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Abstract: A method is proposed for the preparation of stable sols of nanocrystalline cerium dioxide
in nonpolar solvents, based on surface modification of CeO, nanoparticles obtained by thermal
hydrolysis of concentrated aqueous solutions of ammonium cerium(IV) nitrate with residues of
2-ethylhexanoic and octanoic acids. The synthesis was carried out at temperatures below 100 °C and
did not require the use of expensive and toxic reagents. An assessment of the radical-scavenging
properties of the obtained sols using the superoxide anion-radical neutralization model revealed
that they demonstrate notable antioxidant activity. The results obtained indicate the potential of
the nanoscale cerium dioxide sols in nonpolar solvents to be used for creating nanobiomaterials
possessing antioxidant properties.
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1. Introduction

Nanoscale cerium dioxide has a number of specific properties, including the ability
to participate in reversible redox processes at physiological temperatures, extremely low
solubility (pKsp ~ 59), the ability to mimic the functions of many natural enzymes, and
low toxicity [1-5]. In this regard, it is the material of choice for a number of modern
biomedical applications [6-9]. The biological activity of nanoscale CeO, is governed by the
high reactivity of its surface and the ability to interact with various organic compounds [10],
as well as the high mobility of its oxygen sublattice [11-13]. It is notable that the question
of the oxygen nonstoichiometry of nanocrystalline CeO,, which could explain its unique
functional characteristics, is currently being actively discussed [14,15].

The broad range of possible biomedical applications of nanoscale CeO; requires
the development of synthetic approaches that ensure the production of cerium dioxide
primarily as colloid solutions [1,15]. Because the therapeutic effect of CeO; is achieved
at sufficiently low concentrations (107°-107 M) [16], the application of stable CeO, sols
ensures the required dosing accuracy.

Many methods have already been developed for the production of aqueous CeO,
sols, including sols stabilized by carboxylic acids, polysaccharides, etc. [17-22]. Normal
and reverse precipitations, ion exchange, hydrothermal and hydrothermal-microwave
treatment methods have been proposed to obtain such sols [17-22].

In contrast, almost no methods for the preparation of CeO, sols in non-aqueous
media (aprotic and nonpolar solvents) have been reported. In view of the high antioxidant
and antibacterial activity demonstrated by nanoscale cerium dioxide, colloid solutions of
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CeO; in aprotic organic solvents (primarily dimethyl sulfoxide) might be promising as
preparations for the treatment of skin diseases, including skin cancer. It should be noted that
the selective toxicity of nanodispersed CeO, towards transformed cells has been reported in
a number of reports [23]. Oil-dispersible ceria nanoparticles are also promising components
of sunscreen compositions. The possibility of using cerium dioxide as a harmless alternative
to traditional inorganic UV filters—titanium and zinc oxides—is currently being actively
discussed [24-26]. Importantly, hydrophobic ceria nanoparticles are expected to be less
prone to chemical interactions with organophosphates (e.g., phospholipids), which can
block the redox cycling between Ce*3/Ce** in nanoceria [27], thus nullifying its positive
antioxidant effect on the organic components of sunscreen formulations. Oil-dispersible
ceria nanoparticles can also be used for the production of liposomal conjugates for advanced
drug delivery systems and MRI contrast agents [28-31].

Taking into account the high catalytic activity of nanocrystalline CeO; [32], non-
aqueous colloid solutions of CeO; are of particular interest for the production of diesel
fuel additives. The purpose of such additives is to both reduce environmental pollution by
inhibiting the emission of aerosols of ultrafine particulate matter in internal combustion
engines (PM10) and increase fuel economy by reducing ignition delay and high flame
sustenance [33-38]. A corresponding analysis has also been carried out for coarse-grained
CeO,, but it is difficult to achieve a uniform distribution over the fuel volume for this
material, due to the rapid sedimentation of ceria particles [36,38]. Based on cerium dioxide
with a particle size of 7-15 nm, a commercially available catalyst for the afterburning of
motor fuels, Envirox™ (Oxonica, Aylesbury, UK), has been created [33,39—-41], which has
both high functional characteristics and rather low cytotoxicity and mutagenicity [42].

To the best of the authors’ knowledge, there have been reports of only two successful
attempts to obtain stable sols of nanoscale cerium dioxide in nonpolar solvents based on the
hydrothermal or solvothermal treatment of cerium(IlII) salts and fatty acids (2-ethylhexanoic
and octanoic acids) [43,44]. Both methods are characterized by low scalability and require
the use of high temperatures (up to 290 °C) and rather expensive starting compounds.

In this regard, the development of new facile methods for the preparation of cerium
dioxide sols in nonpolar solvents is a relevant objective. To solve this problem, an approach
is proposed that is based on modifying the surface of CeO, nanoparticles obtained by the
thermal hydrolysis of concentrated aqueous solutions of ammonium cerium(IV) nitrate [21]
with residues of 2-ethylhexanoic and octanoic acids. The proposed synthetic sequence
proceeds at temperatures below 100 °C and does not require the use of expensive and
toxic reagents.

2. Experimental
2.1. Materials

The following reagents were used in the study: ammonium cerium(IV) nitrate (98.5%,
Sigma-Aldrich (St. Louis, MO, USA) #22249), 2-ethylhexanoic acid (EHA, 99%, Sigma-
Aldrich #E29141), octanoic acid (OA, 99%, Sigma-Aldrich #03907), heptane (99%, Chimmed
(Moscow, Russia)), ammonium bicarbonate (99%, Chimmed), isopropyl alcohol (IPA, 99.9%,
Chimmed), xanthine (>99.5%, Sigma-Aldrich #X0626), lucigenin (95%, J&K Scientific
(San Jose, CA, USA), #393824), xanthine oxidase (>0.4 units/mg protein, Sigma-Aldrich
#X1875), potassium dihydrogen phosphate (Sigma-Aldrich, #P0662), potassium hydrogen
phosphate (Sigma-Aldrich #P5655).

2.2. Synthesis of CeO, Nanoparticles

For the synthesis of an aqueous cerium dioxide sol, a 0.18 M solution of (NH4),[Ce(NO3)s]
(2.30 g, 4.2 mmol) in distilled water (23 mL) was placed in a 100 mL Synthware™ auto-
clave and heated at 95 °C for 24 h. The resulting yellow precipitate was separated by
centrifugation, washed three times with an excess of isopropyl alcohol and centrifuged
again (20,000 g). The resulting paste was re-dispersed in 25 mL of distilled water and
boiled for 2 h to remove the excess isopropanol. The concentration of CeO, in the resulting
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sol was determined gravimetrically, after which it was diluted with distilled water to a
concentration of 0.10 M CeO;. The parameters of the obtained aqueous CeO, sols have
been described by the authors in a previous report [21].

2.3. Surface Modification of CeO, Nanoparticles

First, 0.75 g (0.84 mL, 5 mmol) of 2-ethylhexanoic acid or octanoic acid was mixed
with 10 mL of heptane, followed by the addition of 0.4 g (5 mmol) of NH4;HCOj3 dissolved
in 5 mL of distilled water under vigorous stirring. Then, 10 mL of aqueous ceria sol was
added to the obtained mixture, followed by stirring at 40 °C in an open glass vessel until the
complete evaporation of heptane. 10 mL of heptane was again added to the resulting sol,
after which the mixture was vigorously shaken to extract CeO; into the o0il phase and the
aqueous phase was removed on a separating funnel. As a result, a transparent yellow-green
sol in heptane was obtained, which demonstrated a pronounced Tyndall effect. According
to gravimetric estimates, the concentration of CeO; in the resulting sols was 11-13 g/L.

2.4. Characterization Methods

Optical absorption spectra were recorded using quartz cuvettes (10.0 mm optical
path length) in a 200-700 nm range at 0.2 nm steps on an OceanOptics (Orlando, FL,
USA) QE-65000 spectrometer with deuterium-halogen (OceanOptics DH-2000) and xenon
(OceanOptics HPX-2000) light sources.

X-ray powder diffraction patterns analysis (XRD) of sols previously dried at 40 °C
was performed using a Bruker (Billerica, MA, USA) D8 Advance diffractometer (CuK
radiation), in the angle range of 20-70°20, with a step of 0.03°20 and a signal acquisition
time of 0.7 s per step. Full-profile analysis of diffraction patterns was performed using
TOPAS 4.2 software (Billerica, MA, USA) and diffraction maxima were approximated by
Voigt pseudo-functions.

Dynamic light scattering (DLS) measurements were carried out using a Photocor
(Tallinn, Estonia) Compact analyzer, which was equipped with a He-Ne laser (wavelength
632.8 nm) and enabled measurement of (-potential.

Transmission electron microscopy (TEM) and selected area electron diffraction (SAED)
of the samples were conducted on a Carl Zeiss (Oberkochen, Germany) Leo912 AB Omega
electron microscope operating at an accelerating voltage of 100 kV. Scanning transmission
electron microscopy of the samples was performed using a Tescan (Brno, Cesko) Amber
GMH microscope at an accelerating voltage of 20 kV.

IR spectroscopic studies of the samples were performed in diffuse reflection geometry
using an Infralum FT-08 spectrometer in the range of 4004000 cm !, with a resolution of
4 cm~ 1. The samples for the analysis were pressed into KBr pellets.

The radical-scavenging properties of the obtained materials were assessed using
the chemiluminescent method with a model system generating superoxide anion radical
(*O,7) using a DISoft (Moscow, Russia) Lum-100 single-channel chemiluminometer. The
chemiluminescent signal was recorded in a phosphate buffer solution (100 mM, pH 7.4,
KyHPOy) at 37 °C. Lucigenin was used as a chemiluminescent probe, xanthine oxidase was
used as an initiator of free radical oxidation and xanthine was used as a chemiluminescent
substrate. Background luminescence was recorded for 30-60 s after mixing solutions
of xanthine (10 pM), lucigenin (50 uM) and the analyzed sample. Then, an aliquot of
xanthine oxidase was added (0.11 units/mL, where 1 unit of activity corresponded to the
conversion of 1.0 umol of xanthine to uric acid for 1 min at 25 °C) and a chemiluminescent
signal was recorded for 5 min. Light sums were calculated by numerical integration of
chemiluminescent curves using PowerGraph software 3.3.11 (Moscow, Russia).

The analysis of the composition, structure and properties of the obtained materials
was carried out using the equipment of the JRC PMR IGIC RAS.
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3. Results and Discussion

During the hydrolysis of ammonium cerium(IV) nitrate at elevated temperatures,
the formation of cerium dioxide nanoparticles takes place, which can form aqueous sols
that are stable for at least several months after a decrease in the ionic strength of the
medium [21]. The stability of such sols is due to the high value of the -potential of the
nanoparticle surface (+40 mV). Similar results indicating the high stability of aqueous CeO,
sols obtained by the hydrolysis of (NH4)2[Ce(NO3)¢] in acidic media were reported by
Pettinger et al. [45].

The high positive surface charge of CeO, nanoparticles allows their modification
with carboxylic acids, for example, fatty acids. Before carrying out the modification,
2-ethylhexanoic or octanoic acids were neutralized with ammonium bicarbonate.

The XRD patterns of the unmodified and modified CeO; sols dried at a low tempera-
ture (40 °C) are shown in Figure 1.

Intensity, arb. units

20 30 40 50 60 70 80 90
20, degree

Figure 1. XRD patterns of the powders prepared upon the drying of (1) starting aqueous ceria sol
and ceria sols in hexane stabilized by (2) 2-ethylhexanoic acid or (3) octanoic acid. Arrows indicate
the positions of diffraction peaks corresponding to crystalline cerium dioxide (sp. gr. Fm3m, PDF2
#00-034-0394).

The data obtained indicated that all the obtained sols contained nanocrystalline cerium
dioxide with a fluorite structure (sp. gr. Fm3m, PDF2 #00-034-0394). The crystallite size
was established from the XRD data using the Scherrer formula, and was 3.0-3.5 nm. Trans-
mission electron microscopy data confirmed the results of XRD, indicating the formation of
nanoparticles with a high degree of crystallinity and a relatively low degree of aggregation
during the synthesis (Figure 2).

(@) (b) (c)

Figure 2. TEM images and SAED patterns of the (a) starting aqueous ceria sol and ceria sols in hexane
stabilized by (b) 2-ethylhexanoic acid or (c) octanoic acid.
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The DLS analysis of the sols (Figure 3) also confirmed the XRD and TEM data. CeO,
sols in heptane stabilized with 2-ethylhexanoic and octanoic acids contained weakly aggre-
gated nanoparticles with an average hydrodynamic diameter of 15.6 and 9.2 nm, respec-
tively. The average hydrodynamic diameter of particles in the initial aqueous CeO, sol was
16 nm. The marginally larger particle size recorded using the DLS method, compared with
the size determined using XRD and TEM, was obviously associated with the presence of
an electrical double layer, as well as the presence of adsorbed molecules and ions on the
surface of CeO; nanoparticles.

a [
[
T 1 o\o
= c
S| P 5
2 3
Q [
® &=
b [0)
(0]
£ 5
o) (o)
S : >
(o]
T o ] 1 10 100
1 10 100
D, nm
D, nm
1) (2)

Figure 3. (1) Hydrodynamic diameter distributions, as measured using DLS, for ceria nanoparticles
in hexane stabilized by (a) 2-ethylhexanoic acid, (b) octanoic acid, and (c) the initial aqueous ceria
sol as a reference. (2) Dynamic light scattering results for the same sols after drying, followed by
re-dispersion in heptane.

It is notable that the size of the 2-ethylhexanoate anion was ~0.8-0.9 nm [46,47] and
the size of the octanoate anion was 1.1-1.2 nm [48-50], but the hydrodynamic diameter
of CeO, nanoparticles obtained using 2-ethylhexanoic acid was approximately 1.5 times
larger than the diameter of nanoparticles obtained using octanoic acid. This size difference
is most likely the result of linear octanoate anions forming a denser layer on the surface
of nanoparticles, thus preventing their aggregation more effectively. Less aggregation of
CeO; nanoparticles stabilized with octanoic acid, compared with those stabilized with
2-ethylhexanoic acid, was indirectly confirmed by the range of the hydrodynamic diameters’
distributions at half maximum; these were 2.2 and 4.0 nm, respectively.

Scanning transmission electron microscopy data confirmed slightly more nanoparticle
aggregation in sols stabilized with 2-ethylhexanoic acid (Figure 4). For such sols, aggregates
about 10 nm in size were observed to consist of smaller nanoparticles.

The ability of nanoparticles to be re-dispersed after complete removal of the liquid
is an important characteristic of colloid solutions, which is of great importance for their
practical application. Dry nanoparticles are much more convenient in transportation and
storage, and less stringent packaging requirements are imposed on them. In particular,
the transportation of organic solvents is associated with significant risks due to their high
flammability and low flash points. Thus, n-heptane is a highly flammable liquid, with
a flash point of —4 °C and an auto-ignition temperature of 204 °C. As a result, cerium
dioxide sols in heptane were dried at a temperature of 40 °C to a constant weight, after
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which heptane was added to them in a volume that was equal to the initial volume. CeO,
nanoparticles stabilized with both 2-ethylhexanoic and octanoic acids were completely
transferred into the liquid phase, forming transparent sols, as confirmed by the results of
DLS analysis (Figure 3). The average hydrodynamic diameter of the nanoparticles actually
did not change after the re-dispersion of the sols, being 15.4 nm for the sols stabilized with
2-ethylhexanoic acid and 9.5 nm for the sols stabilized with octanoic acid.

(b)

Figure 4. Micrographs of cerium dioxide sols stabilized with (a) 2-ethylhexanoic acid and (b) octanoic

acids obtained by scanning transmission electron microscopy.

Thus, the proposed synthetic method also enables the production of cerium dioxide
powders modified with fatty acids that can be completely re-dispersed in nonpolar solvents.

The IR spectroscopy data (Figure 5) confirmed the chemical immobilization of oc-
tanoic and 2-ethylhexanoic acid residues on the surface of CeO, nanoparticles. In the
IR spectra of CeO; nanoparticles, as well as octanoic and 2-ethylhexanoic acids, intense
bands were present at 1716 cm~! and 1708 cm ™!, respectively, corresponding to anti-
symmetric stretching vibrations of the carboxyl group; bands were also observed in the
range of 1420-1460 cm !, corresponding to symmetric stretching vibrations of the carboxyl
group. At the same time, the IR spectra of CeO, nanoparticles included a broad band
at ~1540 cm~!, which was absent in the spectra of carboxylic acids and can be attributed
to antisymmetric stretching vibrations of the carboxyl group coordinated with a metal
cation [51,52]. A comparison of the mutual arrangement of bands in the IR spectra of
CeO; nanoparticles related to symmetric and antisymmetric vibrations of the carboxyl
group indicated the chelate nature of the coordination of COO-groups with respect to the
cerium cation where both oxygen atoms coordinate a single metal ion [53]. The inten-
sity of the bands in the range of bending vibrations of the carboxyl group (530-550 and
630-670 cm 1), for both modified CeO, sols, was significantly lower than for pure acids,
which was probably due to the hindered rotation of the carboxyl group coordinated with
the bulk CeO, nanoparticle.

The optical absorption spectra of nanocrystalline CeO; sols stabilized with 2-ethylhexanoic
or octanoic acid in heptane (Figure 6) are typical of cerium dioxide sols; they demonstrate
their ability to absorb radiation with a wavelength of less than ~400 nm, which corresponds
to the 3.0 eV band gap of cerium dioxide [54]. The optical absorption spectra of CeO, sols
in heptane did not show a noticeable increase in optical density in the range of 250-300 nm
compared with the aqueous CeO; sol, which indirectly confirmed the absence of significant
amounts of free 2-ethylhexanoate or octanoate anions.

The ability of cerium dioxide to absorb UV radiation makes this material highly
promising for application as UV filters in sunscreens [24-26,55-57]. An additional ad-
vantage of cerium dioxide is its significant ability to inactivate reactive oxygen species,
including hydrogen peroxide, radical anion superoxide, singlet oxygen, and hydroxyl
radicals [58-60]. Aqueous sols of nanocrystalline cerium dioxide stabilized with organic
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acids, polysaccharides, etc., also demonstrate high antioxidant activity [58-60]. At the
same time, equivalent studies of CeO, nanoparticles stabilized by amphiphilic ligands are
currently absent, although they are of key importance for the design of new biologically
active oil-soluble preparations that protect the skin from various damaging factors and that
can be used for the treatment of skin diseases.

—1
—2
Q .
8 8 g © 3
.8 8 SRS 4

N

g

.

G
v

Reflectance, arb. units

¥ T T
1500 1000 500

=
Wavenumber, cm

Figure 5. The IR spectra of CeO; sols in heptane stabilized with (1) 2-ethylhexanoic and (2) octanoic
acids. The IR spectra of (3) 2-ethylhexanoic and (4) octanoic acids are shown for comparison.
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Figure 6. Optical absorption spectra of CeO; sols in heptane stabilized with (1) octanoic acid or
(2) 2-ethylhexanoic acid; (3) CeO, aqueous sol. The optical absorption spectra of (4) octanoic acid and
(5) 2-ethylhexanoic acid solutions are shown for comparison.



Molecules 2022, 27, 5028

8of 12

To analyze the antioxidant properties of cerium dioxide sols in heptane, a model
system based on xanthine, xanthine oxidase, and lucigenin was chosen that ensured the
generation of superoxide anion radicals in an aqueous medium. The selection of the
volumetric ratios of the components made it possible to create fairly stable thin emulsions,
which, in turn, provided a reproducible analytical signal during the analysis of the samples.

Figure 7 presents chemiluminograms, whose integration indicates the amount of
superoxide anion radical formed in the test system after adding xanthine oxidase.

control samples 1 CeO,@octancate ]CeO,@2-ethylhexanoate
§2]
E i i —_— 5
S —6
o
= —7
= 8
oy
i)
/2]
c concentration 1 lconcentration
§ i 0.1..0.8mM | 01..08mM
0}
£ |
E m
= ]
S
[0}
o ]
O ;/\/\
‘- T, L rrrrr———
1 2 345 1 2 345
time, min time, min
(a) (b) (c)

Figure 7. Chemiluminograms obtained by introducing xanthine oxidase into a system contain-
ing xanthine, lucigenin, and (a) control samples, and CeO, sols stabilized with (b) octanoic and
(c) 2-ethylhexanoic acids. The reference samples used: (1) a phosphate buffer solution; (2) a solution
of octanoic acid in heptane (4.0 mM); (3) a solution of 2-ethylhexanoic acid in heptane (4.0 mM);
(4) heptane. CeO; sols in heptane with concentrations (5) 0.1 mM, (6) 0.2 mM, (7) 0.4 mM and
(8) 0.8 mM were used for the experiments. In all the panels, the same y-axes ranges are used.

The data presented in Figure 7 indicate that cerium dioxide sols significantly suppress
chemiluminescence resulting from the generation of the superoxide anion radical which
is formed during the oxidation of xanthine catalyzed by xanthine oxidase in the presence
of oxygen. It is notable that octanoic acid by itself also slightly reduced the concentration
of the superoxide anion radical, while the addition of 2-ethylhexanoic acid led to a small
increase in total chemiluminescence intensity. The absence of pronounced antioxidant
properties in saturated fatty acids with a hydrocarbon chain length <10 corresponds to
previously published data [61]. The experimental results obtained suggest that the observed
antioxidant effect was caused precisely by the presence of nanoscale cerium dioxide in the
sols investigated.

A calculation of the relative degree of chemiluminescence suppression as a function of
sol concentration was performed to compare the antioxidant activity of CeO, colloid solu-

tions stabilized with 2-ethylhexanoic and octanoic acids (COE €.100%, where Cy and C are
the total chemiluminescence intensities for the control and analyzed samples, respectively).

The data presented in Figure 8 indicate that CeO, sols stabilized with 2-ethylhexanoic
acid demonstrated greater antioxidant activity than CeO; sols stabilized with octanoic acid
over the entire range of concentrations studied. This result also supports the conclusion
that the antioxidant activity of the sols was determined precisely by the cerium dioxide
nanoparticles, and not by their ligand environment. It is likely that the different activities
of the sols are associated with different orientations of the ligands relative to the surface of
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the nanoparticles. A less dense layer of 2-ethylhexanoic acid residues encourages a higher
level of chemical activity on the surface of nanoparticles, despite their higher degree of
aggregation.

700 T
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Relative degree of
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CeO, concentration, MM

Figure 8. Comparison of the antioxidant activity of nanocrystalline CeO; sols stabilized with (1) oc-
tanoic and (2) 2-ethylhexanoic acids with respect to the superoxide anion radical.

4. Conclusions

A simple low-temperature method for the preparation of re-dispersible sols of nanocrys-
talline cerium dioxide in nonpolar solvents (using heptane as an example) has been pro-
posed. 2-ethylhexanoic and octanoic acids have been used as stabilizers for colloid CeO,
particles. The size of CeO, crystallites in the obtained sols was ~3 nm, with an average
hydrodynamic diameter of ~10-15 nm. The radical-scavenging properties of the materials
obtained, with respect to the superoxide anion radical, have been evaluated using the
xanthine-lucigenin—xanthine oxidase test system. It has been shown that CeO, nanoparti-
cles stabilized with 2-ethylhexanoic and octanoic acids significantly suppress chemilumi-
nescence in this system, which indicates their pronounced antioxidant activity. The results
obtained suggest the potential of the obtained nanomaterials for application in advanced
UV filters that have a pronounced antioxidant effect. Oil-dispersible ceria nanoparticles can
be considered as an alternative to traditional inorganic UV filters (titanium and zinc oxides).
They can also be considered for the production of liposomal conjugates for advanced drug
delivery systems and MRI contrast agents.

Author Contributions: Conceptualization: A.E.B., A.B.S. and V.K.I.; methodology: A.E.B. and M.LR;;
validation: S.V.K., T.5.B. and O.S.I; investigation: M.LR., M.M.S,, T.S.B., A.D.E. and D.A K.; resources:
A.E.B. and VKI,; data curation: O.S.I. and S.V.K,; writing—original draft preparation: A.E.B. and
A.B.S.; writing—review and editing: V.K.I; supervision: VK.I.; project administration: V.K.I; funding
acquisition: V.K.I. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Russian Science Foundation, grant number 19-13-00416.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors are grateful to TM. Bushkova for help in carrying out several experiments.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the CeO, sols in heptane are available from the authors.



Molecules 2022, 27, 5028 10 of 12

References

1.  Karakoti, A.S.; Monteiro-Riviere, N.A.; Aggarwal, R.; Davis, ].P.; Narayan, R.J.; Seif, W.T.; McGinnis, J.; Seal, S. Nanoceria as
antioxidant: Synthesis and biomedical applications. JOM 2008, 60, 33-37. [CrossRef]

2. Banavar, S.; Deshpande, A.; Sur, S.; Andreescu, S. Ceria nanoparticle theranostics: Harnessing antioxidant properties in
biomedicine and beyond. J. Phys. Mater. 2021, 4, 042003. [CrossRef]

3. Walther, R.; Huynh, T.H.; Monge, P,; Fruergaard, A.S.; Mamakhel, A.; Zelikin, A.N. Ceria nanozyme and phosphate prodrugs:
Drug synthesis through enzyme mimicry. ACS Appl. Mater. Interfaces 2021, 13, 25685-25693. [CrossRef] [PubMed]

4. Sun, Y.; Zhao, C.; Gao, N,; Ren, J.; Qu, X. Stereoselective nanozyme based on ceria nanoparticles engineered with amino acids.
Chem. A Eur. ]. 2017, 23, 18146-18150. [CrossRef] [PubMed]

5. Plakhova, T.V.; Romanchuk, A.Y.; Yakunin, S.N.; Dumas, T.; Demir, S.; Wang, S.; Minasian, S.G.; Shuh, D.K.; Tyliszczak, T.;
Shiryaev, A.A; et al. Solubility of nanocrystalline cerium dioxide: Experimental data and thermodynamic modeling. J. Phys.
Chem. C 2016, 120, 22615-22626. [CrossRef]

6. Xie, S.; Wang, Z.; Cheng, F; Zhang, P.; Mai, W.; Tong, Y. Ceria and ceria-based nanostructured materials for photoenergy
applications. Nano Energy 2017, 34, 313-337. [CrossRef]

7. Song, G.; Cheng, N.; Zhang, J.; Huang, H.; Yuan, Y; He, X.; Luo, Y.; Huang, K. Nanoscale cerium oxide: Synthesis, biocatalytic
mechanism, and applications. Catalysts 2021, 11, 1123. [CrossRef]

8.  Karakoti, A.; Singh, S.; Dowding, ].M.; Seal, S.; Self, W.T. Redox-active radical scavenging nanomaterials. Chem. Soc. Rev. 2010,
39, 4422. [CrossRef]

9. Reed, K,; Cormack, A.; Kulkarni, A.; Mayton, M.; Sayle, D.; Klaessig, E.; Stadler, B. Exploring the properties and applications of
nanoceria: Is there still plenty of room at the bottom? Environ. Sci. Nano 2014, 1, 390-405. [CrossRef]

10.  Mullins, D.R. The surface chemistry of cerium oxide. Surf. Sci. Rep. 2015, 70, 42-85. [CrossRef]

11. Loépez, ].M,; Gilbank, A.L.; Garcia, T.; Solsona, B.; Agouram, S.; Torrente-Murciano, L. The prevalence of surface oxygen vacancies
over the mobility of bulk oxygen in nanostructured ceria for the total toluene oxidation. Appl. Catal. B Environ. 2015, 174-175,
403-412. [CrossRef]

12. Mamontov, E.; Egami, T. Structural defects in a nano-scale powder of CeO, studied by pulsed neutron diffraction. J. Phys. Chem.
Solids 2000, 61, 1345-1356. [CrossRef]

13.  Sun, C; Li, H.; Chen, L. Nanostructured ceria-based materials: Synthesis, properties, and applications. Energy Environ. Sci. 2012,
5, 8475. [CrossRef]

14. Plakhova, T.V,; Romanchuk, A.Y.; Butorin, S.M.; Konyukhova, A.D.; Egorov, A.V,; Shiryaev, A.A.; Baranchikov, A E.; Dorovatovskii,
P.V,; Huthwelker, T.; Gerber, E.; et al. Towards the surface hydroxyl species in CeO, nanoparticles. Nanoscale 2019, 11, 18142-18149.
[CrossRef] [PubMed]

15.  Shcherbakov, A.B.; Zholobak, N.M.; Ivanov, V.K. Biological, biomedical and pharmaceutical applications of cerium oxide. In
Cerium Oxide (CeO,): Synthesis, Properties and Applications; Elsevier: Amsterdam, The Netherlands, 2020; pp. 279-358.

16. Popov, A.L.; Popova, N.R; Selezneva, LI.; Akkizov, A.Y.; Ivanov, V.K. Cerium oxide nanoparticles stimulate proliferation of
primary mouse embryonic fibroblasts in vitro. Mater. Sci. Eng. C 2016, 68, 406—413. [CrossRef]

17.  Ozkan, E.; Badaczewski, E; Cop, P; Werner, S.; Hofmann, A.; Votsmeier, M.; Amenitsch, H.; Smarsly, B.M. Peering into the
formation of cerium oxide colloidal particles in solution by In Situ small-angle X-ray scattering. Langmuir 2020, 36, 9175-9190.
[CrossRef]

18. Dippon, U.; Pabst, S.; Klitzke, S. Colloidal stabilization of CeO, nanomaterials with polyacrylic acid, polyvinyl alcohol or natural
organic matter. Sci. Total Environ. 2018, 645, 1153-1158. [CrossRef]

19. Ivanova, O.S.; Shekunova, T.O.; Ivanov, V.K.; Shcherbakov, A.B.; Popov, A.L.; Davydova, G.A.; Selezneva, L1.; Kopitsa, G.P;
Tret’yakov, Y.D. One-stage synthesis of ceria colloid solutions for biomedical use. Dokl. Chem. 2011, 437, 103-106. [CrossRef]

20. Liu, Y; He, S.; Uehara, M.; Maeda, H. Wet chemical preparation of well-dispersed colloidal cerium oxide nanocrystals. Chem. Lett.
2007, 36, 764-765. [CrossRef]

21. Shcherbakov, A.B.; Teplonogova, M.A ; Ivanova, O.S.; Shekunova, T.O.; Ivonin, .V.; Baranchikov, A.Y.; Ivanov, V.K. Facile method
for fabrication of surfactant-free concentrated CeO, sols. Mater. Res. Express 2017, 4, 055008. [CrossRef]

22. Ivanov, VK, Polezhaeva, O.S.; Shaporev, A.S.; Baranchikov, A.E.; Shcherbakov, A.B.; Usatenko, A.V. Synthesis and thermal
stability of nanocrystalline ceria sols stabilized by citric and polyacrylic acids. Russ. J. Inorg. Chem. 2010, 55, 328-332. [CrossRef]

23.  Shcherbakov, A.B.; Zholobak, N.M.; Spivak, N.Y.; Ivanov, V.K. Advances and prospects of using nanocrystalline ceria in cancer
theranostics. Russ. J. Inorg. Chem. 2014, 59, 1556-1575. [CrossRef]

24. Yabe, S.; Sato, T. Cerium oxide for sunscreen cosmetics. J. Solid State Chem. 2003, 171, 7-11. [CrossRef]

25. Parwaiz, S.; Khan, M.M.; Pradhan, D. CeO,-based nanocomposites: An advanced alternative to TiO, and ZnO in sunscreens.
Mater. Express 2019, 9, 185-202. [CrossRef]

26. Kolesnik, 1.V.; Shcherbakov, A.B.; Kozlova, T.O.; Kozlov, D.A.; Ivanov, V.K. Comparative analysis of sun protection characteristics
of nanocrystalline cerium dioxide. Russ. J. Inorg. Chem. 2020, 65, 960-966. [CrossRef]

27. Singh, S.; Dosani, T.; Karakoti, A.S.; Kumar, A.; Seal, S.; Self, W.T. A phosphate-dependent shift in redox state of cerium oxide
nanoparticles and its effects on catalytic properties. Biomaterials 2011, 32, 6745-6753. [CrossRef]

28. Nyoka, M.; Choonara, Y.E.; Kumar, P.; Kondiah, P.P.D.; Pillay, V. Synthesis of cerium oxide nanoparticles using various methods:

Implications for biomedical applications. Nanomaterials 2020, 10, 242. [CrossRef]


http://doi.org/10.1007/s11837-008-0029-8
http://doi.org/10.1088/2515-7639/ac0594
http://doi.org/10.1021/acsami.1c03890
http://www.ncbi.nlm.nih.gov/pubmed/34033459
http://doi.org/10.1002/chem.201704579
http://www.ncbi.nlm.nih.gov/pubmed/29131418
http://doi.org/10.1021/acs.jpcc.6b05650
http://doi.org/10.1016/j.nanoen.2017.02.029
http://doi.org/10.3390/catal11091123
http://doi.org/10.1039/b919677n
http://doi.org/10.1039/C4EN00079J
http://doi.org/10.1016/j.surfrep.2014.12.001
http://doi.org/10.1016/j.apcatb.2015.03.017
http://doi.org/10.1016/S0022-3697(00)00003-2
http://doi.org/10.1039/c2ee22310d
http://doi.org/10.1039/C9NR06032D
http://www.ncbi.nlm.nih.gov/pubmed/31555787
http://doi.org/10.1016/j.msec.2016.05.103
http://doi.org/10.1021/acs.langmuir.0c01463
http://doi.org/10.1016/j.scitotenv.2018.07.189
http://doi.org/10.1134/S0012500811040070
http://doi.org/10.1246/cl.2007.764
http://doi.org/10.1088/2053-1591/aa6e9a
http://doi.org/10.1134/S0036023610030046
http://doi.org/10.1134/S003602361413004X
http://doi.org/10.1016/S0022-4596(02)00139-1
http://doi.org/10.1166/mex.2019.1495
http://doi.org/10.1134/S0036023620070128
http://doi.org/10.1016/j.biomaterials.2011.05.073
http://doi.org/10.3390/nano10020242

Molecules 2022, 27, 5028 11 of 12

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

Tapeinos, C.; Battaglini, M.; Prato, M.; La Rosa, G.; Scarpellini, A.; Ciofani, G. CeO, nanoparticles-loaded pH-responsive
microparticles with antitumoral properties as therapeutic modulators for osteosarcoma. ACS Omega 2018, 3, 8952-8962. [CrossRef]
Zhang, Y.; Yang, H.; Wei, D.; Zhang, X.; Wang, J.; Wu, X.; Chang, J. Mitochondria-targeted nanoparticles in treatment of
neurodegenerative diseases. Exploration 2021, 1, 20210115. [CrossRef]

Desai, S.A.; Manjappa, A.; Khulbe, P. Drug delivery nanocarriers and recent advances ventured to improve therapeutic efficacy
against osteosarcoma: An overview. |. Egypt. Natl. Canc. Inst. 2021, 33, 4. [CrossRef]

Trovarelli, A. Catalysis by Ceria and Related Materials; Catalytic Science Series; Imperial College Press: London, UK, 2002; Volume 2,
ISBN 978-1-86094-299-0.

Dale, ].G.; Cox, S.S.; Vance, M.E.; Marr, L.C.; Hochella, M.F. Transformation of cerium oxide nanoparticles from a diesel fuel
additive during combustion in a diesel engine. Environ. Sci. Technol. 2017, 51, 1973-1980. [CrossRef] [PubMed]

Lokesh, N.; Shaafi, T. Enhancement of diesel fuel properties: Impact of cerium oxide nano additives on diesel engine performance
and emissions. Mater. Today Proc. 2020, in press. [CrossRef]

Pandey, A K.; Nandgaonkar, M.; Pandey, U.; Suresh, S.; Varghese, A. The Effect of Cerium Oxide Nano Particles Fuel Additive on
Performance and Emission of Karanja Biodiesel Fueled Compression Ignition Military 585kW Heavy Duty Diesel Engine. SAE
Technical Paper. 2018, 2018-01-1818. [CrossRef]

Rao, T.S.; Babu Rao, H.S,; Jilani, S.A.K.; Mutluri, A. Effect of cerium oxide nanoparticles additive blended in palm oil biodiesel as
alternative fuel used in diesel engine. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1112, 012012. [CrossRef]

Prabu, A.; Premkumar, L].I.; Pradeep, A. An investigation on the performance, combustion and emission characteristics of C.I
engine on the addition of antioxidants, oxygenates and nanoparticles as additives in Jatropha biodiesel. Int. |. Ambient Energy
2018, 41, 121-128. [CrossRef]

Subramani, K.; Karuppusamy, M. Performance, combustion and emission characteristics of variable compression ratio engine
using waste cooking oil biodiesel with added nanoparticles and diesel blends. Environ. Sci. Pollut. Res. 2021, 28, 63706-63722.
[CrossRef]

Wakefield, G.; Wu, X.; Gardener, M.; Park, B.; Anderson, S. Envirox™ fuel-borne catalyst: Developing and launching a nano-fuel
additive. Technol. Anal. Strateg. Manag. 2008, 20, 127-136. [CrossRef]

Auffan, M.; Tella, M.; Liu, W.; Pariat, A.; Cabié, M.; Borschneck, D.; Angeletti, B.; Landrot, G.; Mouneyrac, C.; Giambérini, L.; et al.
Structural and physical-chemical behavior of a CeO, nanoparticle based diesel additive during combustion and environmental
release. Environ. Sci. Nano 2017, 4, 1974-1980. [CrossRef]

Park, B.; Martin, P.; Harris, C.; Guest, R.; Whittingham, A.; Jenkinson, P.; Handley, J. Initial in vitro screening approach to
investigate the potential health and environmental hazards of Envirox™_—A nanoparticulate cerium oxide diesel fuel additive.
Part. Fibre Toxicol. 2007, 4, 12. [CrossRef]

Park, B.; Donaldson, K.; Duffin, R.; Tran, L.; Kelly, E; Mudway, I.; Morin, J.-P; Guest, R.; Jenkinson, P.; Samaras, Z.; et al. Hazard
and risk assessment of a nanoparticulate cerium oxide-based diesel fuel additive—A case study. Inhal. Toxicol. 2008, 20, 547-566.
[CrossRef]

Kim, Y.J.; Kim, Y.S.; Chai, S.Y.; Cha, D.H.; Choi, Y.S.; Lee, W.I. Syntheses of monodispersed SnO, and CeO, nanoparticles through
the self-capping role of 2-ethylhexanoate ligands. New J. Chem. 2007, 31, 260-264. [CrossRef]

Kobayashi, K.; Haneda, M.; Ozawa, M. Dispersion of oleate-modified CeO, nanocrystals in non-polar solvent and aqueous
solution. ECS Trans. 2013, 50, 39-49. [CrossRef]

Pettinger, N.W.; Williams, R.E.A.; Chen, ].; Kohler, B. Crystallization kinetics of cerium oxide nanoparticles formed by spontaneous,
room-temperature hydrolysis of cerium(IV) ammonium nitrate in light and heavy water. Phys. Chem. Chem. Phys. 2017, 19,
3523-3531. [CrossRef] [PubMed]

Wang, H.; Gurau, G.; Kelley, S.P.; Myerson, A.S.; Rogers, R.D. Hydrophobic vs. hydrophilic ionic liquid separations strategies in
support of continuous pharmaceutical manufacturing. RSC Adv. 2013, 3, 10019. [CrossRef]

Alley, WM.; Girard, CW,; Ozkar, S.; Finke, R.G. Model Ziegler-type hydrogenation catalyst precursors, [(1,5-COD)M(u-
0,CgHj5)]» (M = Ir and Rh): Synthesis, characterization, and demonstration of catalytic activity en route to identifying the true
industrial hydrogenation catalysts. Inorg. Chem. 2009, 48, 1114-1121. [CrossRef]

Hakim, S.S.; Olsson, M.H.M.; Serensen, H.O.; Bovet, N.; Bohr, J.; Feidenhans’l, R.; Stipp, S.L.S. Interactions of the calcite {10.4}
surface with organic compounds: Structure and behaviour at mineral—Organic interfaces. Sci. Rep. 2017, 7, 7592. [CrossRef]
Bond, A.D. On the crystal structures and melting point alternation of the n-alkyl carboxylic acids. New J. Chem. 2004, 28, 104-114.
[CrossRef]

Lah, N.; Koller, J.; Giester, G.; Segedin, P.; Leban, I. Copper(II) carboxylates with 4-aminopyridine: Neutral mononuclear
structures, isomerism of aceto compounds and a novel tetranuclear structure. New J. Chem. 2002, 26, 933-938. [CrossRef]
Tackett, ].E. FT-IR Characterization of metal acetates in aqueous solution. Appl. Spectrosc. 1989, 43, 483—489. [CrossRef]

Zhu, H.; Hill, R. The photochemical metal organic deposition of manganese oxide films from films of manganese(II) 2-
ethylhexanoate: A mechanistic study. J. Non. Cryst. Solids 2002, 311, 174-184. [CrossRef]

Nakamoto, K. Applications in Coordination Chemistry. In Infrared and Raman Spectra of Inorganic and Coordination Compounds;
John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2009; pp. 1-273, ISBN 9780470405888.

Gulicovski, J.J.; Bratko, I.; Milonji¢, S.K. Morphology and the isoelectric point of nanosized aqueous ceria sols. Mater. Chem. Phys.
2014, 148, 868-873. [CrossRef]


http://doi.org/10.1021/acsomega.8b01060
http://doi.org/10.1002/EXP.20210115
http://doi.org/10.1186/s43046-021-00059-3
http://doi.org/10.1021/acs.est.6b03173
http://www.ncbi.nlm.nih.gov/pubmed/28112928
http://doi.org/10.1016/j.matpr.2020.09.794
http://doi.org/10.4271/2018-01-1818
http://doi.org/10.1088/1757-899X/1112/1/012012
http://doi.org/10.1080/01430750.2018.1443281
http://doi.org/10.1007/s11356-021-14768-8
http://doi.org/10.1080/09537320701726825
http://doi.org/10.1039/C7EN00494J
http://doi.org/10.1186/1743-8977-4-12
http://doi.org/10.1080/08958370801915309
http://doi.org/10.1039/B609577A
http://doi.org/10.1149/05027.0039ecst
http://doi.org/10.1039/C6CP08227K
http://www.ncbi.nlm.nih.gov/pubmed/28094375
http://doi.org/10.1039/c3ra41082j
http://doi.org/10.1021/ic801933b
http://doi.org/10.1038/s41598-017-06977-4
http://doi.org/10.1039/B307208H
http://doi.org/10.1039/b110051c
http://doi.org/10.1366/0003702894202931
http://doi.org/10.1016/S0022-3093(02)01369-8
http://doi.org/10.1016/j.matchemphys.2014.08.063

Molecules 2022, 27, 5028 12 of 12

55.

56.

57.

58.

59.

60.

61.

Zholobak, N.M.; Shcherbakov, A.B.; Bogorad-Kobelska, A.S.; Ivanova, O.S.; Baranchikov, A.Y.; Spivak, N.Y.; Ivanov, VK.
Panthenol-stabilized cerium dioxide nanoparticles for cosmeceutic formulations against ROS-induced and UV-induced damage.
J. Photochem. Photobiol. B Biol. 2014, 130, 102-108. [CrossRef] [PubMed]

Zholobak, N.M.; Ivanov, V.K.; Shcherbakov, A.B.; Shaporev, A.S.; Polezhaeva, O.S.; Baranchikov, A.Y.; Spivak, N.Y.; Tretyakov,
Y.D. UV-shielding property, photocatalytic activity and photocytotoxicity of ceria colloid solutions. J. Photochem. Photobiol. B Biol.
2011, 102, 32-38. [CrossRef] [PubMed]

Fajzulin, I.; Zhu, X.; Méller, M. Nanoparticulate inorganic UV absorbers: A review. J. Coatings Technol. Res. 2015, 12, 617-632.
[CrossRef]

Burns, ].M.; Cooper, W].; Ferry, J.L.; King, D.W.; DiMento, B.P.; McNeill, K.; Miller, C.J.; Miller, W.L.; Peake, B.M.; Rusak, S.A.; et al.
Methods for reactive oxygen species (ROS) detection in aqueous environments. Aquat. Sci. 2012, 74, 683-734. [CrossRef]
Hayyan, M.; Hashim, M.A.; AlNashef, .M. Superoxide ion: Generation and chemical implications. Chem. Rev. 2016, 116,
3029-3085. [CrossRef]

Collin, F. Chemical basis of reactive oxygen species reactivity and involvement in neurodegenerative diseases. Int. . Mol. Sci.
2019, 20, 2407. [CrossRef]

Henry, G.E.; Momin, R.A.; Nair, M.G.; Dewitt, D.L. Antioxidant and cyclooxygenase activities of fatty acids found in food.
J. Agric. Food Chem. 2002, 50, 2231-2234. [CrossRef]


http://doi.org/10.1016/j.jphotobiol.2013.10.015
http://www.ncbi.nlm.nih.gov/pubmed/24300997
http://doi.org/10.1016/j.jphotobiol.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20926307
http://doi.org/10.1007/s11998-015-9683-2
http://doi.org/10.1007/s00027-012-0251-x
http://doi.org/10.1021/acs.chemrev.5b00407
http://doi.org/10.3390/ijms20102407
http://doi.org/10.1021/jf0114381

	Introduction 
	Experimental 
	Materials 
	Synthesis of CeO2 Nanoparticles 
	Surface Modification of CeO2 Nanoparticles 
	Characterization Methods 

	Results and Discussion 
	Conclusions 
	References

