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One-Stage Synthesis of Ceria Colloid Solutions
for Biomedical Use
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Nanocrystalline ceria CeQO, is a unique inorganic
polyfunctional material with high biological activity
[1]. It has been recently shown that ceria is a strong
antioxidant; i.e., it can inactivate reactive oxygen spe-
cies (ROS) [2]. This activity makes it possible to intro-
duce ceria into X-ray and UV protection preparations
(for example, it can be used in sun protection cosmet-
ics) [3]. The ability of CeO, nanoparticles to scavenge
ROS makes nanoceria a good candidate for prevention
and treatment of disorders, such as Alzheimer’s, Par-
kinson’s, and Huntington’s diseases [4].

The biological activity of ceria directly depends on
the size of nanoceria particles [5]. Such dependence is
caused by the fact that the decrease in the size of ceria
particles sharply enhances their oxygen nonstoichi-
ometry, which is accompanied by an increase in the
lattice parameter [6, 7].

By now, numerous methods have been developed
for preparing CeO, nanopowders with controllable
particle size and shape [8—11]. At the same time, bio-
medical applications of ceria-based preparations call
for nanoceria in the form suitable for dosing, i.e., as
aggregatively stable CeQO, sols stabilized by biocom-
patible ligands [12, 13]. Therefore, in the present

¢ Kurnakov Institute of General and Inorganic Chemistry,
Russian Academy of Sciences, Leninskii pr. 31,
Moscow, 119991 Russia

b Zabolotny Institute of Microbiology and Virusology,
National Academy of Sciences of Ukraine,
ul. Zabolotnogo 154, Kiev, 03143 Ukraine

¢ Institute of Theoretical and Experimental Biophysics,
Russian Academy of Sciences, ul. Institutskaya 3,
Pushchino, Moscow oblast, 142290 Russia

4 Konstantinov Institute of Nuclear Physics,
Russian Academy of Sciences, Orlova roshcha,
Gatchina, Leningrad oblast, 188300 Russia

¢ Moscow State University,
Moscow, 119992 Russia

paper, we report a new method of synthesis of stable
nontoxic colloid solutions of ultrasmall CeO, nano-
particles (~2 nm).

EXPERIMENTAL

To prepare initial solutions, Ce(NO;); - 6H,0
(reagent grade), citric acid (reagent grade), and aque-
ous ammonia (pure grade) were used. A CeO, sol was
obtained by dissolving 0.24 g of citric acid in 25 mL of
a 0.05 M aqueous cerium(III) nitrate solution. The
resulting solution was rapidly poured under stirring
into 100 mL of a 3 M ammonia solution and allowed
to stand for 2 h.

The size and shape of nanoceria particles were
determined by transmission electron microscopy on a
Leo 912 AB Omega electron microscope (accelerating
voltage, 100 kV). The optical absorption spectra were
recorded on an Ocean Optics QE-65000 spectropho-
tometer in the wavelength range of 275—900 nm. The
size of CeO, particles was measured by the dynamic
light scattering method on a Malvern Zetasizer Nano
ZS analyzer. Before measurements, the sol was diluted
with distilled water.

The biocompatibility of CeO, sols was studied with
the use of NCTC clone 1.929 fibroblasts from the col-
lection of cell cultures of the Institute of Cell Biophys-
ics, RAS (Pushchino). The cells were cultured in
a DMEM/F12 (1 : 1) medium containing 5% of
fetal bovine serum, 100 units/mL of penicillin, and
100 pg/mL of streptomycin at 37°C in humid atmo-
sphere containing 5% CO,. The cells were seeded onto
cover slips and into the wells of a 96-well plate in a
concentration of 20 000 cells/cm?. Two hours later, the
medium in the wells was replaced by nanoceria sols
diluted in a culture medium with different nanoparti-
cle content (from 1073 to 10~8 M). The cells were incu-
bated for 1, 2, and 3 days at 37°C in humid atmosphere
containing 5% CO,. Cells cultured in a medium with-
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Fig. 1. UV-Vis absorption spectra of colloid solutions
formed on mixing aqueous solutions of cerium(III)
nitrate, citric acid, and ammonia. Synthesis durations
(min) are given to the right of the spectra.

out CeO, nanoparticles served as the control. Cell via-
bility was estimated by staining cells with SYTO 9 and
propidium iodide fluorescent dyes.

After incubation was finished, the medium in the
wells was replaced by a fresh medium containing
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, 0.5 mg/mL) and incubated for 3 h at
37°C in humid atmosphere containing 5% CO,.
Then, the liquid was removed, and the precipitate was
dissolved in 100 uL of dimethyl sulfoxide. Color devel-
opment was monitored by measuring the absorbance
at 540 nm.

To prepare samples for scanning electron micros-
copy (SEM), after a 24-h cultivation period, the cells
on the cover slips were washed with a 0.1 M phosphate
buffer (pH 7.2) and fixed with a 2.5% solution of glut-
araldehyde in the same buffer for 2 h at room temper-
ature. After the samples were dehydrated in ethanol
solutions (50—100%) at 4°C, ethanol was replaced
with hexamethyldisilazane. The resulting preparations
were studied on a Carl Zeiss NVision40 workstation at
an accelerating voltage of 0.5 kV.

RESULTS AND DISCUSSION

Ceria forms immediately after mixing initial solu-
tions of cerium(I1I) nitrate, citric acid, and ammonia,
which is reflected by the appearance of an absorption
band with an edge at ~400 nm in the UV-Vis spectrum
(Fig. 1). The absorption intensity builds up as the
reaction proceeds because of the increase in the con-
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Fig. 2. SEM images of CeO, nanoparticles in citrate sol.

centration and size of CeO, nanoparticles in the sol. It
is worth noting that the UV-Vis spectra recorded
immediately after mixing the reagents also show the
band at 285 nm, which evidently arises from interme-
diate cerium-containing compounds and vanishes as
the reaction proceeds. Our data indicate that, under
the conditions used, the formation of the CeO, phase
was completed in 1.5—2 h, which is consistent with
heat flow calorimetry data [14] The band gap (£,) for
the resulting sol is 3.53 eV, which noticeably exceeds
the E, value for macrocrystalline CeO, (~3.2 eV) and
is evidence of small size of CeO, particles.

According to SEM (Fig. 2), the sol consists of
weakly aggregated CeO, particles of nearly isotropic
shape 1.5—2.5 nm in size. Dynamic light scattering
data indicate that the hydrodynamic diameter of CeO,
particles is 2.3 nm. This is consistent with the SEM
data and is evidence that the presence of a monomo-
lecular (or submonomolecular) layer of citrate ions has
no noticeable effect on the particle size. During long-
term storage (for more than a month), sols gradually
lose their stability because of formation of nanoparti-
cle agglomerates 100—2000 nm in size.

The CeO, sols contain a considerable amount of
impurity ions (including nitrate ions) and have a
strong alkaline reaction; hence, they are toxic. To
remove impurities, the sols were acidified to pH ~ 2
with a hydrochloric acid solution, and the resulting
CeO, precipitate was carefully washed and then pep-

DOKLADY CHEMISTRY Vol. 437

Part 2 2011



ONE-STAGE SYNTHESIS OF CERIA COLLOID SOLUTIONS FOR BIOMEDICAL USE 105

Effect of CeO, nanoparticles on cell viability according to

the MTT test data

Concentra- | Absorbance of MTT solutions at different

tion of CeO, durations of cell cultivation (days)

nanoparti-
cles, M 1 2 3

0 0.59 £ 0.1 1.02 £ 0.03 | 1.66 £ 0.13
10~ 0.58+0.09 | 1.03+0.03 | 1.65+0.10
10710 0.56 £0.06 | 0.98+0.05 | 1.67+0.17
107° 0.51 £0.14 | 1.16 £0.11 | 1.68 £0.10
1073 0.64+0.07 | 1.09 £0.15 | 1.59 £0.02
1077 0.58 £0.12 | 0.97 £0.04 | 1.87 £0.12
10-° 0.51+0.08 | 0.99£0.03 | 1.46+0.14
1073 0.63£0.10 | 0.91 £0.01 | 1.68 £0.08
10~4 0.56 £0.09 | 0.86 £0.04 | 1.62%0.25
1073 0.55+0.04 | 0.85+0.01 | 1.40*0.16

tized by gradually adding a dilute ammonia solution to

pH ~ 7.

The results of the MTT test (table) are evidence
that no reliable decrease in the cell viability occurs in

Fig. 3. SEM images of NCTC L929 cells: (a) the control
and (b) after treatment with an aqueous CeO, sol.
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a wide range of CeO, concentrations (from 10~ to

10~'" M). This testifies to the nontoxicity of citrate
CeO, sols in such concentrations. At higher concen-
trations, the cell viability is reduced.

At the same time, in none of the samples with
respect to the control did counting the ratio between
dead and living cells colored with fluorescent dyes
reveal a reliable increase in the content of unviable
cells. Inasmuch as the rate of MTT transformation
into formazan reflects the overall dehydrogenase
activity of the cells and is modulated by the activity of
conjugated enzyme systems, for example, the respira-
tory electron transfer chain, we may state that the
decrease in cell viability at high CeO, concentrations
(103=10"°M) is likely caused by the decrease in the
respiratory activity of the cells rather than by their
death.

The SEM data (Fig. 3) demonstrate that the intro-
duction of CeO, nanoparticles (in a concentration of

103 M) into the NCTC L929 cell structure has no
adverse effect on the morphologic characteristics of
the cells. The cells in the controls and in the samples
treated with CeO, have an oval cell nucleus typical of
active fibroblasts and an abundant rough endoplasmic
reticulum with microspikes, protrusions, lamellipo-
dia, and filopodia. The presence of cells with spread-
ing of the leading edge type is evidence of cell migra-
tion activity. The presence of rounded cell with the
abundant rough endoplasmic reticulum and the
absence of cells with a smooth or damaged endoplas-
mic reticulum are evidence of the proliferative activity
of the cells and the lack of cell death.

Thus, we suggested a new-one-stage method of
synthesis of cerium dioxide sols stabilized by ammo-
nium citrate and carried out their complex physico-
chemical attestation. Our findings show that the sols
have no cytotoxic effect of the cells and do not change
their morphology; however, at concentrations above
10-3 M, the sols suppress the metabolic activity of the
cells.
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