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ABSTRACT Cerium fluoride (CeF3) nanoparticles (NPs), being a unique nanozyme and redox-active nanoma-
terial, show high promise for advanced biomedical applications. Doping of CeF3 NPs with the other chemical
elements allow one to increase their catalytic activity, impart them new functional properties, and also to in-
crease the efficiency of their interaction with ionizing radiation, which is important in the development of novel
nanoradiosensitizers. In this article, we synthesized citrate-stabilized Ce0.75Bi0.15Tb0.1F3 nanoparticles, which
demonstrate high colloidal stability, have good luminescent properties and radiation-induced redox activity.
Cytotoxicity analysis of Ce0.75Bi0.15Tb0.1F3 NPs using normal and tumor cells in vitro showed the sensitivity
of B16/F10 and EMTP6 tumor cell lines to the nanoparticles at high concentrations (0.5 – 1 mM). Obtained
experimental results allow us to consider Ce0.75Bi0.15Tb0.1F3 nanoparticles as a possible platform for the de-
velopment of a new class of nanoradiosensitizers for radiation therapy purposes.

KEYWORDS nanoparticles, cytotoxicity, fluoride, cerium

ACKNOWLEDGEMENTS The work was supported by the Russian Science Foundation (project no. 22-73-10231,
https://rscf.ru/project/22-73-10231/ ).

FOR CITATION Chukavin N.N., Kolmanovich D.D., Filippova A.D., Teplonogova M.A., Ivanov V.K., Popov A.L.
Synthesis of redox-active Ce0.75Bi0.15Tb0.1F3 nanoparticles and their biocompatibility study in vitro. Nanosys-
tems: Phys. Chem. Math., 2024, 15 (2), 260–267.

1. Introduction

Nanocrystalline materials based on cerium(IV) oxide are currently widely used in various fields of biomedicine due
to their unique catalytic properties and high degree of biocompatibility [1–4]. Due to their redox activity and the ability to
mimic the activity of various enzymes, CeO2 nanoparticles have become the most promising inorganic nanozymes [5–8].
Catalytic activity of these nanoparticles is based on the unique reversible Ce3+/Ce4+ transition, which determines its role
as prooxidant and reactive oxygen species (ROS) generator at low pH values in tumor cells, or as an antioxidant and ROS
inactivator under normal physiological pH conditions [9]. Meanwhile, earlier we have demonstrated for the first time
the catalytic activity of CeF3 nanoparticles, the mechanism of action of which differs from that of CeO2 nanoparticles.
We have shown that CeF3 NPs demonstrate selective cytotoxicity to tumor cells, inhibiting their proliferative activity
and DNA reparation under X-ray irradiation [10]. Also, we have reported the ability of CeF3 NPs to stimulate planarian
regeneration [11] and to act as an effective radioprotector under X-ray irradiation [12]. In a number of studies, authors
have shown that doping of REE fluorides provides them with unique properties [13–17]. Particularly, additional chemical
modification of CeF3 NPs provides them with new functional properties. For instance, doping of CeF3 crystal lattice
with Yb and Tm ions allows for the formation of theranostic luminescent systems with enhanced upconversion (CeF3:Yb,
Tm@SiO2–CD36/OPN) [18]. Wang et al. synthesized biocompatible CeF3:Tb@LaF3 NPs with pronounced lumines-
cent properties [19], which could be used for bioimaging, biolabeling, biodetection and bioprobing. CexLa1−xF3 NPs
have been proposed for the use in nanoscintillator-photosensitizer systems, in which excitation of nanoparticles by ion-
izing irradiation leads to energy transfer to photosensitizer molecules, effectively combining the effects of radiation and
photodynamic therapy [20].

Nanoparticle-based radioenhancement is considered as a promising approach to improve therapeutical effect of ra-
diation therapy [21–23]. Mechanisms of nanoparticle-based radiosensitizers action can include: physical, chemical and
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biological. Ionizing radiation leads to the ejection of secondary electrons which can interact with water, causing ROS gen-
eration. In turn, ROS interact with different components of the cell, including cell membrane, mRNA, DNA and, conse-
quently, triggering cell death. Thus, the use of nanoparticles based on high-Z elements and on elements with low ionization
potential can significantly increase the efficiency of radiation therapy [24–26]. In particular, the drug NBTXR3/Hensify®
(Nanobiotix, Paris, France) based on hafnium oxide has already been approved and is being used [27], and the drug
AGuIX® (NH TherAguix, Lyon, France) based on gadolinium is undergoing clinical trials [28]. Thus, synthesis and
comprehensive analysis of new theranostic agents for radiotherapy is an urgent task.

In this study, we have synthesized citrate-stabilized Ce0.75Bi0.15Tb0.1F3 nanoparticles, analyzed their physico-
chemical characteristics and studied their cytotoxicity to normal and tumor cells in vitro.

2. Materials and methods

2.1. Synthesis scheme

For the synthesis of Ce0.75Bi0.15Tb0.1F3 colloidal solutions the following substances were used: Ce(NO3)3 · 6H2O
(puriss., Lanhit), Tb(NO3)3 · 6H2O (puriss., Lanhit), Bi(NO3)3 · 5H2O (pur., Reachem), HF (puriss. spec., Sigma Tec),
ammonium cutrate dibasic (puriss., Sigma-Aldrich), isopropanol (puriss. spec., Chimmed), ethylene glycol (puriss.,
Sigma Aldrich). Samples of rare earth elements (REE) nitrates (1.628 g Ce(NO3)3 · 6H2O, 0.228 g Tb(NO3)3 · 6H2O,
0.363 g Bi(NO3)3 · 5H2O) were suspended in 30 mL of ethylene glycol upon heating to 60 ◦C and intense stirring on a
magnetic stirrer. 0.885 mL of 40 % HF was dissolved in 150 mL of isopropanol. The obtained solution was added drop by
drop to mixed REE nitrates solution with intensive stirring until the suspension was formed. The precipitate was separated
by filtration through a paper filter (2 – 3 µm), washed with isopropanol, placed in an oven for 30 – 60 minutes at 50 ◦C to
remove isopropanol. Wet gel-like precipitate was re-dispersed in 100 mL of deionized water. Ammonium citrate solution
(1.134 g of ammonium citrate in 100 mL of deionized water) was added to the resulting suspension with intense stirring.
The resulting sol was mixed at 30 – 35 ◦C until remnant isopropanol was removed. The concentration of the resulting sol
was 7.6 mM.

2.2. Characterization of Ce0.75Bi0.15Tb0.1F3 NPs

Powder X-ray diffraction analysis (XRD) of the samples was carried out on a Haoyuan DX-2700BH diffractometer
(CuKα radiation, λ = 1.54184 Å) in the range of 5 – 60◦ 2θ with a step of 0.02◦ and a shutter speed of 1 sec/step.
The diffractograms were indexed using the ICDD PDF2 database. The concentration of the Ce0.75Bi0.15Tb0.1F3 NPs
sols was determined gravimetrically. The corundum crucibles pre-annealed at 900 ◦C for 2 hours were weighted on
analytical scales to establish their initial weight. Then 3 mL of sol was placed in each crucible and heated in a muffle
furnace at 900 ◦C for 2 hours with slow heating (∼ 3 ◦/min). After cooling to room temperature, the crucibles were
weighted. The weight of the dry residue of the annealing product was determined and the concentration of the initial
sols was calculated. The study of the elemental composition of the obtained materials was carried out using energy
dispersive X-ray spectroscopy (EDX) using a Tescan Amber GMH microscope equipped with an Ultim MAX detector
with 100 mm2 active area (Oxford Instruments) at an accelerating voltage of 20 kV. EDX data were processed using the
AZtec software (5.0). An UV5 Nano spectrophotometer (Mettler Toledo, Columbus, Ohio, USA) was used to measure
Ce0.75Bi0.15Tb0.1F3 NPs sols absorbance in the UV-visible range. Measurements were carried out in the wavelength
range from 200 to 600 nm in 0.1 nm increments. The sizes and ζ-potentials of nanoparticles were determined by dynamic
and electrophoretic light scattering at 25 ◦C using a BeNano analyzer (BetterSize, Dandong, China).

2.3. Cell culture

The experiments were performed using 5 types of cell cultures: B16F10 (murine melanoma), EMT6/P (murine ade-
nocarcinoma), MNNG/HOS (human osteosarcoma), MCF-7 (human adenocarcinoma), NCTC L929 (murine fibroblasts)
obtained from Theranostics and Nuclear Medicine Laboratory cryostorage (ITEB RAS, Pushchino, Russia). The cells
were cultured in a DMEM/F12 (1:1) culture medium containing 50 µg/mL of penicillin, 50 µg/mL of streptomycin,
10 % of fetal bovine serum (FBS) and 1 % of L-glutamine at a temperature of 37 ◦C in a 95 % humidity atmosphere
containing 95 % air and 5 % CO2. The cells were seeded on 96-well plates at a density of 25000 cells/cm2. 6 hours
after cell attachment the culture medium was then replaced with a fresh culture medium containing different concen-
trations of Ce0.75Bi0.15Tb0.1F3 NPs (0.1 – 1 mM). Cells from the control groups were cultured without the addition of
Ce0.75Bi0.15Tb0.1F3 NPs.

2.4. MTT assay

Cell viability was assessed using MTT assay which is based on the reduction of a yellow tetrazolium salt (3-[4,5-
dimethylthiazole-2-yl]-2,5-diphenyl tetrazolium bromide, MTT) to insoluble formazan crystals having purple color. After
48 hours of cultivation, 0.5 mg/mL MTT reagent solution, dissolved in culture medium without FBS, was added to the
wells. The optical density of the formed formazan was measured at λ = 570 nm using an INNO-S plate reader (LTEK,
Korea).
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2.5. Live/Dead assay

The cytotoxic effect of Ce0.75Bi0.15Tb0.1F3 NPs was assessed using a Live/Dead assay. This method is based on
measuring the percentage of dead cells to their total number after their incubation with Ce0.75Bi0.15Tb0.1F3 NPs. Cells
were labeled via staining with a combination of the fluorescent dyes Hoechst 33342 (binds to DNA of all cells, λex =
350 nm, λem = 460 nm) and propidium iodide (binds to DNA of dead cells, λex = 535 nm, λem = 615 nm). After 24,
48, and 72 hours of incubation with nanoparticles, the culture medium was replaced with a mixture of Hoechst 33342 and
propidium iodide in Hanks’ buffer solution (PanEko, Moscow, Russia). After 15 min of incubation with dyes, the cells
were washed three times with Hanks’ buffer solution. Then, cells were photographed using a ZOE fluorescent imager
(Bio-Rad, USA). ImageJ software was used to count the number of cells. Three different cell areas on the field were
analyzed on three different microphotographs. Quantitative analysis results were presented as mean ± SD.

2.6. Measuring of mitochondrial membrane potential

The mitochondrial membrane potential (MMP) was measured by staining cells with TMRE (tetramethylrhodamine,
ethyl ester, ThermoFisher, Carlsbad, CA, USA) fluorescent dye followed by fluorescence microscopy analysis. After
24, 48, and 72 hours of incubation with nanoparticles, the culture medium was replaced with TMRE solution in Hanks’
buffer (PanEko, Moscow, Russia). After 15 min of incubation with dye, the cells were washed three times with Hanks’
buffer solution. Then, the cells were photographed using a ZOE fluorescent imager (Bio-Rad, USA). TMRE fluorescence
intensity, which directly correlates with the MMP of cells, was measured using the ImageJ software. Three different areas
on the field were analyzed on three different microphotographs. Quantitative analysis results were presented as mean
± SD.

2.7. Statistical analysis

Three independent experiments with three independent repetitions for each Ce0.75Bi0.15Tb0.1F3 NPs concentration
were performed. Experimental results were compared with untreated control. Statistical analysis was performed using
the methods of variation statistics (ANOVA, Student’s t-test). The mean values and the standard deviations (SD) were
determined. The obtained data were processed using the GraphPad Prism 8.0 software.

3. Results and discussion

The scheme of Ce0.75Bi0.15Tb0.1F3 NPs synthesis is shown in Fig. 1a. EDX analysis confirms the elemental compo-
sition of the nanoparticles, where the peaks of cerium, bismuth and terbium are easily discernible (Fig. 1b). Quantitative
EDX analysis revealed the following cation ratios: Ce : Bi : Tb = 79 : 14 : 7. Fig. 1c shows a fluorescence spectrum
of the Ce0.75Bi0.15Tb0.1F3 NPs, Fig. 1d shows the UV-visible absorption spectrum of Ce0.75Bi0.15Tb0.1F3 NPs. The
spectrum contains characteristic absorption peaks of Ce3+ ions (245 nm) and citric acid (225 nm), which confirms the
presence of these components in the composition of nanoparticles. The diffraction pattern of Ce0.75Bi0.15Tb0.1F3 NPs
corresponds well to the structure of CeF3 (PDF2 card No. 8-45), however, due to the significant broadening of diffraction
maxima, it is not possible to clarify the unit cell parameters (Fig. 1e). The significant broadening of diffraction maxima
of Ce0.75Bi0.15Tb0.1F3 NPs confirms the small size of the nanoparticles. The distribution of the hydrodynamic diameters
of Ce0.75Bi0.15Tb0.1F3 NPs in water indicates the polydispersity of these nanoparticles (PDI = 0.238) (Fig. 1f). Analysis
of the ζ-potential of Ce0.75Bi0.15Tb0.1F3 NPs indicates the colloidal stability of the aqueous sol of these nanoparticles
(ζ-potential −36 mV) (Fig. 1g).

Routine MTT assay was used to study Ce0.75Bi0.15Tb0.1F3 NPs cytotoxicity. The NAD(P)H-dependent cytosolic
oxidoreductases activity measured during MTT assay is associated with the metabolic activity of cells, which, in turn, is
one of the main indicators of cell viability [29]. According to the results of the study of the metabolic activity of B16F10,
EMT6/P, MNNG/HOS, MCF-7, NCTC L929 cell cultures, the pronounced dose-dependent effect was revealed after
24 hours of coincubation of the cells with Ce0.75Bi0.15Tb0.1F3 NPs (Fig. 2). It was shown that the viability of B16/F10,
EMT6/P, MNNG/HOS and MCF-7 cells decreased by 25 %, while NCTC L929 cells viability decreased by 50 % after
24 hours of incubation with Ce0.75Bi0.15Tb0.1F3 NPs at a 1 mM concentration. Moreover, the viability of B16/F10,
EMT6/P and NCTC L929 cells decreased by 75 % after 72 hours of incubation with 1 mM Ce0.75Bi0.15Tb0.1F3 NPs.
MCF-7 and MNNG/HOS cells were found to be the most resistant cell lines to cytotoxic effect of Ce0.75Bi0.15Tb0.1F3

NPs.
According to the measured live/dead cells ratios (Fig. 3), the pronounced cytotoxic effect of Ce0.75Bi0.15Tb0.1F3 NPs

was revealed on EMT6/P, MCF-7 and NCTC L929 cell lines after 72 hours of incubation with these nanoparticles. This
effect consisted in an increase in the percentage of dead cells. The maximum percentage of dead cells was about 50 %
at a Ce0.75Bi0.15Tb0.1F3 NPs concentration of 1 mM. However, nanoparticles showed significantly lower cytotoxicity to
B16/F10 and MNNG/HOS cells (20 % cell death). Thus, it can be concluded that the cell viability decrease caused by
Ce0.75Bi0.15Tb0.1F3 NPs does not necessarily lead to the development of apoptosis and cell death, as it has been shown
for mouse melanoma cells. The revealed differences in the behavior of the cells may also be due to the different efficiency
of endocytosis of this type of nanoparticles, which directly correlates with their effect on cell viability.
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FIG. 1. Synthesis scheme (a), EDX spectrum (b), fluorescence spectrum (c), UV-visible absorbance
spectrum (d), diffraction pattern (e), hydrodynamic diameter distribution (f) and ζ-potential distribution
(g) of the Ce0.75Bi0.15Tb0.1F3 NPs
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FIG. 2. Viability of cancer (B16F10, EMTP6, MCF-7, MNNG/HOS) and normal (NCTC L929) cells
according to MTT assay. The cells were incubated with Ce0.75Bi0.15Tb0.1F3 NPs (0.1–1 mM) for 24
and 72 hours

FIG. 3. Ratios of live/dead cancer (B16/F10, EMT6/P, MCF-7, MNNG/HOS) and normal (NCTC
L929) cells after 72 hours of incubation with Ce0.75Bi0.15Tb0.1F3 NPs (0.1 – 1 mM)
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Using fluorescent tetramethylrhodamine (TMRE) dye, which is accumulated in mitochondria in a voltage-dependent
manner, we analyzed the mitochondrial membrane potential (MMP) of cell cultures after 72 hours of incubation with
Ce0.75Bi0.15Tb0.1F3 NPs (Fig. 4). The significant decrease of MMP in the presence of nanoparticles was shown for hu-
man osteosarcoma MMNG/HOS and human adenocarcinoma MCF-7 cells. In addition, the pronounced cytotoxic effect
of Ce0.75Bi0.15Tb0.1F3 NPs in the form of a dose-dependent MMP decrease was revealed for normal murine fibroblasts.
Oppositely, MMP of murine melanoma B16/F10 cells did not change significantly after incubation with nanoparticles in
the entire studied concentrations range (0.1 – 1 mM). The redox activity of cerium-containing nanoparticles can lead to
mitochondrial dysfunction in tumor cells. In particular, Aplak et al. demonstrated, using human melanoma A375 cells,
that cerium dioxide nanoparticles initiate an increase of mitochondrial ROS levels accompanied by an increase in mito-
chondrial thiol oxidation [30]. Also, the authors revealed changes in mitochondrial bioenergetics and crista morphology
that led to the death of tumor cells.

FIG. 4. Quantitative assessment of the mitochondrial membrane potential (MMP) of cancer (B16F10,
EMTP6, MCF-7, MNNG/HOS) and normal (NCTC L929) cells after 72 hours of incubation with
Ce0.75Bi0.15Tb0.1F3 NPs at a concentration of 0.1 – 1 mM. Cells were stained with TMRE. Mean
+/− standard deviation (SD) is plotted for five replicates, ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.005

Analysis of the Ce0.75Bi0.15Tb0.1F3 NPs redox-activity under X-ray irraditation in aqueous solution was performed
using the method of enhanced chemiluminescence in the iodophenol-horseradish peroxidase system (Fig. 5a). High
sensitivity of this method makes it possible to determine changes in hydrogen peroxide concentrations up to 1 nM. X-ray
irradiation (1 Gy) of the control group (solution without NPs) led to the formation of about 80 nM of hydrogen peroxide
(Fig. 5b). Ce0.75Bi0.15Tb0.1F3 NPs colloidal solution (0.5 mM) demonstrated prooxidant activity which was expressed in
a twofold increase in the level of hydrogen peroxide after irradiation at a dose of 1 Gy. This effect was observed regardless
of the pH value of the colloidal solution.

Earlier, we have shown that cerium fluoride nanoparticles, including those doped with REE (for example, gadolin-
ium), exhibit prooxidant activity under acidic pH conditions [31]. Thus, irradiation of tumor cells, containing
Ce0.75Bi0.15Tb0.1F3 NPs, would lead to enhanced intracellular ROS generation, resulting in an accelerated radiation-
induced cell death.

4. Conclusions

Citrate-stabilized Ce0.75Bi0.15Tb0.1F3 nanoparticles were synthesized by a facile precipitation technique. Analysis
of the Ce0.75Bi0.15Tb0.1F3 NPs confirmed the composition and structure of these nanoparticles, as well as their good
luminescent properties due to the presence of terbium ions in the crystal lattice of nanoparticles. Ce0.75Bi0.15Tb0.1F3

NPs at a concentration of 0.5 – 1 mM exhibit different cytotoxicity to normal and tumor cell lines, suppressing their
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FIG. 5. Redox activity of Ce0.75Bi0.15Tb0.1F3 NPs under X-ray irradiation (1 Gy). Schematic repre-
sentation of the experiment (a). Concentration of hydrogen peroxide after X-ray irradiation (total dose
1 Gy) of the Ce0.75Bi0.15Tb0.1F3 NPs colloid solution at pH 6.8 and pH 7.2 (b). The level of hydrogen
peroxide was determined by the chemiluminescent method, using iodophenol-horseradish peroxidase
system

viability and MMP and contributing to their death. Radiation-induced redox activity of Ce0.75Bi0.15Tb0.1F3 NPs was
revealed upon X-ray irradiation that confirms the possibility of their application as a radiosensitizer in various tumor
models in vitro and in vivo.
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