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Prooxidant potential of CeO, nanoparticles towards hydrogen peroxide
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The multifaceted enzyme-like activity of CeO2 nanoparticles (CeNPs) expands the prospects for their potential biomedical applications. In this
regard, there is a need for a comprehensive analysis of the redox behavior of CeO2 nanoparticles in relation to key molecules of free radical
homeostasis. Here, the prooxidant potential of CeNPs towards HoO2 was investigated to elucidate both prooxidant capacity and prooxidant
activity of CeNPs. To describe the kinetics in the luminol-H2O2 system at pH 8.5 upon the addition of citrate-stabilized CeO2 sol (3 nm), a
numerical model of three reactions is proposed. The rate constants being a measure of prooxidant activity, were k1 = 9.0 - 10* ugM~'min—1,
ky =2.0-107% uM~Imin~1, k3 = 2.9 - 10~% uM~'min—!. The functionalization of CeOo nanoparticles surface with ammonium citrate
increases their prooxidant capacity by two-fold, while modification with maltodextrin decreases it by six-fold. It was shown that the prooxidant

capacity of citrate-stabilized CeO2 sol in Tris-HCl is approximately four-fold higher than in phosphate buffer solution at pH 7.4.
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1. Introduction

Cerium dioxide nanoparticles have a wide spectrum of nanozyme (enzyme-like) activities [1-6]. The ability to
mimic the functions of a number of enzymes is due to the unique physicochemical properties of CeO, nanoparticles.
The combination of the pro- and antioxidant properties of nanodisperse CeO5 with its relatively low toxicity expands
the field of its potential biomedical applications [7—11]. In turn, this makes it necessary to study the redox behavior of
CeO, nanoparticles in relation to the key molecules of free radical homeostasis.

Among the types of enzyme-like activity of nanodisperse CeOs,, their functioning as peroxidase mimetics is
important. Hydrogen peroxide is the most abundant reactive oxygen species and is involved in free radical metab-
olism [12]. Dismutation of superoxide anion radicals (SAR) catalyzed by superoxide dismutase (SOD) in biologi-
cal tissues inevitably leads to the formation of HoO2 molecules that easily penetrate cell membranes. On the other
hand, cerium dioxide nanoparticles exhibit SOD-like activity and, accordingly, the formation of hydrogen peroxide
takes place when cerium dioxide acts as a SOD mimetic [1, 13, 14]. Thus, the study of the redox behavior of CeOq
nanoparticles towards to hydrogen peroxide needs to be considered when analyzing SOD-like ceria activity. Currently,
increasing attention is being paid not only to the cytotoxic function of Ho O, found in phagocytosis, mitochondrial and
microsomal function, but also to its involvement in the regulation of cell signaling and transcription factors [15, 16].
Hydrogen peroxide plays an important role in cell proliferation [17], differentiation [18], migration [19] and apopto-
sis [20].

In this work, we analyzed the prooxidant potential of nanodisperse CeO2 towards hydrogen peroxide accord-
ing to the data of chemiluminescence analysis. Here, we consider prooxidant potential as a complex characteristic,
combining both the prooxidant capacity (the number of formed reactive oxygen species per unit concentration of the
prooxidant) and the prooxidant activity (the rate constant of the total reaction of the production of reactive oxygen
species).

2. Materials and methods
2.1. Synthesis and physicochemical study of CeO, nanoparticles

An unstabilized aqueous colloidal solution of cerium dioxide nanoparticles (0.13 M) was prepared by thermohy-
drolysis of ammonium cerium(IV) nitrate (#215473, Sigma-Aldrich) [21]. Briefly, an aqueous solution of ammonium
cerium(IV) nitrate (100 g/1) was kept for 24 h in an oven at 95°. The precipitate formed was separated by centrifugation
and washed three times with isopropanol. To completely remove isopropanol, the resulting precipitate was redispersed
in deionized water, followed by boiling for 1 h with constant stirring. The concentration of CeO, sol was determined
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by the thermogravimetric method. Thus prepared colloidal solution of CeO2 nanoparticles was stabilized with am-
monium citrate (C¢H;407N3, disubstituted ammonium citrate, #247561, Sigma-Aldrich) or maltodextrin (#419672,
dextrose equivalent 4.0-7.0, Sigma-Aldrich) in a molar ratio of 1 : 1 and 1 : 1.1, respectively.

X-ray diffraction patterns of nanodisperse CeO, samples were obtained using a Bruker D8 Advance diffractometer
(CuK « radiation, geometry 6-26). The diffraction maxima were identified using the ICDD PDF2 database. The
average hydrodynamic diameter of CeO, nanoparticles was estimated by dynamic light scattering using a Photocor
Complex analyzer. The microstructure of the samples was studied by transmission electron microscopy on a Leo 912
AB Omega electron microscope at an accelerating voltage of 100 kV. UV-visible absorption spectra of CeO; sols were
recorded using on OKB Spectr SF-2000 spectrophotometer.

3. The study of prooxidant activity in the chemiluminescent system luminol - H,O,

Luminol (5-amino-1, 2, 3, 4-tetrahydro-1, 4-pthalazinedione, 3-aminophthalic acid hydrazide, #A8511, Sigma-
Aldrich) was used as a chemiluminescent probe (CL probe) sensitive to HoO5. A working solution with a concentration
of 1 uM was prepared by dissolving a weighed amount of a CL probe in a 100 M phosphate buffer solution (PBS,
KH>POy, #60220, Sigma-Aldrich), with further addition of KOH (#484016, Sigma-Aldrich) until the luminol was
completely dissolved. After that, pH of the solution was adjusted to 7.4 using concentrated HCI (#320331, Sigma-
Aldrich). Working solutions of hydrogen peroxide were prepared by diluting a stock solution of Ho Oy (30%, #8.22287,
Sigma-Aldrich). We also used a 100 M buffer solution (pH 7.4) prepared from Tris hydrochloride (#10812846001,
Merck).

Chemiluminescence (CL) was recorded on a 12-channel Lum-1200 chemiluminometer (DISoft) at room tem-
perature. Aliquots of luminol (50 M) and hydrogen peroxide (200 M) were added to a plastic cuvette containing
PBS. The analyzed sample was added to the luminol-H>O5 system 30-60 s after the start of the background emission
recording. The total volume of the system was 1.000 ml. The light sum (area under the chemiluminescence curve) for
5 min was chosen as an analytical signal.

Mathematical simulation of chemiluminograms was carried out using the Kinetic Analyzer software (developed
by D. Yu. Izmailov). As a result, the rate constants of the interaction of CeO4 nanoparticles with the reaction substrate,
which are a measure of prooxidant activity, were determined.

4. Results and discussion

Thermolysis of aqueous solution of ammonium cerium(IV) nitrate resulted in formation of electrostatically sta-
bilized sol of nanodisperse cerium dioxide. The concentration of the CeO; sol, determined by the thermogravimetric
method, was 23 g/1 (0.13 M). The results of X-ray diffraction analysis indicated that the resulting sol contained single-
phase cerium dioxide (PDF2 34-0394). The size of the obtained CeO, nanoparticles determined by Scherrer equation
was found to be 3 nm. The data on the particle size and phase composition of the obtained CeO- samples were
confirmed by transmission electron microscopy and electron diffraction.

According to the dynamic light scattering data, the average hydrodynamic diameters of CeO» nanoparticles with-
out a stabilizer and those modified with ammonium citrate or maltodextrin were 11-12 nm, 16 nm and 17 nm, respec-
tively. Insignificant changes in the hydrodynamic diameter upon interaction with stabilizers indicate approximately
the same degree of particle aggregation in CeO5 sols. The absorption spectra of the analyzed samples are shown in
Fig. 1, the appearance of an absorption band in the region of 280-300 nm confirms the fact that the sols do contain
nanodispersed cerium dioxide.

It is generally believed that the redox behavior of CeOs nanoparticles is determined by many factors, among
which the pH of the reaction medium plays an important role. The effect of pH (4.0, 7.4, 8.5) on chemiluminescence
in the luminol-HO4 system was investigated upon the addition of nanodisperse cerium dioxide (Fig. 2).

For non-stabilized colloidal solution of cerium dioxide nanoparticles, as well as for the colloidal solution of
CeO- nanoparticles stabilized with ammonium citrate, the highest CL response in the system was observed at pH 8.5.
According to the existing data, a decrease in pH enhances the oxidative properties of Ce** ions [22]. A pronounced
peroxidase-like activity of CeOy nanoparticles was reported at pH 4.0 [22]. In our study, neither the addition of
CeO, nanoparticles nor the addition of Fe?T ions to the system (hemoglobin solution, data not shown) caused any
changes at this pH value. The mechanism of chemiluminescence during luminol oxidation in an aqueous solution
has been extensively studied [23-25]. Hydroxyl and superoxide anion radicals are important intermediate products
contributing to luminescence [23,24]. Since both -O; and the luminol hydroperoxide anion participating in the luminol
chain of transformations are stable in an alkaline medium only, the quantum yield of luminol-dependent CL increases
dramatically with increasing pH [26]. In neutral and acidic media, the contribution of side reactions not accompanied
by chemiluminescence seems to prevail [27].
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FIG. 2. Dependences of the CL light sum (S¢z,, x 10° imp) on pH (4.0; 7.4; 8.5) upon the addition
of CeOs sols (both non-stabilized and citrate-stabilized) to the luminol-H5Os system in 100 uM
PBS. Conditions: 50 M luminol, 500 uM H50s, 1.0 uM CeO4 sol

At pH 8.5 kinetic curves were recorded in the luminol-H5O5 system depending on the concentrations of both the
citrate-stabilized CeOs sol (Fig. 3a) and the H,O- substrate (Fig. 3c).

CL intensity increased with increasing concentration of citrate-stabilized CeO, sol added to the system (Fig. 3a)
and hydrogen peroxide (Fig. 3c). Thus, CeO2 nanoparticles in the luminol-H2 O, system exhibited prooxidant activity.
As an analytical signal, we chose the CL light sum (S¢, the area under the CL curve for 5 min), proportional to the
concentration of free radicals formed in the system, which can serve as a measure of the prooxidant capacity of the
analyzed sample. Fig. 3b,d show the dependences of the analytical signal on the concentration of citrate-stabilized
CeO;, sol and H204, respectively. In the absence of a catalyst, the reaction of luminol with HoO, in alkaline medium
proceeds relatively slowly and is characterized by weak CL.

Nanodispersed cerium dioxide exhibits multifaceted activity towards hydrogen peroxide [14]. At pH > 6.0,
the peroxidase-like properties of nanodisperse CeO, are absent, since at high pH values CeO- nanoparticles act
as catalase [22]. However, stoichiometric CeO5 nanoparticles obtained by high-temperature treatment can exhibit
peroxidase-like properties even at higher pH [28]. For example, at pH 7.2, due to the peroxidase-like activity, they
accelerated the interaction of HyO5 with luminol and enhanced the luminescence of the latter [28]. Our data demon-
strate the prooxidant function of citrate-stabilized CeOs sol towards Ho O in the presence of luminol at pH > 6. The
addition of CeOy nanoparticles leads to the high luminescence intensity with exponential type decay. Comparison of
chemiluminograms of nanodispersed cerium dioxide and horseradish peroxidase showed a smooth increase in the lu-
minescence intensity with a subsequent stationary luminescence level, confirming different mechanisms of processes
occurring in these systems [29]. Thus, an assumption can be drawn that, in the luminol-H2O3 system, ceria nanopar-
ticles act by a nonenzymatic mechanism. To support this assumption, the method of mathematical modeling was used
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F1G. 3. Chemiluminograms for the luminol-HyO2 system in 100 M PBS (pH 8.5) (a) with the
addition of citrate-stabilized CeOs sol, (c) containing different concentrations of HoO5 with the
addition of citrate-stabilized CeO5 sol. The dependence of the light sum (S¢ ., X 10° imp) on the
concentration of (b) citrate-stabilized CeOs sol, (d) HoO-. Conditions: (a) 50 M luminol, 200 uM
H>0,, citrate-stabilized CeOs sol (concentrations are shown in the Figure), (b) 50 uM luminol,
H50O5 (concentrations are shown in the Figure), 1 uM citrate-stabilized CeO4 sol

our approach was based on developing a mathematical model of a system of chemical reactions and calculating their
rate constants.

Studies of the peroxidase-like activity of nanodisperse cerium dioxide have previously shown that its action is
similar to the mechanism of catalysis by other nanoparticles [30-34]. Constants were selected for reactions (1)—(6),
which, according to the literature, describe the most probable mechanism of the redox behavior of CeO2 nanoparticles
towards HoOs in the presence of luminol [22,31,33]:

Hy0, + OH™ — HO, +H0, ki =9.4-107" yM~'min!, M)
Lum +OH™ — Lum™ +Hy0, ky=1.9-10""uM 'min~", )
H,0;, + CeNPs — 20H:, ks = 7.9 uM 'min~", 3)
OH.+HO; — 0, +H", k;=6.4-10" M 'min~!, “)
OH- + Lum™ — -Lum™, ks =2.4-10"% uM 'min"", )
‘05 + Lum™ — 3APA%, k¢=6.0-10""" M 'min~", 6)
3APAx — 3APA + hy, k; =9.9-10"" M 'min”?, (7

where Lum, Lum™ and -Lum™, 3APAx refer to luminol, luminol anion, luminol radical and 3-aminophthalate anion,
respectively.

Kinetic modeling of experimental data is shown in Fig. 4.

Kinetic behavior is similar to the chemiluminescence curves obtained for horseradish peroxidase [29], and sig-
nificantly differs from the experimental data for CeOs sols obtained in the present study. The formation of 3-
aminophthalate anions, hydroxyl and superoxide anion radicals plays a key role in the enhancement of CL induced
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FI1G. 4. Kinetic modeling of experimental data in the CL system luminol-HsO5 with CeO5 nanopar-
ticles. Conditions: 50 uM luminol, 200 uM HsO4, CeOs sol (concentrations are shown in the figure)

by the addition of CeO2 nanoparticles as confirmed by analysis of absorption spectra (425 nm — absorption band
of 3-aminophthalate) and inhibitory analysis using SOD (for enzymatic dismutation of SAR) and selective traps for
hydroxyl radicals — fert-butanol, n-butanol, and mannitol [31]. Possible participation of oxygen dissolved in the re-
action medium in the interaction with luminol and SAR radicals should be taken into account as demonstrated earlier
in the experiments on deaeration with CuO nanoparticles [35]. In the same study, it was found that the enhancement
factor of nanoparticles on luminol-H;O2 CL system for CuO is 400 [35], while for CeO, nanoparticles it is 22.5 [31].

We proposed the following simplified model as a possible mechanism for the prooxidant activity of CeO5 nanopar-
ticles towards HoO5:

CeNPs 4+ Hy0y — 20H-, Ky = 9.0-10* uM ™ *min ", ®)
Lum + OH:- — Lums, ks =2.0-107% uM ™ *min~", ©)
Lums + Lum« — P+ hy, ks =2.9-10"°uM ‘min~', (10)

where Lums is luminol in an excited state, P is the CL reaction product.
For the given initial concentrations of the reactants the reaction rate constants were selected. Comparison of the
experimental data for citrate-stabilized CeO sol and fitting results is shown in Fig. 5.
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F1G. 5. Chemiluminescence of the luminol-H;0O5 system in 100 M PBS (pH 8.5) upon the addi-
tion of the citrate-stabilized CeOs sol (a), fitting of the experimental data (b). Conditions: 50 uM
Iuminol, 200 M H204, CeOs sol (concentrations are shown in the figure)

The proposed basic model agrees well with the experimental data. The rate constants of interaction of CeOo
nanoparticles with the reaction substrate can be judged as a measure of their prooxidant activity.

The formation of highly reactive hydroxyl radicals in the presence of CeOs nanoparticles was confirmed and
studied by various methods [36-38]. Some researchers associate the catalytic activity of CeOy nanoparticles with
the formation of peroxide-like intermediates [39,40]. Despite various assumptions regarding the mechanism of ce-
ria enzyme-like activity, most researchers agree that the pro- and antioxidant properties of nanodispersed CeOs are
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closely related to each other and are determined by several factors. According to the literature, the redox activity of
nanodispersed cerium dioxide is influenced by the size and the shape of the particles, pH of the reaction medium, the
presence of surface ligands, etc. Thus, in a recent study, a strong structure-sensitive peroxidase-mimetic activity of
CeO- nanoparticles (nanocubes and nanorods) was revealed [40]. Two types of oxidants were identified in CeO2/H20
systems: HO- and peroxidase-like intermediates, the formation of which strongly depends on pH and morphology of
CeO3 nanocrystals. The nature of the peroxidase-like activity of nanocrystalline cerium dioxide is mainly explained by
formation of HO radicals under acidic conditions, while peroxide-like intermediates play an important role along with
HO at neutral and basic pH values. In comparison with CeO5 nanocubes, nanorods demonstrated higher peroxidase
activity, due to the higher Ce®* concentration and the concentration of oxygen vacancies [40].

Another factor influencing the redox activity of CeO, nanoparticles is surface functionalization. The prospects
for biomedical applications of nanodispersed cerium dioxide necessitate the use of biocompatible ligands.

The effect of the stabilizer on the prooxidant potential of CeOy nanoparticles towards hydrogen peroxide in the
presence of luminol was further analyzed. Kinetic curves and dependences of the analytical signal on the concentration
were obtained for both non-stabilized CeOs nanoparticles and nanoparticles stabilized with ammonium citrate or
maltodextrin (Fig. 6a,b).
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F1G. 6. Chemiluminescence of the luminol-H;0O5 system in 100 M PBS (pH 8.5) upon the addi-
tion of 200 M non-stabilized colloidal solution of CeO- nanoparticles, citrate-stabilized CeOs sol
or CeO; sol stabilized with maltodextrin in 100 uM PBS (pH 8.6) (a), the dependence of the light
sum (Scr,, x 10° imp) on the concentration of CeO sols (b). Conditions: 50 ;M luminol, 200 M
H>04, CeOs sols (concentrations are shown in the figure)

It can be seen that citrate-stabilized CeO; sol has the most pronounced prooxidant activity in comparison with
the non-stabilized sol and maltodextrin-stabilized sol. Taking the prooxidant capacity of non-stabilized CeO, sol
(200 uM) as 1, it follows that functionalization of the surface with ammonium citrate increases prooxidant capacity
by two-fold, while maltodextrin decreases it by 6-fold. These results are consistent with previously published data on
the protective effect of maltodextrin-stabilized CeO, nanoparticles against HoO5 [41]. Maltodextrin is considered the
most promising non-toxic non-ionic stabilizer. The use of such stabilizers in the synthesis of therapeutic nanoparticles
makes it possible to purposefully regulate their size and, accordingly, the ratio of pro- and antioxidant properties.
Importantly, the polymer stabilizer does not prevent cerium dioxide particles from participating in redox processes
and performing enzymatic functions.

Finally, the prooxidant capacity of the citrate-stabilized CeOs sol was estimated in the presence of phosphate
species at pH 7.4, under physiologically relevant conditions. It is known that phosphate ions inhibit the biochemical
activity of cerium dioxide by being adsorbed on the surface of nanoparticles [42,43]. Chemiluminograms, as well as
the dependence of the number of formed radicals on the concentration of CeOs citrate sol in Tris-HCl medium and
phosphate buffer solutions are shown in Fig. 7a,b.

It was found that the prooxidant capacity of the citrate-stabilized CeOx sol in Tris-HCI buffer exceeds that for the
case of a phosphate buffer by four-fold, which agrees well with the literature data on a decrease in the biochemical
activity of nanodispersed cerium dioxide in the presence of phosphates [42,43].
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F1G. 7. Chemiluminograms for the luminol-HyO3 system in 100 M Tris-HCI1 and PBS (pH 7.4)
(are shown in the figure) upon the addition of the citrate-stabilized CeOs sol (a), the dependence of
the light sum (Scz, X 10° imp) on the citrate-stabilized CeOs sol (b). Conditions: 50 xM luminol,
200 uM H504, 200 uM the citrate-stabilized CeO4 sol

5. Conclusion

A certain level of free radicals is constantly maintained in the body, which is necessary for normal life. Violations
of the free radical balance inevitably lead to the development of diseases and pathological conditions. Special attention
is currently paid to the search for drugs capable of regulating redox homeostasis. In this respect, CeOy nanoparticles
are of particular interest, due to their multifaceted nanozyme activities, which makes it necessary to analyze the redox
behavior of nanodispersed cerium dioxide with respect to key molecules involved in free radical reactions in the body.

In this work, to analyze the redox activity of CeO, nanoparticles, we used an approach that makes it possible
to comprehensively assess their prooxidant potential towards hydrogen peroxide. Determination of the prooxidant
capacity and prooxidant activity allows one not only to obtain quantitative characteristics for a comparative analysis
of the enzyme-like activity of CeO2 nanoparticles, but would allow further clarification of the mechanisms underlying
this activity.
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