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ABSTRACT Nanocrystalline cerium dioxide is a promising inorganic UV filter for sunscreen applications due
to its high UV absorbance and non-toxicity to normal cells. Nanoscale CeO, also showed selective cytotoxi-
city to cancer cells, thus ceria-containing materials are now regarded for the creation of both preventive and
therapeutic compositions. At the same time, the interaction of ceria nanoparticles with cell membranes and
phosphate-rich components of sunscreen compositions arise the interest to biocompatibility of ceric phos-
phates. Crystalline cerium(lV) phosphates can be a promising alternative for nanoscale CeO, due to their
low solubility, high redox stability and UV protective property. However, to date, there is no information on
their toxicity to cancer cells. In this work, using the MTT, Live/Dead and MMP assays, we demonstrated for
the first time that the inhibitory impact of ceric phosphates Ce(PO4)(HPO4)o.5(H20)0.5 and NH,Cey(PO,)3 on
murine melanoma B16/F10 cell line in vitro is comparable to that of nanoscale CeO., at high (500—1000 pg/ml)
concentrations.
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1. Introduction

Cerium is one of the most common elements among rare earth metals, and, unlike most representatives of this group,
is stable in two oxidation states, +3 and +4 [1,2]. Among the inorganic cerium compounds, ceria (CeQOs) is regarded as the
most promising for practical uses [3]. In particular, cerium dioxide is a part of automotive three-way catalysts, it is used
as the main component of polishing mixtures and abrasives, solid oxide fuel cells and protective anticorrosion coatings, it
possesses high activity in a wide range of catalytic applications [4-7].

In the nanodispersed state, CeO5 exhibits unique redox activity, acts as an inorganic antioxidant capable of protecting
living systems from oxidative stress, and can perform the functions of certain enzymes — oxidoreductases, phosphatases,
etc. [8-10].

In addition to outstanding biological activity, nanodispersed CeOs shows high light absorption in the UV range,
which allows one to consider it as a promising component of sunscreen cosmetics instead of photocatalytically active
nanocrystalline TiOo and ZnO [11-14]. Excessive exposure to sunlight, especially ultraviolet light, has been found to be
harmful to the skin and can lead to photosensitivity, erythema and burns, premature aging, and even cancer [15]. A number
of studies have shown that nanosized cerium dioxide exhibits selective cytotoxicity with respect to cancer cells [16—-18],
including skin cancer cells (e.g. melanoma) [19-21], which makes it attractive not only as a prophylactic agent, but also
as a therapeutic. However, the use of nanodispersed CeO; in sunscreens has certain disadvantages. At a natural skin pH
(~5), CeO4 can act as prooxidant [22,23], negatively affecting the skin health. Moreover, even if the beneficial antioxidant
properties of nanodispersed cerium dioxide are retained on skin surface, they can be lost due to the interaction of CeO,
with phosphate groups presented in sunscreen components or in cell membranes [24-26]. Cerium dioxide is extremely
prone to catalytic oxidation of organic compounds [27-29].

In turn, due to their low solubility and high redox stability, cerium phosphates are not expected to interact with organic
compounds presented in sunscreens, thus allowing to obtain highly stable formulations with long shelf life [30,31]. High
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biocompatibility of the phosphate matrix, along with high ultraviolet absorption and low photocatalytic activity of cerium
phosphates, provide interest in these compounds as promising inorganic UV filters [32-38].

In our previous report [39], a comprehensive study of the sun protection characteristics and cytotoxicity of amorphous
and crystalline cerium(I'V) phosphates Ce(PO4)(HPO,)g.5(H20)g.5 and NH,Ce2(PO4)3 was performed for the first time.
It was shown that NH,Cey(POy)s is characterised by SPF (2.7) and UVAPF (2.5) values close to the corresponding
characteristics of the well-known inorganic UV filters, nanocrystalline CeOs and TiO2. Moreover, in a wide range of
concentrations, crystalline cerium (IV) phosphates were found to be not toxic to NCTC L929 mouse fibroblast cells and
human mesenchymal stem cells, and even enhanced the proliferative activity of the latter.

In this work, we studied the effect of the same crystalline cerium(IV) phosphates, Ce(PO4)(HPO4)o.5(H20)¢.5 and
NH4Ce2(POy4)3, on skin cancer cells (melanoma) in order to detect their possible selective cytotoxicity with respect to
transformed cells. The toxicity evaluation of ceric phosphates to the cells is of primary importance for understanding the
cytotoxicity mechanisms of CeOs nanoparticles, especially in biological phosphate-rich media.

2. Experimental Section

The following materials were used as received, without further purification: Ce(NOs3)s - 6H2O (pure grade, Lanhit
Russia), phosphoric acid (85 wt.% aq, p = 1.689 g/cm?®, extra-pure grade, Komponent-Reaktiv Russia), aqueous ammonia
(25 wt.%, extra-pure grade, Khimmed Russia), isopropanol (extra-pure grade, Khimmed Russia), distilled water.

First, nanocrystalline CeOs, which was also further used for the synthesis of cerium(I'V) phosphates, was obtained in
accordance with previously published procedure [40]. Briefly, 0.08 M cerium(III) nitrate solution in aqueous isopropanol
(water : isopropanol = 1 : 1 v/v) was mixed with 3 M aqueous ammonia. The obtained yellow precipitate was washed
with distilled water to a neutral pH and dried at 60°C.

To obtain crystalline ceric phosphates, 0.1 g of nanocrystalline cerium dioxide was dissolved in concentrated phos-
phoric acid (5 ml) at 80°C. For the synthesis of Ce(PO4)(HPO4)o.5(H20)g.5 or NH,Ceo(POy)s, to the cooled solution,
35 ml of distilled water or 1.5 M aqueous ammonia was added under vigorous stirring. The resulting gel-like precipitates
(~40 ml) were placed in 100 ml Teflon autoclave and subjected to hydrothermal treatment at 180°C for 24 h. After
cooling the autoclave, the precipitates were repeatedly washed using distilled water and dried at 60°C in air.

Powder X-ray diffraction (PXRD) patterns were acquired on a Bruker D8 Advance diffractometer, using Cu K1 2
radiation in the 26 range of 5°-80° with 0.02° 26 step and a signal accumulation time of no less than 0.2 s per point.

Scanning electron microscopy (SEM) images were obtained using a Carl Zeiss NVision 40 high-resolution electron
microscope equipped with an Oxford Instruments X-MAX detector (80 mm?) at an accelerating voltage of 1-2 kV.

Transmission electron microscopy (TEM) images were collected using a Leo912 AB Omega microscope. The images
were obtained at an accelerating voltage of 100 kV in a bright field mode with magnifications up to x500 000.

The cytotoxicity of nanoscale ceria and crystalline cerium(IV) phosphates were assessed in vitro using a murine
melanoma B16/F10 cell line. The cells were seeded in 96-well plates at a density of 30 000 cells per cm? in a DMEM/F12
nutrient (culture) medium containing 10% fetal bovine serum. After 12 h of cultivation, the culture medium was com-
pletely replaced with an identical medium containing the suspension of cerium(IV) phosphates or CeO- prepared under
intense magnetic stirring for 30 min. The concentration of the solid particles in DMEM/F12 medium was fairly high, 500
or 1000 pg/ml to test their acute toxicity and to be close to the concentrations of inorganic UV filters used in sunscreen
formulations. In a control experiment, the culture medium was replaced with a fresh medium that did not contain either
cerium(I'V) phosphates or ceria. After 24, 48 or 72 h of incubation, the nutrient medium with the test substances was re-
placed with a serium-free culture medium DMEM/F12 containing 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) at a concentration of 500 pg/ml. After 3 h, the medium with MTT was removed and dimethyl sulfoxide
(DMSO) was added. The plates were shaken at room temperature for 10 min to dissolve formazan crystals. The opti-
cal density of the formazan was measured on a BIO-RAD 680 photometer at 540 nm. The optical density values were
recalculated as percentages of the control group. Statistical data processing was performed using GraphPad Prism soft-
ware. Statistically significant differences were determined in accordance with the Welch’s ¢-test at 0.01 < p < 0.05 (¥),
0.001 < p < 0.01 (*¥*), 0.0001 < p < 0.001 (***) and p < 0.0001 (****). The ICs¢ value (half maximal inhibitory
concentration) was used as the boundary for determining the cytotoxicity of the samples.

To assess the proportion of dead cells after incubation with the tested substances, Live/Dead assay was conducted.
After 24, 48 or 72 h culture medium containing ceric phosphates or ceria was replaced with Hanks’ balanced salt solution
containing a mixture of fluorescent dyes Hoechst 33342 (binds to the DNA of all cells, A, = 350 nm, A.,,, = 460 nm) and
propidium iodide (binds to the DNA of dead cells, A, = 535 nm, A¢y,, = 615 nm). After 15 min, the cells were washed
with Hanks’ balanced salt solution and then analysed using a BioRad Zoe fluorescence microscope. The micrographs
were further processed with ImagelJ software.

To analyze the level of membrane mitochondrial potential (MMP), mitochondria were stained using a voltage-
sensitive dye tetramethylrhodamine (TMRE; Lumiprobe, Russia). After 24, 48 or 72 h, the culture medium containing the
tested substances was replaced with TMRE solution at 500 nM concentration (Ao, = 552 nm, A, = 574 nm), then the
cells were twice washed by Hanks’ balanced salt solution. The analysis of the cells was performed using a BioRad Zoe
fluorescence microscope and micrographs were further processed with ImagelJ software. The fluorescence intensity values
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were recalculated as percentages of the control group. Statistically significant differences were determined in accordance
with the Welch’s ¢-test at 0.01 < p < 0.05 (*), 0.001 < p < 0.01 (¥*), 0.0001 < p < 0.001 (***) and p < 0.0001 (****)

using GraphPad Prism software.

(c)

Intensity, a.u.

(b)

20, deg.

F1G. 1. Diffraction patterns for a) Ce(PO4)(HPOy4)g.5(H20)¢.5, b) NH4Ces(POy)s, c) CeOq

FIG. 2. SEM images for a) Ce(PO4)(HPO4)o.5(H20).5, b) NH4Ce2(PO4)3, and TEM image for ¢) CeO»

3. Results and discussion

The diffraction patterns of the obtained crystalline cerium(IV) phosphates show the sets of reflections corresponding
to single-phase Ce(PO4)(HPO4)p.5(H20)g.5 or NH4Ces(POy)s (Fig. 1a,b) [41,42]. The diffraction pattern of cerium
oxide is typical to this compound in a nanocrystalline state and shows phase purity of the material (Fig. 1c). According
to SEM data, Ce(PO4)(HPO,)o.5(H20) 5 phase consisted of lamellar thin (~100 nm) aggregates, while NH,Ce2(PO4)3
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F1G. 3. The metabolic activity of B16/F10 murine melanoma cell line after 24—72 h of cultivation with
cerium(I'V) phosphates and ceria in concentrations of 500 or 1000 ug/ml. The data are presented as
mean = standard deviation, 0.001 < p < 0.01 (*%), 0.0001 < p < 0.001 (***) and p < 0.0001 (F**%*)
via Welch’s ¢-test
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FIG. 4. Live/Dead assay of B16/F10 murine melanoma cells in the presence of ceria or cerium(IV)
phosphates. Hoechst 33342 (blue) and propidium iodide (red) staining. Scale bar — 100 ym

phase consisted of elongated microparticles (Fig. 2a,b). The TEM images of CeOy show nanoparticles with a size of
about 5 nm (Fig. 2¢), which is in a good agreement with the estimates made from the results of PXRD data.

The study of the metabolic activity of B16/F10 murine melanoma cells using the MTT assay showed that the activity
of NADPH-dependent oxidoreductases after 24 h of co-incubation with ceria nanoparticles decreased to 70-80% in com-
parison with the control group, while co-incubation of the cells with Ce(PO4)(HPO4)g.5(H20)o.5 and NH4Ceo(PO,)3
reduced in to 60% (Fig. 3). After 48 h co-incubation of melanoma cells with nanocrystalline cerium dioxide, their
viability level reached 60% relatively to the control group, while in the case of cerium(IV) phosphates, there was no
additional decrease in metabolic activity compared to the 24 h experiment. After 72 h, the metabolic activity of B16/F10
murine melanoma cells decreased to the ICsy value for all the test samples. Thus, Ce(PO4)(HPO4)o.5(H20)o.5 and
NH4Cey(PO4)3, along with cerium dioxide, significantly inhibit the viability of B16/F10 cancer cells. At the same time,
the inhibitory effect of both of the cerium(IV) phosphates is almost identical, which indirectly indicates that their cyto-
toxicity is not due to the microstructure and microenvironment of Ce(IV) in crystal lattice.

The results of the Live/Dead assay (Fig. 4) demonstrate that co-incubation of B16/F10 murine melanoma cells with
nanocrystalline CeO4 or cerium(IV) phosphates at concentrations of 500 or 1000 ug/ml for 24-72 h does not cause a
significant increase in the proportion of dead cells. This indicates that the studied samples have a toxic, but not lethal
effect on the cells.
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FI1G. 5. Quantitative (top) and qualitative (bottom) analysis of the mitochondrial membrane potential
level of B16/F10 murine melanoma cells in vitro. The assay was carried out after 24, 48 or 72 h of co-
incubation of the cells with CeO- or cerium(IV) phosphates at concentrations of 500 and 1000 pg/ml.
Scale bar — 100 pm

Cerium-containing nanobiomaterials are redox-active and can actively participate in redox reactions, exhibiting pro-
or antioxidant properties depending on their microenvironment [43]. To establish the possible mechanism of the cy-
totoxic effect of cerium(IV) phosphates and nanocrystalline cerium dioxide on B16/F10 murine melanoma cells, we
studied the mitochondrial membrane potential using the voltage-sensitive dye tetramethylrhodamine. The MMP level
is inversely connected with the level of intracellular reactive oxygen species and oxidative stress state of the cells [44].
The data obtained indicate that the co-incubation of nanocrystalline ceria or cerium(IV) phosphates at concentrations
of 500 and 1000 pg/ml with B16/F10 murine melanoma cells did not resulted in a significant decrease in the MMP
level of the cells (Fig. 5a). At the same time, a qualitative assessment (Fig. 5b) shows that in the presence of CeOo,
Ce(PO4)(HPO,)o.5(H20)g.5 or NH4Ceo(PO4)3 crystalline particles, the appearance of the cells changed. The increase in
the size of the cells, changes in the number of outgrowths, and hypervascularization was observed. Such morphological
changes are characteristic of apoptotic or senescent cells [45], being the markers of the toxicity.

Thus, within the framework of this work, the selective cytotoxicity of cerium(IV) phosphates to melanoma cells was
assessed for the first time. It should be noted that, to date, selective cytotoxicity of nanocrystalline cerium dioxide to
various types of cancer cells along with its protective action to normal cells was abundantly exemplified [46], but the
mechanisms of such an effect are still under debates. Lysosomal injury [47], oxidative stress induction [48], interference
with the nutrient transport functions of the membrane [49], and mechanical membrane disruption [50] are considered
as the most probable reasons for the suppression of cancer cells viability by cerium dioxide. At the same time, there
is no consensus on the factors initiating the cytotoxic effect, it can be associated with both the unique redox properties
of nanosized CeO- [51] and redox-independent mechanisms involving the effect of free cerium ions in the cells mi-
croenvironment [52,53]. In the latter case, the problem of solubility of ceric compounds in biological media is of high
importance, but it is poorly discussed. In particular, Schwabe et al. [54] found that ceria nanoparticles release free cerium
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species at pH below 4.6 and, in the presence of strong chelating agents, even at pH 8. Dahle et al. [55] showed that CeO4
dissolution effect is significant at pH < 5 and is inversely proportional to surface area of the nanoparticles. Plakhova et
al. [56] calculated the solubility product constant for ceria nanoparticles (log K, = —59.3 £ 0.3 in 0.01 M NaClO,4) and
demonstrated that solubility behavior of CeOs in neutral and alkaline media is mostly pH independent, Ce(OH)4(44) being
a predominant cerium form in aqueous solutions. Avramescu et al. [57] detected that solubility of CeO2 nanoparticles at
the 10 mg/1 concentration in DMEM cell culture medium is significantly higher than in water.

Note that, for cerium(IV) phosphates, the data is even more scarce, the solubility of Ce(PO4)(HPO,4)p.5(H20)q.5
was reported to be lower than 1 mg/l in an aqueous medium at pH 1.3 [58], while in 1 M alkaline aqueous solution,
the structure of this compound was reported to degrade completely due to the hydrolysis and the formation of Ce—-O-Ce
bonds [59].

Thus, it is obvious that in order to find the reasons for the selective cytotoxicity of different cerium(IV) phosphates,
it is necessary to conduct comprehensive and detailed studies, including analysis of the chemical stability of cerium(IV)
phosphates in biological media at various pH levels. However, the results obtained in this work can become a starting
point for further studies of cerium(IV) phosphates, their possible inorganic UV filter applications, as well as their ability
to counteract the negative delayed effects of ultraviolet irradiation associated with skin melanoma.

4. Conclusions

In this paper, we compared the cytotoxicity of nanoscale ceria and crystalline cerium(IV) phosphates
Ce(PO4)(HPO,4)o.5(H20)9.5 or NH,Ce2(POy4)3 to B16/F10 murine melanoma cells in vitro. The toxicity was assessed
at high concentrations of the solid particles, relevant to the content of inorganic components in sunscreen compositions.
The MTT assay showed that the metabolic activity of B16/F10 murine melanoma cells decreases by about 40% after their
contact with cerium(IV) phosphates, being even higher than for the CeO2 nanoparticles. The IC5y value was reached
after 72 h of co-incubation of B16/F10 murine melanoma cells with ceria or ceric phosphates. The co-incubation of
Ce(PO4)(HPO4)o.5(H20)g.5, NH4Ceo(PO4)3 or CeO, with cancer cells resulted in the changes in their morphology sup-
porting the toxic effect of cerium-based materials to cancer cells. We believe that our results can also contribute to the
understanding of the cytotoxicity of nanoscale CeO; in phosphate-rich biological media.
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