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Nanoceria (CeO,_,) is well-known due to its superior ROS (reactive oxygen species)
scavenging properties, but recent studies have revealed its ability to generate various
types of ROS as well. Value of pH of nanoceria water solution is definitely one of the key
parameters determining the type of redox activity of nanoceria (antioxidant vs. prooxi-
dant), but generally both types of activities can co-exist at the same time, and the
resulting effect of nanoceria-ROS interaction is determined by subtle interplay between
pro- and antioxidant properties of these nanoparticles at specific pH value. In this paper
three types of fluorescent sensors (DPPP, coumarin, and epinephrine) were used to study
the processes of ROS scavenging/generation during hydrogen peroxide (HP) decomposition
by nanoceria. Increase of pH of HP-nanoceria solutions from 4 to 10 is accompanied by
suppression of the processes of generation of hydroxyl radicals (OH), but, in turn, leads
to advanced generation of superoxide anions (O,) indicating two competing routes of HP
decomposition prevailing at different pH values. Generally, prooxidant properties of nano-
ceria can be observed at low pH that can be useful for selective activation of apoptosis in
cancer cells which pH value is less than for non-cancer ones.
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Oco6unBocri renepaunii A®K npu posknaganHi mepeKkucy BOJHI0 HAHOKPHCTAJIAMU
okcuay uepiro npu pisaux 3nauennax pH. B.B.Ceminvro, II.O.Makxcumuyx, I'.B.I'puzoposa,
K.O.I'y6enko, C.JI.€Qimosa

Hawokpucranu okcupgy iepiro (CeOZ_X) mobpe BimoMmi 3aBAAAKM CBOi#l 3maTHOCTI MO HeMi-
tpanisanii A®K (axkTuBHuUX (OpM KUCHIO), ajle HEUIOJaBHI MOCHiMKeHHA NOoKasaJu ix
3JaTHICTh TaKOK i fo reHepanii pisHux tunis A®K. 3HauenHa pH BogHOTO po3YMHY OKCUIY
1epito, 6e3yMOBHO, € OJHUM i3 KJIOUOBUX ITapaMeTpiB, II[0 BU3HAYAIOTH TUIl PEIOKC-aKTUB-
HOCTI OKCHUIY Ilepilo (aHTHOKCHAAHTHa ab0o HIPOOKCUJAHTHA), ajie 3arajoM o0uABa TUIHU
aKTUBHOCTI MOJKYTh CIIiBicHyBaTH, i pesyabTaT BaaeMofii okcupy uepito 3 ADPK susHa-
yaeTbcd 6ajaHCOM MiK IPO- Ta aHTUOKCUJAHTHUMU BJIACTHMBOCTAMU ITUX HAHOUACTUHOK IIPU
neBHOMYy 3HaueHHiI pH. ¥V po6ori Bukopuctano Tpu tTunu GuyopecieHTHuUX ceHcopiB (DPPP,
KyMapuH Ta aJpeHalliH) IJA BUBUEHHS IIpOlleciB 3HeNIKOq:KeHH:d/yTBopeHHa ADK mix uac
PO3KJIaJaHHA OKCHUIOM Ilepifo mepekucy BoxH. IligBumenua pH posumHiB mepeKucy BOTHIO
3 oxcugoM 1epito 3 4 mo 10 cympoBOMIKY€EThCA SHUMKEHHAM KOHIEHTpAIlil riapoKcuia-pagu-
kanis (OH), ame, B cBOIO Wepry, IpUBOAUTE O 3POCTAHHA BMicTy cynepoxcug-amiomis (O,0),
10 BKAa3ye€ Ha JBa KOHKYPYIOUMX MIJIAXH PO3KJIALAHHSA IIePEeKUCY BOIHIO, IO II€PeBaKaIOTh
npu pisHmx suHaueHHsx pH. K mpasBmio, MPOOKCHIAHTHI BJIACTUBOCTI OKCHUAY Iepiio cIioc-
TepiraroTbcs npu HU3bKOMY B3HaueHHiI pH, mo moKe OyTH KOPHCHHM /[IJsS CEJIEeKTHUBHOIL
aKTHBAaIlil amonTo3y y PaKoBUX KJIiTuHAX, 3HaueHHA PH AKuX MeHIle, HijK y 3BUUYANHHUX.
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Hanoxpucramns! okcuzga nepusa (CeO,_,) xopomo ussecTHBI 61arogapsa cBoeil croco6HOC-
T HeiiTpanmuzoBaTh ADPK (akTuBHBIE (DOPMBI KHCJIOPO/a), HO HeJaBHIUE MCCJELOBAHUS ITOKAa-
3aJIM UX CIIOCOOHOCTH TaKsKe M K reHepaluu pasaudHbiX TunoB ADK. 3uauenue pH BogHOTO
pacTBopa OKcuaa Iepus, 0e3ycjlOBHO, SBJAETCI ONHHUM M3 KJIUEBLIX [TapaMeTpoOB, OIpeje-
JIAIOIINX THUN PEeIOKC-aKTUBHOCTA HAHOKPUCTAJJIOB OKCHIA Ilepus (aHTUOKCUIAHTHAS WU
IIPOOKCUZAHTHAs), HO B I[eJIoM 00a THUIA AaKTUBHOCTH MOI'YT COCYIECTBOBATL, U PE3yJbTaT
BaaumMoielicTBuA okcuza mepusi ¢ AD®K ompegensercs GalaHCOM MeXIY IIPO- U AHTHOKCHU-
JaHTHBIMU CBOMCTBAMM 3THX HAHOYACTHIL IIPU OIpejesieHHOM 3Hauenuu pH. B paGote uc-
IMOJIb30BAHBI TPHU THUIIA (PIYOPeCcIieHTHBIX ceHcopoB (DPPP, KymMapuH ¥ aJpeHaJWuH) IJsd
W3yUYeHUs IpolleccoB HeiTpanusanuu/reHepanuu ADPK mpu pasioKeHUM OKCHUAOM IepUsd
nmepekncu Bogopoza. Iloeoimenre pH pacTBOPOB NEepeKMCH BOLOPOJA € OKCHUAOM Iiepus ¢ 4
10 10 conpoBoKIaeTcs CHUIKEHHUEM KOHIleHTpanuu rugpokcua-pagukanos (OH), Ho, B cBomO
odepens, IPUBOAUT K POCTY COJepPyKaHMA cylepoKcup-aHumoHoB (O,7), 4To yKashIBaeT Ha JBa
KOHKYPUPYIOIINX MeXaHM3Ma Pas3jIoKeHUs IePeKUCH BOAOpOjJa, MpeodJafallluX IPH pPas-
JuuHbIX 3HaueHusxX pH. Kak mpasmio, MpooKcHUIAaHTHBIE CBOMCTBA OKCHA Iepusa HabJI0a-
IOTCS TIPYW HUBKOM 3HaueHHW PH, 4TO MOKeT OBIThH IIOJIE3HBIM JJIA CEJeKTUBHON aKTUBAIUHU

aIloIITo3a B PAKOBBIX KJIETKaX, 3HaUeHUe pH KOTOPBIX MEHbIIIe, 4YeM [JIf OOBIUHBIX.

1. Introduction

Enzyme-like antioxidant action of nano-
ceria has been widely discussed since the
first reports of its favorable effect on the
lifespan of neurons [1], and protection of
retinal cells from reactive oxygen interme-
diates [2], up to the most recent evidences
on its role in management of COVID-19 [3].
Rather surprisingly, according to [4] nano-
ceria offers radioprotection to normal cells,
but not to tumor ones. As pH of tumor cells
is less than for normal cells (so-called War-
burg effect [5]), the effect of pH on the
type of redox activity of nanoceria (anti- or
prooxidant) can be determinative for cyto-
protective or cytotoxic biological action of
these nanoparticles in vivo. The pH-depend-
ent redox properties of nanoceria [6] were
confirmed by combined studies of its anti-
oxidant activity in water solutions and both
normal (cardiomyocytes and dermal fi-
broblasts), and tumoral (lung and breast
carcinoma) cell lines. At the same time, an
alternative study on the different cell lines
[7] has shown that nanoceria offers protec-
tion to tumoral and transformed cells as
well. For now, it is clear that the size and
shape of nanoparticles, degree of oxygen
nonstoichiometry, and presence of surface
ligands can change the type of redox activ-
ity of nanoceria blurring the effect of pH
value [8]. Also pH decrease can favor elimi-
nation of some ROS, but provoke formation
of other ones instead.

Decomposition of hydrogen peroxide
(HP) molecules by nanoceria and nanoceria-
based materials can be accompanied either
by generation of hydroxyl radicals (Fenton-
like reaction) [9], or by catalase-like activ-
ity (decomposition of HP to water and oxy-
gen without ROS formation) [10]. Also HP
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decomposition can be accompanied by for-
mation of superoxide radicals which are by
far less reactive and harmful in comparison
with hydroxyl radicals. Preventing Fenton-
like reaction is a key task in obtaining ef-
fective and safe antioxidant materials for
biological use [11]. At the same time, as
nanoceria can scavenge both hydroxyl (OH)
and superoxide (O,7) radicals, the final ef-
fect of nanoceria interaction with HP
should depend on the balance between its
ROS generating and ROS scavenging prop-
erties. The rate of radical scavenging, in
turn, is determined by the rate of recycling
of surface active sites of mnanoceria
(Ce3*/Ce#* ions or Ce3*-Vo-Ce3* com-
plexes). The recovery rate of surface sites
can be increased by variation of tempera-
ture and UV irradiation. According to some
papers [6], the rate is strongly pH-depend-
ent, and this dependence can be considered
as one of the main factors changing the
type of redox activity from antioxidant to
prooxidant at low pH values.

In our study we analyze the formation of
different ROS types (hydroxyl radicals, su-
peroxide anions) during HP decomposition
by nanoceria. We have revealed that subtle
interplay between ROS generation and neu-
tralization processes during HP decomposi-
tion is strongly pH-dependent and can
change easily the overall redox properties of
ceria nanoparticles from pro- to antioxidant
ones at pH variation as well as during the
process of HP decomposition.

2. Experimental

Aqueous solutions of ceria nanoparticles
were obtained by the following method.
CeCly solution (100 ml, 2 mM) was mixed
with 100 ml of hexamethylenetetramine
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(HMTA) solution (4 mM) and stirred by
means of magnetic stirrer for 3 h at room
temperature. After that 1.8 ml NH,OH and
0.6 ml of HyO, were added into the solu-
tion. Then, the solution was put in round-
bottom flask and refluxed for 5 h. As a
result, transparent colorless solutions were
obtained. The solution was evaporated in a
rotary evaporator flask under vacuum at
the bath temperature of 70°C to 30 ml. A
solution of 2 M NaCl was added to the ob-
tained solution until the resulting solution
became turbid. Then the solid phase was
precipitated by centrifugation. The precipi-
tate was separated and solution of sodium
chloride was added again. The procedure of
precipitate cleaning was repeated three
times. After the last stage of centrifuga-
tion, solution of sodium citrate with molar
ratio CeO,/NaCt of 1:1 was added to the
precipitate. Cerium (III) chloride and hex-
amethylenetetramine were mixed resulting
in formation of ~ 2 nm CeO,_, nanoparti-
cles. CeO,_, nanoparticles were stabilized
by sodium citrate with molar ratio 1:1. The
solutions were additionally dialyzed for
24 h against deionized water to remove the
excess of ions and organics species. Dialysis
membrane tubing with a molecular weight
cutoff of "Cellu Sep H1" 8.5 KDa was used.
All sols were transparent in transmitted
light and passed through membrane filters
with pores of 100 nm without loss. The pH
values of nanoceria solutions were varied by
addition of HCI (acidic pH) or NaOH (basic
pH).

The dynamics of HP decomposition by
nanoceria samples in aqueous solutions was
measured using DPPP (diphenyl-1-pyrenyl-
phosphine) peroxide sensor [12]. Being oxi-
dized to phosphine oxide, DPPP becomes
fluorescent with a wide band at 380 nm.
During our experiment 980 pul portions of
nanoceria-HP water solution (C = 60 mM)
taken at different times after HP addition
were pipetted to quarts cuvettes with sub-
sequent addition of 20 ul of DPPP-DMSO
solution (1 mM). The obtained solution was
kept for 30 min for completing DPPP reac-
tion with HP, and then a fluorescence spec-
trum was taken.

The processes of 'OH generation from HP
in the presence of nanoceria was determined
using standard coumarin test [13]. Intensity
of 7-hydroxycoumarin (the product of inter-
action between coumarin molecule and hy-
droxyl radicals) fluorescence was measured
during HP decomposition process. Concen-
tration of coumarin in all samples was equal
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to 1074 mol/l. The processes of O, genera-
tion were studied for nanoceria-HP water
solutions in the presence of epinephrine
that is well-known superoxide sensor form-
ing fluorescent form (adrenochrome) being
oxidized by superoxide radical [14].

Concentrations of nanoceria in aqueous
solutions were similar in all experiments
and equal to 0.1 g/1.

3. Resultls and discussion

The ability of nanoceria to decompose HP
was shown in the number of papers [9, 10].
The processes of HP decomposition by nano-
ceria can be both catalase-like (without for-
mation of hydroxyl radicals) and Fenton-
like (accompanied with formation of hy-
droxyl radicals). The HP decomposition
according to Fenton-like reaction:

H,O, + Ce3* — Ce** + OH-+ -OH (1)

can be dangerous for living cells as it tends
to produce hydroxyl radicals (OH) which
oxidative capability suppresses sufficiently
the oxidative capability of HP. So, Fenton-
like reaction can lead to peroxidation of
lipid membranes and damage of different
cell organelles by hydroxyl radicals. An-
other possible pathway of nanoceria-HP in-
teraction includes formation of superoxide
anions as an intermediate product:

H,0, + Ce* — Ce¥t + O3 + 2H*. (2)

This pathway is less harmful to the cell,
as superoxide anions can be easily utilized
by nanoceria in SOD-like manner:

O3 + Ce** — Ce3* + 0, 3
and
O3 + Ce¥t + 2H — Ce** + Hy0,. (4)

So, the types of ROS formed during HP
decomposition by nanoceria determine the
overall biological activity of these nanopar-
ticles. One of the main factors controlling
realization of specific ROS scavenging/gen-
eration reaction is the pH of nanoceria-HP
water solution.

The influence of pH on the rate of HP
decomposition by ceria nanoparticles was
studied using DPPP sensor. In Fig. 1 the
dynamics of the change of HP concentration
during HP-nanoceria interaction is shown at
pH =4, 7.5 and 10. The dynamics consists
of two well-defined stages corresponding to
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DPPP luminescence (378 nm), a.u.

pH=7.5
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Fig. 1. Dynamics of HP decomposition by
nanoceria at different pH values measured by
DPPP luminescence intensity (A = 878 nm)
after HP addition.

decrease and subsequent increase (for pH =
7.5 and 10) of HP concentration. This spe-
cific dynamics can be considered as a result
of combination of catalase-like and SOD-like
activities of nanoceria. Increase of pH value
leads to sufficient increase of HP decompo-
sition rate at the first stage of decomposi-
tion. Taking the density of nanoceria as
7.22 g/ecm3, the molar concentration of
ceria nanoparticles, and so, the rate of HP
decomposition by single nanoparticle was
calculated. The average rates of HP decom-
position at pH =4, pH = 7.5, and pH = 10
(during first 24 hours) were equal to 1.9,
5.25, and 5.8 HP molecules/min per 1 ceria
nanoparticle. The rate at pH=7.5
(5.25 molecules/min) is slightly less than
the one determined in our previous paper
[15] by the change of HP absorption spectra
(9.5 molecules/min). Interaction of HP
molecules with Ce3*—Vo-Ce3* (or Ce**—Vo-
Ce#* in oxidized form) complexes that are
the most abundant type of surface defects
in nanoceria can provide HP decomposition
to water and oxygen without formation of
intermediate ROS [15-17]. At the same
time, interaction with separate Ce3*/Ce#*
ions should be accompanied with formation
of ROS. So, during the process of HP de-
composition besides oxygen formation, also
superoxide anions (O,7) could be formed ac-
cording to reaction (2). In [16] the SOD-like
activity (i.e. the ability to turn superoxide
anions to HP) of nanoceria was reported.
So, on the second stage, SOD-like activity of
nanoceria dominates leading to formation of
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Fig. 2. Concentration of superoxide anions
(O,7) in HP-nanoceria water solutions with
different pH values determined by the change
of adrenochrome absorption (A = 305 nm).
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Fig. 3. Concentration of hydroxyl radicals
(OH) in HP-nanoceria water solutions with
different pH values determined by the
change of 7-hydroxycoumarin luminescence
(A = 460 nm).

additional HP, but its content is suffi-
ciently less than initial HP concentration.
The formation of superoxide anions dur-
ing HP decomposition by mnanoceria was
studied using the change of the absorption
spectra of epinephrine after HP addition.
Absorption band at 305 nm corresponds to
adrenochrome absorption (adrenochrome is a
product of epinephrine interaction with O,~
anions). Without nanoceria no oxidation of
epinephrine to adrenochrome was observed
in epinephrine-HP solutions. Addition of
nanoceria leads to fast HP decomposition
according to reaction (2) accompanied with
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Fig. 4. Comparison of the content of hydroxyl radicals (OH) in HP-water solutions with different
pH values (a—d) with and without nanoceria determined by the change of 7-hydroxycoumarin

luminescence (A = 460 nm).

formation of superoxide anions (Fig. 2). The
content of O, anions formed at HP decom-
position is pH-dependent being the highest
for pH = 10.

The processes of formation of hydroxyl
radicals at Fenton-like HP decomposition by
nanoceria at different pH values were stud-
ied using coumarin as ‘OH sensor. The dy-
namics of fluorescence of 7-hydroxycouma-
rin at 460 nm was used to study the proc-
esses of 'OH formation. Decrease of pH
increases the content of hydroxyl radicals
formed during HP decomposition (Fig. 3) in
the presence of nanoceria. At the same
time, the OH scavenging by nanoceria can
eliminate the large part of hydroxyl radi-
cals formed during HP decomposition. We
have noticed before [15] that for nanoceria
at pH = 7 the content of hydroxyl radicals
remains less than in control water-HP solu-
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tion without nanoceria during whole process
of HP decomposition. Two factors decreas-
ing 'OH generation in the presence of nano-
ceria were elucidated in [15]: first, the high
content of surface Ce3*—Vo—-Ce3* complexes
able to decompose HP without formation of
hydroxyl radicals, and, second, high 'OH
scavenging ability. The last can be also pH-
dependent, so the final prooxidant or anti-
oxidant effect of nanoceria should result
from combined action of 'OH generation and
‘OH scavenging processes at specific pH
value.

In order to reveal the dominating type of
redox-activity of nanoceria at different pH
values, the change of 'OH content in HP-
water solutions with and without nanoceria
were compared. It is known that generation
of 'OH radicals from HP is possible even
without nanoceria due to presence of small

Functional materials, 28, 3, 2021
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quantities of uncontrolled impurities (dis-
solved ions etc.). The comparison between
the samples with and without nanoceria
show that despite 'OH generation ability,
‘OH scavenging by nanoceria prevails at al-
most all pH values (Fig. 4, a—d). At the
same time the difference between ‘OH con-
tent formed in water solutions with and
without nanoceria decreases at pH decrease
from 7.5 to 4.5. So, at lower pH value pro-
tection against OH provided by nanoceria
decreases, and at pH = 4.5 at the first stage
of 'OH decomposition prooxidant properties
of nanoceria dominate over antioxidant ones
(Fig. 4a).

Monitoring the Ce3*/Ce#* ratio in nano-
ceria using luminescence techniques pro-
vided deeper insight into the role of nano-
ceria in the processes of generation and
scavenging of specific types of ROS during
HP decomposition at different pH wvalues
[18]. In [19] we have revealed that addition
of HP to nanoceria water solution at pH =
7.5 leads to Ce3* — Ce?* oxidation followed

by Ce** — Ce3* recovery after decomposi-
tion of the most part of HP in the water
solution. HP can act both as oxidant and
reductant forming different ROS types ((OH
or O,7) during interaction with the active
surface sites (Ce3* — Ce#* ions or Ce3*-Vo-
Ce3* complexes) of nanoceria. In Fig. 5 the
change of Ce3* luminescence intensity after
HP addition at different pH wvalues is
shown. At pH = 7.5 and pH = 6 addition of
HP leads to fast Ce3* — Ce?* oxidation, at
pH = 10 to fast Ce** — Ce3* reduction, and
at pH = 4 the Ce3*/Ce#* ratio remains the
same as before HP addition. These results
open the way to understand the whole
mechanism of pH-dependent formation of
‘OH or O,~ during HP decomposition.

As can be seen from Fig. 2 and Fig. 3,
the pathway of HP decomposition by nano-
ceria (according to reaction (1) or reaction
(2)) can be controlled by pH. Increasing the
content of OH~ ions (pH = 10) one can
stimulate the decomposition according to re-
action (2) as this reaction leads to increase
of H* content compensating initial OH™ ex-
cess. This reaction should be accompanied
by formation of superoxide anions and re-
duction of Ce4* ions to Ce3* omnes that
agrees with increase of O,” content and
Ce3* luminescence intensity in Fig. 2 and
Fig. 5, respectively. At slightly acidic pH
values (pH = 6) excess of H* ions, in turn,
provides preferable HP decomposition ac-
cording to reaction (1) leading to formation
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Ce3* Luminescence (420 nm), a.u.
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Time, min
Fig. 5. Dynamics of Ce3" luminescence inten-

sity after HP addition for nanoceria water
solutions with different pH values.

of OH™ anions. Reaction (1) involves forma-
tion of 'OH radicals and oxidation of Ce3*
ions to Ce** ones explaining the higher con-
tent of 'OH radicals for lower pH values and
Ce3* intensity decrease seen in Fig. 3 and
Fig. 5, respectively. For pH = 4 the concen-
tration of ‘OH is high, but the Ce*'«<Ce3*
reversibility is disrupted by very high H*
content [6], so the Ce3*/Ce?* ratio (and, so,
Ce3* luminescence intensity) remains almost

constant during HP decomposition.
The resulting dynamics of HP decomposi-

tion (Fig. 1) by nanoceria at specific pH
value is a result of its catalase- and SOD-
like activity along with its O, generation
ability. The higher is pH value, the higher
is the content of O,~ formed at HP decom-
position. At some O, concentration in
water solution, the SOD-like activity of
nanoceria (reactions (3), (4)) starts to pre-
vail leading to formation of additional H,O,
seen in Fig. 1 by increase of DPPP fluores-
cence intensity. As O,~ content at pH = 10
is the highest, at this pH the strongest in-
crease of H,O, content is observed. On the
contrary, for pH = 4 no formation of addi-
tional HP was observed, as HP decomposi-
tion at this pH occurs mainly by reaction
(1) and is not accompanied by superoxide
formation. In this way, changing the pH of
nanoceria-HP water solution changes not
only the rate, but also the mechanism of HP
decomposition.

425



V.V.Seminko et al. / Features of ROS generation ...

Conclusions

As the rate, so the specific mechanisms
of HP decomposition by nanoceria depend
on the value of pH of HP-nanoceria water
solutions. The higher is pH wvalue, the
higher is the rate of HP decomposition by
nanoceria. Two different pathways of HP
decomposition were revealed: first one with
formation of superoxide anions and prevail-
ing at high pH values, and second one with
formation of hydroxyl radicals dominating
at low pH values. High 'OH scavenging ca-
pability of nanoceria leads to almost com-
plete elimination of hydroxyl radicals
formed at HP decomposition at neutral and
slightly acidic pH. At the same type,
prooxidant activity of nanoceria was ob-
served at pH = 4.5 which can be related to
suppression of Ce3*/Ce#* redox cycling lead-
ing to low-effective 'OH scavenging activity.
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