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Cerium dioxide nanoparticles have a special place among engineered nanomaterials due to the wide range
of their enzyme-like activities. They possess SOD-, catalase- and peroxidase-like properties, as well as
recently discovered phosphatase-, photolyase-, phospholipase- and nuclease-like properties. Advancing
biomedical applications of CeO,-based nanozymes requires an understanding of the features and
mechanisms of the redox activity of CeO, nanoparticles when entering the vascular bed, especially when
interacting with lipid-protein supramolecular complexes (biomembranes and lipoproteins). In this paper,
CeO, nanoparticles are shown to possess two further types of nanozyme activity, namely lipo- and
phospholipoperoxidase-like activities. Compared to a strong blood prooxidant, hemoglobin, CeO,
nanoparticles act as a mild oxidising agent, since they exhibit a 10° times lower, and 20 times lower,
prooxidant capacity towards linoleic acid and phosphatidylcholine hydroperoxides, respectively.
Compared to the widespread pharmacological preparation of iron, Fe(in) carboxymaltose (antianemic
preparation Ferinject®), the prooxidant capacity of CeO, nanoparticles towards lipid and phospholipid
substrates has been shown to be 10% times lower, and 4 times higher, respectively. The data obtained on
the mechanism of the interaction of nanodisperse CeO, with the main components of biological
membranes, lipids and phospholipids enable the substantial expansion of the scope of biomedical
applications of CeO, nanozymes.

Introduction

Several classes of inorganic nanomaterials, including metal
oxide and noble metal nanoparticles, exhibit unexpectedly high
biological activity due to their ability to mimic some natural
enzymes."” These materials, known as nanoenzymes or nano-
zymes, demonstrate relatively high stability and reproducibility
of characteristics in wide temperature and pH ranges, as well as
biocompatibility, the possibility of additional surface func-
tionalisation and low cost.>”

Cerium dioxide is a striking representative of a new generation
of nanozymes. The enzyme-like properties of nanocrystalline CeO,,
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mimicking the functions of some natural enzymes, superoxide
dismutase (SOD),*™ catalase' and oxidase,'** have recently been
supplemented with the discovery of new types of biochemical
activity, including phosphatase-,** photolyase-,*> phospholipase-'®
and nuclease-like’” properties. This makes cerium dioxide
a unique multifunctional nanozyme and expands the scope of its
future biomedical applications.'®?**

Recent studies have demonstrated the role of cerium dioxide
as a possible regulator of free radicals in living systems.
Nanocrystalline cerium dioxide has dual redox activity,
combining pro- and antioxidant properties. The role of CeO, as
a free radical scavenger has been confirmed by a number of
studies demonstrating inhibition of neuronal death in trans-
genic 5XFAD mice (Alzheimer's disease model),”” reduction of
ovarian tumour growth (cancer xenograft model),*® preventing
loss of photoreceptor cell function (P23H-1, the autosomal
dominant retinitis pigmentosa model),** etc.

Despite a number of sophisticated studies, little information
is available on the interaction of CeO, nanoparticles with bio-
logical molecules,” especially with biomembranes.’** In
eukaryotic cells, phospholipids are the predominant membrane
lipids, asymmetrically embedded in a lipoprotein complex.?®°
Phospholipids are a class of lipids consisting of a glycerol
backbone, a polar group and two hydrophobic acyl chains.?® In
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most eukaryotic membranes, phosphatidylcholine and phos-
phatidylethanolamine make up about 60-85% of the phos-
pholipid fraction.®*'3> A lipid bilayer is sensitive to free radical
oxidation (primary target).>*** Lipid peroxidation (LPO) disrupts
cell membrane integrity and plays an important role in the
development of cell death mechanisms, including apoptosis,
oxytosis and ferroptosis.** Since the redox activity of the CeO,
nanozyme assures both pro- and antioxidant properties, studies
on cellular and animal models after exposure to CeO, nano-
particles have shown either an increase or a decrease in the level
of lipid peroxidation products, which are indicators of oxidative
stress.¢*

In this study, the chemiluminescence method was used for
gathering data on the redox activity of CeO, nanoparticles, which
has enabled expansion of the list of known types of enzyme-like
activities of CeO, nanoparticles, to include lipo- and
phospholipoperoxidase-like activities. The enzyme-like properties
of nanodisperse CeO, and the main prooxidant of blood, hemo-
globin, as well as the conventional lipid prooxidant, pharmaceu-
tical preparation Ferinject®, which is a colloidal solution of Fe(m)
carboxymaltose, were compared to reveal differences in the action
mechanism of these prooxidants. The results obtained are of
special importance for advancing the pharmacotherapeutic
applications of CeO, nanoparticles in the treatment of socially
significant diseases.

Materials and methods

Synthesis and physicochemical study of citrate-stabilised
CeO, sol

An unstabilised colloidal solution of CeO, nanoparticles (0.13
M) was prepared by thermohydrolysis of an aqueous solution of
ammonium cerium(iv) nitrate (#215473, Sigma-Aldrich).*>
Briefly, an aqueous solution of ammonium cerium(wv) nitrate
(100 g L") was heated at 95 °C for 24 h. The precipitate formed
was washed three times with isopropanol and then redispersed
in deionised water and boiled for 1 h, with constant stirring, to
remove isopropanol. The concentration of CeO, sol was deter-
mined gravimetrically. CeO, sol was further stabilised by
disubstituted ammonium citrate (C¢H;,0,N,, #247561, Sigma-
Aldrich) in a molar ratio of 1 : 1.

X-ray diffraction (XRD) analysis of CeO, samples was carried
out on a Bruker D8 Advance diffractometer (CuKe radiation,
geometry 0-26). The diffraction maxima were identified using
the ICDD PDF2 databank. The average hydrodynamic diameter
of CeO, nanoparticles was estimated by dynamic light scat-
tering (DLS), using a Photocor Complex analyser. The micro-
structure of the samples was studied by transmission electron
microscopy (TEM) with a Leo 912 AB Omega microscope at an
accelerating voltage of 100 kV.

Preparation of linoleic acid and phosphatidylcholine
hydroperoxides

To prepare a phosphate buffer solution (PBS, 100 mM pH 7.4),
KH,PO, (#P0662, Sigma-Aldrich) was used. A working solution
of linoleic acid (d = 0.9 g ecm 2, #1376, Sigma-Aldrich) was
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prepared by diluting the stock solution with dimethyl sulfoxide
(=99.95%, #472301, Sigma-Aldrich). Oxidised linoleic acid
(LOOH) was obtained by air barbotage.** The model phospho-
lipid preparation was an ultrafine emulsion (nanoparticles up
to 30 nm in size) containing 80-95% phosphatidylcholine and
20-5% maltose (Phospholipovit®, Institute of Biomedical
Chemistry) dissolved in PBS (100 mM pH 7.4). Phosphatidyl-
choline hydroperoxide (PCOOH) was obtained by oxidation
catalysed by lipoxygenase-1 (#P08170, Cayman).**

The concentration of hydroperoxide groups in linoleic acid
samples was determined by infrared (IR) spectroscopy.*
The height of the absorption peak at the characteristic wavelength
served as the analytical signal. The concentration of linoleic
acid hydroperoxide (987 ¢m™"', -0-O- group) in the linoleic
acid samples was calculated from the calibration dependence
for tert-butyl hydroperoxide (880 cm ™', ~O-O- group +BuOOH).*
The content of hydroperoxide in the samples of oxidised
phosphatidylcholine was determined by HPLC with chemi-
luminescence detection.*®

Analysis of prooxidant activity of CeO, nanoparticles by the
chemiluminescent method

Coumarin 334 (#393002, Sigma-Aldrich) was used as a chemi-
luminescent probe (CL probe) sensitive to lipid and phospho-
lipid radicals. To obtain a working solution with
a concentration of 5 mM, a weighed portion of coumarin 334
was dissolved in dimethyl sulfoxide (=99.95%, #472301, Sigma-
Aldrich).

100 uM hemoglobin solution (deoxyhemoglobin, Hb) stabi-
lised with lithium heparin (17 IU mL ") was prepared by dis-
solving a weighed portion of lyophilised human hemoprotein
powder (#H7379, Sigma-Aldrich) in distilled water in a vacuum
blood collection tube (Vacutainer Plus). The exact concentration
of Hb in the resulting solution was determined by optical
spectroscopy, €406 (Hb) = 270 548 cm™ /M.

For comparative evaluation of the enzyme-like activity of
citrate-stabilised CeO, sol, Ferinject® (Vifor Pharma, Fe(u)
carboxymaltose), an iron-containing antianemic drug, was
used. Working solutions were obtained by diluting the initial
preparation (50 mg mL™") with distilled water.

Lipo- and phospholipoperoxidase-like activity of the samples
was determined by recording the kinetics of free radical oxida-
tion, according to a previously developed technique.*” All
measurements were carried out at room temperature.

Spontaneous chemiluminescence (CL) was recorded for 30-
60 s in a system containing PBS (100 mM, pH 7.4), coumarin 334
(50 uM) and model lipid or phospholipid substrates (hydro-
peroxides LOOH or PCOOH).*® Then, using a chromatography
syringe (Hamilton), an aliquot (50 uL) of citrate-stabilised CeO,
sol or solutions of deoxyhemoglobin or Fe(m) carboxymaltose
was injected without interrupting the CL recording. This
procedure allowed for the rapid recording of the kinetics of
peroxidation processes (Fig. 1). Registration of the kinetics was
performed for 5-7 min. As an analytical signal, the light sum
was used, which is the area under the CL curve over a certain

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Protocol for the determination of prooxidant activity towards lipid (LOOH) and phospholipid (PCOOH) hydroperoxides by the chemi-

luminescent method.

time interval (4 min) and is directly proportional to the number
of formed radicals.

Results and discussion
Physicochemical characteristics of CeO, nanoparticles

Thermohydrolysis of an aqueous solution of ammonium cer-
ium(wv) nitrate resulted in an electrostatically stabilised sol of
nanocrystalline cerium dioxide. The content of CeO, in the sol
was 23 g L' (0.13 M). According to XRD data (Fig. 2a) for the
dried sol, it contained single-phase cerium dioxide (PDF2 34-
0394). The particle size estimated by the Scherrer equation was
3 nm. The mean hydrodynamic diameter of CeO, nanoparticles
obtained by the DLS method (Fig. 2b) was found to be 10-
11 nm. The data on the particle size and phase composition of
the obtained material were confirmed by the results of the
analysis of the CeO, sol by TEM and electron diffraction
(Fig. 2¢).

The electron diffraction data and XRD analysis also confirm
high degree of crystallinity of CeO, nanoparticles. The highly
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crystalline nature of cerium oxide is consistent with recently
reported study of citrate-stabilised ceria nanoparticles.*

Lipoperoxidase-like activity of CeO, nanoparticles

The interaction of metal oxide nanoparticles with bio-
membranes is of key importance when considering their bio-
logical activity.>*®* Surprisingly, information on the redox
activity of CeO, nanoparticles towards lipids and phospholipids
is very scarce.”»**~** This mainly consists of studies devoted to
the interaction of CeO, nanoparticles with model membranes,
e.g. lipid films or liposomes. At the same time, the rapid
expansion of potential biomedical applications of CeO, nano-
particles makes it necessary to reveal their role in reactive
oxygen species’ homeostasis, including their interaction with
oxidised lipoproteins of blood.

The prooxidant activity of citrate-stabilised CeO, sol was
studied using the chemiluminescent method in a system con-
taining linoleic acid hydroperoxide (LOOH) and coumarin 334,
a highly selective lipid radical CL probe.**** The use of the

Fig. 2 Cerium oxide nanoparticles: (a) XRD pattern, (b) dynamic light scattering pattern, (c) TEM image and electron diffraction data (inset).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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probe allows for the increase in the CL quantum yield and for
the detection of free radical formation. According to a previ-
ously published protocol,** the concentration of hydroperoxide
groups in LOOH samples estimated by IR spectroscopy was 100
+ 12 pmol L.

The addition of various concentrations of a citrate-stabilised
colloidal solution of CeO, nanoparticles to the mixed solution
of LOOH and coumarin 334 resulted in a dose-dependent
enhancement of chemiluminescence (Fig. 3a). The area under
the curve (Scr) was chosen as a measure of prooxidant capacity
proportional to the number of formed reactive oxygen species
per unit concentration of the prooxidant. The dependence of
the analytical signal on the concentration of CeO, nanoparticles
(Fig. 3b) was described by the equation S¢;, = (1.50 £ 0.29) X ¢
(CeO,, mmol L) + (16 & 2), r = 0.995 (P = 0.95, n = 3), where
Scr, is the area under the corresponding CL curve, x10? imp, ¢
(Ce0,) is the concentration of CeO, sol, mM.

The lipoperoxidase-like activity of nanodisperse cerium
dioxide is demonstrated by the dose-dependent effect of
chemiluminescence enhancement. A sharp increase in the
intensity of chemiluminescence, followed by an exponential
decay, which is characteristic of LPO, is additional evidence of
lipid peroxidation induced by CeO, nanoparticles.>”*

The data on the prooxidant activity of nanodisperse CeO,
towards linoleic acid hydroperoxide are consistent with previ-
ously reported results, demonstrating the possible induction of
lipid peroxidation by CeO, nanoparticles at the cellular and
organismal levels.****** In these studies, the induction of LPO
by CeO, nanoparticles was assessed by the level of various
biomarkers, such as malondialdehyde, isoprostane, etc. To
describe the LPO mechanism induced by CeO, nanoparticles
(20 nm, 3.5, 10.5 and 23.3 ug mL ™) on human bronchoalveolar
carcinoma cell culture (A549), the following scheme was
proposed:*®

Ce** + Apg” — Ce™* + A, (1)
Ce*t + 0, » Ce* + 0, (2)

0, +0, +2H" — 0, + H,0, (3)
H,0, + Ce** —» Ce** + OH™ + OH" (4)
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LOOH + Ce** — Ce*" + LO" + OH™ (5)

where A,.q are reducing agents (thiol-containing compounds,
ascorbates), A, are their oxidised forms. As can be seen, in
addition to H,0, and OH" species formed as a result of reac-
tions (1)-(4), lipid hydroperoxides interacting with CeO, nano-
particles also act as the sources of another type of radical,
alkoxyl radicals, according to reaction (5). All these highly
reactive particles (H,0,, OH', LO") cause oxidative stress and,
accordingly, LPO.

The induction of LPO after the treatment of cell cultures with
nanodisperse cerium dioxide was also observed in the models
of human hepatoma (SMMC-7721, CeO, NPs 20-30 nm; 50 mg
mL~')*® and human melanoma (A375, CeO, NPs ~38 nm; 20,
40, 80, 120 pg mL™").* Increasing the concentration of CeO,
nanoparticles led to increased levels of the main LPO marker,
malondialdehyde. In addition, preliminary treatment of the
cells with antioxidants such as N-acetylcysteine significantly
reduced the formation of ROS and malondialdehyde and
facilitated the restoration of the activity of antioxidant
enzymes.*®

The above in vitro studies with cancer cells demonstrated the
fact that, in an acidic environment, CeO, nanoparticles lose
their antioxidant (cytoprotective) activity and begin to function
as a prooxidant, causing the development of oxidative stress,
including LPO, and, subsequently, apoptosis. In the current
study, lipoperoxidase-like activity of CeO, nanoparticles at pH
7.4 was observed. Analysis of existing data indicated that the
redox activity of CeO, nanoparticles represents a set of closely
related pro- and antioxidant properties determined by several
factors, including the pH of the reaction medium, the method
of preparation and the size of synthesised nanoparticles, the
nature of surface ligands, charge, etc.®® Park et al, when
studying the cytotoxicity of CeO, nanoparticles, proposed that
cell type also affects the antioxidant action of ceria nano-
particles due to the factors associated with cell physiology.** The
results of the studies of CeO, nanoparticles’ interaction with
malignant cells suggest oxidative stress and LPO to be the most
probable mechanisms of their toxicity.®® Thus, the
lipoperoxidase-like activity of CeO, nanoparticles can be
considered to be one of the key factors leading to adverse effects
on the cells. The intravenous administration of an aqueous

Coumarin 334 + LOOH

Time, min

0 1 2 3 4 5 6 7
¢ (CeO,), mmol/L

Fig. 3 Chemiluminograms of (a) citrate-stabilised CeO, sol in a phosphate buffer solution (100 mM, pH 7.4) + coumarin 334 (50 pmol L™Y) +
LOOH (concentration of hydroperoxide groups is 100 + 12 pmol L™Y); (b) the light sum dependence (Sc., x10° imp) on the concentration of

CeO, sol.
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dispersion of CeO, nanoparticles (~31 + 4 nm) to rats has been
reported to increase levels of an LPO product, 4-hydroxy-trans-2-
nonenal, the highest concentrations of which have been found
in the hippocampus.* Similarly, a high content of malondial-
dehyde in lung cells, indicating the toxic effect of CeO, nano-
particles (55 nm) and leading to membrane damage, has been
found in rats exposed to CeO,-containing aerosol.’” Increased
LPO has been observed after intratracheal injection of
a suspension of CeO, nanoparticles (~20 nm) to mice.**

The key role in the formation of radicals in blood plasma is
played by the decomposition of lipid hydroperoxides by metal ions
of variable valence (primarily Fe®*) and hemoglobin. Thus, in this
paper, deoxyhemoglobin (Hb), a natural ferrous compound, and
Ferinject®, an antianemic drug containing Fe(m) in a stable form
of a polynuclear iron hydroxide complex with a carbohydrate
ligand, were chosen as model prooxidants.****> Experimental time
dependences of chemiluminescence of the solutions containing
deoxyhemoglobin and Ferinject® are shown in Fig. 4a and b, along
with the corresponding concentration dependences (Fig. 4c and d).

The addition of Hb and Fe(m) carboxymaltose solutions to the
system containing LOOH resulted in the rapid development of an
intense chemiluminescence accompanying the lipoperoxidase-like
reaction in a dose-dependent manner: S¢;, = (8.01 £ 0.02) x ¢ (Hb,
nM) + (249 =+ 18), r = 0.996, n = 4; Scr. = (0.20 & 0.01) x ¢ (Fe(u),
uM) + (5.15 & 0.09), r = 0.992, n = 4.

The data obtained indicate that citrate-stabilised CeO, sol
(Fig. 3a), deoxyhemoglobin (Fig. 4a) and Fe(u) carboxymaltose
(Fig. 4b) solutions induced linoleic acid hydroperoxide decompo-
sition, while catalytic activity of these compounds differed signif-
icantly. Citrate-stabilised CeO, sol possessed significantly lower

_ tHb a
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o 1071 v /A 80 nM
2 gl | 40 M
g 10 nM
e 971 5nM
> [ n
T 4 ¥
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prooxidant capacity (by more than six orders of magnitude)
towards linoleic acid hydroperoxide than deoxyhemoglobin. In
turn, the prooxidant capacity of Ferinject® preparation was two
orders of magnitude higher than that of CeO, sol. This enables
CeO, nanoparticles to be classified as a mild prooxidant agent. A
possible reason for the relatively low lipoperoxidase-like activity of
citrate-stabilised CeO, sol could be phosphate groups adsorbed on
the surface of nanoparticles. This has been previously proven for
other types of CeO, enzyme-like activities, namely SOD-like and
catalase-like activities.®*® In turn, the similarity of the redox
properties of citrate-stabilised CeO, sol and Ferinject® to hydrogen
peroxide (Fig. S1 in ESIf) can be partially explained by their
common nature. The latter is also a colloidal solution of 20 nm
nanoparticles which consists of a polynuclear iron(m)-oxy-
hydroxide core stabilised by carboxymaltose.** Comparison of the
kinetics of lipid hydroperoxide decomposition in the presence of
CeO, nanoparticles (Fig. 3) with previously obtained data on the
CeO,-assisted decomposition kinetics of hydrogen peroxide
(Fig. S2 in ESI)® enables the suggestion of similar mechanisms of
the prooxidant activity of CeO, nanoparticles towards different
substrates.

Data on the prooxidant properties of CeO, nanoparticles are
apparently in contrast to numerous results demonstrating their
cytoprotective activity.'>*#’® The inhibitory effect of CeO, on
LPO suggests the dual nature of its regulatory function. For
example, the inhibition of LPO by CeO, nanoparticles has been
shown in a model of the dominant retinitis pigmentosa of rats
(P23H-1, 3-5 nm CeO, NPs; 344 ng per eye),** in a model of
hypobaric hypoxia (Sprague Dawley rat line, 7-10 nm CeO,-
NPs),” in an in vitro model of diabetic ketoacidosis (HepG2,

+ Ferinject® b
20 - ﬂ ¢ 27 )
§ 16 - 21,5 5 225 uM
2 2 14
g 12 g
x 50
;,,E 40,5 \ " Blank
> B9 17
7 - : : )
a 44 | 0 1 2 ‘
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0 Py
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Fig.4 Chemiluminograms of (a) an aqueous solution of deoxyhemoglobin (Hb) and (b) a colloidal solution of Fe(i) carboxymaltose (Ferinject®)
in a phosphate buffer solution (100 mM, pH 7.4) + coumarin 334 (50 umol L) + LOOH (concentration of hydroperoxide groups was 100 =+ 12
pumol L™1); (c) and (d) light sum dependences (Sci, x10% imp) on the concentration of deoxyhemoglobin solutions and Ferinject®, respectively.
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CeO, NPs)”” and in a study of nephrotoxicity caused by
Cisplatin® (113 + 14 nm CeO, NPs).”?

Thus, existing data make possible the suggestion that
different concentrations of CeO, nanoparticles provide either
an activating or inhibiting effect on LPO. Results of the current
research demonstrate that citrate-stabilised CeO, sol, at 0.05—
7.0 mM concentrations, in a model of LOOH oxidation, exhibits
prooxidant properties only, being an LPO inducer. Among the
factors that change the action of substances from being anti-
oxidant to being prooxidant are the presence of other metal
ions, the concentration of the substance and its redox poten-
tial.”#”> For example, Fe*" ions can act as both pro- and anti-
oxidants. The dual role of Fe** ions in chain peroxidation
reactions is due to the fact that they react with both hydroper-
oxides and free radicals.”®” Interacting with the former, Fe**
ions promote branching of the lipid oxidation chains and
thereby activate LPO, which in this case is a prooxidant. In turn,
when reacting with free radicals, Fe*" ions act as an antioxidant.
At each site of the chain reaction, the lipoperoxyl radical leading
the chain can react with either a new lipid molecule or an
inhibitor, (in this case, Fe?" ions). When the probability of the
former process is higher, the chain reaction proceeds with self-
acceleration; when the latter process prevails, the chain reaction
proceeds with deceleration. Thus, the concentration of Fe(u)
species plays a determining role in LPO induction. The similar
exponential decay kinetics (and, most probably, similar mech-
anisms) of lipid peroxidation induced by CeO, nanoparticles,
deoxyhemoglobin (Fe(u)) and Fe(m) carboxymaltose (Ferinject®)
suggest CeO, concentration to be one of the factors determining
whether there is a prooxidant or antioxidant effect of CeO,
nanoparticles on lipid peroxidation.

Phospholipoperoxidase-like activity of CeO, nanoparticles

Phospholipids play multiple roles in cells. Phospholipids not
only modulate membrane permeability and act as their sup-
porting scaffold, but also participate in signal transduction in
response to external and internal stimuli.?*”®*" In addition, they
are the source of arachidonic acid and other polyunsaturated
fatty acids, from which, as a result of a number of metabolic
reactions, lipid mediators are formed that regulate various
biological functions.?® It should be noted that phospholipids
are the major targets of reactive oxygen species attack under
conditions of oxidative stress.®” In this regard, the biochemical
activity of CeO, nanoparticles towards the key component of the
cell membrane, phospholipids, was also investigated.

The prooxidant activity of citrate-stabilised CeO, sol was
analysed by a chemiluminescence method in a biochemical
model containing oxidised phosphatidylcholine (PCOOH) and
coumarin 334. Amounts of hydroperoxide groups in the phos-
pholipid substrate were determined according to an established
protocol*® and were found to be 98 + 10 pmol L. An aqueous
solution of deoxyhemoglobin (Fe()) was used as a reference
sample.

The addition of citrate-stabilised CeO, sol to the solution of
phosphatidylcholine hydroperoxide and coumarin 334 led to
a dose-dependent increase in chemiluminescence, which
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reached a stationary level and then gradually decreased
(Fig. 5a). The dependence of the CL signal on the concentration
of CeO, sol (Fig. 5b) was described by the equation: S, = (22 +
3) x ¢ (CeOy, uM) + (35 £ 5), r = 0.997, n = 3. In a similar way,
chemiluminograms were recorded for deoxyhemoglobin
(Fig. 5¢). A dose-dependent increase in luminescence intensity
was observed (Fig. 5d): S = (552 & 80) x ¢ (Hb, uM) + (752 +
119), r = 0.976, n = 3.

The dose-dependent enhancement of chemiluminescence
caused by the addition of CeO, nanoparticles and Hb solution
to the phospholipid substrate suggests their
phospholipoperoxidase-like activity. Presumably, the mecha-
nism of interaction of Hb with PCOOH is similar to the mech-
anism of oxidation of hydroperoxides (LOOH) induced by metal
ions of variable valence: PCOOH — PCO" + breakdown prod-
ucts.*> However, the kinetics of catalytic decomposition of
PCOOH induced by CeO, nanoparticles and Hb developed
much more slowly in comparison with the oxidation of lipid
hydroperoxide (LOOH).

To assess the quantitative differences in activity of CeO,
nanoparticles and Hb, the prooxidant capacity of deoxy-
hemoglobin was taken as 1. It was found that citrate-stabilised
CeO, sol possessed approximately 20 times less prooxidant
capacity in the reaction of phosphatidylcholine hydroperoxide
peroxidation than deoxyhemoglobin.

In the systems containing lipid and phospholipid hydro-
peroxides, CeO, nanoparticles demonstrated significantly lower
prooxidant activity compared to hemoprotein. The dependence
of the CL signal on the concentration of citrate-stabilised CeO,
sol and Hb in the system containing LOOH was linear (Fig. 6a),
whereas in the system containing phospholipid hydroperoxide
the dependence was of a complex nature (Fig. 6b).

There are several factors that determine the switching of the
lipid peroxidation process from self-accelerating to decelerating
when the substrate is phosphatidylcholine hydroperoxide.
Phosphatidylcholines (1,2-diacyl-sn-glycero-3-phosphocholines,
lecithins) have a zwitter-ionic structure in a wide pH range.*
Important factors affecting the oxidation of phospholipids are
the size and composition of liposomes, the nature of the
prooxidant and the acyl chain that determines the selectivity of
substrate modification.®” Recently, kinetic patterns of egg leci-
thin oxidation in its liposomal aqueous solutions were re-
ported.®* It was found that the oxidation rate was proportional
to the radical initiation rate and depended nonlinearly on
phospholipid concentration.®* This is explained by the fact that,
in a microheterogeneous environment, along with individual
radicals and molecules, microaggregates (liposomes) also exist,
whose reactivity differs from that of molecular species.*

In the current study, differences in the reaction kinetics for
systems containing lipid and phospholipid hydroperoxides
were probably due to their nature. In oil-in-water emulsions, the
oxidation rate of lipid substrates is strongly influenced by the
properties of the interface, determining the rate of the inter-
action of water-soluble prooxidants with hydroperoxides local-
ised within, and on, the boundary of the emulsion drop.***¢
Visually, the linoleic acid hydroperoxide sample is an emulsion
in a phosphate buffer solution, whereas PCOOH is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Chemiluminograms of (a) citrate-stabilised CeO, sol and (b) deoxyhemoglobin (Hb) solution in a phosphate buffer solution (100 mM, pH
7.4) + coumarin 334 (50 pmol L™Y) + PCOOH (concentration of hydroperoxide groups is 98 & 10 pmol L™3); (c) and (d) light sum dependences
(ScL, x10% imp) on the concentration of CeO, sol and deoxyhemoglobin solution, respectively.

a homogeneous solution formed as a result of an oxidative
reaction catalysed by lipoxygenase-1 from an ultradispersed
emulsion of phosphatidylcholine (with nanoparticles as small
as 30 nm).

A comparison of chemiluminescence curves obtained for
CeO, nanoparticles and Fe(m) carboxymaltose (Ferinject®), in
the presence of PCOOH, is provided in Fig. 7.

The prooxidant capacity of citrate-stabilised CeO, sol was
four times higher than that of a colloidal solution of Fe(m)
carboxymaltose. It should be noted that the ammonium citrate
did not contribute to the enhancement of chemiluminescence
when CeO, nanoparticles were added (Fig. S3 in ESIY).

To fully understand the biological activities taking place, and
to expand the field of biomedical applications for CeO, nano-
zymes, the mechanisms of nanoparticle-membrane interac-
tions need to be analysed. There are only a few works devoted to
the redox activity of nanodisperse CeO, towards phospholipids.
Khulbe et al. focused their attention on the phospholipase-like
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Lipoperoxidase-like activity

0,5 ©CeO, NPs (mM) 12
t AHb (nM DN .
§ 04+ o (nM) A 7100
E' 03 £f 78 X
5 I® . le @
02+ =1
x 6 o 143
3 0,1 1 e (]
RS i._A,A' E 2 @

0 A " 1o

100

0 20 40 60 80
¢ (prooxidant)

(phospholipase C) mimetic activity of polymer-coated CeO,
nanoparticles.'® CeO, nanoparticles demonstrated bactericidal
activity, causing membrane disruption in a wide range of
pathogens, including respiratory pathogens (Klebsiella pneu-
moniae) and biofilm-forming bacteria.'® Important data on the
molecular mechanisms of CeO, nanoparticles’ interaction with
the cell membrane model were obtained by Liu et al.,>® who
showed that the interaction of CeO, nanoparticles with phos-
phocholine liposomes composed of two different types of
phospholipid, DOPC and DPPC, proceeds mainly via the
phosphate groups in the phospholipids.®

The present study demonstrates that citrate-stabilised CeO, sol
exhibits prooxidant activity towards organic hydroperoxides that
were different in nature. The phospholipoperoxidase-like activity
of CeO, nanoparticles notably higher than their
lipoperoxidase-like activity (by approximately 25 times, see also
ESIT). This confirms the special tropism of CeO, nanoparticles to
phospholipids. Recently, CeO, enzyme-like activity was reported to

was
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Fig. 6 Dependences of chemiluminescence intensity (/c, x10% imp/s) on the concentration of prooxidant (citrate-stabilised CeO, sol or
deoxyhemoglobin) added to the solution containing phosphate buffer solution (100 mM, pH 7.4) + coumarin 334 (50 umol L™%) + (a) LOOH (100

+ 12 pmol L™ or (b) PCOOH (concentration of hydroperoxide groups was 98 + 10 pmol L~
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Fig. 7 Chemiluminograms of citrate-stabilised CeO, sol and a colloidal
solution of carboxymaltose Fe(i) (Ferinject®) in a phosphate buffer
solution (100 mM, pH 7.4) + coumarin 334 (50 pmol L™ + PCOOH
(concentration of hydroperoxide groups was 98 =+ 10 umol L™3).

depend strongly on particle size, most probably due to the differ-
ences in surface atoms concentration and cerium valence
state.**®”* Generally speaking, for smaller CeO, nanopatrticles, the
catalytic properties were found to be more pronounced."** In the
present study, new types of enzyme-like activities of CeO, NPs were
discovered, which are also expected to be dependent on ceria
particle size in the same manner. However, the influence of the
nanoparticles' size on their catalytic properties may be quite
different. For example, Liu et al. showed that, especially for the
peroxidase mimicking activity, smaller particles do not always
exhibit higher catalytic activity.*

Temperature is an important parameter affecting the activity of
enzymes, thus it was necessary to investigate the enzyme-like
activities of nanocrystalline ceria at biologically relevant tempera-
tures, too. At 37 °C, the lipo- and phospholipoperoxidase-like
activities of CeO, nanoparticles were higher than at 25 °C, by
approximately 40 £+ 2% (see Fig. S4 and S5 in ESIt). Interestingly,
when the temperature was increased from 25 to 37 °C, lipo- and
phospholipoperoxidase-like activity of deoxyhemoglobin increased
to a markedly higher extent. These observations are almost in line
with the milder prooxidant properties of nanoceria compared to
deoxyhemoglobin and the higher sensitivity of protein catalysts to
the influence of temperature than inorganic catalysts.

Analysis of the kinetics of lipid peroxidation induced by
CeO, nanoparticles, deoxyhemoglobin (Fe(u)) and Fe(m) car-
boxymaltose (Ferinject®) enabled the assumption of similar
mechanisms in relation to their prooxidant action. That is,
nanoceria-induced lipid or phospholipid peroxidation could be
similar to  conventional iron-assisted  peroxidation
(Fig. 8).°7°*77°1 CeO, NPs catalyse oxidation of both linoleic acid
and phosphatidylcholine peroxides, and free radicals are
consequently formed. The key difference between these cata-
lytic reactions are different reaction rates, phospholipid perox-
idation proceeding slower than lipid peroxidation.

New types of enzyme-like activities of ceria additionally
expand the scope of its practical applications. In particular,
artificial enzymes possessing specific activity can be used for
fine tuning enzyme-catalysed processes in living cells.
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Fig. 8 Schematic diagram showing the nanozyme activities of CeO,
nanoparticles towards oxidised lipids and phospholipids (LOOH =
linoleic acid hydroperoxide, PCOOH = phosphatidylcholine
hydroperoxide).

Non-enzymatic lipid oxidation is usually considered delete-
rious, while enzymatic peroxidation is considered beneficial for cell
survival and generates relatively few lipid regulators. However, both
processes often proceed simultaneously and may influence each
other. Recent studies have demonstrated that lipid peroxidation
products play an important role in signalling®>** through reactive
carbonyls such as malonic dialdehyde and 4-hydroxynonenal,
which are able to react with proteins and modify them.***® Lipid
aldehydes activate proinflammatory NF-xB signalling pathways.”
Non-enzymatic inducers of lipid peroxidation, such as iron or
copper complexes, react with lipid hydroperoxides, phospholipid
peroxides and hydrogen peroxide. Since CeO, NPs exhibit mostly
phospholipoperoxidase-like activity, they can act as a mild selective
agent for phospholipid peroxidation. Such an artificial triggering of
LPO-dependent signalling pathways would allow for a deeper
insight into pathological processes in the cells. On the other hand,
a relatively low lipoperoxidase-like activity is beneficial for the
possible use of nanoceria as a theranostic agent.”®*

Conclusions

In the present study, CeO, nanoparticles were shown to possess
two novel types of enzyme-like activity, namely lipoperoxidase
and phospholipoperoxidase activity. In the presence of ceria NPs,
organic peroxide substrates (linoleic acid hydroperoxide and
phosphatidylcholine hydroperoxide) decomposed catalytically to
form free radicals. The prooxidant capacity of CeO, was quanti-
tatively assessed using a chemiluminescent method with
a coumarin 334 luminescent probe. Lipoperoxidase-like activity
of nanoceria appeared to be lower than phospholipoperoxidase-
like activity, probably due to the higher tropism of ceria
towards phosphate groups. Both phospholipoperoxidase-like and
lipoperoxidase-like activities of nanoceria were significantly
lower than that of deoxyhemoglobin. Thus, CeO, nanoparticles
can act as a mild selective agent for phospholipid peroxidation.

Mild lipoperoxidase- and phospholipoperoxidase-like activ-
ities are advantageous for the possible biomedical applications
of CeO, nanoparticles as a lipid and phospholipid radical
regulator in living systems.
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