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ABSTRACT: “Core/shell” nanocomposites based on magnetic magnetite (Fe;O,) and redox-active cerium dioxide (CeO,)
nanoparticles (NPs) are promising in the field of biomedical interests because they can combine the ability of magnetic NPs to heat
up in an alternating magnetic field (AMF) with the pronounced antioxidant activity of CeO, NPs. Thus, this report is devoted to
Fe;0,/Ce0, nanocomposites (NCPs) synthesized by precipitation of the computed amount of “CeO,-shell” on the surface of
prefabricated Fe;O, NPs. The X-ray diffraction, X-ray photoelectron spectroscopy, and high-resolution transmission electron
microscopy data validated the formation of Fe;0,/CeO, “core/shell”-like NCPs, in which ultrafine CeO, NPs with an average size
of approximately 3—3.5 nm neatly surround Fe;O, NPs. The presence of a CeO, “shell” significantly increased the stability of
Fe;0,/CeO, NCPs in aqueous suspensions: Fe;0,/CeO, NCPs with “shell thicknesses” of S and 7 nm formed highly stable
magnetic fluids with {-potential values of >+30 mV. The magnetization values of Fe;O,/CeO, NCPs decreased with a growing
CeO, “shell” around the magnetic NPs; however, the resulting composites retained the ability to heat efficiently in an AMF. The
presence of a CeO, “shell” generates a possibility to precisely regulate tuning of the maximum heating temperature of magnetic
NCPs in the 42—50 °C range and stabilize it after a certain time of exposure to an AMF by changing the thickness of the “CeO,-
shell”. A great improvement was observed in both antioxidant and antiamyloidogenic activities. It was found that inhibition of insulin
amyloid formation, expressed in ICy, concentration, using NCPs with a “shell thickness” of 7 nm was approximately 10 times lower
compared to that of pure CeO,. For these NCPs, more than 2 times higher superoxide dismutase-like activity was observed. The
coupling of both Fe;0, and CeO, results in higher bioactivity than either of them individually, probably due to a synergistic catalytic
mechanism.

KEYWORDS: magnetite, cerium dioxide, “core/shell” nanocomposites, synthesis, morphology, magnetization, specific loss power,
antioxidant and antiamyloid activities

1. INTRODUCTION Magnetic nanoparticles (NPs) are being studied especially

Detailed and in-depth research in the field of nanotechnology intensively in the field of biomedicine (in cancer therapy, drug

has become a large and important part of modern science. The
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transition to the “nanoscale” has changed the view of
conventional materials because the properties of nanomaterials

are entirely different from those in a bulk state,"”” which makes

them attractive for use in the different fields of engineering and
3,4

technology, as well as in medicine.
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delivery, etc.). The well-known magnetite (Fe;O,) with spinel
structure can be an excellent carrier for the targeted delivery of
various drugs and drug-like substances due to its strong
magnetic properties.” In addition, as a response to applying an
external alternating magnetic field (AMF), the Fe;O, NPs can
be effectively heated and, therefore, have great prospects in
cancer treatment by magnetic hyperthermia and/or triggerin%
the release of drugs from a thermally sensitive carrier.”
Moreover, magnetic NPs could act as sonosensitizers, which
can locally increase the attenuation of ultrasound waves within
the tumor area. Thus, magnetic NPs can be applied as a
material base for the use of synergetic effects of combined
treatments (ultrasound and magnetic hyperthermia).”” Within
cancer treatment, the generation of reactive oxygen species
(ROS) that trigger oxidative stress-induced tumor cell death
can be enhanced by the presence of AMP-sensitive Fe;O, NPs
that can stimulate enzymes, producing ROS.'® In addition, the
application of an AMF leads to increased ROS production,
which is proposed as one of the possible mechanisms of the
magnetic hyperthermia treatment. As a consequence, the
coapplication of Fe;O, with an AMF can lead to the
overproduction of ROS and the development of oxidative
stress with further serious outcomes. Oxidative stress is
thought to play a significant role in aging and age-related
neurodegenerative disorders characterized by the presence of
amyloid structures. Compelling evidence supports a tight link
between oxidative stress and protein aggregation processes that
are involved in the development of such neurodegenerative
pathophysiological states. However, the exact mechanism and
interplay between oxidative stress and amyloidosis are not
known. Fe;O,-based NPs exhibit antiamyloid activity, and the
ability to inhibit protein amyloid aggregate formation as well as
the disassembly of preformed amyloid structures is observed to
be size-, stability-, and surface-modification-dependent.'' ™"
In turn, due to their redox properties (mixed valence states),
Fe;O, NPs exhibit catalytic activity originating from Fenton-
like reactions. However, surface oxidation of magnetite during
Fenton reactions may lead to a gradual decrease in the catalytic
reactivity. Moreover, magnetite particles tend to aggregate in
aquatic environments, which may reduce the number of
available surface-active sites for catalysis. Thus, it is important
to enhance or stabilize the Fe;O, NPs as well as their
antioxidant properties. Cerium dioxide (CeO,) NPs seem to
be a suitable/promising choice because they are stable,
biocompatible, and known as powerful antioxidants.>~"" Tt
was previously demonstrated that the antioxidant activity of
CeO, NPs is closely linked to their physical—chemical
properties, i.e., particle size and the percentage of Ce*" ions
on the NP surface.’® > Therefore, the fabrication of a
composite based on Fe;O, and CeO, NPs may lead to a
product that will combine magnetic, antioxidant, and
antiamyloid properties. Furthermore, the presence of CeO,
on the surface of Fe;O, NPs may protect magnetic NPs against
their oxidation. On the other hand, the fabrication of Fe;O,/
CeO, nanocomposites (NCPs) is a serious scientific task
because the synthesis of core/shell NCPs is more complex
than the synthesis of individual NPs. The core/shell NCPs
represent a multiphase nanomaterial that consists of an inner
core coated with a shell of another type of material and
therefore can combine various properties or even exhibit some
new quality/activity/properties.”” The development of core/
shell NCPs based on the magnetic Fe;O, NPs is not an entirely
new direction, and various types of composites, where Fe;O,

NPs are coated with the organic or inorganic shell, have been
studied, for example, as drug-delivery systems.”* Apart from
the enhancement of existing properties or the appearance of
new ones, the presence of a shell around the magnetic Fe;0,
core can significantly increase their stability in suspensions,
avoiding aggregation, protecting Fe;O, against oxidation, and
even raising the biocompatibility of the NPs.** The common
chemical methods used for core/shell NCP fabrication are
solvothermal methods, synthesis in aqueous systems (precip-
itation in solutions and a hydrothermal method), etc.”’ In
most cases, Fe;0,/CeO, NCPs have been synthesized via the
hydrothermal, sol—gel, or impregnation methods with further
heating at temperatures over 300 °C.*>~** However, the listed
procedures are often unsuitable for biomedical applications
due to the following reasons: (i) additional heat treatment can
lead to enlargement of the NCP size, and the possibility of
preparing a highly stable suspension based on them is a
questionable task; (ii) the physicochemical properties of the
obtained NCPs can be significantly changed, namely, the Ce®"
percentage on the CeO, surface after high-temperature
exposure, which will result in the disappearance of their
antioxidant potential. Moreover, in these works, primary
attention was paid to functional studies of Fe;O,/CeO,
NCPs without detailed physical—chemical characterization
and assessment of the effect of the thickness of the outer layer
around the magnetic core on the properties of composites. For
example, Gao et al.”” reported the fabrication of composites by
the sol-precipitated method, but the study was mainly focused
on the adsorption characteristics. Xu et al.”® dealt with the
Fe;0,/CeO, NCPs prepared by the impregnation method, but
the key direction of their research was the investigation of the
catalytic activity and the question of whether the obtained
Fe;0,/CeO, is the structured NCP or just a simple mixture of
two oxides was unanswered. It is noteworthy that detailed data
on the structure of Fe;0,/CeO, composites promising for
biomedical purposes are not very common in the literature,
and only a few published articles are devoted to this task.”” ™
However, establishing the relationship between the structural
and physical—chemical features of Fe;0,/CeO, NCPs and
their biological activity is imperative for choosing the right
approach to synthesis, which will allow one to obtain a
composite with a complex “core/shell’-like structure.

In the present study, Fe;O,/CeO, NCPs were synthesized
by the precipitation of CeO, NPs on the surface of previously
obtained Fe;O, NPs, and the resulting NCPs were investigated
in detail for their physical—chemical, morphological, and
magnetic properties. Considering the properties of pure Fe;O,
and CeO, NPs, it was also important to determine how the
presence of CeQ, in the outer layer of Fe;0,/CeO, affects the
parameters of the magnetic inner core (Fe;O,) in the
composite. Because both CeO, and Fe;O, NPs are capable
of affecting amyloidogenesis, it was expected that newly
manufactured NCPs would also modulate and possibly
enhance the inhibition/disassembly of protein aggregation.
Therefore, the bioactivities of individual NPs and newly
fabricated magnetic bimetal core/shell Fe;O,/CeO, NCPs
were tested and compared in vitro as antiamyloidogenic and
antioxidant activity.

2. MATERIALS AND METHODS

2.1. Materials. Iron(III) chloride hexahydrate (FeCly-6H,0, 97%,
CAS No. 10025-77-1), iron(1I) sulfate heptahydrate (FeSO,7H,0,
98%, CAS No. 7782-63-0), and cerium(IIl) acetylacetonate [Ce-
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(acac);xH,0, CAS No. 206996-64-4] were obtained from Thermo-
Fisher Scientific (Germany). An ammonia solution (NH,OH, 25%)
and ethanol (CH;CH,OH, 96%, CAS No. 64-17-S) were obtained
from LLG Ukrorgsyntez (Ukraine). Insulin [human recombinant,
expressed in yeast (E.C. 234-279-7, 12643, ~24 IU/mg protein)], 1-
anilinonaphyhalene-8-sulfonic acid (ANS, A1028), hydrogen peroxide
(H,0,, 95321), sodium chloride (NaCl, S3014), N,N-diethyl-p-
phenylenediamine sulfate salt (DPD, >98%, 07672), Thioflavin T
(ThT, T3516), and superoxide dismutase (SOD) determination kit
(19160) were purchased from Sigma-Aldrich, Inc. (USA). All other
chemicals were of reagent/analytical grade and were used without
further purification.

2.2. Synthesis of Fe;0,/CeO, NCPs. 2.2.1. Synthesis of Fe;0,
NPs. Fe;O, NPs with spinel structure were synthesized via the
cryochemical method by the well-known procedure described
previously.”® Briefly, an aqueous solution of FeCl; and FeSO, with
a molar ratio of Fe**:Fe®* = 1:2 was prepared and frozen using liquid
nitrogen. The resulting frozen solution was placed in a 1 M solution of
ammonium under constant stirring, observing the formation of a black
precipitate. When the ice was completely melted, the reaction mixture
was stirred for another 20 min on a mechanical stirrer. The produced
Fe;O, NPs were separated using a magnet, washed with the bidistilled
water several times, and further dispersed in the measured volume of
bidistilled water.

2.2.2. Synthesis of Fe;0,/CeO, NCPs. Fe;0,/CeO, “core/shell”-
like NCPs were synthesized by the precipitation of the theoretically
calculated “shell” of CeO, on the surface of previously synthesized
magnetic Fe;O, NPs. The amount of CeO, that was necessary for
synthesis was determined by the calculation of the theoretical
thickness of the CeO, “shell” around magnetic Fe;O, NPs using the
equations described in ref 34. Briefly, the volume of the “shell” for one
“core/shell”-like NP was determined using formula (1) assuming that
the NPs are spherical:

_ 471'(R13 - Rz3)
- 3 1)

where R; and R, are the radii of the coated and initial core NPs,
respectively. Further, the mass of CeO, per one core/shell particle
was calculated according to formula (2):

\4

m=pV ()

where p is the density of CeO,. Knowing the ratio of 1y, to M4y it
is possible to calculate the necessary mass of the shell for obtaining a
certain amount of “core/shell” NPs.>*

To fabricate a set of Fe;0,/CeO, “core/shell’-like NCPs,
Ce(AcAc);«H,0 [Ce(AcAc); = cerium(III) 2,4-pentadionate] was
used as the starting reagent. The synthesis of NCPs was performed
according to the following procedure: 10 mL of a Fe;O, suspension in
a concentration of 25 mg/mL was added to S0 mL of the
concentrated ammonia solution for functionalization of the NP’s
surface with —OH groups and left at constant stirring for 24 h at room
temperature. The functionalized Fe;O, NPs were separated on the
magnet. An amount of 1.63, 3.43, or 5.84 g of Ce(AcAc); was
dissolved in 200 mL of ethanol to further obtain three samples of
Fe;0,/CeO, NCPs with theoretically calculated values of the “shell”
thickness. When Ce(AcAc);-xH,O was completely dissolved, Fe;O,
NPs were added to the obtained solution in an ultrasound bath for 30
min. Further, the 1 M solution of ammonium was added dropwise to
the suspension in the water bath (t ~ 55—60 °C). The obtained
reaction mixture was stirred for 2 h at 60 °C. The fabricated NCPs
were separated using the magnet with further centrifugation and
washing with ethanol and bidistilled water. Finally, purified Fe;0,/
CeO, NCPs were dispersed in the measured volume of bidistilled
water.

2.3. X-ray Diffraction (XRD) Studies. XRD measurements for
individual Fe;O,, CeO, NPs, and Fe;0,/CeO, NCPs were performed
on a DRON-4 diffractometer using Cu K irradiation (nickel filter). A
thin layer of each sample was deposited onto the quartz cuvette, and
each XRD pattern was recorded in the range of 20 = 20—90° with a

step of 26 = 0.04°. The time of exposition at each point was 8 s. The
crystalline diameter of the NPs was estimated using the parameters of
the peaks according to the Sherrer equation, as described in ref 3S.
The degree of crystallinity, which defines the percentage of the
crystalline phase in the NPs sample, for both the individual NPs and
their NCPs was calculated as a ratio of the total area of the crystalline
peaks to the area of the whole XRD pattern using the approaches
described in ref 36. The XRD pattern parameters were computed
using the Origin Pro 9.0 software package.

2.4. X-ray Photoelectron Spectroscopy (XPS). The surface
chemical composition and chemical states of the samples were
analyzed by utilizing XPS with a 1253.6 eV Mg Ka source with a total
energy resolution of 0.8 eV. The spectra were treated by KolXPD
software using the Shirley background and G*L or Voigt profile for
fitting the spectra. The charging was corrected according to the C 1s
reference corresponding to adventitious carbon (284.8 eV).

2.5. Transmission Electron Microscopy (TEM). Structural
characterization of the samples was carried out using a probe-
corrected JEM ARM200F analytical electron microscope (JEOL Ltd.,
Japan) operated at a 200 kV acceleration voltage. It was equipped
with a Gatan Quantum SE (Gatan GmbH, Germany) for electron
energy loss spectroscopy (EELS) measurements. For the acquisition
of chemical maps by EELS spectral imaging in scanning TEM
(STEM) mode, images were recorded using a high-angle annular dark
field (HAADF) detector. For the spectral imaging experiment, the
electron beam was scanned inside the designed area of interest (green
rectangle labeled Spectrum imaging in HAADF-STEM images). The
probe dwell time was set at 0.1 s per pixel. The chosen convergence
angle was 14 mrad using a condenser aperture of 30 ym diameter,
while the collection angle was 10 mrad at a 3 cm camera length and
for a spectrometer entrance aperture of 5 mm. To image and process
the spectral data, specialized routines under a Gatan digital
micrograph were used. The samples in the suspension were diluted
with distilled water and sonicated for 5 min to disperse the NPs. A
drop of 5 yL from each dilution was deposited on a copper grid with a
lacey carbon support film.

2.6. Dynamic Light Scattering (DLS). The hydrodynamic
diameter (Dy) of individual Fe;O, and CeO, NPs, as well as
Fe;0,/CeO, NCPs, was investigated by DLS. The stability of the
synthesized nanomaterials in the aqueous suspension was estimated
by measuring the {-potential values. Synthesized NPs were dispersed
in bidistilled water under ultrasound for S min (Elmasonic S30H,
Germany). All measurements were performed in 1 mL of an aliquot at
a concentration of approximately 15 yg/mL on a Litesizer 500 photon
correlation spectroscopy system (Anton Paar GmBH, Austria)
equipped with a semiconductor laser (40 mW, 4 = 658 nm). The
temperature during all measurements was 20 + 1 °C. Measurements
were performed in triplicate for all NPs and NCPs.

2.7. Magnetic Measurements. A vibrating-sample magneto-
meter (VSM) installed on a cryogen-free superconducting magnet
(Cryogenic Ltd, UK.) was employed to measure the magnetic
moment of the studied samples. To obtain a true magnetic response
of the “core/shell”-like NPs (without a diamagnetic contribution of
the liquid carrier), the suspensions were lyophilized for 24 h. Then,
the dry powders of known mass were encapsulated in a gelatin capsule
and attached to a vibrating rod of the VSM. In this way, the magnetic
moment of the powder was measured at room temperature (25 °C)
and a magnetic field of up to 3 T.

2.8. Heating Efficiency Measurements. The heating efficiencies
of Fe;0,/CeO, NCPs and individual NPs were estimated via
measurements of their heating temperatures in an AMF. An aqueous
suspension of each sample at a concentration of 20 mg/mL was
placed in a magnetic coil of the AMF generator. The heating
temperature for each sample was measured dynamically under the
action of an AMF (H = 8.3°kA/m; f = 300°kHz) using the fiberoptic
temperature sensor OPTOCON (Weidman, Germany). The specific
loss power (SLP) value, which is the numerical scale for the heating
efficiency of NPs, was calculated as described in ref 37 using formula

(3):
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Figure 1. XRD and XPS data for Fe;0,/CeO, NCPs: (a) XRD patterns for pure Fe;0,, CeO, NPs, and Fe;0,/CeO, “core/shell”-like NCPs. (b)
XPS survey spectra for NCPs. (c) Fe 2p XPS spectra for Fe;0,/CeO, NCPs and individual Fe;O, NPs. (d) Ce 3d XPS spectra for Fe;0,/CeO,

NCPs and individual CeO,.

CV dT
myps A7 (3)

SLP =

where dT/dr is the initial slope of the curves “Ty, versus 77, C is the
specific heat capacity of the solvent, Vy is the volume of the measured
suspension, and myp, is the mass of the nanomaterial in the
suspension.

2.9. Antiamyloidogenic Activity of Fe;0,/CeO, NCPs on
Insulin Amyloid Fibrillization Examined Using ThT Fluores-
cence and Atomic Force Microscopy (AFM). To elucidate the
antiamyloidogenic potential of core/shell NCPs, dose- and time-
dependent experiments were performed. Within both dose- and time-
dependent measurements, insulin was dissolved in a 100 mM NaCl
solution, pH 1.6 (hereinafter referred to as NaCl solution), to obtain a
final concentration of 0.14S ug/mL, which corresponds to 25 uM, and
the solution was incubated in an Eppendorf comfort thermomixer at
65 °C for 2 h under constant agitation (500 rpm). For disassembly
experiments, a stock solution of 2 mg/mL (344 yM) insulin fibrils in
NaCl solution was prepared. The presence of insulin amyloid fibrils
was monitored by ThT fluorescence assay, and the morphology of the
insulin amyloid fibrils was evaluated by AFM.

For the dose-dependent inhibition analysis, aliquots of Fe;0,/
CeO, NCPs (from freshly prepared stock solutions in water) were
added to 25 uM insulin in NaCl solution with a protein-to-NPs ratio
ranging from 1:0.025 to 1:15 (w/w), followed by incubation under
the conditions described above. Disassembly measurements were
performed by the incubation of 25 yM preformed insulin fibrils in the
presence of Fe;0,/CeO, NCPs (ratio 1:0.025—1:15) for 24 h at 37
°C. The pH of the buffers in the inhibition and disassembly
experiments did not change upon the addition of NPs. Within the
kinetic-dependent inhibition analysis, aliquots of the control and
Fe;0,/Ce0O, NCPs-containing samples were withdrawn at various
times and analyzed by ThT assay. The extent of inhibition and
disassembly activity was assessed by ThT fluorescence assay. ThT was
added to the studied samples at a final protein-to-ThT concentration
ratio of 1:5, and after 1 h of incubation in the dark at 37 °C, the
fluorescence intensity was measured using a 96-well plate by a

49349

Synergy MX (BioTek) spectrofluorometer. The formation of insulin
amyloid fibrils was also monitored by the fluorescence of ANS, as
described recently.'® The experimental data were fitted by a four-
parameter sigmoidal logistic equation using SigmaPlot, version 14.0
(Systat Software Inc.). The error bars represent the average deviation
for the repeated measurements of five separate samples. The
exg)sfigr;lsntal approach was described previously by Siposova et
al.” ™

Samples for AFM visualization were prepared by spotting 10 uL of
sample solutions on a freshly cleaved mica surface. After 5 min of
adsorption, the samples were washed with ultrapure water and gently
dried under a soft stream of purified nitrogen gas. AFM imaging was
performed on a scanning probe microscope (Veeco di Innova, Bruker
AXS Inc, Madison, WI) working in tapping mode as described
previously.'”'®?® The presented images were made by using
NanoScope Analysis 1.20 without additional modifications. All AFM
experiments were performed at 25 + 1 °C.

2.10. Examination of the Pseudoenzymatic Activity. The
catalase-like activity of the studied Fe;O,/CeO, NCPs was examined
using a colorimetric method based on the oxidation of DPD.*® A
detailed experimental approach for NCPs was described recently.”
The reaction was always initiated by the addition of NPs to a final
concentration of 10 ug/mL. The kinetics of H,0, decomposition was
monitored at 551 nm at 25 °C using a 96-well plate by a Synergy MX
(BioTek) spectrofluorometer. The oxidase-like activity of CeO, NPs
was monitored in the absence of H,0,.

The pseudo-SOD activity of CeO, NPs was assessed by a
colorimetric assay using a commercial SOD kit that utilizes 2-(4-
iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium
monosodium salt (WST-1), which produces the water-soluble
formazan dye upon reduction by a superoxide anion. Measurements
were performed in a 96-well plate at a final particle concentration of
75 ug/mL using a microplate reader (Synergy BioTek). SOD-like
activity, expressed as Agop (inhibition rate, %), was defined as the
percentage of dismutation of superoxide radicals.'®**

https://doi.org/10.1021/acsami.3c10845
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3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of Fe;0,/CeO,
NCPs. A set of Fe;0,/CeO, NCPs was synthesized by the
precipitation of CeO, NPs on the surface of previously
fabricated Fe;O, NPs via the cryochemical method. To
evaluate the size of the CeO, NPs, which will be further
used for “shell” deposition, pure CeO, NPs were obtained via
precipitation using Ce(AcAc), as the starting reagent. When
Ce(AcAc); was dissolved in an alcohol solution with further
addition of an aqueous ammonia solution (pH ~ 9),
Ce(AcAc); hydrolyzed, and CeO, NPs were finally formed,
which was confirmed by the XRD and HRTEM data described
below.

Figure la presents the XRD patterns for Fe;O,/CeO, NCPs
as well as pure Fe;O, and CeO, NPs for comparison. Fe;O,
NPs display six peaks in the XRD pattern marked with (hkl)
indexes, which are consistent with the International Database
(JCPDS Card No. 01-1111), which verifies the formation of
single-phase NPs with spinel structure (space group Fd3m).
The crystalline diameter of NPs was calculated by Sherrer’s
equation using the parameters of the (311) peak, and it was
found to be 12.8 nm. The degree of crystallinity for Fe;O,
NPs, which was computed as a ratio of the crystalline peak area
to the area of the whole pattern, equals 40.3%. Individual CeO,
NPs have four visible peaks in the XRD pattern indexed to the
(111), (200), (220), and (311) atomic planes for the cubic
fluorite structure of CeO, with the space group Fm3m (JCPDS
Card No. 89-8436). The significant peak broadening in the
XRD pattern of CeO, can indicate the formation of ultrasmall
NPs,” and it is evidenced by the calculations via Sherrer’s
formula, using the parameters of the (111) peak: the crystalline
diameter of individual CeO, NPs equals 2.9 nm. The degree of
crystallinity for these NPs was found to be 21%. The evaluated
values of the crystalline diameters for individual Fe;O, and
CeO, NPs were considered for calculating the “theoretical”
shell thickness in the NCPs of Fe;0,/CeO, using the formulas
described in the Materials and Methods section. Three samples
of Fe;0,/CeO, with calculated shell thicknesses of 3, S, and 7
nm were obtained. Hereinafter, these samples are marked as
Fe;0,/Ce0,-3, Fe;0,/Ce0,-5, and Fe;0,/Ce0,-7, respec-
tively.

XRD patterns of Fe;0,/CeO, NCPs (Figure 1a) reveal the
superposition of peaks from Fe;O, and CeO, NPs, suggesting
the coexistence of both phases in the NCPs. The asymmetry of
peaks at 20 = 28.4°, 47.6°, and 57.2° indicates the overlapping
peaks of Fe;0, and CeO, compared with their positions in the
XRD patterns of individual NPs, and it becomes less visible
with an increase of CeO, in Fe;0,/CeO, NCPs. The Fe O,
peak (311) at 35.5° in the NCPs is not shifted relative to its
position in the XRD pattern of bare Fe;O, NPs, suggesting
that any complex chemical interactions between the two types
of oxide NPs are absent in the composite. The intensity of the
(311) peak decreases with the growth of the CeO, percentage
in the sample, which can point to covering the magnetic Fe;0,
NPs with the CeO, “shell”. The degree of crystallinity for the
obtained Fe;0,/CeO, NCPs reveals the following tendency: it
equals 40.2% for Fe;0,/Ce0,-3 NCPs, but for Fe;0,/Ce0,-5
and Fe;0,/Ce0,- 7 NCPs, it sharply reduces to 25.3 and
22.3%, respectively. When these data are compared with the
values for individual NPs, it can be concluded that the degree
of crystallinity for Fe;0,/CeO, NCPs approaches the degree
of crystallinity of individual CeO, NPs with an increase in the

CeO, content in the NCP. These data suggest the existence of
CeO, around the Fe;O, NPs, and its amount grows from
Fe;0,/Ce0,-3 to Fe;0,/Ce0,-7 NCPs.

The chemical state of the surface of the fabricated Fe;0,/
CeO, NCPs was studied in detail by the XPS method. The
XPS spectra for individual Fe;O, and CeO, NPs were recorded
for comparison. The presence of Fe 2p and Ce 3d peaks in the
XPS spectra of NCPs indicates the coexistence of both oxides
in the NCPs (Figure 1b). Each spectrum also displays C 1s and
O 1s peaks. The areas of all presented peaks were determined
after subtracting the Shirley background to evaluate semi-
quantitatively the Ce/Fe atomic ratio on the NP’s surface. The
atomic percentages of Fe and Ce were calculated according to
formula (4):*

1/S,
wt. =S 4
T X LS, (4)

where I, is the area of the XPS peak of an element and S, is the
atomic sensitivity factor.

The atomic sensitivity factors equal 8.808 for Ce 3d, 2.957
for Fe 2p, 0.711 for O 1s, and 0.296 for C 1s. The calculated
w,. (Ce)/w,, (Fe) atomic ratios are listed in Table 1, and they

Table 1. Semiquantitative XPS Data for Fe;0,/CeO, NCPs*

wy(Ce)/ WatA(FeM)/ Wi, (Ce3+)/
sample w,, (Fe w,, (Fe**) w, (Ce*")
Fe;O, NPs 2.11
Fe,0,/Ce0,-3 7.7% 2.07 0.35
Fe,0,/Ce0,-5 7.98 2,05 037
Fe,0,/Ce0,-7 9.17 1.97 0.49
CeO, NPs 0.49

“w,. = atomic percent (%).

are used as a basis for further discussions. The obtained results
reveal that the w, (Ce)/w,(Fe) atomic ratio grows with
increasing CeO, content in the Fe;0,/CeO, NCPs. Such a
dependence can indicate the coating of Fe;O, NPs with a
CeO, “shell”; however, such a “shell” around the magnetic NPs
can be nonuniform. Therefore, this assumption must be
supported by other methods such as HRTEM.

Both the Fe 2p and Ce 3d spectra shown in parts ¢ and d of
Figure 1, respectively, were analyzed in detail for a deeper
evaluation of the chemical states of Fe and Ce ions in the
NCPs. In general, XPS Fe 2p spectra exhibit a combination of
two main peaks, which correspond to the Fe 2p;/, and Fe 2p, /,
sublevels, respectively (Figure 1c), and these data are in good
agreement with the known literature.”' Additionally, the Fe 2p
spectra have a visible peak at approximately 719.4 eV, which
can be classified as a Fe** satellite peak and usually presents in
the XPS spectra of Fe,0; or a-FeOOH.* The appearance of
this peak in the XPS spectra of bare Fe;O, NPs suggests the
partial oxidation of naked Fe;O,, which is well-known by its
instability in air, or the formation of an intermediate a-FeOOH
phase during the synthesis of Fe;0, at low temperature.”>**
When the Fe 2p spectra of the NCPs are compared with the
spectrum of an individual Fe;O,, it can be observed that the
peak at binding energy (BE) = 719.4 eV becomes less visible
with the growth of the CeO, percentage in the NCP. This
suggests that the presence of CeO, provides the protection of
Fe;0, from oxidation, which leads to the higher stability of
Fe;0,. Figure 1c also shows that the peaks in the Fe 2p spectra
of Fe;0,/CeO, NCPs are slightly shifted to the lowest values
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Figure 2. HRTEM image of individual CeO, NPs obtained from Ce(AcAc); (a) and their particle size distribution (b). HRTEM image of

individual Fe;O, NPs (c) and their particle size distribution (d).

of the BEs compared to the spectrum of an individual Fe;O,,
which can be caused by weak intramolecular interactions
between Fe;O, and CeO,, as well as a decrease in the oxidative
state of the Fe ion from Fe®* to Fe*".”

Clarifying the impact of CeO, NPs at the surface of
magnetic Fe;O4 NPs on the chemical state of Fe ions requires
one to perform an additional fitting of the Fe 2p spectrum for
an approximate semiquantitative estimation of the w,, (Fe**)/
w,. (Fe*") ratio. Only the Fe 2p,, peak is usually used for the
semiquantitative determination of the Fe?* and Fe®" percen-
tages. Fitting of the Fe 2p spectra is rather complicated,
although the main principles are well described.*>*” However,
there are many works in which this procedure is simplified, and
the Fe 2p;,, peak is considered to be a combination of three
main peaks, which correspond to three positions of Fe ions in
the spine structure: Fe** in the octahedral positions (BE =
709.8 + 0.2 eV), Fe®" in the octahedral positions (BE = 710.5
+ 0.2 €V), and Fe** in the tetrahedral positions (BE = 711.9 +
0.2 eV).""** To evaluate semiquantitatively the Fe**/Fe?" ratio
within the present study, these simplified assumptions were
used. The calculated w,, (Fe*")/w,, (Fe**) atomic ratios are
summarized in Table 1. The obtained data reveal that the
w,, (Fe**)/w, (Fe?*) ratio for individual Fe;O, NPs is 2.11,
which is higher than the stoichiometrically expected value
[w, (Fe**)/w, (Fe**) = 2.00]. It can indicate the partial
oxidation of Fe;O, NPs in air or the formation of the impurity
phase of a-FeOOH during the synthesis, which leads to an
increase in the Fe®" percentage. During the transition to
Fe;0,/Ce0, NCPs, the w, (Fe®")/w, (Fe**) ratio on the
surface of NPs tends to reduce; i.e., the percentage of Fe®*
increases with growth of the CeO, “shell” around Fe;O, NPs.
The semiquantitative evaluation of the w, (Fe*")/w, (Fe*")
ratio in the samples is in good correlation with the qualitative
analysis of the XPS Fe 2p spectra. Fe;0,/CeO, NCPs include
two Ox—Red ion couples: Fe’*/Fe** and Ce*/Ce*. The
evaluations of the XPS data for the NCPs described above
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suggest that the appearance of CeO, around Fe;O, NPs assists
in the disappearance of the impurity phase of a-FeOOH by
promoting the partial reduction of Fe’* to Fe’" ions, and its
complete conversion to Fe;O, also provides some protection
of the surface of magnetic NPs against their oxidation in air.
To estimate the chemical state of Ce ions and evaluate the
w, (Ce®)/w, (Ce*") ratio on the surface of composite NPs, all
XPS Ce 3d spectra were fitted following the well-described
procedure.””*” The XPS Ce 3d spectrum was resolved to five
peaks, which correspond to the Ce 3ds;, and Ce 3dj),
sublevels (Figure 1d). The peak located at BE = 916.9 + 0.1
eV is a clear indicator of Ce*" ions. The spectra show the
coexistence of Ce®" and Ce*" ions. The XPS Ce 3d spectra can
be well fitted with five main doublets: doublets labeled with
vo—U, and v'—u’ correspond to Ce** ions, and doublets labeled
with v—u, v"—u”, and v”—u” correspond to Ce** jons.
Previously it was explained that the peak corresponding to
Ce*" at the lowest BE is asymmetrical; therefore, the doublet
v—u is considered to be the sum of two doublets v—u and v,—
u, for better fitting of the spectra.”” The percentage of Ce®*
ions in each sample was determined to be the ratio of the peak
areas of Ce* doublets to the total area of all doublets as
described in refs 22 and 51, and the calculated values are listed
in Table 1. It is noticeable that the sizes of the CeO, particles
remained at the same level when a set of Fe;O,/CeO, NCPs
were synthesized; therefore, the w, (Ce*")/w, (Ce*") ratio was
expected to be similar for all samples. However, the evaluated
data showed the following dependence: the w, (Ce*")/
w, (Ce*") ratio on the NCP’s surface was slightly reduced
for the Fe;0,/Ce0,-3 and Fe;0,/Ce0,-5 samples compared
to the value for individual CeO, NPs. This correlates well with
the previous semiquantitative evaluations of w, (Fe**)/
w,, (Fe?*) ratios and can be connected with Ox—Red processes
between Fe and Ce ions: the Ce®" ion percentage decreases
simultaneously with a decrease of the Fe’* ion percentage. In
the case of the Fe;0,/Ce0O,-7 sample, the total percentage of
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Figure 3. TEM (upper row) and HRTEM (bottom row) images of Fe;0,/Ce0,-3, Fe;0,/Ce0,-5, and Fe;0,/Ce0,-7 NCPs.

Fe ions at the surface was negligible and the w, (Ce*")/
w, (Ce*) ratio was evaluated to be the same as that for the
individual CeO, NPs.

Figure 2 shows the morphological characteristics of the
individual CeO, and Fe;O, NPs. The high-resolution TEM
(HRTEM) image of the synthesized CeO, NPs (Figure 2a)
demonstrates that NPs are ultrafine and nonagglomerated with
an average size of 3—3.5 nm and a narrow size distribution.
The lattice fringes are characteristic of CeO, crystallized in a
cubic structure with the space group Fm3m, and the lattice
parameters a = b = ¢ = 5.4124(1) A can be observed in the
HRTEM image: 3.12 A for the (111) plane and 1.91 A for the
(220) plane. The HRTEM image of the individual Fe;O, NPs
(Figure 2c) demonstrated the formation of spherical and
faceted NPs. Spherical NPs have an average size of 5.0 nm,
while faceted NPs are 10.2 nm. In the HRTEM image (Figure
2c), the lattice fringes are characteristic of magnetite
crystallized in a cubic structure with the space group Fd3m,
and the lattice parameters a = b = ¢ = 8.491(3) A can be clearly
observed: 2.56 A for the (311) plane, 2.45 A for the (222)
plane, and 2.12 A for the (400) plane. The obtained results for
individual NPs correlate well with the XRD data.

Detailed HRTEM investigations were performed to study
the morphologies of the synthesized Fe;0,/CeO, NCPs. Their
representative HRTEM images are shown in Figure 3. The
obtained HRTEM data reveal that Fe;O, NPs are surrounded
by ultrafine CeO, NPs. For Fe;O, NPs, the predominants are
the lattice fringes of 2.96 A that correspond to the (220) plane
and of 2.52 A that correspond to the (311) plane of the cubic
spinel structure. At the same time, the lattice fringes of 3.12 are
predominant for CeO, NPs, which correspond to the (111)

plane of the cubic fluorite structure. However, one can observe
the presence of CeO, NPs with lattice fringes of 3.30 A, which
correspond to the (100) plane of the hexagonal structure
typical for cerium(III) oxide. Theoretically, such a regularity
can be explained in the following way. As we have shown
previously,”” the nanoscale CeQ, contains Ce*" ions on their
surfaces, and their percentage on the surface of NPs grows with
the decreasing of the particle’s size. Moreover, the literature
data indicate that the critical diameter for CeO, NPs, under
which all Ce* ions switch to Ce**, is 1.9 nm. CeO, NPs in the
NCPs have an average particle size of 3—3.5 nm; however,
their size distribution varies from 1.5 to 5.0 nm (Figure 2b).
Therefore, it can be assumed that NPs with sizes of 1.5—2 nm
completely switch to Ce,O; with a hexagonal structure.

The surrounding of Fe;O, NPs by CeO, NPs was also
confirmed by EELS analysis, for which representative maps of
the elemental distribution are shown in Figure 4a—c. The
elemental maps that correspond to the Fe L,;-edge at 708—
721 eV and the Ce M, s-edge at 880—898 eV were extracted
after removal of the background using the power-law
background model. For comparison, Figure 4d represents the
data of the elemental analysis for the mechanical mixture,
which contained Fe;0, and CeO, in the ratio as calculated for
the synthesis of Fe;0,/Ce0,-5 NCPs. It is observed in Figure
4d that, in the case of a simple mixture formation between
Fe;0, and CeO,, there are large areas enriched with Fe;O, and
CeO,, and both phases are completely separated in the sample.
Analysis of the spatial distributions of Fe and Ce in the Fe;0,/
CeO, samples reveals that the Fe;O, NPs are neatly
surrounded by CeO, NPs. However, such a CeO, “shell” is
not entirely uniform. This uniformity can be explained by the
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Figure 4. HAADF-STEM image with a green rectangle showing the area in which the spectral image was acquired, maps of the elemental
distribution for Fe (green) and Ce (blue), and overlay of maps for Fe;0,/Ce0,-3 (a), Fe;0,/Ce0,-5 (b), Fe;0,/Ce0,-7 (c), and a mechanical

mixture (d).

Table 2. DLS Data for Fe;0,/CeO, NCPs Dispersed in Bidistilled Water

¢ potential (mV) initial pH of the suspension

sample Dy(intensity) (nm) PdI
Fe;,O, 243.2 + 14.2 0.239 + 0.014
Fe;0,/Ce0,-3 342.5 + 123 0.244 + 0.016
Fe;0,/Ce0,-5 4239 + 8.53 0.183 + 0.018
Fe;0,/Ce0,-7 458.7 + 30.1 0.291 + 0.018
CeO, 22941 + 27.5 0.122 + 0.016

+18.0 + 0.6 6.0 0.1
+23.0 + 1.2 52+ 0.1
+34.0 + 0.6 4.8 £ 0.1
+37.1 £ 0.8 47 £ 0.1
+42.0 = 0.7 4.1 +0.1

fact that calculations of the “shell” thickness are completely
theoretical and do not allow one to take into account the
particle size distribution for both oxides. However, complex
HRTEM and EELS data allow one to assume the formation of
Fe;0,/CeO, with a so-called “core/shell’-like structure;
similar data were found in the literature for other types of
inorganic composites based on CeO,.>”

The properties of the fabricated Fe;0,/CeO, NCPs in their
aqueous suspensions were analyzed by DLS, and the main
parameters are summarized in Table 2. The hydrodynamic
diameter of individual Fe;O, NPs is much higher than the size
determined by TEM. This was expected and can be explained
for two reasons. First, DLS measures the size of colloidal NPs
in the solutions; therefore, the diameter of the NPs is affected
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by the associated solvent molecules, while TEM allows one to
analyze of the dry samples and calculate of the crystalline
diameter of pure NPs.”* Second, the bare magnetic Fe;0, NPs
tend to aggregate in the aqueous solutions due to the
intramolecular interactions between NPs, such as van der
Waals forces or magnetic interactions caused by the residual
magnetization.54 The various stabilizers, such as oleic acid,
citric acid, or chitosan, are usually used to prevent the
agglomeration of Fe;O, NPs just after synthesis. In addition,
these stabilizers protect the magnetic NPs from oxidation to y-
Fe,0; in air.”> DLS measurements have demonstrated that the
coating of Fe;O, NPs with CeO, leads to a significant increase
in their hydrodynamic diameter: the larger amount of CeO,
NPs surrounds the magnetic NPs; the higher hydrodynamic
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Figure S. Hysteresis loops for Fe;0,/CeO, NCPs (a) and curves of heating temperature versus time of the AMF action on the magnetic fluids

based on Fe;0,/CeO, NCPs (b).

diameter is observed for the obtained NCP (Table 2). It is
noticeable that the polydispersity index (PdI) for all NCPs was
less than 0.3, and this indicates the formation of relatively
monodispersed NCPs. These data can additionally manifest
the formation of composite “core/shell”-like Fe;O,/CeO, NPs
but not just a simple mixture of two types of nanomaterials.

Table 2 represents the {-potential values for all synthesized
NPs, which determine their stability in the aqueous
suspensions; the initial pH for each suspension at which
measurements were performed is also given in Table 2. The
obtained data reveal that growth of the CeO, “shell” around
the magnetic NPs results in an increase in the { potential for
the resulting NCPs.

Fe;0,/Ce0,-5 and Fe;0,/Ce0,-7 NCPs have {-potential
values higher than +30 mV, which indicates the formation of
highly stable water suspensions. Previously, we showed that
CeO, NPs are self-stabilized in their aqueous suspensions due
to the existence of hydrated Ce** ions on their surface,”” and
they form highly stable suspensions in bidistilled water without
using any additional substances. At the same time, it is well-
known that bare Fe;O, NPs have hydroxyl (—OH) groups on
their surfaces due to the chemisorption of water molecules in
the solution. Some of these —OH groups are amphoteric;
therefore, the surface charge significantly depends on the pH of
the suspension.”* Individual uncoated Fe;O, NPs obtained by
the cryochemical method exhibit pH values near 6.0 in the
aqueous suspension and have { potential values of +18 mV,
which is in good correlation with the data known in the
literature and indicates low stability of such NPs in bidistilled
water.”* Such data are also in good correlation with the TEM
results (Figure 2c), which demonstrate some agglomeration of
pure Fe;O, NPs. Before the Fe;O,@CeO, composites were
fabricated, Fe;O, NPs were additionally prefunctionalized with
—OH groups in an ammonia solution. After this, their surface
became negatively charged (¢ potential ~ —11 mV), and the
formation of the CeO, “shell” around magnetic NPs can be
explained by the electrostatic interactions between negatively
charged Fe;O, NPs and positively charged CeO,. The transfer
to Fe;0,/CeO, NCPs shows some reduction in the pH values
of the suspensions, together with an increase in their (-
potential values (Table 2). These data suggest that CeO,,
which has an acidic pH in the aqueous suspensions,”” forms a
protective “shell” around the magnetic Fe;O, NPs. Con-
sequently, the CeO, “shell” can be considered to be a stabilizer
of the magnetic Fe;O, NPs against sedimentation in the
obtained magnetic fluids.
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Measurements of the magnetization of the obtained NCPs
and individual Fe;O, NPs were carried out at 25 °C to
determine how the appearance of the CeO, “shell” around
Fe;O, NPs affects their magnetic properties. The character of
the field dependences of magnetization for NPs indicates the
ferromagnetic properties of the NCPs (Figure Sa). The
magnetic parameters calculated from the measured curves are
summarized in Table 3. The pure magnetite powder exhibits

Table 3. Magnetic Parameters of the Fe;0,/CeO, NCPs

magnetization saturation coercive force SLP

sample (emu/g) (mT) (W/g)
Fe;O, 46.6 9.4 38.8
Fe;0,/Ce0,-3 20.2 3.5 349
Fe;0,/Ce0,-5 20.7 1.9 29.7
Fe;0,/Ce0,-7 13.0 12 21.4

the highest saturation magnetization, reaching 46.6 emu/g.
The composite Fe;0,/CeO, samples containing CeO, have
remarkably lower magnetization of saturation values, and they
tend to decrease with the growth of the CeO, content in the
samples. Such results were expected and are caused by the
appearance of nonmagnetic CeO, around the magnetic Fe;O,
NPs as well as by a decrease of the concentration of Fe;O, in
the same volume of the sample. The close values of
magnetization of saturation for Fe;0,/Ce0,-3 and Fe;O,/
Ce0,-5 NCPs can be related to the nonuniform surrounding
of Fe;0, NPs by the CeO, “shell”, as evidenced by HRTEM.
The inset to Figure Sa shows that each magnetization loop has
negligible coercivity, implying a superparamagnetic state of the
NPs’ magnetic moments. The inset also reveals decreasing
magnetic susceptibility (initial magnetization slope) in the low-
field region with an increasing amount of CeO, in the sample.

The aqueous suspensions of synthesized Fe;O,/CeO, NCPs
and individual NPs in a concentration of 20 mg/mL were
exposed to AMF to determine their ability to heat up in AMF
and estimate the impact of the outer layer of CeO, on the
heating efficiency of NCPs. Figure Sb shows the dependence of
the heating temperature of the NPs on the time of exposure to
AMEF for all NPs. The calculated SLP values are listed in Table
3. The obtained results reveal that the bare Fe;O, NPs are
uncontrollably heated to a high temperature, which is in good
agreement with the literature data because Fe;O, has a Curie
temperature of approximately 585 °C.>° It was observed that
the presence of a CeO, “shell” decreases the heating ability of
the Fe;0,/CeO, NCPs. The heating efficiency of the NCPs
decreases with an increase in CeQ, in the “shell” layer, which is
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Figure 6. Evaluation of the antiamyloid activity of Fe;O, and Fe;0,/CeO, NCPs. Dose-dependent quantification of the inhibition activity (a) and
the disassembly of preformed fibrils (b) monitored by ThT fluorescence assay. The ThT fluorescence data were normalized to fluorescence
intensities recorded after the complete fibrillization of insulin alone (taken as 100%). Each experiment was performed five times; error bars
represent the average deviation for repeated measurements of five separate samples.

expressed as a decrease in the SLP values (Table 3). The
results obtained correlate well with the magnetic measure-
ments. Increasing the thickness of the outer layer of the CeO,
“shell” in NCPs reduces the percentage of Fe;O, in the same
mass as NCPs used to prepare the suspension for measure-
ments. In other words, the mass of the magnetic component
that provides the heating ability in AMF decreases with an
increase in the content of nonmagnetic CeO,. Unlike bare
Fe;O, NPs, it can be seen that the heating temperature of
Fe;0,/CeO, NCPs reaches its maximum value after some time
of exposure to AMF, and the maximum heating temperature
also decreases with an increase in the content of CeO, in the
“shell”. This effect is not associated with any changes in the
Curie temperature values and can be explained by the simple
heat transfer from the Fe;O, NPs to the surrounding
suspension. The obtained results show that the CeO, “shell”
in Fe;O0,/CeO, NCPs can also be used to reduce the
maximum heating temperature of Fe;O, NPs in AMF. This
is a very encouraging result because changing the thickness of
the CeO, “shell” around Fe;O, NPs provides the possibility of
fine-tuning the heating temperature of NCPs in the temper-
ature range 42—50 °C, which is suitable for further biomedical
purposes.

3.2. Evaluation of the Fe;0,/CeO, NCPs Bioactivity.
The bioactivity of newly fabricated magnetic bimetal core/shell
Fe;0,/CeO, NCPs was tested in vitro as the antiamyloido-
genic and antioxidant activity. Fabricated NCPs were assessed
for their antiamyloidogenic potential using a well-known
experimental approach based on inhibition and disaggregation
analysis of the amyloid fibril formation of insulin,'”"”"*°7>
The pseudoenzymatic antioxidant activities were evaluated as
catalase- and SOD-like activity.””~*>

3.2.1. Antiamyloidogenic Potential of Fe;0,/CeO, NPs.
The ability to affect protein amyloid aggregation, i.e., to inhibit
the process of fibril formation and to destabilize preformed
mature amyloid fibrils, has been described previously for both
Fe,0, and CeO, NPs.''#**% However, as far as we know, no
such work has been performed using Fe;0,/CeO, NCPs. We
hypothesized that a combination of magnetite core and shell of
CeO,, when designed, may result in significantly enhanced
antiamyloidogenic activity. Insulin was chosen to study the
antiamyloidogenic effect of fabricated NPCs because it is a
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well-known model protein commonly used to study amyloido-
g(enesis.64’65

To prove our hypothesis, we performed dose-dependent and
kinetic experiments. Within a wide range of concentrations, the
NCPs were added (i) to the solution of 25 yM (145 ug/mL)
native insulin (inhibiting measurements) and (i) to the
dispersion of preformed fibrils in 100 mM NaCl, pH 1.6
(disassembly measurements), and samples were incubated at
conditions described in the Materials and Methods section.
ThT fluorescence assay has been used to determine the extent
of insulin fibrillization alone and in the presence of NCPs. It is
well-known that a decrease in the ThT fluorescence of
inhibitor-containing samples in comparison to control insulin
samples (taken as 100%) indicates a decrease in the number of
amyloid fibrils as a result of the inhibition/disassembly
potential of NCPs.**®’ Figure 6 shows the dependence of
ThT fluorescence as a function of the NCPs concentration;
ThT fluorescence for inhibition measurements is presented in
panel A, and ThT fluorescence intensities obtained for
disassembly measurements are presented in panel B. The
experimental data observed for Fe;O, NPs forming the core of
bimetal particles revealed neither strong inhibition nor strong
disassembly. The eftect in both cases did not exceed ~50%. On
the other hand, as shown in Figure 6, the presence of core/
shell NPs led to a readily detectable decrease of the relative
ThT fluorescence intensity, and the observed effect exhibited a
clear dose-dependent pattern.

From the sigmoidal curves fitted to the experimental data,
the apparent ICs, (reflecting the concentration of the NCPs
concentration leading to 50% inhibition of amyloid fibrilliza-
tion) and DCy, (the NCPs concentration leading to 50%
disassembly of preformed fibrils) values were calculated. The
apparent ICgy and DCy, values are summarized in Table 4. It
appears that the calculated ICy, and DCy, values exhibited a
size-dependent tendencyj; i.e., the extent of antiamyloid activity
depended on the properties of NCPs, mainly on the size of
NCPs, which was determined by the shell formed by CeO,
particles. It is interesting to note that the size-dependent effects
of inhibition and disassembly had the opposite trend. While
the most effective inhibition activity was observed for the
NCPs with a larger shell thickness, the most effective
disassembly activity was observed for the smallest NCPs.
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Table 4. Experimentally Determined ICg, and DCy, Values
for the Studied Fe;0,/CeO, NCPs

antiamyloid activity (ug/mL)

particle ICy, DCy,
Fe,0, N/D N/D
Fe;0,/CeO, -3 135+ 6 115 + 10
Fe,0,/Ce0, -5 130 + 2.5 215 + 13
Fe,0,/Ce0, -7 25+ 1 250 + 16.5

CeO, 270 + 137 N/D
“Taken from ref 68.

The ICq, concentration of the last listed Fe;0,/CeO, NCPs
was found to be ~10 times lower (i.e., 10 times more effective
inhibition) in comparison to that of pure CeO,, and even the
smallest Fe;O,/CeO, NCPs possessed ~2 times lower ICs,
compared to those of pure CeO, NPs (Table 4'7°%). A sharp
decrease in ICy, especially for Fe;0,/CeO,-7, led us to verify
the ThT fluorescence data using another fluorescence dye,
ANS. The obtained ANS results fully confirmed the results of
the fluorescence analysis (data not shown). Because pure CeO,
did not show such an effective inhibition potential, 718,22,68 44
is tempting to speculate that the significantly enhanced
inhibition activity of core/shell NPs, especially for Fe;O,/
Ce0,-7 NPs, may be a result of “chemistry” between Fe;O,
and CeO,.

To better understand the process that underlies inhibition,
in addition to concentration-dependent experiments, a kinetic
study of insulin fibrillization in the presence of core/shell
NCPs at two different concentrations was performed. The
NCPs concentrations were selected considering the calculated
ICy, values and correspond to the 1:1 and 1:0.5 (w/w) ratios
(protein to NCPs; the concentration of protein was fixed and
equal to 25 yM = 14S pug/mL). The kinetic time-dependent
process of protein amyloid formation, referred to as nucleation-
dependent polymerization, has a typical sigmoidal profile with
three distinct stages: a lag phase, a growth phase, and a final
steady-state phase. As documented in Figure 7, the insulin
fibrillization in the absence of NCPs (gray circles) consisted of
an ~8—10-min-long lag phase followed by about a 40-min-long
elongation phase. Finally, after ~60 min, the process
culminated with the plateau (or steady-state) phase, which

reflected the presence of a characteristic amyloid cross-#
structure. In the presence of different NCPs, the sigmoidal
shape of the time-dependenct curve was generally well-
preserved. However, as shown in Figure 7, the core/shell
NCPs affect the kinetic profile and the extent of insulin
fibrillization in a concentration-dependent manner. A more
pronounced effect on the kinetics with a detectable long lag
phase and a reduced extent of fibrillization was observed at a
1:1 (w/w) protein-to-NCPs ratio. The most significant
inhibition of insulin fibrillogenesis was observed for Fe;O,/
CeO,-7 NCPs, with a 2-fold prolonged lag phase accompanied
by a remarkable decrease in the ThT fluorescence intensities.
As documented in Figure 7, in the presence of Fe;0,/Ce0,-7
NCPs, shallow S curves were observed, and ThT fluorescence
reached approximately ~15% and ~43—45% of the control
samples at protein-to-NCPs ratios of 1:1 and 1:0.5 (w/w),
respectively. On the other hand, for NPs with the smallest
CeO, shell characterized by a higher ICg, value, only a
moderately changed curve profile was observed compared to
those of the control insulin samples. The ThT fluorescence
intensities at the plateau phase reached ~53% (ratio 1:1) and
~77% (ratio 1:0.5). As expected, the lowest potential to affect
insulin fibrillization exhibits pure Fe;O, particles. As
mentioned above, this lower ability to affect the formation of
protein amyloid fibrils is a result of the instability of pure
Fe;0, particles, which tend to form clusters. Clustering of
Fe;0, particles reduces the interaction with insulin molecules,
which is a prerequisite for inhibiting the process.

Contrary to the inhibition experiments, the highest
disassembly activity was determined for the smallest Fe;O,/
CeO, NCPs; i.e,, the ability to disrupt amyloid fibrils decreases
with an increase in the theoretical thickness of the CeO, shell.
Similarly, the size-dependent efficacy of altering protein
amyloidogenesis for other types of NPs, including super-
paramagnetic iron oxide NPs or gold NPs, has previously been
documented, and the important interplay between the NPs size
and surface chemistry has been emphasized.'””***”" In
addition, the obtained results confirm our previously published
data, that the magnetite core is quite effective in the
disaggregation of preformed fibrils,"” while pure CeO, particles
possess a low ability to disassemble preformed amyloid
fibrils."”"®** On the other hand, the antiamyloidogenic activity
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Figure 7. Time dependence of insulin fibrillization in the presence of core/shell NCPs monitored by ThT assay. The NPs at two different protein-
to-NCPs ratios, 1:0.5 (w/w; empty triangles) and 1:1 (w/w; filled up-triangles), respectively, were added to a freshly prepared insulin solution, and
samples were exposed to fibrillization conditions. The ThT fluorescence data in the presence of NPs were normalized to fluorescence intensities
recorded after complete fibrillization of insulin alone (gray circles; taken as 100%). Each experiment was performed in triplicate; error bars
represent the average deviation for repeated measurements of three separate samples.

49356

https://doi.org/10.1021/acsami.3c10845
ACS Appl. Mater. Interfaces 2023, 15, 49346—49361


https://pubs.acs.org/doi/10.1021/acsami.3c10845?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c10845?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c10845?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c10845?fig=fig7&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c10845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

Figure 8. AFM visualization of insulin amyloid fibrils formed alone (a) and in the presence of Fe;O, NPs (c), Fe;0,/Ce0,-3 (d), Fe;0,/Ce0,-5
(e), and Fe;0,/Ce0,-7 (f) with a protein-to-NCPs ratio of 1:0.5. b1—b4 represent scans of studied NCPs (72.5 ug/mL). White scale bars always
represent 1 ym. The images were processed by using NanoScope Analysis 1.20 software.

of pure magnetite NPs used as the “core” was not so significant
compared to the inhibition/disassembly potential of the core/
shell NPs, and it was impossible to correctly determine the
values of ICy, and DCg,. Such a low ability to affect insulin
amyloid aggregation may be a result of the insufficient colloidal
stability of pure Fe;O,. These observations indicate the
importance of the magnetite core and its stabilization by the
CeO, shell in the antiamyloidogenic activity.

Visualization of insulin fibrils using AFM was used to verify
the antiamyloidogenic activity of the “core/shell” NPs
observed using “indirect” ThT analysis. As documented in
Figure 8a, insulin forms thin, long, unbranched fibrils. When
fibrillization was performed in the presence of pure Fe;O, NPs,
the morphology of fibrils remained almost the same, and the
characteristic amyloid morphology without significant visible
changes was found (Figure 8c). In the presence of core/shell
NPs (the protein-to-NCPs ratio was 1:0.5), gradual changes of

both the number and morphology of fibrils were observed. The
most significant inhibition of insulin amyloid formation
occurred in the presence of Fe;0,/Ce0,-7 NCPs (Figure
8f), and only small short fibrils were detected. A less
pronounced inhibition effect on the formation of insulin fibrils
was found in the presence of Fe;0,/Ce0,-3 and Fe;0,/
Ce0,-5 NCPs (Figure 8d,e). Scans bl—b4 represent a
visualization of NCPs as follows: bl, Fe;O, b2, Fe;0,/
Ce0,-3; b3, Fe;0,/Ce0,-S; b4, Fe;0,/Ce0,-7. Scan bl
clearly shows the clustering of pure Fe;O,. A certain degree of
clusterization was observed also for Fe;0,/CeO,-3 NCPs
(Figure 8b2), which may be explained by a nonhomogenous
shell of CeO,. AFM measurements fully confirmed the results
obtained by ThT fluorescence assay.

3.2.2. Examination of the Pseudoenzymatic Activity of
Fe;0,/CeO, NCPs. To assess the impact of the size/redox state
on the bioactivity, we also analyzed the pseudoenzymatic
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activity of NCPs by monitoring the SOD-, oxidase-, and
catalase-like activity. To examine the catalase- and oxidase-like
activity of the studied NPs, a colorimetric assay based on the
oxidation of DPD as a substrate was employed.”® In Figure 9a,

+ H202

Fe,0,
Fe,0,/Ce0,-3
Fe,0,/Ce0,-5
Fe,0,/Ce0,-7

wio H202
-—= Fe,0,
——- Fe,0,/Ce0,3
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Fe,0,/Ce0,-3
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« > e e
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Figure 9. Monitoring of the enzyme-like activities of core/shell
NCPs: (A) monitoring of the DPD oxidation by NCPs in the
presence of H,0, (solid lines) and the absence of H,0, (short-
dashed lines); (B) “true” catalase-like activity of H,0, decomposition
by core/shell NCPs (the curves were obtained by subtraction of the
kinetic curves without H,O, from the kinetic curves with H,0),.
Error bars represent the standard deviations of three independent
experiments. The concentration of the NPs/NCPs was always 10 pg/
mL.

the solid curves represent the oxidation of DPD in the
presence of H,0, and NCPs. In the presence of Fe;0,/CeO,-
S and Fe;0,/Ce0,-7, almost identical kinetic curves of H,O,
decomposition were obtained. However, in the presence of
Fe;0,/Ce0,-3, the kinetic curve was much slower. In the
absence of H,0,, the oxidation of DPD is shown as short-
dashed curves. This pseudo-oxidase activity of NCPs arises
from a low redox potential of the CeO, shell and the presence
of oxygen vacancies as proposed previously.””°"*> As expected,
the oxidase-like activity increases with the increased shell of
CeO, on the magnetite core. By subtraction of the kinetic
curves in the absence of H,0, from the kinetic curves
measured with H,O,, the “real” catalase-like activity of NCPs
was obtained (Figure 9b). It seems that Fe;0,/Ce0,-§
exhibited slightly higher catalase-like activity in comparison to
Fe;0,/Ce0,-7, but the difference was very small. Although we
can assume that the major catalytic activity arises from the shell
of the particles, the involvement of the magnetite core cannot
be excluded because XPS analysis revealed the coexistence of
two redox-ion couples, Fe**/Fe?* and Ce**/Ce*, and, in
addition, the CeO, “shell” is probably not completely uniform.
The coupling of both Fe;O, and CeO, results in a higher

catalytic activity than either of them alone probably due to a
synergistic catalytic mechanism. Similarly, the synergistic
catalase/peroxidase-like activity of CeO,/Fe;O, NCPs was
observed previously, and a detailed mechanism of catalysis was
described.””*! Moreover, the catalytic properties of core/shell
NPs can be further enhanced by the appropriate coating, as
shown by Moskvin et al. for magnetic y-Fe,0;/CeO, when
poly(ethylene glycol)—neridronate is used.”* Fe;O, alone did
not exhibit catalase-like activity due to the low stability of NPs.

To obtain a more detailed view of the enzymatic mimetic
activity, the prepared core/shell NCPs were tested by using a
commercial colorimetric SOD kit. SOD catalyzes the
dismutation of the superoxide anion into H,O, and molecular
oxygen, which consequently leads to a decrease of WST-1
monitored by absorbance at 450 nm. The studied core/shell
NCPs at a final concentration of 75 pg/mL were added to well
plates with WST-1 reagent. Generation of the superoxide
radical anions was initiated by adding xanthine oxidase. The
nascent superoxide radicals reduced a water-soluble tetrazo-
lium salt to formazan. The SOD-like activity of CeO, NPs was
calculated from a calibration curve obtained by using the SOD
kit enzyme and is expressed as the units of SOD activity (Table
S). As expected, there is no SOD-like activity for pure Fe;O,

Table 5. SOD-Like Activity of Fe;0,/CeO, NCPs
Monitored Using an SOD Kit

SOD activity
inhibition rate (%) U/mL
Fe,0, NA NA
Fe,0,/Ce0, -3 209 + 2.0 1.02 + 0.0015
Fe;0,/Ce0, -5 23.03 + 42 1.16 + 0.07
Fe;0,/Ce0, -7 49.8 + 4.95 331+ 0.11
CeO, 333 +26 1.87 + 0.002

NPs due to insufficient colloidal stability of pure Fe;O,
particles. Fe;0,/Ce0,-3 and Fe;0,/Ce0,-5 showed almost
the same SOD-like activity. Significantly higher, more than 2-
fold, SOD-like activity was observed for Fe;0,/Ce0O,-7. This
observation is not surprising because the SOD activity is
directly related to the Ce® ions and is consistent with the
analysis of the XPS spectra. XPS analysis revealed that the
w, (Ce*")/w, (Ce*) and w,(Ce)/w, (Fe) (Table 1) of
Fe;0,/Ce0,-3 and Fe;0,/Ce0,-5 are almost similar.
However, for Fe;0,/Ce0,-7, both w, (Ce**)/w, (Ce*") and
w,, (Ce)/w, (Fe) are significantly higher. It is noteworthy that
this enzymatic activity was higher compared to that of pure
CeO,.

Currently, we cannot fully explain these observations, but
the calculated ~10 times lower IC, concentration and ~1.5
times higher SOD-like activity of Fe;0,/Ce0,-7 NPCs
compared to those of pure CeO, NPs indicated a possible
synergistic effect, probably due to the interaction between Fe
and Ce ions. We believe that one of the solutions to
understanding this phenomenon is to fabricate NCPs with a
thickened (>7) outer layer around the magnetic core and
evaluate the antiamyloidogenic and antioxidative activities to
clarify whether such an effect is observed for the composite
with the defined proportion of the components. This work is
currently underway.

In any case, together with the magnetic properties of Fe;0,/
CeO, NCPs and a significant improvement in the inhibition of
amyloid formation and a higher SOD-like activity of Fe;0,/
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Ce0,-7 NPCs compared to pure CeO, NPs, an excellent
option for delivering these NCPg to the object of interest is
proposed.

B CONCLUSIONS

To clarify the possibility of combining the ability to heat up
effectively in AMF and antioxidant activity in one NCP
material, a set of Fe;0,/CeQO, “core/shell”-like NCPs were
synthesized by precipitation of the CeO, “shell” on the
prefabricated Fe;O, NPs. The amount of CeO, required to
obtain a certain thickness of the outer shell was theoretically
calculated before synthesis. The XRD, XPS, and HRTEM data
revealed the coexistence of Fe;O, and CeO, NPs in one NCP.
According to the XPS spectra, the percentage of CeO, on the
surface of the NCPs increased with growth of the CeO,
calculated “shell”, which suggested the formation of “core/
shell” structures. Such an assumption was validated by
HRTEM and EELS measurements, and the obtained data
showed that Fe;O, NPs are neatly surrounded by ultrafine
CeO, NPs with an average size of 3—3.5 nm. Semiquantitative
calculations of the XPS spectra of Fe;0,/CeO, NCPs
demonstrated that the appearance of the CeO, “shell” around
Fe,O, NPs promotes a partial reduction of Fe** to Fe** ions
and provides some protection of Fe;O, magnetic NPs against
oxidation. DLS results demonstrated that the presence of the
CeO, “shell” significantly enhanced the stability of fabricated
Fe;0,/CeO, NCPs: Fe;0,/Ce0,-5 and Fe;0,/CeO,-7
NCPs possess {-potential values higher than +30 mV, which
defines them as highly stable in the aqueous suspensions. The
combined results indicated the formation of “core/shell’-like
Fe;0,/CeO, composites during the synthesis. Additionally,
the appearance of the CeO, “shell” around Fe;O, NPs
positively affects their magnetic properties and stability against
oxidation. Despite the decrease in the magnetization values of
composites with an increase in the CeO, content in the “shell”,
magnetic liquids based on Fe;0,/CeO, NCPs demonstrated
their ability to heat efficiently in AMF, and the heating
efficiency decreased with an increase in the percentage of
CeO, in NCPs. The data obtained showed that the magnetic
properties of the shell, depending on the thickness, determine
the effectiveness of hyperthermia, which is important for
understanding local temperature fluctuations, as well as for
designing and fine-tuning applications in theranostics. There
was significant improvement in both the antioxidant and
antiamyloidogenic activity. It was found that the inhibition
concentration of IC5y NCPs with a “shell thickness” of 7 nm is
~10 times lower (i.e., 10 times more effective inhibition) than
that of pure CeO,. For this NCP, a more than 2 times higher
SOD-like activity was observed. The combination of both
Fe;0, and CeO, leads to a higher biological activity than
either of them probably due to a synergistic catalytic
mechanism.

Overall, we can conclude that newly prepared bimetal NCPs
demonstrate both strong antioxidant and strong antiamyloido-
genic activity in a concentration- and size-dependent manner.
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