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ABSTRACT Nanoscale cerium oxide (CeQO-) is a bioavailable inorganic nanozyme exhibiting pronounced re-
dox activity and capable of acting as a delivery system for bioactive compounds. We have synthesized and
characterized novel CeO, nanoparticles modified with pyrroloquinoline quinone (CeO,@PQQ). TEM analysis
revealed the diameter of the CeO.@PQQ NPs to be approximately 4 nm, with a hydrodynamic diameter of
62 nm (DLS). Furthermore, the zeta potential was found to be —38 mV (ELS), and FTIR analysis confirmed
the adsorption of PQQ on the surface of CeO, NPs. The results demonstrated that CeO.@PQQ NPs exhib-
ited no cytotoxic effects on L929 cells within the concentration range of 0.1 — 10 uM and did not adversely
affect the mitochondrial function of the cells. It was demonstrated that CeO,@PQQ NPs exhibited protective
effects against L929 cells when induced with oxidative stress (200 uM H»O,), leading to preservation of cell
mitochondrial potential levels up to 76 % of control and cell viability up to 78 % before and after incubation with
Ce0.@PQQ NPs. The results indicate that CeO,@PQQ NPs can be regarded as a novel hybrid nanosystem
that exhibits mitochondrial-directed control of oxidative stress.
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1. Introduction

Oxidative stress and mitochondrial dysfunction represent a significant link in the pathogenesis of numerous patholog-
ical conditions and the process of ageing [1-4]. Under normal conditions, mitochondria are responsible for the majority
of free radical oxidation products generated by the electron transport chain and oxidative phosphorylation, and reactive
oxygen species (ROS) are a normal component of numerous metabolic processes within cells [5,6]. Nevertheless, dys-
functional mitochondria play an important role in the development of oxidative stress, and, as a result, become major
targets for ROS [7, 8]. Mitochondrial DNA damage resulting from oxidative stress can lead to impaired energy metab-
olism and the development of a variety of mitochondrial diseases (Alzheimer’s disease, diabetes, muscular dystrophy,
cardiomyopathy, etc.) [9—12]. The probability of oxidative stress is contingent upon the level of ROS produced and
their relative neutralization by the body’s defensive mechanisms, which encompass a complex array of endogenous low
molecular weight antioxidants (including superoxide dismutase, catalase, and glutathione peroxidase) [13—16]. When
endogenous antioxidant systems are unable to effectively neutralize the increased generation of ROS, exogenous antioxi-
dants can be introduced into biological systems to prevent the development of oxidative stress. The objective is to utilize
mitochondrial-directed antioxidant systems to regulate ROS levels and maintain mitochondrial function, while ensuring
high biocompatibility and catalytic activity. The utilization of both individual antioxidant compounds and the synthesis
of novel combination therapies can be employed for this purpose.

Nanozymes are regarded as a promising platform for the development of new antioxidants that exhibit enhanced char-
acteristics [17, 18]. Nanoparticles that have been functionalized with antioxidants or antioxidant enzymes have the ability
to neutralize ROS in a more efficient manner than traditional antioxidants. This is achieved through the enhancement of
intrinsic catalytic functions and the promotion of synergistic action with antioxidants [19].
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Cerium oxide nanoparticles (CeOy NPs) are considered to have promising potential for use as a combined antioxidant
due to their distinctive physicochemical properties. In nanoscale particles, the two oxidation states coexist on the nanopar-
ticle’s surface, thereby defining a dynamic redox switching process [20,21]. CeOy NPs are biocompatible nanozymes that
exhibit a range of biomimetic activities, including superoxide dismutase, catalase, glutathione peroxidase, photolyase
and phosphatase properties [22]. The mimesis of antioxidant enzymes depends on Ce™*/Ce™3 redox switching on the
nanoparticle’s surface, which may enable them to act as autoregenerative free radical scavengers [23-28].

Pyrroloquinoline quinone (PQQ) is known for its high free radical neutralizing activity [29,30]. Furthermore, recent
studies have demonstrated that PQQ may exert a targeted effect on mitochondria, promoting their biogenesis and partici-
pating in the regulation of redox processes within the respiratory chain, maintaining the level of intracellular NAD™' and
stimulating the activity of NAD-dependent enzymes [31-33].

Despite the exceptional properties exhibited by CeO, NPs and PQQ, no previous works have demonstrated the prop-
erties of the combined action of these two components. In particular, the activity of CeO2 NPs functionalized with
redox-active quinones in biological systems has not been established. It is presumed that the modification of CeOy NPs
with PQQ can provide a synergistic effect by combining both components in a single material and can therefore be consid-
ered as an innovative approach to combat oxidative stress. The nanoparticles exhibit dual functionality, they are capable
of neutralizing ROS that cause oxidative stress and simultaneously protecting the mitochondrial function of biological
systems.

The development of new nanoparticles allows for the enhancement of the properties of the individual components
and for the delivery of a more effective and focused therapeutic intervention. PQQ was selected as an agent capable of
synergizing with CeO., enhancing the antioxidant functions of CeOs and exerting a protective effect on mitochondria,
which are the key compartment of ROS formation in the cell.

In this study, we synthesized CeO, @PQQ NPs, studied the physicochemical properties of the nanoparticles, inves-
tigated their cytotoxicity on L929 cells, and examined the protective effects against 200 M HyO2-induced oxidative
stress.

2. Materials and methods
2.1. CeO,@PQQ NPs synthesis

The following reagents were used for the synthesis of CeO,@PQQ NPs: CeCl; - THyO (purity 99 %, Alfa Aesar,
USA), PQQ (purity 99 %, Xi’ An Horlden Bio Industries Inc, China), KOH (purity > 98 %, Lachema, Czech Republic),
NH4OH (25 %) (Dia-M, Russia). The nanoparticles were obtained via the precipitation method, which is described in
brief below: PQQ was added to water and then mixed with a twofold excess of KOH. Subsequently, CeCls - 7TH2O was
added to the resulting solution, which was then stirred vigorously on a magnetic stirrer. The developed nanoparticles were
then stabilized with 25 % NH4OH in the requisite quantity until the pH of the solution reached a range of 7.2 — 7.6.

2.2. Characterization of CeO, @PQQ NPs

The hydrodynamic size and zeta potential values were obtained via dynamic light scattering (DLS) and electrophoretic
light scattering (ELS), respectively, using a BeNano Zeta particle size analyzer (BetterSize, Dandong, China). UV-Vis
absorption and fluorescence spectra were measured in a quartz cuvette with an optical path length of 10 mm. Absorption
spectra were obtained on a Shimadzu UV-1800 spectrophotometer (Shimadzu, Japan). Fluorimeter Cary Eclipse (Agi-
lent Technologies, Australia) was used to obtain fluorescence spectra. Fourier Transform Infrared (FTIR) spectra were
recorded from powder samples on a FT-801 FTIR spectrometer (Simex, Russia). To obtain powder, samples were dried in
a freeze dryer (Labconco Corp, USA). The size and structural morphology of obtained NPs were observed using a trans-
mission electron microscope (TEM) Libra 120 (Carl Zeiss, Oberkochen, Germany) and scanning electron microscopy
(SEM) using a MIRA II LMU instrument (Tescan, Czech Republic) at an operating voltage of 20 kV.

2.3. Cell culture

Mouse fibroblasts (NCTC L929) were obtained from Theranostics and Nuclear Medicine Laboratory cryostorage
(ITEB RAS, Pushchino, Russia). 1.929 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 (1:1),
containing 50 ug/mL of penicillin, 50 pg/mL of streptomycin, 1 % of L-glutamine and 10 % of fetal bovine serum (FBS)
under 5 % CO; at 37 °C. The cells were seeded on 96-well plates at a density of 25000 cells/cm?. After the cells had
attached, the medium in the wells was replaced with fresh medium containing nanoparticles at concentrations of 0.1 —
100 puM. Cells in the control group were cultured in medium without added nanoparticles.

2.4. MTT assay

The determination of mitochondrial and cytoplasmic dehydrogenases activity in living cells was carried out using a
MTT assay based on the reduction of the colorless tetrazolium salt (3-[4.5-dimethylthiazol-2-y1]-2.5-diphenyltetrazolium
bromide, MTT, Sigma-Aldrich, USA). Briefly, CeO, @PQQ NPs were added to cells growing in 96-well plates (for 24,
48 and 72 h at 37 °C in humid air (98 %) containing 5 % COs). 3 h prior to the end of the exposure period, the supernatant
was removed, and MTT solution in phosphate-buffered saline (0.5 mg/mL, 100 uL/well) was added to the cells for 10 min.
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Upon the completion of the exposure period, the supernatant was removed, and a lysis solution containing 0.1 % sodium
do-decyl sulfate (Sigma-Aldrich, USA) solution in dimethyl sulfoxide was added. Plates were shaken for 10 min, placed
on a microplate spectrophotometer Multiskan FC (Thermo Fisher, USA), and the absorbance was read colorimetrically at
570 nm. Each experiment was repeated three times, with five replications.

2.5. LIVE/DEAD assay

Cell viability after co-incubation with nanoparticles was assessed using a BioRad ZOE Fluorescent Cell Imager.
Cells were seeded into 96-well plates and stained with Hoechst 33342 fluorescent dye (absorption — 350 nm, emission
— 461 nm) and a propidium iodide (PI) dye (absorption — 493 nm, emission — 636 nm). The dyes were added to the
DMEM/F12 without serum (1 pg/ml) and the plate was placed in a CO incubator for 15 min. Images were captured
after washing the cells with a phosphate-buffered saline. Five fields in each well for each cell group were examined. The
number of cells (total cells/dead cells) was calculated using the ImageJ software.

2.6. Mitochondrial membrane potential assay

The mitochondrial membrane potential was measured by staining cells with TMRE (tetramethylrhodamine ethyl ester,
ThermoFisher, USA) fluorescent dye followed by fluorescence microscopy analysis. After incubating with nanoparticles
for 24 hours, the medium was replaced with TMRE solution in Hanks’ buffer. The cells were subsequently photographed
using a ZOE fluorescence imager. The fluorescence intensity of the TMRE, which is indicative of mitochondrial mem-
brane potential levels in the cells, was quantified using ImageJ software. Three different areas on three separate micropho-
tographs were analyzed for quantitative assessment.

2.7. Measurement of mitochondrial ROS production

For analysis of mitochondrial ROS, cells were treated with 1 M MitoSOX (Invitrogen, USA) for 15 min and analyzed
using a ZOE fluorescence imager. The fluorescence intensity of reactive oxygen species (ROS) in each of 100 randomly
selected cells was quantified using ImageJ software. To ensure the accuracy of the scoring process, the data were scored
and analyzed independently by two investigators.

2.8. Okcxidative stress model in vitro

The protective action of CeO, @PQQ NPs was analyzed using experimental model of oxidative stress, whereby the
cells were treated with 200 uM H2O2 (30 %, Sigma-Aldrich, USA). In one case, nanoparticles were added to the cell
culture, then 24 hours later the cells were treated with HyO5 for 60 min. In another case, the cells were immediately
incubated with HyO5 for 60 min, after which the nanoparticles were added and the cells were incubated for 24 hours. At
the end of the incubation period, cytotoxicity tests were performed, including the MTT test and the LIVE/DEAD test, and
the level of mitochondrial status was examined by measuring the level of mitochondrial potential. All of the tests were
carried out as described in the methodology above.

2.9. Statistical analysis

The data obtained from the MTT test, LIVE/DEAD test, measurement of mitochondrial potential level and mitochon-
drial ROS level were presented as mean =+ standard deviation. The statistical analysis was performed using Welch’s t-test.
A p-value of less than 0.05 was considered to be statistically significant between the control and experimental groups.

3. Results and discussion

CeO, @PQQ NPs were prepared using the precipitation method, the proposed schematic structure of which is shown
in Fig. 1. To study the morphology and size of the obtained structures TEM images were analyzed (Fig. 2(D, E)). The
obtained samples were compared with CeO2 NPs (Fig. 2(A, B)), which have been previously obtained by our colleagues
and have been well described [34]. From the image, it can be seen that the obtained samples are nanoparticles with the
size ranging from 1.6 to 3.9 nm or aggregates of several nanoparticles. FTIR data (Fig. 2(G)) confirmed the similarity
of the obtained structures with CeO, NPs. The sharpband peak centered at 500 cm ™!, which match to Ce—O stretching
vibrations, confirmed the formation CeO, nanostructures [35].

The SEM and DLS data (Fig. 2(C, F, J)) differed from the TEM image analysis results. This can indicate the formation
of complexes or a large layer of adsorbed organic molecules. Nanocluster formation can occur due to the fact that PQQ
can bind to the Ne atom on the surface of CeO, NPs in three ways via quinone carbonyl oxygen, pyridine nitrogen, and
carboxylate [36]. The zeta potential of the obtained nanoparticles was found to be —38 mV (Fig. 2(K)), which is similar
to the zeta potential values of classical citric acid-coated CeOy NPs with a zeta potential of around —30 mV [37]. This
may indicate that the obtained nanoparticles possess high colloidal stability. PQQ is a multicharged anion, which gives
the particles a negative charge, ammonia in turn provides ionization of PQQ and sol stability due to repulsion.

According to infrared spectroscopy, PQQ has a characteristic spectrum from 500 to 1790 cm ™! (Fig. 2(G)). The spec-
tra of CeO, @PQQ NPs showed a series of characteristic peaks of PQQ. Thus, 1116 cm ™! indicates C—H bond, 1393 cm ™!
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FI1G. 1. Schematic representation of the proposed chemical structure of CeO, @PQQ NPs. The blue
line represents the conditional boundary of the nanoparticle

is characteristic for C—C bond in the aromatic ring [38] and 1543 cm ™! band indicates C-N [39] and 1505 cm ™' charac-
teristic of the C=0 stretching vibrations [40].

A spectrophotometric method was used to evaluate the sorption of PQQ on the surface of CeO2 NPs. PQQ absorption
spectrum is characterized by pronounced maxima at 248, 275 and 333 nm (Fig. 2(I)). During nanoparticles synthesis, the
transition of PQQ into anion changed the shape of the spectrum and shifted the maxima. Thus, when the anion PQQ3-
appeared in solution, the peak at 275 nm was significantly smoothed and the maximum at 333 nm is shifted to the
longer wavelength region [41]. Upon sorption of PQQ on the surface of CeOs NPs, there was a significant change in
the absorption spectrum of PQQ. The absorption maximum from 248 nm underwent a bathochromic shift to 257 nm.
The maximum at 275 nm disappeared, while the peak of the maximum at 333 nm broadened and decreased relative to
257 nm. Similar changes in the absorption spectrum of PQQ were observed upon addition of Eu, another element from
the lanthanide group [41]. PQQ has a characteristic fluorescence with a peak maximum at 480 nm (Fig. 2(H)) and the
shape of the fluorescence spectrum did not change upon adsorption on the surface of CeOg NPs.

L.929 mouse fibroblasts are a widely used cell culture for cytotoxicity studies and is frequently utilized as a standard
subject for biocompatibility studies of nanomaterials [42]. The cytotoxicity of the CeO, @PQQ NPs was evaluated using
the MTT assay, which assesses the metabolic activity of cells by measuring the activity of cellular NAD(P)H-dependent
oxidoreductases (Fig. 3(A)). The incubation of L929 cells with CeO, @PQQ NPs for 24 — 72 hours at concentrations of
0.1 — 2 uM did not result in any significant cytotoxicity. Conversely, the values of metabolic activity exhibited a notable
increase, reaching up to 112 %. This effect of increasing cell viability has been demonstrated in other studies involving
CeOs NPs, where it is presumed that such values can be correlated with the number of mitochondria in cells and the
participation of cytosolic enzymes [43]. However, in this study, this effect was only observed for the initial CeO2 @PQQ
NPs investigated (0.1 — 2 M), at which the differences between the control and the studied groups were not statistically
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different. However, the viability of L929 decreased to 46 % when incubated with 10 uM CeO, @PQQ NPs for 24 hours,
but this value increased to 65 and 88 % after 48 and 72 hours of incubation, respectively. Incubation of the 1L.929 cells
with CeO, @PQQ NPs at concentrations of 20 — 100 M resulted in a significant reduction in cell metabolic activity. The
incubation of 1929 cells with CeO, @PQQ NPs at concentrations of 20 — 100 M resulted in a significant reduction in
metabolic activity, with a decrease from 57 to 12 % being observed.
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F1G. 3. MTT assay (A) and LIVE/DEAD test (B) results obtained on mouse fibroblasts (L929). The
cells were incubated with CeO,@PQQ NPs in concentrations 0.1 — 100 pM. The test was carried out
after 24, 48, and 72 hours. Results are represented as a mean £ SD. The values of the metabolic activity
of cells are shown as a percentage of the control. Statistical significance was assumed for P-values
< 0.05: (*P < 0.05, **P < 0.01)

A LIVE/DEAD assay was used to visualize the distribution of live and dead cells of the 1.929. All cells were stained
with Hoechst 33342 (blue fluorescence), while dead cells were stained with propidium iodide (PI) (red fluorescence).
(Fig. 3(B)). A notable increase in the number of dead cells (approximately 25 %) was observed in the group with a
CeO2 @PQQ NPs concentration of 20 M. The number of dead cells exceeded 50 % when L.929 was incubated with
Ce0,@PQQ NPs at concentrations of 50 — 100 M. Consequently, CeO2 @PQQ NPs at concentrations of 0.1 — 10 uM
had no pronounced cytotoxic effect on L.929, but at concentrations of 20 — 100 M resulted in decreased metabolic activity
and cell death.

Mitochondrial membrane potential was evaluated through assessment of the cationic dye tetramethylrhodamine
(TMRE). The accumulation of TMRE within active mitochondria is due to the relative negative membrane potential
of these organelles (Fig. 4(A)). The mitochondrial potential values of the cells were obtained following a 24-hour incu-
bation period with CeO2, @PQQ NPs at a concentration range of 0.1 to 100 uM. It was demonstrated that a reduction in
mitochondrial potential values was observed when CeOs @PQQ NPs were incubated with concentrations of 20 — 100 M,
with a decrease of up to 75 % compared to the intact control.

The fluorescent dye MitoSOX is commonly used to detect ROS in mitochondria, particularly superoxide anions
(Fig. 4(B)). Following the incubation of L.929 cells with 1 — 100 uM CeO2 @PQQ NPs, the superoxide level exhibited no
significant changes in comparison to the control. The results demonstrated that CeO, @PQQ NPs at concentrations 1 —
10 M had no significant impact on mitochondrial function.

The exposure of cell cultures to HyOs is a widely employed method for the induction of oxidative stress [44,45].
L1929 cells were treated with HoO45 (200 M, 60 min) prior to and subsequent to incubation with CeO, @PQQ NPs. The
viability of 1929 cells incubated with CeO, @PQQ NPs at concentrations of 0.1 — 10 M was maintained at 63 — 78 %
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FIG. 4. Mitochondrial membrane potential (A) and mitochondrial ROS levels (B) results were obtained
on L929 cells following 24-hour incubation with CeO2 @PQQ NPs at concentrations of 0.1 — 100 M.
Results are represented as a mean £ SD. The values of the mitochondrial potential of cells are shown
as a percentage of the control. Statistical significance was assumed for P-values < 0.05: (*P < 0.05,
**P < 0.01)

before and after incubation with nanoparticles, as determined by the MTT assay (Fig. 5). Meanwhile, concentrations of
CeO2@PQQ NPs in the range of 20 — 100 M were found to negatively affect the metabolic activity of cells, reducing
cell viability by up to 15 %. The results of the LIVE/DEAD test exhibited a comparable pattern: the number of dead cells
in the concentration range of 0.1 — 10 M CeO; @PQQ NPs did not exceed 20 %, while 100 % of cells were observed to
be dead in the range of 20 — 100 uM (Fig. 6).

H20; treatment before H,O, treatment after
incubation with CeO,@PQQ NPs incubation with CeO0,@PQQ NPs
100 = **

©
o
1

-]
o
1

Viability,
% of Control

40 * %
20 e
U T T 1 T T 1
NN S S & & NN S D & &
o ORI SRR RN Q,g* o ORI A RN Q,g*

Concentration of CeO,@PQQ NPs, uM

F1G. 5. MTT assay results obtained on mouse fibroblasts (.929). The cells were incubated with
CeO, @PQQ NPs in concentrations 0.1 — 100 uM before and after HoO> treatment. The test was
carried out after 24 hours. Results are represented as a mean 4= SD. The values of the metabolic activity
of cells are shown as a percentage of the control. Statistical significance was assumed for P-values
< 0.05: (*P < 0.05, **P < 0.01)

According to TMRE fluorescence, after treatment of cells with HoOs, their mitochondrial potential decreased to
37 — 47 % (Fig. 7). Furthermore, following the incubation of cells in the presence of CeO, @PQQ NPs, a concentration
range of 0.1 — 100 M, mitochondrial potential was maintained at 48 — 76 % of control levels. Upon the introduction of
CeO, @PQQ NPs subsequent to Ho O, treatment, effective concentrations capable of inhibiting mitochondrial membrane
depolarization were observed to range from 0.1 to 2 M.

It can be postulated that the CeO, @PQQ NPs obtained may result in the reduction of HoO2-induced oxidative stress
in L929 cells. The depolarization of the mitochondrial membrane can be indicative of severe mitochondrial damage, given
that mitochondria are a major source of ROS within cells [46]. It is probable that the modification of CeO,NPs with PQQ
will not only enhance their catalytic activity for ROS neutralizing, but also have a beneficial impact on mitochondrial func-
tion [33]. The presence of the redox-active cerium ion may potentially accelerate redox reactions involving PQQ. Upon
induction of oxidative stress by the incubation of 1.929 cells with H2O5 at a concentration of 200 M, the nanoparticles
under investigation exhibited a preservation of cell viability at 63 — 78 % both before and after nanoparticle application,
and of mitochondrial potential at 48 — 76 % of control values across concentrations ranging from 0.1 to 10 M.
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FI1G. 7. Mitochondrial membrane potential results were obtained on L929 cells following 24-hour in-
cubation with CeO, @PQQ NPs at concentrations of 0.1 — 100 uM before and after HyO5 treatment.
Results are represented as a mean + SD. The values of the mitochondrial potential of cells are shown
as a percentage of the control. Statistical significance was assumed for P-values < 0.05: (*P < 0.05,
**P < 0.01)

4. Conclusions

Ce0O,@PQQ NPs were successfully obtained by precipitation method. The nanoparticles were characterized by a
variety of techniques, including TEM, SEM, DLS, ELS, FTIR and UV-Vis spectroscopy. The morphological study using
TEM and SEM revealed that the majority of CeO, @PQQ NPs exhibited a size range of up to 3.9 nm. The results of the
FTIR confirmed the formation of CeOs structures and demonstrated the presence of PQQ on the surface of CeOo NPs.
The results of the DLS analysis indicate that CeO2 @PQQ NPs have an average diameter of 62 nm in solution. The ELS
measurements yielded zeta potential of —38 mV, which is indicative of CeO2 @PQQ NPs sufficient colloidal stability. At
concentrations up to 20 M, no reduction in the mitochondrial potential values of 1.929 was observed. When oxidative
stress was induced by treating the 1929 cell line with HoO, at a concentration of 200 uM, the nanoparticles under
investigation demonstrated the capacity to preserve cell viability at 63 — 78 % before and after nanoparticle addition, as
well as to preserve mitochondrial potential at 48 — 76 % of control values at concentrations of 0.1 — 10 M. Consequently,
CeO2 @PQQ NPs may offer new opportunities to combat oxidative stress through their synergistic properties.
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