
Article Not peer-reviewed version

Riboflavin-Functionalized Cerium

Fluoride Nanoparticles Induced

Mitochondrial Dysfunction in Melanoma

Cells Under UV Irradiation

Nikita Chukavin , Uliana Andreeva , Anton Popov *

Posted Date: 20 January 2025

doi: 10.20944/preprints202501.1399.v1

Keywords: cerium fluoride nanoparticles; riboflavin; photosensitizers; photodynamic therapy

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/2414442
https://sciprofiles.com/profile/4175562
https://sciprofiles.com/profile/1083179


 

 

Article 
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Abstract: One of the current approaches to improve the effectiveness of photodynamic therapy (PDT) 
is the development of advanced photosensitizers, including those based on nanoparticles. In this 
research, we have demonstrated for the first time the possibility of using the cerium fluoride 
nanoparticles, functionalized with riboflavin (Rb-CeF3 NPs), as a nanophotosensitizer for PDT. The 
binding of riboflavin to CeF3 NPs results in the stabilization of these nanoparticles and does not lead 
to the formation of an amorphous structure. At the same time, the Rb-CeF3 NPs exhibit a pronounced 
absorption of light at a wavelength of 450 nm, similar to pure riboflavin. The Rb-CeF3 NPs show 
remarkable cytotoxicity to B16/F10 mouse melanoma cells through a mitochondria-dependent 
mechanism. The light irradiation at a wavelength of 450 nm notably reduces both the cell viability of 
B16/F10 cells and their mitochondrial membrane potential. The Rb-CeF3 NPs significantly improve 
this effect, thereby demonstrating a pronounced photosensitizing activity of these nanoparticles. 
However, there is no significant difference in the effect of riboflavin and Rb-CeF3 NPs under light 
irradiation. Therefore, we propose, that CeF3 NPs are mainly a cargo for riboflavin, which can 
stabilize and deliver it to tumor cells for the purposes of PDT. Various modifications of the Rb-CeF3 
NPs synthesis technique, changes in the ratio of components, selection of different light irradiation 
conditions may enhance the photosensitizing properties of this nanomaterial. 
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1. Introduction 

Photodynamic therapy (PDT) is a relatively novel disease treatment approach utilized for the 
management of a wide variety of pre-malignant (such as actinic keratosis), malignant (such as lung, 
cervical, gastric and oesophageal cancer) and non-malignant (such as psoriasis) conditions [1–4]. 
Despite the fact that PDT has advantages over other therapeutic modalities for cancer, including 
chemotherapy, radiotherapy and surgery, such as non-invasiveness, high accuracy, negligible 
adverse effects, lowered toxicity regarding healthy tissues as well as excellent cosmetic effects, this 
kind of cancer treatment remains not broadly used in the clinic [1,3–5]. There are several factors that 
actually hinder the development and effective use of PDT, including limitations of light penetration 
through the tissues, lowered oxygenation of tumors as well as unsatisfying properties of 
photosensitizers, chemicals, which interact with light thus providing the effect of PDT [1,2]. In 
particular, photosensitizers may exhibit low solubility and bioavailability, decreased target 
specificity together with inappropriate quantum yield and non-tissue penetrating activating light 
wavelength [1,2,4]. To overcome these limitations, novel approaches are being developed to bind 
photosensitizers with various nanoparticles [6–8]. 

Use of ceria-based nanoparticles (nanoceria) is a promising approach for overcoming the 
limitations of photosensitizers applied in clinics. This is due to the unique physico-chemical 
properties of ceria nanoparticles, which endow them with remarkable biological activity and the 
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possibility of surface functionalization for targeted accumulation in tumor cells [9,10]. Moreover, 
ceria-based nanoparticles are able to enhance the therapeutic effects of photosensitizers through 
improving their uptake and retention in tumors together with increasing the production of reactive 
oxygen species (ROS) [11,12]. Additionally, nanoceria can be functionalized with fluorescent probes, 
such as calcein, to endow them with a diagnostic feature of ROS detection [13,14]. Cerium fluoride 
nanoparticles (CeF3 NPs) is one of the representatives of the ceria nanoparticles. CeF3 nanoparticles 
exhibit a pronounced optical absorption in the UV-region of the light spectrum, which makes them a 
promising candidate for use in combination with photosensitizers in PDT [15]. In particular, CeF3 
NPs can transfer the energy from UV-irradiation directly to a photosensitizer, thereby enhancing its 
therapeutic effect [16]. Meanwhile, CeF3 nanoparticles can be doped with terbium ions (Tb3+), which 
in turn causes the effective energy transfer from cerium to terbium ions within the crystal lattice, thus 
enhancing the luminescent properties of the doped nanoparticles [15,17,18]. Furthermore, it has been 
demonstrated, that such luminescent features can also be used for the excellent visualization of cells 
and enamel defect zones [15,19]. In addition, doping of CeF3 NPs with Yb and Tm ions endow them 
with a property of identification and detection of vulnerable atherosclerosis plaques [20]. It is worth 
noting, that CeF3 NPs are able to exhibit selective effect on tumor and healthy cells under X-ray 
irradiation [21] Thus, cerium fluoride nanoparticles hold great promise for binding and delivering 
photosensitizers in order to enhance the effectiveness of PDT. 

Riboflavin (Rb), also known as vitamin B2, is of particular interest for PDT, due to its remarkable 
photosensitizing activity [22] By absorbing the energy from UV-irradiation, riboflavin is able to 
perform photosensitization of I and II types, generating a wide variety of ROS in cells [23]. The 
photosensitizing effect of riboflavin has been used in a wide range of biomedical applications, 
including PDT [24–28]. Meanwhile, riboflavin is able to selectively accumulate in different tumor 
cells, including breast cancer, squamous cell carcinoma, glioma and melanoma cells, due to 
overexpression of riboflavin receptors and transporters on their surface [29,30]. Despite all the 
advantages, riboflavin has a number of features, limiting its use in PDT, including low solubility in 
water, restricted stability and tissue penetration, necessity of activation by visible light as well as 
decreased quantum yield  [31–35]. Currently, riboflavin is being increasingly conjugated with 
various molecules and nanocarriers, which makes it possible to overcome the disadvantages 
mentioned above [29,35,36]. In particular, it has been shown, that the binding of riboflavin with silver 
nanoparticles (Ag NPs), coated with pectin, leads to an enhancement of its photosensitizing effect on 
HeLa cells [23]. In another study, it has also been demonstrated, that the conjugation of riboflavin 
with silver Ag NPs caused an increase in the level of ROS, produced under light irradiation [37]. 
Therefore, riboflavin can be used as an effective photosensitizer, and its limitations can be mitigated 
by its binding with nanoparticles. 

In this study, we have for the first time demonstrated the potential of using cerium fluoride 
nanoparticles functionalized with riboflavin (Rb-CeF3 NPs) as a nanophotosensitizer for 
photodynamic therapy. 

2. Materials and methods 

2.1. Synthesis of Riboflavin-Functionalized CeF3 Nanoparticles 

Rb-CeF3 NPs were synthesized as follows: 5 mmol of cerium chloride heptahydrate was loaded 
into a 250 ml plastic cup and dissolved in 15 ml of deionized water, after that 150 ml of isopropyl 
alcohol was added to the solution. Separately, 40 mmol HF (0.742 ml in terms of 38% hydrofluoric 
acid) was dissolved in 50 ml of isopropyl alcohol in a plastic cup. The first cup was placed on a 
magnetic stirrer, and then the HF solution was added, drop by drop, from the second cup, while 
continuously stirring. After adding the entire volume of HF solution, the stirring was continued for 
15 min. Then 0.0133 mmol of riboflavin was added to form Rb-CeF3 NPs, and the stirring was 
continued for an additional 15 min. Following this, the stirring was stopped, and the resulting yellow 
precipitate was filtered using a funnel and a paper filter. The filtrate was washed several times with 
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small amounts of isopropyl alcohol to remove any traces of HCl and HF. After that, the filter was 
transferred to a Petri dish and placed in an ED 115 heating chamber (BINDER, Germany) at 70 °C for 
4 hours. The dried sample was transferred to a glass and redispersed in 110 ml of deionized water, 
thereby forming yellow stable sol. Following this, water sol of Rb-CeF3 NPs was washed routinely by 
dialysis. 

2.2. Physico-Chemical Analysis 

Size, shape and chemical composition of the Rb-CeF3 NPs were analyzed using a NVision 40 
scanning electron microscope (Carl Zeiss, Germany) equipped with an X-MAX detector (80 mm2) 
(Oxford Instruments, United Kingdom) at an accelerating voltage of 20 kV. X-ray diffraction (XRD) 
of the nanoparticles was measured using a D8 Venture X-ray diffractometer (Bruker, Germany). 
Optical absorption of Rb-CeF3 NPs in aqueous sol was measured using a Cary 5000 UV-vis 
spectrophotometer (Agilent Technologies, USA). Distribution of hydrodynamic diameter of the Rb-
CeF3 NPs in deionized water was determined using a N5 submicron particle size analyzer (Beckman 
Coulter, USA) at 25 °C. 

2.3. Cell Culture  

For cell culture experiments, B16/F10 mouse melanoma cells were obtained from the cryostorage 
of the Theranostics and Nuclear medicine lab (ITEB RAS, Russia). The B16/F10 cell line was selected 
due to its remarkable sensitivity to riboflavin, caused by the overexpression of riboflavin-specific 
transporters and receptors in these cells [38–40]. Cells were cultured in DMEM medium (PanEco, 
Russia), containing 4.5 g/L of D-glucose, 2 mM of L-glutamine, 100 U/mL of penicillin, 100 µg/mL of 
streptomycin (PanEco, Russia) and 10% of Fetal Bovine Serum (FBS) (HyClone, USA). Cell culture 
experiments were performed using Neoteric laminar boxes (Lamsystems, Russia). Cells were 
incubated in CO2-incubator D180 (RWD Life Science, China) at 37 °C in humidified atmosphere 
containing 5% CO2. As cells grew and reached subconfluent state, they were treated with a 0.25% 
trypsin-EDTA (PanEco, Russia) solution and passed into new T12, T25 or T75 cell culture flasks (SPL 
Life Sciences, Korea) at a ratio of 1:4.  Before conducting experiments with the nanoparticles, cells 
were seeded on 96-well plates (SPL Life Sciences, Korea) at a density of 25000 cells/cm2 and cultivated 
for 24 hours. Following this, cell culture medium was replaced with fresh medium, containing Rb-
CeF3 NPs at different concentrations for subsequent co-incubation, lasting 24, 48 and 72 hours. 

2.4. Laser Light Irradiation 

A device was designed to irradiate cells with a 450 nm laser in order to study 
the effect of laser light irradiation on B16/F10 cells and to determine the possible 
photosensitizing activity of Rb-CeF3 NPs under respective conditions (Figure S1). 
Briefly, an optimal distance (l) from the fiber tip of the 450 nm laser Alta-Blue (IRE-
Polus Ltd., Russia) to the bottom of the plate wells was determined by considering 
several parameters, including a diameter of the irradiated spot (D) equal to 13 cm, 
which contains the working area on the plate (6.5 cm), and a numerical aperture of 
the laser fiber (NA) equal to 0.22, which was calculated as the tangent of the 
maximum incident angle of the laser beam with respect to the fiber axis. According 
to the formula NA=D/2*l (a diameter of the aperture d can be neglected), the optimal 
distance l is 29.54 cm. The following experimental laser powers were selected for the 
irradiation of cells: 1, 3, 6, 9 and 13 W, while only 3, 9 and 13 W were used in the 
experiments with nanoparticles. After 48 hours of cultivation without nanoparticles 
or 24 hours after co-incubation with Rb-CeF3 NPs at a concentration of 0.5 mM, cells 
were irradiated using the designed device for 10 min. 
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2.5. Cell Viability Assay 

Cell viability assay was performed by routine MTT-assay 24, 48 and 72 hours after co-incubation 
with Rb-CeF3 NPs or 24 hours after laser light irradiation. Briefly, cell culture medium was replaced 
with a solution of MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl-tetrazolium bromide) (PanEco, 
Russia) in a serum-free medium at a concentration of 0.5 mg/mL. This assay is based on the principle, 
that yellow soluble MTT is being reduced by intracellular NAD(P)H-dependent oxidoreductase 
enzymes to purple insoluble formazan-derivative depending on the metabolic activity of cell and, 
consequently, its viability.  After 3 hours of incubation, the residual MTT solution was replaced with 
DMSO (PanEco, Russia) in order to dissolve intracellular formazan, and then plate was placed on a 
plate shaker for 1 minute. After that, an optical density (OD) of the resulted solutions was measured 
at a wavelength of 570 nm using an INNO-S plate reader (LTek, Korea). The OD values were 
recalculated as a percentage of the corresponding values from the control groups, the results were 
presented as a Mean ± Standard deviation (SD).  

2.6. Analysis of Mitochondrial Membrane Potential 

Mitochondrial membrane potential (MMP) analysis was performed 24, 48 and 72 hours after co-
incubation with Rb-CeF3 NPs or 24 hours after laser light irradiation. Briefly, cell culture medium 
was replaced with a TMRE solution (tetramethylrodamine, ethyl ether) (Lumiprobe, Russia), which 
selectively accumulates in active mitochondria due to their transmembrane potential (Ex=550 nm, 
Em=575 nm), in a HBSS at a concentration of 1 uM. After 15 minutes of incubation, cells were washed 
twice with HBSS, and then microphotography of the cells was carried out using ZOE fluorescent cell 
imager (Bio-Rad, USA). The fluorescence intensity of TMRE was measured using an ImageJ software 
and then recalculated as a percentage of the corresponding values from the control groups. Results 
were presented as a Mean ± Standard deviation (SD). 

2.7. Cell Death Analysis 

Cell death analysis was performed by routine Live/Dead assay 24, 48 and 72 hours after co-
incubation with Rb-CeF3 NPs. Briefly, cell culture medium was replaced with a mixture of fluorescent 
dyes Hoechst 33342 (Lumiprobe, Russia), which binds to the DNA of all of the cells (Ex=350 nm, 
Em=460 nm), and propidium iodide (PI) (Lumiprobe, Russia), which binds to the DNA of only dead 
cells (Ex=535 nm, Em=615 nm), dissolved in a Hanks' Balanced Salt Solution (HBSS) (PanEco, Russia) 
at a concentration of 1 uM. After 15 minutes of incubation, cells were washed twice with HBSS, and 
then microphotography of the cells was carried out using ZOE fluorescent cell imager (Bio-Rad, 
USA). Total number of the cells and number of the dead cells were counted using an ImageJ software. 
After that, percentage of the dead cells was calculated. 

2.8. Statistical Analysis 

Statistical analysis was performed using GraphPad Prism software. Significance of deviations 
between the experimental and control groups was confirmed using Welch’s t-test with the 
corresponding p values: 0.01 < p < 0.05 (*), 0.001 < p <0.01 (**), 0.0001 < p < 0.001 (***) and p < 0.0001 
(****). 

3. Results and Discussion 

According to the scanning electron microscopy data, the synthesized Rb-CeF3 NPs have a size 
distribution ranging from 10 to 50 nm and have a spherical shape (Figure 1a). The XRD analysis 
confirms the crystal structure of Rb-CeF3 NPs (Figure 1b), which is consistent with a CeF3 NPs 
hexagonal structure with P63/mcm space group, that has been shown previously [21]. Therefore, the 
binding of CeF3 NPs to riboflavin do not lead to the formation of an amorphous structure with 
unpredictable properties. The EDX results demonstrate the actual chemical composition of the 
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obtained Rb-CeF3 NPs (Figure 1c), which corresponds to the proposed structure (Al and Cu were 
present in a sample holder). The optical absorption spectra of the CeF3 NPs and Rb-CeF3 NPs reveal, 
that the binding of riboflavin to CeF3 NPs causes an increase in its optical absorption at 450 nm (Figure 
1d). This phenomenon proves the possibility of photoactivating these nanoparticles using light with 
a wavelength of 450 nm. The distributions of the hydrodynamic size of CeF3 NPs (Figure 1e) and Rb-
CeF3 NPs (Figure 1f) exhibit two main peaks at 104 and 234 nm and at 84 and 198 nm, respectively. 
Meanwhile, there are many particles with an intermediate size ranging from 84 to 198 nm in the 
presence of riboflavin. Hence, the binding of riboflavin causes the simultaneous reduction in the CeF3 
NPs size and the increase in their polydispersity, which is consistent with SEM data. We assume that 
this phenomenon could be due to the stabilization of CeF3 NPs by riboflavin. 

 
Figure 1. Physico-chemical properties of the Rb-CeF3 NPs. SEM image (a), XRD pattern (b), EDX (c) and optical 
absorption spectra (d) of the Rb-CeF3 NPs. Distributions of the hydrodynamic size of CeF3 NPs (e) and Rb-CeF3 
NPs (f) in deionized water, obtained by DLS. 

According to the cell viability assay data (Figure 2a), both CeF3 NPs and Rb-CeF3 NPs exhibit a 
remarkable cytotoxicity to B16/F10 mouse melanoma cells. It is worth noting, that the effect of CeF3 
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NPs on the viability of these cells is more pronounced than that of Rb-CeF3 NPs after 24 and 48 hours 
of co-incubation. However, the cytotoxicity of Rb-CeF3 NPs slightly exceeds that of the 
unfunctionalized nanoparticles after 72 hours of co-incubation. Meanwhile, the effect of the studied 
nanoparticles on the MMP of B16/F10 cells differs significantly: CeF3 NPs do not dramatically change 
the MMP, while Rb-CeF3 NPs decrease it in a dose-dependent manner, and this effect enhances 
during 72 hours of co-incubation (Figures 2b and 2c). At the same time, neither CeF3 NPs nor Rb-CeF3 
NPs induce cell death at all studied concentrations during the entire co-incubation period (Figure S2). 
Consequently, the functionalization of CeF3 NPs with riboflavin alters the mechanism of cytotoxicity 
towards B16/F10 mouse melanoma cells to a mitochondria-dependent one. Nevertheless, it does not 
ensure the development of cell death in the presence of these nanoparticles. 

 

Figure 2. Cytotoxicity of the Rb-CeF3 NPs to B16/F10 mouse melanoma cells. Effect of Rb-CeF3 NPs and CeF3 
NPs at different concentrations on the cell viability (a) and mitochondrial membrane potential (MMP) (b, c) of 
B16/F10 cells after 24, 48 and 72 hours of co-incubation. Results in the diagrams (a,b) are presented as a 
percentage of control with Mean ± SD, n=3. Statistical significance of the differences between the control and 
experimental groups was confirmed using Welch’s t-test with corresponding p values: p < 0.05 (*), p <0.01 (**), 
p < 0.001 (***) and p < 0.0001 (****). Cells, shown in the images (c), are stained with TMRE, MMP-dependent dye. 

Interestingly, that the light irradiation with a wavelength of 450 nm significantly decreases both 
the cell viability and the MMP of B16/F10 mouse melanoma cells in a power-dependent manner 
(Figures 3a, 3c and 3e). This effect may be due to the intense accumulation of various chromophores, 
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including flavins and porphyrins, in melanoma cells  [41]. Further, to assess the photosensitizing 
effect of Rb-CeF3 NPs and their components, a concentration of 500 µM has been chosen. Surprisingly, 
that CeF3 NPs alone do not influence the effect of light irradiation on B16/F10 cells, despite the 
investigated cytotoxicity of these nanoparticles. However, both riboflavin and Rb-CeF3 NPs 
demonstrate a remarkable photosensitizing activity, decreasing the cell viability and the MMP of the 
cells, regardless of the laser power (Figures 3b, 3d, 3f and S3). It is obvious, that the binding of 
riboflavin to CeF3 NPs do not affect its photosensitizing activity neither decreasing nor increasing it. 
Hence, we propose, that CeF3 NPs are mainly cargo for riboflavin, which can stabilize and deliver it 
to tumor cells for the purposes of PDT. Various modifications of the Rb-CeF3 NPs synthesis technique, 
changes in the ratio of components, selection of different light irradiation conditions may enhance 
the photosensitizing properties of this nanomaterial. 

 
Figure 3. Effect of 450 nm-laser light irradiation on B16/F10 cells and photosensitizing activity of the Rb-CeF3 
NPs under respective conditions. Changes in cell viability (a) and mitochondrial membrane potential (MMP) (b, 
c) of B16/F10 cells under laser light irradiation with different laser power in the absence (left) and presence (right) 
of Rb-CeF3 NPs and its components at a concentration of 500 µM 24 hours after irradiation. 24 hours before light 
irradiation, cells were cultivated in the absence or presence of the Rb-CeF3 NPs for 24 hours. Results in the 
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diagrams (a, b) are presented as a percentage of control with Mean ± SD, n=3. Statistical significance of the 
differences between control and experimental groups was confirmed using Welch’s t-test with corresponding p 
values: p < 0.05 (*), p <0.01 (**), p < 0.001 (***) and p < 0.0001 (****). Cells, shown in the images (c), are stained 
with TMRE, MMP-dependent dye. 

4. Conclusion 

One of the modern approaches to enhance the effectiveness of photodynamic therapy (PDT) is 
the development of advanced photosensitizers, including those based on nanoparticles. In this study, 
we have for the first time showed the potential of using the cerium fluoride nanoparticles, 
functionalized with riboflavin (Rb-CeF3 NPs), as a nanophotosensitizer for PDT. The binding of 
riboflavin to CeF3 NPs leads to the stabilization of these nanoparticles and does not cause the 
formation of an amorphous structure with unpredictable features. Meanwhile, the Rb-CeF3 NPs are 
able to intensively absorb the light with a wavelength of 450 nm, similar to pure riboflavin. The Rb-
CeF3 NPs exhibit pronounced cytotoxicity towards B16/F10 mouse melanoma cells through a 
mitochondria-dependent mechanism. The light irradiation at a wavelength of 450 nm significantly 
decreases both the cell viability and the mitochondrial membrane potential of B16/F10 cells. The Rb-
CeF3 NPs notably enhance this effect, therefore demonstrating a remarkable photosensitizing activity 
of these nanoparticles. However, there is no important difference in the effect of riboflavin and Rb-
CeF3 NPs under light irradiation. Thus, we assume, that CeF3 NPs are predominantly a cargo for 
riboflavin, which is able to stabilize and deliver it to tumor cells for the purposes of PDT. Different 
alterations in the Rb-CeF3 NPs synthesis process, variations in the ratio of components and selection 
of various light irradiation conditions can improve the photosensitizing capabilities of this 
nanomaterial. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. 
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