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ABSTRACT

Redox-active nanocrystals of cerium dioxide (CeO2) are of interest as antioxidants; therefore, it is relevant to study the potential ability of these 
nanocrystals to correct prooxidant markers in irradiated cell culture in vitro.

THE PURPOSE of the study was to evaluate the effect of redox-active spherical nanocrystals of cerium dioxide on markers of oxidative stress 
induced by γ-irradiation in a two-dimensional culture of rat lung fibroblasts.

MATERIALS AND METHODS. The culture of lung fibroblast isolated from Wistar rats was incubated with cerium dioxide nanocrystals at a con-
centration of 2.5 μg/L for one hour, and then irradiated at a dose of 0.75 Gy. The concentration of 8-isoprostane was determined by spectro-
photometry. The concentration of free oxygen species and the degree of lipid peroxidation in living cells were determined by fluorimetry. 
Visualization and measurement of fluorescence intensity were performed by confocal laser scanning microscopy.

RESULTS. 3 hours after irradiation under the conditions of pre-incubation with CeO2 nanocrystals, the content of reactive oxygen species, the 
level of lipid peroxidation, and the content of 8-isoprostane were significantly decreased in rat lung fibroblast culture. At the same time, incuba-
tion with cerium dioxide nanocrystals much more effectively reduced the content of reactive oxygen species in the cytoplasm of cells than in 
their nuclei and nucleoli in particular.

CONCLUSION. Preincubation of rat lung fibroblasts in vitro with СeО2 nanocrystals can significantly reduce the oxidizing effects of ionizing 
radiation.
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Depending on the dosage and exposure localization, radiotherapy 
may induce severe injuries to the connective tissue cells of the skin, 
lungs, heart, intestine, etc. [1, 2] A serious side effect of radiation therapy 
is dermatitis. Almost 95% of patients develop from moderate to severe 
skin reactions following radiation treatment [3]. Subsequently, radiation-
induced fibrosis develops from months to years after initial radiation ex-
posure [4]. Therefore, additional therapy strategies to mitigate radiation 
side effects are in pressing need. Recently, cell transplantation methods 
to mitigate the side effects of radiotherapy have attracted much atten-
tion in clinical care. Among them, both radiotherapy and mesenchymal 
stem cells are widely used because they are readily available and capable 
of mesodermal differentiation and immunomodulation [5]. Importantly, 
recent preclinical and clinical studies have shown that transplantation of 

adipose-derived stem cells and autologous non-irradiated skin fibroblasts 
may be of therapeutic benefit in reversing detrimental changes to soft tis-
sue after radiation therapy [6, 7].

However, radiation therapy also damages healthy cells. In addition, it 
is known that irradiation of tumors leads to an increase in free oxygen spe-
cies in tissues in the path of gamma radiation, which can cause oxidative 
stress or death of normal cells [8, 9]. One of the main drivers for the de-
velopment of radiation-induced fibrosis is reactive oxygen species (ROS) 
generated immediately after radiation exposure [10, 11]. The generation 
of ROS is known to induce epigenetic changes and cause the differentia-
tion of fibroblasts [12]. Radiation-induced metabolic reprogramming of fi-
broblasts regulates the cancer microenvironment. In particular, radiation-
modulated fibroblasts are the cause of a high frequency of breast cancer 
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recurrence with a triple-negative result. Radiation-resistant fibroblasts 
and circulating tumor cells survive in part due to ROS-dependent changes 
in their metabolic profiles. It is known that radiation-damaged fibroblasts 
accumulate lipids up to 7 days after treatment [13]. Therefore, the use of 
antioxidant compounds as a component of cell transplantation to prevent 
radiation-induced epigenetic changes is urgently needed.

During the last few years, antioxidant substances, such as super-
oxide dismutase, tocopherol, ascorbic acid, astaxanthin, resveratrol and 
eugenol, have received increasing interest as potential therapeutic anti-
oxidant agents. These substances have demonstrated their efficacy in 
balancing ROS metabolism [14]. However, many of these agents have not 
been successfully tested in clinical trials for the prevention and treatment 
of various diseases, mainly due to their non-specificity [15]. Recently, 
redox-active cerium oxide nanoparticles have emerged as a new power-
ful antioxidant agent with therapeutic properties. CeO2 nanocrystals have 
been reported to act as a ROS scavenger and have multi-enzyme mimetic 
activity, including superoxide dismutase activity (deprotonation of super-
oxide anion to oxygen and hydrogen peroxide), catalase activity (conver-
sion of hydrogen peroxide to oxygen and water), and peroxidase activity 
(reduction of hydrogen peroxide to hydroxyl radicals) [16, 17, 18, 19]. 
Unlike other antioxidants, CeO2 nanocrystals are active only at pathogenic 
levels of ROS, being inert and harmless to healthy cells, in particular, hu-
man fibroblasts in vitro [20].

Therefore, it is relevant to study the potential ability of redox-active 
CeO2 nanocrystals to correct pro-oxidative markers in irradiated cell cul-
ture in vitro.

The AIM of the study was to evaluate the effect of redox-active spheri-
cal nanocrystals of cerium dioxide on markers of oxidative stress induced 
by γ-irradiation in a two-dimensional culture of rat lung fibroblasts.

Fibroblasts obtained from the lungs of 3-month-old (140-160 g) Wis-
tar male laboratory rats (n = 2) were used for the study. All animal studies 
were carried out in accordance with the international principles of the “Eu-
ropean Convention for the protection of vertebrate animals used for ex-
perimental and other scientific purposes” (Strasbourg, 1998) and norms 
of biomedical ethics according to the Law of Ukraine “On the Protection 
of Animals from Cruelty” (Kyiv, 2006). The animals were euthanized with 
an overdose (50 mg/kg) of sodium thiopental (Brovapharma, Ukraine). 
Every effort was made to minimize the number of animals used in the 
experiment and their discomfort.

The lungs were harvested immediately (without perfusion) from 
freshly euthanized adult rats and stored in 5 ml Dulbecco’s PBS (Gibco™, 
USA) that contained 200 U/mL collagenase type 2 (Merck Millipore, USA), 
100 U/mL DNase 1 (Merck Millipore, USA), 120 μg/mL penicillin, 100 μg/mL 
streptomycin in 60 mm cell culture dishes under a sterile cell culture 
hood. The lungs were shredded using autoclaved scissors, about 200 
times. The isolated and shredded lungs were incubated for 30 min at  
37 °C in Dulbecco’s PBS (Gibco™, USA), continuously stirred (120 rpm) 
on a mini orbital shaker-incubator (VWR, USA) to ensure that all the pie-
ces of lung tissue do not clump.

After that, the cells were filtered through a 40 μm nylon screen insert 
(Biologix, Germany) to remove cell aggregates. The cells were centrifuged 
1000 rpm for 5 min and rinsed twice by Dulbecco’s PBS (Gibco™, USA) on 
a Durafuge 200 centrifuge (Thermo Scientific, USA).

Total cell amount and viability in primary suspension were counted 
on an Countess counter (Invitrogen, USA) using 0.4 % trypan blue solu-
tion (Molecular Probes, USA). The mean viability of the cells in primary 
suspension was 92.0 ± 0.5 %.

It is known that Thy-1 is a cell surface glycoprotein expressed hetero-
geneously in fibroblasts in the normal lung [21, 22]. Thy-1-positive fibro-
blasts were separated via immunomagnetic separation using CD90/Thy1 
antibody [7E1B11] (ab181469, Abcam, UK), EasySep™ Rat Custom Posi-

tive Selection Kit immunomagnetic kit (Stemcell Tec., Germany) and a 
DynaMag™ Magnet (Invitrogen, USA) as described by the manufacturer.

Thy-1-sorted fibroblasts were seeded at a density of 1.5∙104 cells/well 
in a Millicell EZ SLIDE 8 (Merck Millipore, USA) well glass slide and al-
lowed to grow in Dulbecco’s Modified Eagle Medium (Gibco™, USA) 
supplemented with 10 % Fetal Bovine Serum (Gibco™, USA), 2 mM  
L-glutamine (Invitrogen, USA) and 1 % “Antibiotic-Antimycotic Solution” 
(Gibco™, USA) using a Galaxy 14S (Eppendorf, Germany) СО2-incubator 
(37 °С, 96 % RH and 5 % СО2) for 10 days until 80-85% confluence. 
The non-adherent cells and Thy-1-magnetic microbeads were removed in  
48 h incubation after the first medium change.

Fibroblast cultures were tested for mycoplasma contamination using 
the “MycoAlert® Mycoplasma Detection Kit” (Lonza Inc., Switzerland) and 
a Sirius L luminometer (Titertek Berthold, USA). Cell viability was de-
termined by confocal microscope FV10i-LIV (Olympus, Japan) using the 
“Cell Viability Assay Kit Fluorometric – Green” (Abcam, United Kingdom).

Citrate-stabilized cerium oxide (CeO2) spherical nanoparticles  
(D = 1-2 nm) were used in the study. The nanoparticles were synthesized 
in the Yu. V. Malyukin Nanostructured Materials Department of the Insti-
tute for Scintillation Materials of NAS of Ukraine. The nanoparticle sus-
pension was sterilized via filtration using 0.22 μm syringe filter (Millipore, 
USA) and autoclaving.

Nanocrystals were added to the nutrient medium one hour before 
irradiation until their final concentration in the medium of 2.5 μg/L. It 
was shown that the incubation of cells with cerium dioxide nanocrystals  
1-10 nm in size does not have cytotoxic properties in this concentration 
[23, 24].

Fibroblast cultures were divided into 4 groups:
	– Group 1 – cultures without exposure to nanocrystals and irradiation 
(n = 72),

	– Group 2 – cultures without irradiation but with exposure to nano-
crystals (n = 72),

	– Group 3 – cultures with irradiation and without exposure to nano-
crystals (n = 72),

	– Group 4 – cultures with irradiation after incubation with nanocrys-
tals (n = 72).

1 n corresponds to 1 well of a Millicell EZ SLIDE (Merck Millipore, 
USA) slide with a monolayer of cells.

Lung fibroblasts were incubated with nanocrystals for one hour, after 
that the nutrient medium was replaced with nanoparticle-free Dulbecco’s 
Modified Eagle Medium (Gibco™, USA) supplemented with 10 % Fetal Bo-
vine Serum (Gibco™, USA), 2mM L-glutamine (Invitrogen, USA) and 1 % 
“Antibiotic-Antimycotic Solution” (Gibco™, USA) and irradiated with the 
ROCUS AM (Co60) gamma complex.

The irradiation dose was 0.75 Gy (104 kV, 9 mA; 0.2 Gy/minute; 
irradiation duration 225 seconds) and corresponded to the range of sin-
gle doses used in radiation therapy. A single focal dose in clinical exter-
nal beam radiation therapy is 0.3-5 Gy [25, 26], while a single dose of 
0.7-1.1 Gy is recommended as a tolerable single dose, which reduces the 
likelihood of radiation complications [27, 28].

An increase in the number of non-viable cells becomes probable at 
the 6th hour of observation. Since the effectiveness of the negative conse-
quences of radiation damage correction is correlated with the time after 
irradiation, it is of the greatest interest to evaluate the ability of redox-
active nanocrystals of cerium dioxide to correct the prooxidant status of 
cells in the first hours after irradiation, when irradiation has not yet led 
to significant cell death. Under the conditions of this experiment, the re-
search time of 3 hours meets these requirements (Fig. 1).
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3 hours after irradiation, each group was divided into 3 parts (for 
each oxidative stress marker determination). In the first part (n = 24), 
the content of free oxygen species was determined in living cells. In the 
second part (n = 24), the degree of lipid peroxidation was determined 
in living cells. The third part (n = 24) was incubated in a lysing solution 
0.05M EDTA + 1 % Triton X100, (BioWest, France) under the conditions 
of rotary mixing on an Invitrogen HulaMixer shaker (Thermo Scientific, 
USA) for 15 minutes at 10 rpm and a temperature of 4 °C to determine the 
content of 8-isoprostane in the lysate.

The concentration of free oxygen species and the degree of lipid per-
oxidation in living cells were determined by fluorimetry using “Cellular 
Reactive Oxygen Species Detection Assay Kit (Orange Fluorescence)” 
(Abcam, United Kingdom) and “Lipid Peroxidation Assay Kit (ab243377, 
Cell-based)” (Abcam, United Kingdom) kits, respectively. Visualization 
and measurement of fluorescence intensity were performed by confocal 
laser scanning microscopy FV10i-LIV (Olympus, Japan) using cellSense 
Dimension software (Olympus, Japan). Determination of 8-isoprostane 
concentration was carried out by spectrophotometry using “Isoprostane 
(8-iso-PGF2a) Serum, Tissue ELISA kit” (BioAssay™ Systems, USA). The 
measurements were performed on an FL-600 multimodal microplate 
reader (Bio-Tek, USA) with KC4 software (Bio-Tek, USA).

Data were compared and evaluated using the Shapiro-Wilk normality 
test for n < 30 (n = 24) and the nonparametric Mann-Whitney U-test for 
two independent groups (each parameter – a separate group) using PAST 
v. 3.17 software (Oyvind Hammer, freeware license). All data were pre-
sented as mean and standard deviation (M ± m). The difference between 
the studied parameters was considered statistically significant at a value 
of p < 0.05.

It was found that the incubation of lung fibroblasts with nanocrys-
tals of cerium dioxide at a concentration of 2.5 μg/L does not affect the 
concentration of reactive oxygen species in cells compared to the control 
group without exposure to nanocrystals and irradiation (Fig. 2, 4).

3 hours after γ-irradiation of fibroblasts (group 3), an almost 3-fold 
increase in the content of reactive oxygen species in the culture was ob-
served compared to the cells that were not irradiated and not incubated 
with nanocrystals, and to the cells that were not irradiated but incubated 
with nanocrystals (groups 1, 2). The incubation of cells with nanocrystals 
before irradiation led to a 2-fold decrease in the content of reactive oxy-
gen species compared to irradiated cells (group 4), however, did not lead 
to a complete normalization of their content.

It is known that irradiation causes a decrease in the activity of super-
oxide dismutase and catalase, which leads to an increase in lipid peroxi-
dation [30]. The incubation of the cells with nanocrystals before irradia-
tion led to a significant decrease in the level of lipid peroxidation and the 
content of 8-isoprostane compared to irradiated cells but did not lead to 
a complete normalization of their content. 4f-orbitals of rare earth metals 
are shielded by 5p and 4d-electrons, which determines the ability of rare 
earth metals to exhibit catalytic properties. Unlike most rare earth metals, 
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Fig. 2. Photomicrographs of CLSM-visualization of changes 
in ROS content in lung fibroblast culture (top row – phase 
contrast images, bottom row – fluorescence images). Cells 
were observed using identical parameters. Scale bar – 20 μm

Fig. 3. Photomicrographs of CLSM-visualization of changes 
in lipids peroxidation level in lung fibroblast culture (top 
row – phase contrast images, bottom row – fluorescence 
images). Lipid Peroxidation Assay Kit uses a sensitive 
ratiometric sensor that changes its fluorescence from red to 
green upon peroxidation by ROS in cells; this peroxidation-
dependent shift enables the ratiometric measurement of 
lipid peroxidation. Cells were observed using identical 
parameters. Scale bar – 40 μm

Fig. 4. The content of reactive oxygen species, lipid 
peroxidation level, and the content of 8-isoprostane in the 
culture of rat lung fibroblasts. 

Notes: * – p < 0.05 compared to group 1; # – p < 0.05 
compared to group 2; + – p < 0.05 compared to group 3. 

According to the photographs, the incubation with cerium dioxide 
nanocrystals much more effectively reduces the content of ROS in the 
cytoplasm of cells than in their nuclei and nucleoli, in particular. This may 
be due to the fact that nanocrystals with a diameter of 2 nm are not able 
to penetrate into the nucleus and a significant part of them falls on the 
plasma membrane of the cell and the cytoplasm.

It is known that isoprostanes are formed as a result of free radical 
peroxidation of lipoproteins [29]. Ratiometric studies showed (Fig. 3, 4) 
that the incubation of lung fibroblasts with cerium dioxide nanocrystals at 
a concentration of 2.5 μg/L does not affect the level of lipid peroxidation 
and the content of 8-isoprostane in cells compared to the group without 
exposure to nanocrystals and irradiation. The γ-irradiation of the cells led 
to a rapid increase in the level of lipid peroxidation in a culture compared 
to the cells that were not irradiated and not incubated with nanocrystals, 
and to the cells that were not irradiated but incubated with nanocrystals.
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cerium can exist in both the 3+ and 4+ states. Thus, cerium oxide exists as 
both CeO2 and Ce2O3. However, at the nanoscale, cerium oxide has a mix-
ture of cerium in the 3+ and 4+ states. At the same time, as the diameter 
of the nanoparticles decreases, the number of sites with the 3+ oxidation 
state on the surface increases. There is a decrease in the oxidation state 
of cerium (from Ce4+ to Ce3+) and an increase in the number of oxygen va-
cancies on the surface of the СeО2 nanocrystals. Cerium ions can “switch” 
between two valence states (Ce4+ and Ce3+) on the surface of a СeО2 nano-
crystal under the conditions of an aqueous solution, which underlies the 
antioxidant, enzyme-mimetic activity of СeО2 nanocrystals, in particular, 
catalase-like and superoxide dismutase-like activity [31, 32, 33].

Although there are some concerns about the cellular toxicity of ceria-
based nanoparticles, there are very few reports regarding the biologically 
harmful effects of CeO2 nanocrystals. It is known that some of the types of 
CeO2 nanoparticles induced oxidative stress and cell death in human lung 
epithelial cells in vitro [34]. It is important to note that these particles are 
significantly larger (15-45 nm) than the nanoparticles used in the experi-
ments discussed, where the mean diameter of our nanoparticles is 2 nm. 
The size of a nanoparticle affects the free radical scavenging ability of the 
particle by changing the ratio of cerium (III) to cerium (IV) [35]. Further-
more, to demonstrate the toxicity of CeO2 nanoparticles, the investiga-
tors exposed the cells to CeO2 nanoparticles at doses ~1000 times higher  
(5-40 μg/mL) than the effective radioprotective dose we used (2.5 μg/L).

CeO2 nanoparticles exhibit selective radioprotection of lung fibro-
blasts in vitro – nanoparticles selectively conferred protection against 
radiation-induced cell death in normal cells but not cancer cells. Irradi-
ated normal human lung fibroblasts pretreated with CeO2 nanoparticles 
(10 nm) were shown to have increased viability compared to irradiated 
normal cells that did not receive CeO2 nanoparticle treatment. When the 
same experiment was performed on a human non-small cell lung cancer 
cell line, there was no radioprotection [36, 37].

Ultra-small cerium oxide nanocrystals were synthesized with citric 
acid as a stabilizing agent. Citric acid adsorption onto the CeO2 nanopar-
ticle surface can create a stable dispersion for extended shelf life, which 
is a very important criterion for a potential cell-culture-based therapeutic 
agent.

A radioprotective antioxidant agent should have important qualities 
that would make it ideal for the use as a radioprotective agent during radi-
ation therapy – the agent should reduce radiation damage to normal cells 
in the area of radiation therapy or to normal cells via preliminary incuba-
tion before injecting a cell suspension in the irradiated area. Ultra-small 
cerium oxide-based nanoparticles meet these criteria and are promising 
for use in preclinical in vivo studies.

The preliminary incubation of fibroblasts with the smallest (2 nm) CeO
2 nanocrystals available in size can significantly reduce the oxidizing 

effects of ionizing radiation and make this type of nanomaterial promising for the use in cell therapy.

CONCLUSION
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РЕЗЮМЕ

Редокс-активні нанокристали діоксиду церію (СеО2) цікаві для медичної науки як антиоксиданти. Тому є актуальним дослідження по-
тенційної здатності нанокристалів СеО2 до корекції проокисних показників у опроміненій культурі клітин in vitro.

МЕТА ДОСЛІДЖЕННЯ. Оцінити вплив редокс-активних сферичних нанокристалів діоксиду церію на маркери окисного стресу, індуко-
ваного γ-опроміненням, у двовимірній культурі фібробластів легень щурів.

МАТЕРІАЛИ І МЕТОДИ. Культуру фібробластів легень щурів лінії Вістар інкубували з нанокристалами діоксиду церію у концентрації 
2,5 мкг/л протягом однієї години, а потім опромінювали у дозі 0,75 Гр. Концентрацію 8-ізопростану визначали спектрофотометрично. 
Методом флуориметрії визначали концентрацію вільних форм кисню та ступінь перекисного окиснення ліпідів у живих клітинах. Ві-
зуалізацію та вимірювання інтенсивності флуоресценції проводили за допомогою конфокальної лазерної скануючої мікроскопії.

РЕЗУЛЬТАТИ. Через 3 години після опромінення в умовах попередньої інкубації з нанокристалами CeO2 у культурі фібробластів ле-
гень щурів суттєво знижувався вміст активних форм кисню, рівень перекисного окислення ліпідів і вміст 8-ізопростану. При цьому 
інкубація з нанокристалами діоксиду церію набагато ефективніше знижувала вміст активних форм кисню в цитоплазмі клітин, ніж у 
їх ядрах і ядерцях зокрема.

ВИСНОВОК. Попередня інкубація фібробластів легень щурів in vitro з нанокристалами СeО2 дозволяє істотно зменшити окислювальну 
дію іонізуючого випромінювання.
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