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Abstract. Colloidal solutions of cerium and selenium nanoparticles were synthesized using the laser ablation method
in deionized water. The resulting nanoparticle samples had a monomodal size distribution. The studied nanoparticles at
a concentration of 1011 NPs/ml inhibit the peroxidase activity of neutrophil myeloperoxidase by approximately
10-15%. At the same time, the average fluorescence intensity of neutrophils, which exhibit both CD11b and CD66b on
their surface, increases, which is a sign of degranulation of specific and gelatinase granules, as well as secretory vesicles.
The studied particles of cerium and selenium have the ability to initiate secretory degranulation of neutrophils in a dose-
dependent manner. After the addition of cerium nanoparticles to neutrophils, an increase in the production of hydrogen
peroxide by neutrophils was recorded. At the same time, the assembly of NADPH oxidase was probably activated in
neutrophils after they absorbed the nanoparticles. It has been shown that cerium and selenium nanoparticles are capable
of initiating the formation of neutrophil extracellular traps. In general, the data obtained suggest that cerium nanoparti-
cles in the considered range of concentrations contribute to a more pronounced activation of neutrophils under in vitro
conditions compared to selenium nanoparticles.

Keywords: NPs, selenium nanoparticles, cerium nanoparticles, neutrophils, immunomodulation, degranulation,
NETs formation, netosis, NADPH oxidase activity, pro-oxidant.

List of Abbreviations

NPs — nanoparticles

ROS - reactive oxygen species

PMA — phorbol ether; phorbol 12-myristate
13-acetate 4-O-methyl ether

MPO — myeloperoxidase

DPI — diphenyl iodonium

NETSs — neutrophil extracellular traps

H2DCFDA, DCF —2',7'-dichlorodihydroflu-
orescein diacetate

demand in industry include: carbon NPs, in-
cluding its various modifications (fullerenes,
nanotubes, graphene), titanium oxide, zinc ox-
ide, aluminum oxide, gold, iron, copper, cobalt,
and some others (Piccinno et al., 2012). Also, a
wide range of application possibilities for sele-
nium (Se NPs) and cerium (Ce NPs) NPs is re-
ported. For Se NPs, the application of these na-
nomaterials in agricultural technologies and the
food industry are of interest. (Garza-Garcia et
al., 2021), including as a fertilizer (Gudkov et

APC — allophycocyanin

Introduction

Currently, there is a rapid increase in the
scale of the market for nanomaterials and the
use of NPs in many industries (electronics,
medicine, chemical pharmaceuticals, biology,
etc.). At the same time, it’s expected that in the
next decade, nanotechnologies will be increas-
ingly introduced into various spheres of human
life (Lin et al., 2018; Sudha et al., 2018; Bar-
houm et al., 2022). The nanomaterials most in
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al., 2020). The use of selenium-based nano-
materials in biomedical applications is consid-
ered (Vinkovi¢ Vrcek, 2018): creating nano-
composites for targeted drug delivery (Var-
lamova et al., 2022; Varlamova et al., 2023), as
well as a number of other applications due to
the possible cytoprotective effect (Turovsky et
al., 2022; Varlamova et al., 2022; VVarlamova et
al., 2023), immunomodulatory (Khabatova et
al., 2022; Mal’tseva et al., 2022; Serov et al.,
2021), anticancer (Varlamova et al., 2021,
Geoffrion et al., 2020; Martinez-Esquivias et
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al., 2022), as well as antimicrobial (Serov et al.,
2023) and antifungal activity of Se NPs (Shah-
verdi et al., 2010).

Cerium and cerium oxide NPs are another
type of common nanomaterials that are of
great interest and occupy a significant place
among the total volume of produced nano-
materials (Tumkur et al., 2021). Due to the
presence of oxygen vacancies in cerium ox-
ide, they can act as a solid electrolyte in fuel
cells (Younis et al., 2016). Cerium oxide
NPs have received significant attention
from researchers in nanotechnology field
due to their applications as catalysts, fuel
additives, and self-healing antioxidants (Xu
& Qu, 2014). From the point of view of bi-
omedical use, Ce NPs and cerium oxide NPs
are characterized by antioxidant (Dhall &
Self, 2018; Nelson et al., 2016), radiopro-
tective (Kadivar et al., 2020; Zal et al.,
2018), anticancer as well as antibacterial ac-
tivity (Arumugam et al., 2015; Zhang et al.,
2019; Barker et al., 2022). However, the
currently available data on biocompatibil-
ity, geno- and cytotoxicity of cerium NPs
are insufficient to confirm their absolute bi-
osafety (Kalyanaraman et al., 2019).

It is obvious that the high volume of produc-
tion and the prevalence of application makes it
inevitable that nanomaterials enter the environ-
ment and, as a result, the human body. NPs can
enter the body in various ways: through the in-
haled air, with food, and also through the skin
(De Matteis, 2017). Therefore, for the safe use
of Se NPs and Ce NPs, it is necessary to com-
prehensively study the effect of these NPs un-
der in vitro conditions. Of particular interest is
the reaction of isolated cultures of immune cells
in response to the introduction of NPs (Kolta-
kov et al., 2022). It is known that among all hu-
man leukocytes, neutrophils are the most nu-
merous group. Neutrophils are phagocytes of
the “first line” of defense when exposed to xe-
nobiotics (Nauseef & Borregaard, 2014). In this
regard, it is extremely important to study the re-
actions of neutrophils in vitro in response to the
effects of Se NPs and Ce NPs: to evaluate
changes in NADPH oxidase activity, degranu-
lation, and netosis.

Materials and Methods

Synthesis and characterization of Se NPs
and Ce NPs

Ce NPs and Se NPs were obtained by laser
ablation in deionized water (Gudkov et al.,
2022). A solid target (selenium or cerium) was
placed at the bottom of the cuvette under a thin
layer of water (Sdvizhenskii & Lednev, 2022).
In this state, a solid target was irradiated with a
laser beam (A = 1064 nm; T =4-200 ns; f =20
kHz; P =20 W; Ep =1 mJ). The laser beam was
moved over the target surface using a TM 2D
galvanomechanical scanner (Ateko, Russia).
Depending on the parameters of laser radiation,
the speed and trajectory of the laser beam, as
well as the time of exposure, using laser abla-
tion, it is possible to obtain colloidal solutions
of NPs with specified characteristics (Ashikka-
lieva et al., 2022; Simakin et al., 2021). When
changing the parameters of laser radiation
pulses, it is also possible to achieve thermal and
non-thermal effects on the target (Matveeva et
al., 2022). The procedure for obtaining and
characterizing selenium NPs is described in de-
tail earlier (Turovsky et al., 2022). The concen-
tration of NPs and the hydrodynamic size were
evaluated using Zetasizer Ultra Red Label
(Malvern, UK).

Peroxidase activity of myeloperoxidase as-
sessment

Myeloperoxidase (MPQ) peroxidase ac-
tivity was recorded by spectrophotometric
method by the rate of o-dianisidine (0-DA)
oxidation. A standard sample for spectro-
photometric determination of MPO peroxi-
dase activity (2.5 nM) contained: phos-
phate-buffered saline (PBS) containing 8.3
mM Na;HPO4, 1.2 mM KH2POg4, 123 mM
NaCl and 2.7 mM KCI (pH 7.4), 50 uM
H.O2, 0-DA substrate (380 uM), and test
NPs at various concentrations. The reaction
was started by adding 50 uM H20>, and the
optical density of the sample was deter-
mined in the kinetic mode for 6-8 min at a
wavelength of 460 nm (ODueo). The meas-
urements were carried out at 23 °C on a
PB 2201  spectrophotometer  (SOLAR,
Minsk, Belarus).
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Secretory neutrophil degranulation assess-
ment

Secretory degranulation of neutrophils was
assessed by flow cytometry as described previ-
ously (Panasenko et al., 2022). Neutrophils
(1x108 cells/mL in PBS containing 1 mM CaCl;
and 0.5 mM MgClIy) were incubated with the
studied NPs at the required concentration or
with the standard neutrophil activator, PMA (50
nM), for 20 min at 37 °C. Then, a marker of ex-
ocytosis of the contents of specific granules, an-
tibodies against CD66b conjugated with FITC,
and a marker for secretion of gelatinase gran-
ules and secretory vesicles, antibodies against
CD11b conjugated with APC, were added to the
cell suspension at a concentration of 1% of the
volume and incubated for 5 min at room tem-
perature in darkness. The resulting cell suspen-
sion was analyzed using a CytoFocus flow cy-
tometer (Healicom, China). A laser with a
wavelength of 488 nm was used to excite FITC
fluorescence, and a 520 £+ 20 nm filter was used
for registration; APC excitation was carried out
by a laser with a wavelength of 638 nm, for reg-
istration — a filter at 660 + 20 nm. At least
50.000 neutrophils were recorded in each sam-
ple, and the data obtained was analyzed using
the software supplied with the flow cytometer.
The average fluorescence intensity of neutro-
phils carrying FITC-conjugated anti-CD66b
antibodies or APC-conjugated anti-CD11b an-
tibodies was used as a quantitative characteris-
tic characterizing secretory degranulation.
Background fluorescence intensity was sub-
tracted from all measurements.

Assessment of the activity of NADPH oxi-
dase of neutrophils

Neutrophil NADPH oxidase activity was as-
sessed by the production of H20; by the fluo-
rescent method using scopoletin, as shown ear-
lier (Gorudko et al., 2011). Scopoletin is a flu-
orescent substrate of horseradish peroxidase,
the oxidation of which in the presence of H20>
produces a non-fluorescent product. To 1 ml
suspension of neutrophils (106 cells/mL in PBS
with 1 mM/L CaClz, 0.5 mM/L MgCly, 37 °C)
containing 1 uM/L scopoletin, 20 pg/mL horse-
radish peroxidase and 1 mM/L NaNsz, NPs were
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added, and the kinetics of scopoletin oxidation
was recorded by a decrease in fluorescence in-
tensity at a wavelength of 460 nm (excitation at
a wavelength of 350 nm) on a computerized
spectrofluorimeter CM 2203 (SOLAR, Minsk,
Belarus). The rate of H202 production by the
cells was determined as the slope of the linear
section of the kinetic curve, which reflects the
decrease in the fluorescence intensity of sco-
poletin as a result of its oxidation by H202. As
a rule, to standardize the experimental condi-
tions, the reaction mixture was preliminarily
prepared by mixing aqueous solutions of 0.2
mM/L scopoletin, 2 mg/mL horseradish perox-
idase, and 0.1 M/L NaNs3 in a ratio of 1:2:2; uLL
of this solution to 950 uL of cell suspension.
Intracellular production of reactive oxygen
species (ROS) by neutrophils was assessed using
the H2DCFDA fluorescent probe by flow cy-
tometry. Neutrophils (1x108 cells/mL) were
loaded for 10 min at room temperature with a
fluorescent H2DCFDA probe (2.5 uM), after
which the cells were incubated with test NPs at
a concentration of 5% by volume or PMA (50
nM) for 15 min at 37 °C. DCF fluorescence in-
tensity was assessed using a CytoFocus flow cy-
tometer (Healicom, China), using a 488 nm laser
for fluorescence excitation and a 520 £ 20 nm
filter (FITC channel) for registration. At least
50.000 neutrophils were recorded in each sam-
ple, and the data obtained was analyzed using the
software supplied with the flow cytometer.

Evaluation of the formation of neutrophil ex-
tracellular traps (NETSs, netosis)

NETs formation was recorded by flow cy-
tometry. Neutrophils were incubated with the
test compounds at various concentrations for
30-60 min at 37 °C, and then, if necessary, the
standard NETs formation inducer, PMA (25
nM), was added and incubated for another 30
min at 37 °C. Next, SYTOX Green (50 nM),
which binds to nucleic acids when the cell
plasma membrane is damaged, and anti-MPO
antibodies conjugated with the Cy5 fluorescent
label were added to the neutrophil suspension
and incubated for 5 min at room temperature in
the dark. To excite SYTOX Green fluores-
cence, a laser with a wavelength of 488 nm was
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used; for registration, a filter of 520 + 20 nm
(FITC channel) was used; Cy5 excitation was
carried out with a laser with a wavelength of
638 nm; for registration, a filter at 660 = 20 nm
(APC channel) was used. The fluorescence in-
tensity of neutrophils stained with SYTOX
Green and Cy5-conjugated anti-MPO antibod-
ies was assessed using a CytoFocus flow cy-
tometer (Healicom, China). At least 30.000
neutrophils were recorded in each sample, and
the data obtained were analyzed using the soft-
ware supplied with the flow cytometer. The fol-
lowing quantitative characteristics characteriz-
ing netosis were chosen: % of SYTOX Green-
positive neutrophils, average fluorescence in-
tensity of neutrophils stained with SYTOX
Green, average fluorescence intensity of neu-
trophils carrying Cy5-conjugated anti-MPO an-
tibodies on their surface.

Results

Colloidal solutions of cerium (Cel, Ce2) and
selenium (Se) NPs were synthesized using the
laser ablation method in deionized water. The
NPs samples had a monomodal size distribu-
tion. The average hydrodynamic diameter of
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cerium NPs is about 185 and 280 nm for Cel
and Ce2 NPs, respectively. The average size of
Se NPs is about 130 nm. At concentrations up
to 10 Se NPs/ml, there was no aggregation in
the colloidal solution. The maximum distribu-
tion of the zeta potential of colloidal solutions
of NPs was 19.7, 1.2, and 16.6 mV for Cel,
Ce2, and Se NPs, respectively.

According to the results of the study of the
effect of cerium and selenium NPs on the pe-
roxidase activity MPO (cell-free medium), it
was found that the studied NPs suppress the pe-
roxidase activity of MPO by approximately
10-15% (at a concentration of 10% by volume),
and, therefore, in this concentration range do
not have a pronounced antioxidant activity
(Fig. 2).

Analysis of the effect of Ce and Se NPs on
neutrophils degranulation showed that after cell
incubation with PMA (50 nM, 20 min at 37 °C,
positive control), the average fluorescence in-
tensity of neutrophils exhibiting both CD11b
and CD66b on their surface increases (Fig. 3),
which confirms that PMA causes degranulation
of specific and gelatinase granules, as well as
secretory vesicles.
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Fig. 1. Characteristics of the synthesized samples of Ce NPs and Se NPs.
Concentrations and size distributions of NPs (top row of graphs) and NP zeta potential

(bottom row of graphs)
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Fig. 2. Effect of Ce and Se NPs on peroxidase activity
evaluated by spectrophotometric method from the oxida-
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Fig. 3. Histograms of forward and side scatter light and fluorescence intensity of neutrophils incubated
with APC-conjugated anti-CD11b and FITC-conjugated anti-CD66b antibodies in control (upper row of
images) and after incubation with PMA
(lower row of images)
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The studied Ce and Se NPs have the ability
to initiate secretory degranulation of neutro-
phils in a dose-dependent manner. The maxi-
mum effect (for a concentration of 7.5% by vol-
ume) was provided by Ce2 NPs (Fig. 4).

The study of the effect of Ce and Se NPs on
the NADPH oxidase activity of neutrophils
showed that after adding Cel NPs to the suspen-
sion of neutrophils (Fig. 5.), a dose-dependent
significant decrease in the intensity of scopoletin
fluorescence was recorded, which indicates the
production of H2O. by neutrophils. In the pres-
ence of diphenylene iodonium (DPI), an inhibitor
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of flavin enzymes, no decrease in the intensity of
scopoletin fluorescence in the neutrophil suspen-
sion was observed after the addition of Cel NPs,
which indicates activation of the NADPH oxidase
assembly of neutrophils after the addition of NPs.
A dose-dependent activation of NADPH oxidase
was also observed after the addition of Ce2 NPs
to the suspension of neutrophils (Fig. 6).

Assembly of NADPH oxidase can be acti-
vated in neutrophils after they have taken up the
NPs, since H2O2 production wasn’t detected
when neutrophils were pretreated with cyto-
chalasin B (2.5 ug/mL) (Fig. 7).
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Fig. 4. The effect of Ce (Cel and Ce2) and Se NPs on neutrophils degranulation evaluated
by flow cytometry by exposure on the surface of CD11b (A) and CD66b (B) cells
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Fig. 5. Typical kinetic curves of scopoletin oxidation by neutrophils after the NPs addition: Cel NPs
(1.25% by volume) (1), Cel NPs (2.5% by volume) (2), Cel NPs (5% by volume) in the absence
and presence of DPI (100 pM) (3 and 4, respectively). Suspension of neutrophils (2x10° cells/mL)
in PBS contained 1 mM/L CaCls, 0.5 mM/L MgCl., 1 pM/L scopoletin,

20 pg/mL horseradish peroxidase and 1 mM/L NaNj3
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Fig. 6. Influence of Ce and Se NPs on the production of H,O2 by neutrophils
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Fig. 7. Typical kinetic curves of scopoletin oxidation by neutrophils after the addition
of Cel NPs (5% by volume) in the absence (1) and presence of cytochalasin B (2.5 ug/ml),
respectively. Suspension of neutrophils (2x10° cells/mL) in PBS contained 1 mM/L CaCly,
0.5 mM/L MgClz, 1 uM/L scopoletin, 20 pg/mL horseradish peroxidase and 1 mM/L NaN3

Further, the effect of NPs on the intracellular
ROS production was studied by flow cytometry
using H2DCFDA. After cell incubation with
PMA (50 nM, 15 min at 37 °C, positive con-
trol), the mean fluorescence intensity of neutro-
phils loaded with H2DCFDA increased, indi-
cating intracellular ROS production (Fig. 8).

Ce NPs activated intracellular ROS pro-
duction in neutrophils. At the same time,
Ce2 NPs had the greatest stimulating effect

(Fig. 9).
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The effect of Cel, Ce2 and Se NPs on the
formation of neutrophil extracellular traps
(NETSs, netosis) was studied. The results ob-
tained indicate that after cell incubation with
PMA (25 nM, 30 min at 37 °C, positive con-
trol), the number of SYTOX Green-positive
events and the intensity of fluorescence from
the Cy5 label conjugated with anti-MPO anti-
bodies increase (Fig. 10). In the presence of
Cel and Ce2 NPs, the number of SYTOX
Green-positive neutrophils increased com-
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pared to the control, which indicates the
ability of the above NPs to initiate the for-
mation of NETs (Fig. 11). This effect seems
to be associated with the ability of the NPs
to activate the respiratory burst of neutron-

Control PMA

phils, followed by the production of ROS.
In addition, it was found that Ce2 NPs had
a priming effect on PMA-induced netosis,
which was detected by exposure of anti-
MPO antibodies on NETSs.
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ing Cy5-conjugated antibodies against MPO on their surface in samples incubated with the studied NPs
(5% of the volume, 30 min) and PMA (25 nM, 30 min) (B)

Discussion

Ce NPs (Cel, Ce2) and Se NPs samples
obtained by laser ablation had a monomodal
distribution of hydrodynamic diameter,
which was 185 and 280 nm for Ce NPs (Cel
and Ce2, respectively) and 130 nm for Se
NPs. The zeta potentials of colloidal solu-
tions were 19.7, 1.2, and 16.6 mV for Cel,
Ce2, and Se NPs, respectively. The charac-
teristics of the obtained Se NPs are compara-
ble with the samples used in the previous
work (Mal’tseva et al., 2022).
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According to the results obtained, cerium
and selenium NPs didn’t have antioxidant ac-
tivity in the considered range of concentrations
(Fig. 2). The application of Ce and Se NPs pro-
moted neutrophil degranulation, which was
manifested in a significant increase in expres-
sion of CD11b and CD66b on the neutrophils
surface (Fig. 3). The effect was dose-dependent
and was most pronounced when cerium NPs
were added at higher concentrations (7.5% by
volume) (Fig. 4). The addition of Cel and Ce2
NPs contributed to an increase in the activity of
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NADPH oxidase of neutrophils, which mani-
fested itself in a significant increase in the produc-
tion of H20: (Fig. 5-7).

A dose-dependent formation of intracellular
ROS in neutrophils was also observed with the
addition of Cel and Ce2 NPs (Fig.8,9). Along
with other mechanisms of ROS generation in
aqueous media (Shcherbakov, 2022), the activity
of NPs against cellular NADPH oxidase is con-
sidered as one of the key possible mechanisms for
generating high concentrations of intra- and ex-
tracellular ROS (Petty, 2016). A number of stud-
ies have shown that NPs-mediated hyperactiva-
tion of NADPH oxidase contributes to the devel-
opment of oxidative stress (Meghea, 2020; Rozh-
kova et al., 2015). In addition, it was found that
the addition of Cel and Ce2 NPs stimulated neu-
trophil netosis (Fig. 10). Notably, no significant
increase in NETs formation was observed with Se
NPs (Fig. 10). Ce2 NPs also had a priming effect
on PMA-induced netosis, which was expressed in
an increase in the expression of anti-MPO anti-
bodies on NETSs (Fig. 11).
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Conclusion

Thus, the synthesized samples of cerium and
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