+C.Y.&author=Gu,+N.&publication_year=2010&doi=10.1039/C0JM00174K&pages=5110-5116&journal=J.+Mater.+Chem.&volume=20&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Prussian+blue+modified+iron+oxide+magnetic+nanoparticles+and+their+high+peroxidase-like+activity&author=Zhang,+X.Q.&author=Gong,+S.W.&author=Zhang,+Y.&author=Yang,+T.&author=Wang,+C.Y.&author=Gu,+N.&publication_year=2010&doi=10.1039/C0JM00174K&pages=5110-5116&journal=J.+Mater.+Chem.&volume=20&issue=&pmid=
https://doi.org/10.1039/C0JM00174K
https://scholar.google.com/scholar_lookup?title=Review+on+magnetic+spinel+ferrite+(MFe2O4)+nanoparticles:+From+synthesis+to+application&author=Salih,+S.J.&author=Mahmood,+W.M.&publication_year=2023&doi=10.1016/J.HELIYON.2023.E16601&pages=e16601&journal=Heliyon&volume=9&issue=&pmid=37274649
https://scholar.google.com/scholar_lookup?title=Review+on+magnetic+spinel+ferrite+(MFe2O4)+nanoparticles:+From+synthesis+to+application&author=Salih,+S.J.&author=Mahmood,+W.M.&publication_year=2023&doi=10.1016/J.HELIYON.2023.E16601&pages=e16601&journal=Heliyon&volume=9&issue=&pmid=37274649
https://doi.org/10.1016/J.HELIYON.2023.E16601
https://pubmed.ncbi.nlm.nih.gov/37274649
https://scholar.google.com/scholar_lookup?title=Recent+trends+of+spinel+ferrites+(MFe&author=Liandi,+A.R.&author=Cahyana,+A.H.&author=Kusumah,+A.J.F.&author=Lupitasari,+A.&author=Alfariza,+D.N.&author=Nuraini,+R.&author=Sari,+R.W.&author=Kusumasari,+F.C.&publication_year=2023&doi=10.1016/J.CSCEE.2023.100303&pages=100303&journal=Case+Stud.+Chem.+Environ.+Eng.&volume=7&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Recent+trends+of+spinel+ferrites+(MFe&author=Liandi,+A.R.&author=Cahyana,+A.H.&author=Kusumah,+A.J.F.&author=Lupitasari,+A.&author=Alfariza,+D.N.&author=Nuraini,+R.&author=Sari,+R.W.&author=Kusumasari,+F.C.&publication_year=2023&doi=10.1016/J.CSCEE.2023.100303&pages=100303&journal=Case+Stud.+Chem.+Environ.+Eng.&volume=7&issue=&pmid=
https://doi.org/10.1016/J.CSCEE.2023.100303
https://scholar.google.com/scholar_lookup?title=Optical,+magnetic+and+spin+resonance+studies+of+MFe2O4+(M+=+Mn,+Co,+Zn)+ferrites&author=Sonia,+L.C.&author=Phanjoubam,+S.&publication_year=2023&doi=10.1016/J.MATPR.2023.05.494&pages=&journal=Mater.+Today+Proc.&volume=&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Optical,+magnetic+and+spin+resonance+studies+of+MFe2O4+(M+=+Mn,+Co,+Zn)+ferrites&author=Sonia,+L.C.&author=Phanjoubam,+S.&publication_year=2023&doi=10.1016/J.MATPR.2023.05.494&pages=&journal=Mater.+Today+Proc.&volume=&issue=&pmid=
https://doi.org/10.1016/J.MATPR.2023.05.494
https://scholar.google.com/scholar_lookup?title=Inorganic+Nanoparticles+for+MRI+Contrast+Agents&author=Bin,+N.H.&author=Song,+I.C.&author=Hyeon,+T.&publication_year=2009&doi=10.1002/ADMA.200802366&pages=2133-2148&journal=Adv.+Mater.&volume=21&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Inorganic+Nanoparticles+for+MRI+Contrast+Agents&author=Bin,+N.H.&author=Song,+I.C.&author=Hyeon,+T.&publication_year=2009&doi=10.1002/ADMA.200802366&pages=2133-2148&journal=Adv.+Mater.&volume=21&issue=&pmid=
https://doi.org/10.1002/ADMA.200802366
https://scholar.google.com/scholar_lookup?title=Zinc%E2%80%93Nickel+Ferrite+Nanoparticles+as+a+Contrast+Agent+in+Magnetic+Resonance+Imaging&author=Sattarahmady,+N.&author=Heidari,+M.&author=Zare,+T.&author=Lotfi,+M.&author=Heli,+H.&publication_year=2016&doi=10.1007/S00723-016-0801-9&pages=925-935&journal=Appl.+Magn.+Reson.&volume=47&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Zinc%E2%80%93Nickel+Ferrite+Nanoparticles+as+a+Contrast+Agent+in+Magnetic+Resonance+Imaging&author=Sattarahmady,+N.&author=Heidari,+M.&author=Zare,+T.&author=Lotfi,+M.&author=Heli,+H.&publication_year=2016&doi=10.1007/S00723-016-0801-9&pages=925-935&journal=Appl.+Magn.+Reson.&volume=47&issue=&pmid=
https://doi.org/10.1007/S00723-016-0801-9
https://scholar.google.com/scholar_lookup?title=Synthesis+and+characterization+of+cobalt+ferrites+as+MRI+contrast+agent&author=Muhamad+Arshad,+J.&author=Raza,+W.&author=Amin,+N.&author=Nadeem,+K.&author=Imran+Arshad,+M.&author=Azhar+Khan,+M.&publication_year=2021&doi=10.1016/J.MATPR.2020.04.746&pages=S50-S54&journal=Mater.+Today+Proc.&volume=47&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Synthesis+and+characterization+of+cobalt+ferrites+as+MRI+contrast+agent&author=Muhamad+Arshad,+J.&author=Raza,+W.&author=Amin,+N.&author=Nadeem,+K.&author=Imran+Arshad,+M.&author=Azhar+Khan,+M.&publication_year=2021&doi=10.1016/J.MATPR.2020.04.746&pages=S50-S54&journal=Mater.+Today+Proc.&volume=47&issue=&pmid=
https://doi.org/10.1016/J.MATPR.2020.04.746
https://scholar.google.com/scholar_lookup?title=Amine-Functionalized+and+Hydroxyl-Functionalized+Magnesium+Ferrite+Nanoparticles+for+Congo+Red+Adsorption&author=Aoopngan,+C.&author=Nonkumwong,+J.&author=Phumying,+S.&author=Promjantuek,+W.&author=Maensiri,+S.&author=Noisa,+P.&author=Pinitsoontorn,+S.&author=Ananta,+S.&author=Srisombat,+L.&publication_year=2019&doi=10.1021/acsanm.9b01305&pages=5329-5341&journal=ACS+Appl.+Nano+Mater.&volume=2&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Amine-Functionalized+and+Hydroxyl-Functionalized+Magnesium+Ferrite+Nanoparticles+for+Congo+Red+Adsorption&author=Aoopngan,+C.&author=Nonkumwong,+J.&author=Phumying,+S.&author=Promjantuek,+W.&author=Maensiri,+S.&author=Noisa,+P.&author=Pinitsoontorn,+S.&author=Ananta,+S.&author=Srisombat,+L.&publication_year=2019&doi=10.1021/acsanm.9b01305&pages=5329-5341&journal=ACS+Appl.+Nano+Mater.&volume=2&issue=&pmid=
https://doi.org/10.1021/acsanm.9b01305
https://scholar.google.com/scholar_lookup?title=Solvothermal+synthesis+of+MnxFe3+%E2%88%92+xO4+nanoparticles+with+interesting+physicochemical+characteristics+and+good+catalytic+degradation+activity&author=Li,+M.&author=Gao,+Q.&author=Wang,+T.&author=Gong,+Y.S.&author=Han,+B.&author=Xia,+K.S.&author=Zhou,+C.&publication_year=2016&doi=10.1016/j.matdes.2016.02.103&pages=341-348&journal=Mater.+Des.&volume=97&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Solvothermal+synthesis+of+MnxFe3+%E2%88%92+xO4+nanoparticles+with+interesting+physicochemical+characteristics+and+good+catalytic+degradation+activity&author=Li,+M.&author=Gao,+Q.&author=Wang,+T.&author=Gong,+Y.S.&author=Han,+B.&author=Xia,+K.S.&author=Zhou,+C.&publication_year=2016&doi=10.1016/j.matdes.2016.02.103&pages=341-348&journal=Mater.+Des.&volume=97&issue=&pmid=
https://doi.org/10.1016/j.matdes.2016.02.103
https://scholar.google.com/scholar_lookup?title=Solvothermal+synthesis+and+magnetic+properties+of+size-controlled+nickel+ferrite+nanoparticles&author=Wang,+J.&author=Ren,+F.&author=Yi,+R.&author=Yan,+A.&author=Qiu,+G.&author=Liu,+X.&publication_year=2009&doi=10.1016/j.jallcom.2009.01.059&pages=791-796&journal=J.+Alloys+Compd.&volume=479&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Solvothermal+synthesis+and+magnetic+properties+of+size-controlled+nickel+ferrite+nanoparticles&author=Wang,+J.&author=Ren,+F.&author=Yi,+R.&author=Yan,+A.&author=Qiu,+G.&author=Liu,+X.&publication_year=2009&doi=10.1016/j.jallcom.2009.01.059&pages=791-796&journal=J.+Alloys+Compd.&volume=479&issue=&pmid=
https://doi.org/10.1016/j.jallcom.2009.01.059
https://scholar.google.com/scholar_lookup?title=Hydrothermal+synthesis+of+nickel+doped+cobalt+ferrite+nanoparticles:+Optical+and+magnetic+properties&author=Melo,+R.S.&author=Banerjee,+P.&author=Franco,+A.&publication_year=2018&doi=10.1007/s10854-018-9602-2&pages=14657-14667&journal=J.+Mater.+Sci.+Mater.+Electron.&volume=29&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Hydrothermal+synthesis+of+nickel+doped+cobalt+ferrite+nanoparticles:+Optical+and+magnetic+properties&author=Melo,+R.S.&author=Banerjee,+P.&author=Franco,+A.&publication_year=2018&doi=10.1007/s10854-018-9602-2&pages=14657-14667&journal=J.+Mater.+Sci.+Mater.+Electron.&volume=29&issue=&pmid=
https://doi.org/10.1007/s10854-018-9602-2
https://scholar.google.com/scholar_lookup?title=Microwave+assisted+synthesis+and+characterization+of+Co+doped+Cu+ferrite+nanoparticles&author=Azam,+A.&publication_year=2012&doi=10.1016/J.JALLCOM.2012.06.068&pages=145-153&journal=J.+Alloys+Compd.&volume=540&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Microwave+assisted+synthesis+and+characterization+of+Co+doped+Cu+ferrite+nanoparticles&author=Azam,+A.&publication_year=2012&doi=10.1016/J.JALLCOM.2012.06.068&pages=145-153&journal=J.+Alloys+Compd.&volume=540&issue=&pmid=
https://doi.org/10.1016/J.JALLCOM.2012.06.068
https://scholar.google.com/scholar_lookup?title=Microwave+assisted+scalable+synthesis+of+titanium+ferrite+nanomaterials&author=Shukla,+A.&author=Bhardwaj,+A.K.&author=Singh,+S.C.&author=Uttam,+K.N.&author=Gautam,+N.&author=Himanshu,+A.K.&author=Shah,+J.&author=Kotnala,+R.K.&author=Gopal,+R.&publication_year=2018&doi=10.1063/1.5008733&pages=161411&journal=J.+Appl.+Phys.&volume=123&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Microwave+assisted+scalable+synthesis+of+titanium+ferrite+nanomaterials&author=Shukla,+A.&author=Bhardwaj,+A.K.&author=Singh,+S.C.&author=Uttam,+K.N.&author=Gautam,+N.&author=Himanshu,+A.K.&author=Shah,+J.&author=Kotnala,+R.K.&author=Gopal,+R.&publication_year=2018&doi=10.1063/1.5008733&pages=161411&journal=J.+Appl.+Phys.&volume=123&issue=&pmid=
https://doi.org/10.1063/1.5008733
https://scholar.google.com/scholar_lookup?title=Development+of+manganese+ferrite+coated+with+Prussian+blue+as+an+efficient+contrast+agent+for+applications+in+magnetic+resonance+imaging&author=Ilosvai,+%C3%81.M.&author=Heydari,+F.&author=Forg%C3%A1ch,+L.&author=Kov%C3%A1cs,+N.&author=Szigeti,+K.&author=M%C3%A1th%C3%A9,+D.&author=Krist%C3%A1ly,+F.&author=Dar%C3%B3czi,+L.&author=Viskolcz,+B.&author=Nagy,+M.&publication_year=2025&doi=10.1038/s41598-025-98348-7&pages=14150&journal=Sci.+Rep.&volume=15&issue=&pmid=40269150
https://scholar.google.com/scholar_lookup?title=Development+of+manganese+ferrite+coated+with+Prussian+blue+as+an+efficient+contrast+agent+for+applications+in+magnetic+resonance+imaging&author=Ilosvai,+%C3%81.M.&author=Heydari,+F.&author=Forg%C3%A1ch,+L.&author=Kov%C3%A1cs,+N.&author=Szigeti,+K.&author=M%C3%A1th%C3%A9,+D.&author=Krist%C3%A1ly,+F.&author=Dar%C3%B3czi,+L.&author=Viskolcz,+B.&author=Nagy,+M.&publication_year=2025&doi=10.1038/s41598-025-98348-7&pages=14150&journal=Sci.+Rep.&volume=15&issue=&pmid=40269150
https://doi.org/10.1038/s41598-025-98348-7
https://pubmed.ncbi.nlm.nih.gov/40269150
https://scholar.google.com/scholar_lookup?title=Thermal+Decomposition+and+Nonisothermal+Kinetics+of+Monoethanolamine+Mixed+with+Various+Metal+Ions&author=Wei,+M.&author=Huang,+A.C.&author=Shu,+C.M.&author=Zhang,+L.&publication_year=2019&doi=10.1038/S41598-018-38434-1&pages=1592&journal=Sci.+Rep.&volume=9&issue=&pmid=30733558
https://scholar.google.com/scholar_lookup?title=Thermal+Decomposition+and+Nonisothermal+Kinetics+of+Monoethanolamine+Mixed+with+Various+Metal+Ions&author=Wei,+M.&author=Huang,+A.C.&author=Shu,+C.M.&author=Zhang,+L.&publication_year=2019&doi=10.1038/S41598-018-38434-1&pages=1592&journal=Sci.+Rep.&volume=9&issue=&pmid=30733558
https://doi.org/10.1038/S41598-018-38434-1
https://pubmed.ncbi.nlm.nih.gov/30733558
https://scholar.google.com/scholar_lookup?title=Oxidative+Degradation+of+Monoethanolamine&author=Chi,+S.&author=Rochelle,+G.T.&publication_year=2002&doi=10.1021/IE010697C&pages=4178-4186&journal=Ind.+Eng.+Chem.+Res.&volume=41&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Oxidative+Degradation+of+Monoethanolamine&author=Chi,+S.&author=Rochelle,+G.T.&publication_year=2002&doi=10.1021/IE010697C&pages=4178-4186&journal=Ind.+Eng.+Chem.+Res.&volume=41&issue=&pmid=
https://doi.org/10.1021/IE010697C
https://scholar.google.com/scholar_lookup?title=Python+Materials+Genomics+(pymatgen):+A+robust,+open-source+python+library+for+materials+analysis&author=Ong,+S.P.&author=Richards,+W.D.&author=Jain,+A.&author=Hautier,+G.&author=Kocher,+M.&author=Cholia,+S.&author=Gunter,+D.&author=Chevrier,+V.L.&author=Persson,+K.A.&author=Ceder,+G.&publication_year=2013&doi=10.1016/j.commatsci.2012.10.028&pages=314-319&journal=Comput.+Mater.+Sci.&volume=68&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Python+Materials+Genomics+(pymatgen):+A+robust,+open-source+python+library+for+materials+analysis&author=Ong,+S.P.&author=Richards,+W.D.&author=Jain,+A.&author=Hautier,+G.&author=Kocher,+M.&author=Cholia,+S.&author=Gunter,+D.&author=Chevrier,+V.L.&author=Persson,+K.A.&author=Ceder,+G.&publication_year=2013&doi=10.1016/j.commatsci.2012.10.028&pages=314-319&journal=Comput.+Mater.+Sci.&volume=68&issue=&pmid=
https://doi.org/10.1016/j.commatsci.2012.10.028
https://ir.schrodinger.com/press-releases/news-details/2018/Announcing-Schrdinger-Software-Release-2018-1-02-15-2018/default.aspx
https://ir.schrodinger.com/press-releases/news-details/2018/Announcing-Schrdinger-Software-Release-2018-1-02-15-2018/default.aspx
https://scholar.google.com/scholar_lookup?title=GROMACS:+A+message-passing+parallel+molecular+dynamics+implementation&author=Berendsen,+H.J.C.&author=van+der+Spoel,+D.&author=van+Drunen,+R.&publication_year=1995&doi=10.1016/0010-4655(95)00042-E&pages=43-56&journal=Comput.+Phys.+Commun.&volume=91&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=GROMACS:+A+message-passing+parallel+molecular+dynamics+implementation&author=Berendsen,+H.J.C.&author=van+der+Spoel,+D.&author=van+Drunen,+R.&publication_year=1995&doi=10.1016/0010-4655(95)00042-E&pages=43-56&journal=Comput.+Phys.+Commun.&volume=91&issue=&pmid=
https://doi.org/10.1016/0010-4655(95)00042-E
https://doi.org/10.3390/pharmaceutics18101217

Pharmaceutics 2026, 18, 1217 26 of 27

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Lindahl, E.; Hess, B.; van der Spoel, D. GROMACS 3.0: A package for molecular simulation and trajectory analysis. . Mol.
Model. 2001, 7, 306-317. [Google Scholar] [CrossRef]

Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.E.; Berendsen, H.].C. GROMACS: Fast, flexible, and free. .
Comput. Chem. 2005, 26, 1701-1718. [Google Scholar] [CrossRef] [PubMed]

Wang, J.; Wolf, RM.; Caldwell, ] W.; Kollman, P.A.; Case, D.A. Development and testing of a general amber force field. J.
Comput. Chem. 2004, 25, 1157-1174. [Google Scholar] [CrossRef] [PubMed]

Bayly, C.I; Cieplak, P; Cornell, W.D.; Kollman, P.A. A well-behaved electrostatic potential based method using charge re-
straints for deriving atomic charges: The RESP model. J. Phys. Chem. 2002, 97, 10269-10280. [Google Scholar] [CrossRef]
Kalaiselvan, C.R.; Laha, S.S.; Somvanshi, S.B.; Tabish, T.A.; Thorat, N.D.; Sahu, N.K. Manganese ferrite (MnFe,O,) nanostruc-
tures for cancer theranostics. Coord. Chem. Rev. 2022, 473, 214809. [Google Scholar] [CrossRef]

Batlle, X.; Labarta, A. Finite-size effects in fine particles: Magnetic and transport properties. . Phys. D. Appl. Phys. 2002, 35, 201.
[Google Scholar] [CrossRef]

Karaagac, O.; Kogkar, H. The effects of temperature and reaction time on the formation of manganese ferrite nanoparticles
synthesized by hydrothermal method. |. Mater. Sci. Mater. Electron. 2020, 31, 2567-2574. [Google Scholar] [CrossRef]

Praveena, K,; Jagadeesha Gowda, G.V; El-Denglawey, A.; Jagadeesha Angadi, V. Manganese ferrite —Polyaniline nanocompos-
ites for microwave absorbers in X band. J. Mater. Sci. Mater. Electron. 2022, 33, 5678-5685. [Google Scholar] [CrossRef]

Yang, L.X.; Wang, F.; Meng, Y.F,; Tang, Q.H.; Liu, Z.Q. Fabrication and Characterization of Manganese Ferrite Nanospheres as
a Magnetic Adsorbent of Chromium. J. Nanomater. 2013, 2013, 293464. [Google Scholar] [CrossRef]

Gao, C.Y,; Baek, E.; You, C.Y.; Choi, H.]. Magnetic-stimuli rheological response of soft-magnetic manganese ferrite nanoparticle
suspension. Colloid Polym. Sci. 2021, 299, 865-872. [Google Scholar] [CrossRef]

Lejeune, J.; Brubach, J.B.; Roy, P; Bleuzen, A. Application of the infrared spectroscopy to the structural study of Prussian blue
analogues. Comptes Rendus Chim. 2014, 17, 534-540. [Google Scholar] [CrossRef]

Silva, W.O.; Costa Bassetto, V.; Baster, D.; Mensi, M.; Oveisi, E.; Girault, H.HH. Oxidative Print Light Synthesis Thin Film
Deposition of Prussian Blue. ACS Appl. Electron. Mater. 2020, 2, 927-935. [Google Scholar] [CrossRef]

Nawar, A.M.; Alzharani, A.A. Impedance spectroscopy and conduction mechanism analysis of bulk nanostructure Prussian
blue pellets. Mater. Chem. Phys. 2023, 306, 128000. [Google Scholar] [CrossRef]

He, X,; Tian, L.; Qiao, M.; Zhang, J.; Geng, W.; Zhang, Q. A novel highly crystalline Fe4(Fe(CN)6)3 concave cube anode mate-
rial for Li-ion batteries with high capacity and long life. . Mater. Chem. A 2019, 7, 11478-11486. [Google Scholar] [CrossRef]
Weusten, S.J.C.; de Groot, M.T.; van der Schaaf, ]. A comparative study of the stability of hexachloroiridate and hexacyanofer-
rate in electrochemical mass transfer measurements. J. Electroanal. Chem. 2020, 878, 114512. [Google Scholar] [CrossRef]

Song, J.; Huang, Z.; Yang, F. Facile Preparation of Iron-Manganese Oxide@Diatomite Composite for Effective Removal of
Vanadium from Wastewater. Aust. ]. Chem. 2019, 72(9), 717-728. [Google Scholar] [CrossRef]

Long, X.Y.; Li, ].Y.; Sheng, D.; Lian, H.Z. Spinel-type manganese ferrite (MnFe;O4) microspheres: A novel affinity probe for se-
lective and fast enrichment of phosphopeptides. Talanta 2017, 166, 36-45. [Google Scholar] [CrossRef] [PubMed]

Huang, X.; Liu, L; Xi, Z; Zheng, H.; Dong, W.; Wang, G. One-pot solvothermal synthesis of magnetically separable
rGO/MnFe204 hybrids as efficient photocatalysts for degradation of MB under visible light. Mater. Chem. Phys. 2019, 231, 68—
74. [Google Scholar] [CrossRef]

Lee, S.Y,; Kim, H,; Jang, H.; Hwang, M.-].; Lee, K.B.; Choi, J.-W.; Jung, K.-W. Fabrication of manganese ferrite (MnFe;O,) micro-
sphere-coated magnetic biochar composite for antimonate sequestration: Characterization, adsorption behavior, and mecha-
nistic understanding. Appl. Surf. Sci. 2022, 578, 152005. [Google Scholar] [CrossRef]

Lv, Y,; Ma, B.; Liu, Y.; Wang, C.; Chen, Y. A novel adsorbent potassium magnesium ferrocyanide for selective separation and
extraction of rubidium and cesium from ultra-high salt solutions. . Water Process Eng. 2023, 55, 104225. [Google Scholar]
[CrossRef]

Kawassaki, RK.; Romano, M.; Uchiyama, M.K.; Cardoso, R.M.; Baptista, M.S.; Farsky, S.H.P.; Chaim, K.T.; Guimardes, RR,;
Araki, K. Novel Gadolinium-Free Ultrasmall Nanostructured Positive Contrast for Magnetic Resonance Angiography and
Imaging. Nano Lett. 2023, 23, 5497-5505. [Google Scholar] [CrossRef] [PubMed]

Duan, G.; Kang, S.-G.; Tian, X.; Garate, J.A.; Zhao, L.; Ge, C.; Zhou, R. Protein corona mitigates the cytotoxicity of graphene ox-
ide by reducing its physical interaction with cell membrane. Nanoscale 2015, 7, 15214-15224. [Google Scholar] [CrossRef]
[PubMed]

https://doi.org/10.3390/pharmaceutics18101217


https://scholar.google.com/scholar_lookup?title=GROMACS+3.0:+A+package+for+molecular+simulation+and+trajectory+analysis&author=Lindahl,+E.&author=Hess,+B.&author=van+der+Spoel,+D.&publication_year=2001&doi=10.1007/S008940100045&pages=306-317&journal=J.+Mol.+Model.&volume=7&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=GROMACS+3.0:+A+package+for+molecular+simulation+and+trajectory+analysis&author=Lindahl,+E.&author=Hess,+B.&author=van+der+Spoel,+D.&publication_year=2001&doi=10.1007/S008940100045&pages=306-317&journal=J.+Mol.+Model.&volume=7&issue=&pmid=
https://doi.org/10.1007/S008940100045
https://scholar.google.com/scholar_lookup?title=GROMACS:+Fast,+flexible,+and+free&author=Van+Der+Spoel,+D.&author=Lindahl,+E.&author=Hess,+B.&author=Groenhof,+G.&author=Mark,+A.E.&author=Berendsen,+H.J.C.&publication_year=2005&doi=10.1002/jcc.20291&pages=1701-1718&journal=J.+Comput.+Chem.&volume=26&issue=&pmid=16211538
https://scholar.google.com/scholar_lookup?title=GROMACS:+Fast,+flexible,+and+free&author=Van+Der+Spoel,+D.&author=Lindahl,+E.&author=Hess,+B.&author=Groenhof,+G.&author=Mark,+A.E.&author=Berendsen,+H.J.C.&publication_year=2005&doi=10.1002/jcc.20291&pages=1701-1718&journal=J.+Comput.+Chem.&volume=26&issue=&pmid=16211538
https://doi.org/10.1002/jcc.20291
https://pubmed.ncbi.nlm.nih.gov/16211538
https://scholar.google.com/scholar_lookup?title=Development+and+testing+of+a+general+amber+force+field&author=Wang,+J.&author=Wolf,+R.M.&author=Caldwell,+J.W.&author=Kollman,+P.A.&author=Case,+D.A.&publication_year=2004&doi=10.1002/jcc.20035&pages=1157-1174&journal=J.+Comput.+Chem.&volume=25&issue=&pmid=15116359
https://scholar.google.com/scholar_lookup?title=Development+and+testing+of+a+general+amber+force+field&author=Wang,+J.&author=Wolf,+R.M.&author=Caldwell,+J.W.&author=Kollman,+P.A.&author=Case,+D.A.&publication_year=2004&doi=10.1002/jcc.20035&pages=1157-1174&journal=J.+Comput.+Chem.&volume=25&issue=&pmid=15116359
https://doi.org/10.1002/jcc.20035
https://pubmed.ncbi.nlm.nih.gov/15116359
https://scholar.google.com/scholar_lookup?title=A+well-behaved+electrostatic+potential+based+method+using+charge+restraints+for+deriving+atomic+charges:+The+RESP+model&author=Bayly,+C.I.&author=Cieplak,+P.&author=Cornell,+W.D.&author=Kollman,+P.A.&publication_year=2002&doi=10.1021/j100142a004&pages=10269-10280&journal=J.+Phys.+Chem.&volume=97&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=A+well-behaved+electrostatic+potential+based+method+using+charge+restraints+for+deriving+atomic+charges:+The+RESP+model&author=Bayly,+C.I.&author=Cieplak,+P.&author=Cornell,+W.D.&author=Kollman,+P.A.&publication_year=2002&doi=10.1021/j100142a004&pages=10269-10280&journal=J.+Phys.+Chem.&volume=97&issue=&pmid=
https://doi.org/10.1021/j100142a004
https://scholar.google.com/scholar_lookup?title=Manganese+ferrite+(MnFe&author=Kalaiselvan,+C.R.&author=Laha,+S.S.&author=Somvanshi,+S.B.&author=Tabish,+T.A.&author=Thorat,+N.D.&author=Sahu,+N.K.&publication_year=2022&doi=10.1016/j.ccr.2022.214809&pages=214809&journal=Coord.+Chem.+Rev.&volume=473&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Manganese+ferrite+(MnFe&author=Kalaiselvan,+C.R.&author=Laha,+S.S.&author=Somvanshi,+S.B.&author=Tabish,+T.A.&author=Thorat,+N.D.&author=Sahu,+N.K.&publication_year=2022&doi=10.1016/j.ccr.2022.214809&pages=214809&journal=Coord.+Chem.+Rev.&volume=473&issue=&pmid=
https://doi.org/10.1016/j.ccr.2022.214809
https://scholar.google.com/scholar_lookup?title=Finite-size+effects+in+fine+particles:+Magnetic+and+transport+properties&author=Batlle,+X.&author=Labarta,+A.&publication_year=2002&doi=10.1088/0022-3727/35/6/201&pages=201&journal=J.+Phys.+D.+Appl.+Phys.&volume=35&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Finite-size+effects+in+fine+particles:+Magnetic+and+transport+properties&author=Batlle,+X.&author=Labarta,+A.&publication_year=2002&doi=10.1088/0022-3727/35/6/201&pages=201&journal=J.+Phys.+D.+Appl.+Phys.&volume=35&issue=&pmid=
https://doi.org/10.1088/0022-3727/35/6/201
https://scholar.google.com/scholar_lookup?title=The+effects+of+temperature+and+reaction+time+on+the+formation+of+manganese+ferrite+nanoparticles+synthesized+by+hydrothermal+method&author=Karaagac,+O.&author=K%C3%B6%C3%A7kar,+H.&publication_year=2020&doi=10.1007/s10854-019-02795-8&pages=2567-2574&journal=J.+Mater.+Sci.+Mater.+Electron.&volume=31&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=The+effects+of+temperature+and+reaction+time+on+the+formation+of+manganese+ferrite+nanoparticles+synthesized+by+hydrothermal+method&author=Karaagac,+O.&author=K%C3%B6%C3%A7kar,+H.&publication_year=2020&doi=10.1007/s10854-019-02795-8&pages=2567-2574&journal=J.+Mater.+Sci.+Mater.+Electron.&volume=31&issue=&pmid=
https://doi.org/10.1007/s10854-019-02795-8
https://scholar.google.com/scholar_lookup?title=Manganese+ferrite%E2%80%94Polyaniline+nanocomposites+for+microwave+absorbers+in+X+band&author=Praveena,+K.&author=Jagadeesha+Gowda,+G.V.&author=El-Denglawey,+A.&author=Jagadeesha+Angadi,+V.&publication_year=2022&doi=10.1007/S10854-022-07753-5&pages=5678-5685&journal=J.+Mater.+Sci.+Mater.+Electron.&volume=33&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Manganese+ferrite%E2%80%94Polyaniline+nanocomposites+for+microwave+absorbers+in+X+band&author=Praveena,+K.&author=Jagadeesha+Gowda,+G.V.&author=El-Denglawey,+A.&author=Jagadeesha+Angadi,+V.&publication_year=2022&doi=10.1007/S10854-022-07753-5&pages=5678-5685&journal=J.+Mater.+Sci.+Mater.+Electron.&volume=33&issue=&pmid=
https://doi.org/10.1007/S10854-022-07753-5
https://scholar.google.com/scholar_lookup?title=Fabrication+and+Characterization+of+Manganese+Ferrite+Nanospheres+as+a+Magnetic+Adsorbent+of+Chromium&author=Yang,+L.X.&author=Wang,+F.&author=Meng,+Y.F.&author=Tang,+Q.H.&author=Liu,+Z.Q.&publication_year=2013&doi=10.1155/2013/293464&pages=293464&journal=J.+Nanomater.&volume=2013&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Fabrication+and+Characterization+of+Manganese+Ferrite+Nanospheres+as+a+Magnetic+Adsorbent+of+Chromium&author=Yang,+L.X.&author=Wang,+F.&author=Meng,+Y.F.&author=Tang,+Q.H.&author=Liu,+Z.Q.&publication_year=2013&doi=10.1155/2013/293464&pages=293464&journal=J.+Nanomater.&volume=2013&issue=&pmid=
https://doi.org/10.1155/2013/293464
https://scholar.google.com/scholar_lookup?title=Magnetic-stimuli+rheological+response+of+soft-magnetic+manganese+ferrite+nanoparticle+suspension&author=Gao,+C.Y.&author=Baek,+E.&author=You,+C.Y.&author=Choi,+H.J.&publication_year=2021&doi=10.1007/s00396-021-04808-7&pages=865-872&journal=Colloid+Polym.+Sci.&volume=299&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Magnetic-stimuli+rheological+response+of+soft-magnetic+manganese+ferrite+nanoparticle+suspension&author=Gao,+C.Y.&author=Baek,+E.&author=You,+C.Y.&author=Choi,+H.J.&publication_year=2021&doi=10.1007/s00396-021-04808-7&pages=865-872&journal=Colloid+Polym.+Sci.&volume=299&issue=&pmid=
https://doi.org/10.1007/s00396-021-04808-7
https://scholar.google.com/scholar_lookup?title=Application+of+the+infrared+spectroscopy+to+the+structural+study+of+Prussian+blue+analogues&author=Lejeune,+J.&author=Brubach,+J.B.&author=Roy,+P.&author=Bleuzen,+A.&publication_year=2014&doi=10.1016/j.crci.2014.01.017&pages=534-540&journal=Comptes+Rendus+Chim.&volume=17&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Application+of+the+infrared+spectroscopy+to+the+structural+study+of+Prussian+blue+analogues&author=Lejeune,+J.&author=Brubach,+J.B.&author=Roy,+P.&author=Bleuzen,+A.&publication_year=2014&doi=10.1016/j.crci.2014.01.017&pages=534-540&journal=Comptes+Rendus+Chim.&volume=17&issue=&pmid=
https://doi.org/10.1016/j.crci.2014.01.017
https://scholar.google.com/scholar_lookup?title=Oxidative+Print+Light+Synthesis+Thin+Film+Deposition+of+Prussian+Blue&author=Silva,+W.O.&author=Costa+Bassetto,+V.&author=Baster,+D.&author=Mensi,+M.&author=Oveisi,+E.&author=Girault,+H.H.&publication_year=2020&doi=10.1021/acsaelm.9b00854&pages=927-935&journal=ACS+Appl.+Electron.+Mater.&volume=2&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Oxidative+Print+Light+Synthesis+Thin+Film+Deposition+of+Prussian+Blue&author=Silva,+W.O.&author=Costa+Bassetto,+V.&author=Baster,+D.&author=Mensi,+M.&author=Oveisi,+E.&author=Girault,+H.H.&publication_year=2020&doi=10.1021/acsaelm.9b00854&pages=927-935&journal=ACS+Appl.+Electron.+Mater.&volume=2&issue=&pmid=
https://doi.org/10.1021/acsaelm.9b00854
https://scholar.google.com/scholar_lookup?title=Impedance+spectroscopy+and+conduction+mechanism+analysis+of+bulk+nanostructure+Prussian+blue+pellets&author=Nawar,+A.M.&author=Alzharani,+A.A.&publication_year=2023&doi=10.1016/J.MATCHEMPHYS.2023.128000&pages=128000&journal=Mater.+Chem.+Phys.&volume=306&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Impedance+spectroscopy+and+conduction+mechanism+analysis+of+bulk+nanostructure+Prussian+blue+pellets&author=Nawar,+A.M.&author=Alzharani,+A.A.&publication_year=2023&doi=10.1016/J.MATCHEMPHYS.2023.128000&pages=128000&journal=Mater.+Chem.+Phys.&volume=306&issue=&pmid=
https://doi.org/10.1016/J.MATCHEMPHYS.2023.128000
https://scholar.google.com/scholar_lookup?title=A+novel+highly+crystalline+Fe4(Fe(CN)6)3+concave+cube+anode+material+for+Li-ion+batteries+with+high+capacity+and+long+life&author=He,+X.&author=Tian,+L.&author=Qiao,+M.&author=Zhang,+J.&author=Geng,+W.&author=Zhang,+Q.&publication_year=2019&doi=10.1039/C9TA02265A&pages=11478-11486&journal=J.+Mater.+Chem.+A&volume=7&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=A+novel+highly+crystalline+Fe4(Fe(CN)6)3+concave+cube+anode+material+for+Li-ion+batteries+with+high+capacity+and+long+life&author=He,+X.&author=Tian,+L.&author=Qiao,+M.&author=Zhang,+J.&author=Geng,+W.&author=Zhang,+Q.&publication_year=2019&doi=10.1039/C9TA02265A&pages=11478-11486&journal=J.+Mater.+Chem.+A&volume=7&issue=&pmid=
https://doi.org/10.1039/C9TA02265A
https://scholar.google.com/scholar_lookup?title=A+comparative+study+of+the+stability+of+hexachloroiridate+and+hexacyanoferrate+in+electrochemical+mass+transfer+measurements&author=Weusten,+S.J.C.&author=de+Groot,+M.T.&author=van+der+Schaaf,+J.&publication_year=2020&doi=10.1016/j.jelechem.2020.114512&pages=114512&journal=J.+Electroanal.+Chem.&volume=878&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=A+comparative+study+of+the+stability+of+hexachloroiridate+and+hexacyanoferrate+in+electrochemical+mass+transfer+measurements&author=Weusten,+S.J.C.&author=de+Groot,+M.T.&author=van+der+Schaaf,+J.&publication_year=2020&doi=10.1016/j.jelechem.2020.114512&pages=114512&journal=J.+Electroanal.+Chem.&volume=878&issue=&pmid=
https://doi.org/10.1016/j.jelechem.2020.114512
https://scholar.google.com/scholar_lookup?title=Facile+Preparation+of+Iron-Manganese+Oxide@Diatomite+Composite+for+Effective+Removal+of+Vanadium+from+Wastewater&author=Song,+J.&author=Huang,+Z.&author=Yang,+F.&publication_year=2019&doi=10.1016/J.APSUSC.2021.152005&pages=717-728&journal=Aust.+J.+Chem.&volume=72(9)&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Facile+Preparation+of+Iron-Manganese+Oxide@Diatomite+Composite+for+Effective+Removal+of+Vanadium+from+Wastewater&author=Song,+J.&author=Huang,+Z.&author=Yang,+F.&publication_year=2019&doi=10.1016/J.APSUSC.2021.152005&pages=717-728&journal=Aust.+J.+Chem.&volume=72(9)&issue=&pmid=
https://doi.org/10.1016/J.APSUSC.2021.152005
https://scholar.google.com/scholar_lookup?title=Spinel-type+manganese+ferrite+(MnFe&author=Long,+X.Y.&author=Li,+J.Y.&author=Sheng,+D.&author=Lian,+H.Z.&publication_year=2017&doi=10.1016/J.TALANTA.2017.01.025&pages=36-45&journal=Talanta&volume=166&issue=&pmid=28213246
https://scholar.google.com/scholar_lookup?title=Spinel-type+manganese+ferrite+(MnFe&author=Long,+X.Y.&author=Li,+J.Y.&author=Sheng,+D.&author=Lian,+H.Z.&publication_year=2017&doi=10.1016/J.TALANTA.2017.01.025&pages=36-45&journal=Talanta&volume=166&issue=&pmid=28213246
https://doi.org/10.1016/J.TALANTA.2017.01.025
https://pubmed.ncbi.nlm.nih.gov/28213246
https://scholar.google.com/scholar_lookup?title=One-pot+solvothermal+synthesis+of+magnetically+separable+rGO/MnFe2O4+hybrids+as+efficient+photocatalysts+for+degradation+of+MB+under+visible+light&author=Huang,+X.&author=Liu,+L.&author=Xi,+Z.&author=Zheng,+H.&author=Dong,+W.&author=Wang,+G.&publication_year=2019&doi=10.1016/J.MATCHEMPHYS.2019.03.076&pages=68-74&journal=Mater.+Chem.+Phys.&volume=231&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=One-pot+solvothermal+synthesis+of+magnetically+separable+rGO/MnFe2O4+hybrids+as+efficient+photocatalysts+for+degradation+of+MB+under+visible+light&author=Huang,+X.&author=Liu,+L.&author=Xi,+Z.&author=Zheng,+H.&author=Dong,+W.&author=Wang,+G.&publication_year=2019&doi=10.1016/J.MATCHEMPHYS.2019.03.076&pages=68-74&journal=Mater.+Chem.+Phys.&volume=231&issue=&pmid=
https://doi.org/10.1016/J.MATCHEMPHYS.2019.03.076
https://scholar.google.com/scholar_lookup?title=Fabrication+of+manganese+ferrite+(MnFe&author=Lee,+S.Y.&author=Kim,+H.&author=Jang,+H.&author=Hwang,+M.-J.&author=Lee,+K.B.&author=Choi,+J.-W.&author=Jung,+K.-W.&publication_year=2022&doi=10.1016/J.APSUSC.2021.152005&pages=152005&journal=Appl.+Surf.+Sci.&volume=578&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Fabrication+of+manganese+ferrite+(MnFe&author=Lee,+S.Y.&author=Kim,+H.&author=Jang,+H.&author=Hwang,+M.-J.&author=Lee,+K.B.&author=Choi,+J.-W.&author=Jung,+K.-W.&publication_year=2022&doi=10.1016/J.APSUSC.2021.152005&pages=152005&journal=Appl.+Surf.+Sci.&volume=578&issue=&pmid=
https://doi.org/10.1016/J.APSUSC.2021.152005
https://scholar.google.com/scholar_lookup?title=A+novel+adsorbent+potassium+magnesium+ferrocyanide+for+selective+separation+and+extraction+of+rubidium+and+cesium+from+ultra-high+salt+solutions&author=Lv,+Y.&author=Ma,+B.&author=Liu,+Y.&author=Wang,+C.&author=Chen,+Y.&publication_year=2023&doi=10.1016/J.JWPE.2023.104225&pages=104225&journal=J.+Water+Process+Eng.&volume=55&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=A+novel+adsorbent+potassium+magnesium+ferrocyanide+for+selective+separation+and+extraction+of+rubidium+and+cesium+from+ultra-high+salt+solutions&author=Lv,+Y.&author=Ma,+B.&author=Liu,+Y.&author=Wang,+C.&author=Chen,+Y.&publication_year=2023&doi=10.1016/J.JWPE.2023.104225&pages=104225&journal=J.+Water+Process+Eng.&volume=55&issue=&pmid=
https://doi.org/10.1016/J.JWPE.2023.104225
https://scholar.google.com/scholar_lookup?title=Novel+Gadolinium-Free+Ultrasmall+Nanostructured+Positive+Contrast+for+Magnetic+Resonance+Angiography+and+Imaging&author=Kawassaki,+R.K.&author=Romano,+M.&author=Uchiyama,+M.K.&author=Cardoso,+R.M.&author=Baptista,+M.S.&author=Farsky,+S.H.P.&author=Chaim,+K.T.&author=Guimar%C3%A3es,+R.R.&author=Araki,+K.&publication_year=2023&doi=10.1021/acs.nanolett.3c00665&pages=5497-5505&journal=Nano+Lett.&volume=23&issue=&pmid=37300521
https://scholar.google.com/scholar_lookup?title=Novel+Gadolinium-Free+Ultrasmall+Nanostructured+Positive+Contrast+for+Magnetic+Resonance+Angiography+and+Imaging&author=Kawassaki,+R.K.&author=Romano,+M.&author=Uchiyama,+M.K.&author=Cardoso,+R.M.&author=Baptista,+M.S.&author=Farsky,+S.H.P.&author=Chaim,+K.T.&author=Guimar%C3%A3es,+R.R.&author=Araki,+K.&publication_year=2023&doi=10.1021/acs.nanolett.3c00665&pages=5497-5505&journal=Nano+Lett.&volume=23&issue=&pmid=37300521
https://doi.org/10.1021/acs.nanolett.3c00665
https://pubmed.ncbi.nlm.nih.gov/37300521
https://scholar.google.com/scholar_lookup?title=Protein+corona+mitigates+the+cytotoxicity+of+graphene+oxide+by+reducing+its+physical+interaction+with+cell+membrane&author=Duan,+G.&author=Kang,+S.-G.&author=Tian,+X.&author=Garate,+J.A.&author=Zhao,+L.&author=Ge,+C.&author=Zhou,+R.&publication_year=2015&doi=10.1039/c5nr01839k&pages=15214-15224&journal=Nanoscale&volume=7&issue=&pmid=26315610
https://scholar.google.com/scholar_lookup?title=Protein+corona+mitigates+the+cytotoxicity+of+graphene+oxide+by+reducing+its+physical+interaction+with+cell+membrane&author=Duan,+G.&author=Kang,+S.-G.&author=Tian,+X.&author=Garate,+J.A.&author=Zhao,+L.&author=Ge,+C.&author=Zhou,+R.&publication_year=2015&doi=10.1039/c5nr01839k&pages=15214-15224&journal=Nanoscale&volume=7&issue=&pmid=26315610
https://doi.org/10.1039/c5nr01839k
https://pubmed.ncbi.nlm.nih.gov/26315610
https://doi.org/10.3390/pharmaceutics18101217

Pharmaceutics 2026, 18, 1217 27 of 27

67. Chubarov, A.S. Serum Albumin for Magnetic Nanoparticles Coating. Magnetochemistry 2022, 8, 13. [Google Scholar] [CrossRef]
68. Aires, A.; Ocampo, S.M.; Cabrera, D.; de la Cueva, L.; Salas, G.; Teran, F.J.; Cortajarena, A.L. BSA-coated magnetic nanoparti-
cles for improved therapeutic properties. J. Mater. Chem. B 2015, 3, 6239-6247. [Google Scholar] [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/pharmaceutics18101217


https://scholar.google.com/scholar_lookup?title=Serum+Albumin+for+Magnetic+Nanoparticles+Coating&author=Chubarov,+A.S.&publication_year=2022&doi=10.3390/magnetochemistry8020013&pages=13&journal=Magnetochemistry&volume=8&issue=&pmid=
https://scholar.google.com/scholar_lookup?title=Serum+Albumin+for+Magnetic+Nanoparticles+Coating&author=Chubarov,+A.S.&publication_year=2022&doi=10.3390/magnetochemistry8020013&pages=13&journal=Magnetochemistry&volume=8&issue=&pmid=
https://doi.org/10.3390/magnetochemistry8020013
https://scholar.google.com/scholar_lookup?title=BSA-coated+magnetic+nanoparticles+for+improved+therapeutic+properties&author=Aires,+A.&author=Ocampo,+S.M.&author=Cabrera,+D.&author=de+la+Cueva,+L.&author=Salas,+G.&author=Teran,+F.J.&author=Cortajarena,+A.L.&publication_year=2015&doi=10.1039/c5tb00833f&pages=6239-6247&journal=J.+Mater.+Chem.+B&volume=3&issue=&pmid=32262742
https://scholar.google.com/scholar_lookup?title=BSA-coated+magnetic+nanoparticles+for+improved+therapeutic+properties&author=Aires,+A.&author=Ocampo,+S.M.&author=Cabrera,+D.&author=de+la+Cueva,+L.&author=Salas,+G.&author=Teran,+F.J.&author=Cortajarena,+A.L.&publication_year=2015&doi=10.1039/c5tb00833f&pages=6239-6247&journal=J.+Mater.+Chem.+B&volume=3&issue=&pmid=32262742
https://doi.org/10.1039/c5tb00833f
https://pubmed.ncbi.nlm.nih.gov/32262742
https://doi.org/10.3390/pharmaceutics18101217

