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Abstract. Riboflavin, a natural photosensitizer, is of significant interest for the 
development of low-toxicity photodynamic therapy (PDT) protocols. This 
study is focused on the evaluation of the cytotoxic effect and ionic imbalances 
in B16-F10 melanoma cells induced by riboflavin when irradiating with blue 
laser light (450 nm wavelength). The dynamics of cell death and changes in 
intracellular sodium, potassium, and calcium ion concentrations were 
analyzed with the use of fluorescence microscopy. At a riboflavin 
concentration of 50 µM under laser irradiation, the signal corresponding to 
early apoptotic features in B16-F10 cells increased by 2.2 times compared to 
the control group. The maximum increase associated with late apoptosis and 
necrosis was observed 6 h after exposure and exceeded the values of the 
control group by 1.61 times, whereas under combined treatment this effect 
was detected as early as 1 h after exposure (1.32 times relative to the control 
group). Analysis of ion homeostasis revealed that riboflavin treatment, 
particularly in combination with laser irradiation, led to an increase in 
intracellular Ca2⁺ levels (up to 1.9-fold relative to the control at 6 h after 
exposure). This was accompanied by an increase in Na⁺ levels and a decrease 
in K⁺ levels, with minimal K⁺ values observed at 6 h after exposure 
(approximately 0.6 of the control level). Overall, the results demonstrate the 
photosensitizing activity of riboflavin and support its further investigation in 
photodynamic approaches for melanoma. The observed effects provide a basis 
for further investigation of riboflavin-mediated PDT in combination with other 
anticancer agents to enhance therapeutic efficacy. 
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1 Introduction 

Modern treatment methods of malignant tumors, 

including surgery, chemotherapy, and radiotherapy, are 

often associated with pronounced side effects and the 

development of drug resistance. In recent years, more 

attention has been paid to minimally invasive and 

targeted approaches aimed at selectively destroying 

tumor cells with minimal damage to surrounding 

tissues [1, 2]. In this context, photodynamic therapy is 

considered as an alternative approach that minimizes 

systemic exposure and increases selectivity for tumor 

cells [3]. 

Photodynamic therapy (PDT) continues to attract 

attention as a safe and locally targeted antitumor therapy 

method that combines the use of a photosensitizer, light 

of a specific wavelength, and oxygen to generate reactive 

oxygen species (ROS). The efficacy of PDT is largely 
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determined by the properties of the photosensitizer: its 

ability to accumulate in tumor cells selectively, photo-

stability, and minimal toxicity to normal tissues. 

Among natural photosensitizers, riboflavin 

(vitamin B2) and its derivatives stand out due to their high 

biocompatibility and endogeneity. Riboflavin is a 

precursor of the coenzymes flavin mononucleotide 

(FMN) and flavin adenine dinucleotide (FAD), which are 

involved in mitochondrial redox processes, reducing the 

risk of long-term toxicity [4]. FMN often functions as a 

cofactor in membrane-bound flavoproteins (i.e., it is 

embedded in a protein complex), and such complexes are 

localized near membranes and enzymatic electron 

transfer centers [5]. The localization of flavin cofactors 

near membrane proteins creates a “spot” formation of 

ROS near the lipid layer, which increases the probability 

of damage to membrane components during 

photosensitization [6]. Under the influence of blue light, 

flavins effectively generate ROS, including singlet 

oxygen and superoxide, causing damage to cellular 

structures and inducing a phototoxic effect [7]. 

Cutaneous melanoma, one of the most aggressive 

forms of tumors, exhibits high metastatic activity and 

resistance to systemic therapies which makes localized 

therapies particularly important [8]. Riboflavin-based 

photodynamic therapy (PDT) for melanoma seems to be 

a promising treatment method: low systemic toxicity, 

selective tumor targeting, and potential for combination 

with other therapeutic approaches provide the basis for 

treatment optimization [9]. 

Despite progress in studying the photodynamic 

properties of riboflavin, the effect of photosensitizer 

concentration on the efficacy of PDT for melanoma 

remains understudied. There is also limited data on how 

photodynamic action of riboflavin influences 

intracellular ion homeostasis – the concentrations of 

Ca2⁺, K⁺, and Na⁺, which play a key role in regulating 

apoptosis and necrosis. Understanding these 

relationships will not only help to clarify the mechanisms 

of phototoxicity but also optimize PDT parameters to 

increase its selectivity and therapeutic potential. 

Therefore, this study aims to evaluate the relationship 

between the photodynamic efficacy of riboflavin and its 

concentration and analyze the associated changes in ionic 

balance in melanoma cells. Unlike most studies focused 

primarily on the general phototoxicity of riboflavin, the 

present work provides a time-resolved analysis of the 

relationship between apoptosis- and PI-associated signals 

and changes in Na⁺-, K⁺-, and Ca2⁺-associated 

fluorescence in B16-F10 melanoma cells following 

photoactivation of riboflavin with blue light. In addition, 

intracellular ROS generation was assessed to further 

support the photodynamic mechanism of action. 

2 Methods and Materials 

B16-F10 murine melanoma cell culture was used in the 

experiments. Cells were obtained from the American 

Type Culture Collection (ATCC). 

The experimental scheme is illustrated in Fig. 1. 

Murine melanoma B16-F10 cells were cultured in a 

Sanyo MCO-18AIC incubator (Helicon, Japan) at 37 °C 

in a humidified atmosphere containing 5% CO2. Cells 

were maintained in RPMI-1640 medium (PanEco, 

Russia) supplemented with 10% fetal bovine serum 

(Biosera, France) and 80 mg/L gentamicin (PanEco, 

Russia). One day prior to the experiment, cells were 

seeded into 8-well chamber slides (SPL Lifesciences, 

South Korea) at a density of 5 × 104 cells per well. 

2.1 Experimental Design 

The following experimental groups were established: 

• Control – cells without riboflavin and without laser 

irradiation; 

• IR – cells exposed to laser irradiation only; 

• RBF – cells treated with riboflavin only; 

• IR + RBF – cells treated with riboflavin followed 

by laser irradiation. 

 

Fig. 1 Experimental scheme.
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2.2 Laser Irradiation 

Irradiation was carried out in a UNO H501-T benchtop 

incubator (Okolab, Italy) under standard culture 

conditions. Cells were irradiated using a 450 nm laser 

diode (MDL-111-450, Changchun New Industries 

Optoelectronics Tech, China) with an output power of 

4 mW. The irradiation time was 15 min, corresponding 

to an energy density of 4.2 J/cm2 over an exposed area of 

0.857 cm2. 

The energy density (E, J/cm2) was calculated as: 

𝐸 =  (𝑃 ×  𝑡) / 𝑆,   

where P is the output power (W), t is the irradiation time 

(s), and S is the exposed area (cm2). 

2.3 Fluorescence Microscopy and Image 

Analysis 

Fluorescence images were acquired using a Nikon Ti-S 

(Nikon Corporation, Tokyo, Japan) inverted microscope. 

Image analysis was performed using ImageJ software 

(NIH, USA). 

Quantitative analysis was based on the corrected total 

cell fluorescence (CTCF) parameter. 

For each experimental group, three fields of view 

were analyzed per experiment. For each field, paired 

images were acquired: a brightfield image to define cell 

boundaries and the corresponding fluorescence image. 

Brightfield and fluorescence images were overlaid to 

ensure accurate alignment of cell contours with 

fluorescence signals. Cell boundaries were manually 

delineated as regions of interest (ROI) based on visible 

cell contours. A total of 50 cells were analyzed per field 

of view, resulting in 150 analyzed cells per group. 

For each ROI, the following parameters were 

measured: area and integrated density. 

Background fluorescence was determined 

individually for each field of view by selecting five 

regions devoid of cells and calculating the mean 

background intensity. 

CTCF was calculated using the following Eq.: 

𝐶𝑇𝐶𝐹 = 𝐼𝐷 − (𝐴 × 𝐵),  

where CTCF is the corrected total cell fluorescence; ID is 

the integrated density; A is the area of the selected region 

of interest (ROI); and B is the mean background 

fluorescence of the corresponding microscopic field. 

Fluorescence values were normalized to the control 

group and expressed in relative units. 

2.4 Selection of Riboflavin Concentration 

A preliminary experiment was performed to determine 

the working concentration of the photosensitizer. 

Riboflavin in the form of flavin mononucleotide 

(Pharmstandard -UfaVITA, Russia) was applied at 

concentrations of 10, 50, and 100 µM. After 24 h of 

culture, the medium was replaced with fresh medium 

containing riboflavin, and cells were incubated for 

90 min in the dark. Subsequently, cells were washed with 

phosphate-buffered saline (PBS, pH 7.4). These 

measurements correspond to a preliminary 

concentration-dependent experiment (3 h time point). 

Cell death was assessed 3 h after treatment using 

Yo-PRO-1 and propidium iodide (PI) at a final 

concentration of 1 µM each. 

2.5 Dynamics of Cell Death 

Cell death was evaluated using the fluorescent dyes 

Yo-PRO-1 and propidium iodide (PI) at a final 

concentration of 1 µM each. Measurements were 

performed at 1, 6, and 18 h after irradiation. Cells positive 

for Yo-PRO-1 staining were classified as early apoptotic 

cells, whereas PI-positive cells were considered to have 

compromised plasma membrane integrity, corresponding 

to late apoptosis or necrosis. 

2.6 Assessment of Intracellular ROS Levels 

Intracellular reactive oxygen species (ROS) levels were 

evaluated using the fluorescent probe  

2΄,7΄-dichlorodihydrofluorescein diacetate (DCFH-DA). 

Cells were incubated with DCFH-DA at a final 

concentration of 10 µM for 30 min at 37 °C in the dark. 

After incubation, cells were washed with phosphate-

buffered saline (PBS, pH 7.4) to remove excess probe. 

Fluorescence measurements were performed 

immediately after photodynamic treatment and 3 h later. 

Fluorescence images were acquired using a Nikon 

Ti-S (Nikon Corporation, Tokyo, Japan) inverted 

microscope under identical acquisition settings for all 

experimental groups. Quantitative analysis was 

performed using ImageJ software (NIH, USA) based on 

the CTCF parameter, as described below. 

2.7 MTT Assay  

After irradiation, the medium was removed and replaced 

with an equal volume of fresh pre-warmed culture 

medium. Cells were incubated for 3 h in a humidified 

CO2 incubator at 37 °C. After this incubation period, the 

medium was removed and replaced with 100 µL of fresh 

warm medium containing 10 µL of MTT solution 

(5 mg/mL; PanEco, Russia). Cells were additionally 

incubated for 3 h at 37 °C in a CO2 incubator. 

After incubation, 100 µL of solubilization solution 

was added to each well to dissolve intracellular 

formazan crystals. The solubilization solution consisted 

of 99.4 mL dimethyl sulfoxide (Helicon, Russian 

Federation), 0.6 mL glacial acetic acid (Ecos-1, 

Russia), and 10 g sodium dodecyl sulfate (PanEco, 

Russian Federation). The contents of the wells were 

then aspirated and transferred to a 96-well plate. 

Absorbance was measured using a Multiskan FC plate 

reader (Thermo Scientific, USA) at 620 nm. Cell 

viability in each well was calculated relative to the 

absorbance value of the control group, followed by 

graphical presentation of the data. 
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2.8 LDH Assay  

After irradiation, the medium was removed and replaced 

with an equal volume of fresh pre-warmed culture 

medium. Cells were incubated for 3 h in a humidified 

CO2 incubator at 37 °C. After incubation, the culture 

medium from each well was collected into precooled 

microcentrifuge tubes and centrifuged for 10 min at 

1500 × g. The supernatant was transferred into fresh 

precooled tubes. 

After medium removal, 500 µL of cold PBS was 

added to each well, collected into microcentrifuge tubes, 

and centrifuged for 5 min at 1500 rpm. The supernatant 

was discarded. Then, 100 µL of lysis buffer (Cloud-

Clone Corp., China) was added to each well, and the plate 

was additionally incubated for 30 min at room 

temperature. The lysates were collected into tubes 

containing the cell pellet and centrifuged for 30 min at 

1500 × g. Then, 90 µL of the resulting supernatant was 

diluted in 360 µL of cold PBS. 

LDH concentration was measured using an ERBA 

XL-100 biochemical analyzer (Erba Lachema, Czech 

Republic) with a Lactate Dehydrogenase-P kit (Erba 

Lachema, Czech Republic). The data were calculated as 

the concentration of LDH released into the medium 

relative to the LDH concentration in the corresponding 

cell lysate. 

2.9 Intracellular Ion Levels 

Intracellular ion levels were evaluated using the 

fluorescent dyes Rhod-2 AM, ION NatriumGreen 2 AM, 

and ION PotassiumGreen 2 AM at a final concentration 

of 1 µM each. Measurements were performed at 1, 6, and 

18 h after irradiation. Fluorescence intensity of ion-

sensitive dyes was interpreted as a relative indicator of 

changes in intracellular Ca²⁺, Na⁺, and K⁺ levels rather 

than a direct quantitative measurement of absolute ion 

concentrations. 

2.10 Statistical Analysis 

All experiments were performed in at least three 

independent replicates. Statistical analysis was carried 

out using Microsoft Excel. Differences between groups 

were evaluated using the Mann–Whitney U-test. Results 

were considered statistically significant at p ≤ 0.05. 

3 Results 

3.1 Selection of Riboflavin Concentration 

Incubation of B16-F10 murine melanoma cells with the 

photosensitizer riboflavin showed a direct relationship 

between riboflavin concentration and the level of 

apoptosis (Fig. 2(а)). 

As follows from Fig. 2(a), there is a noticeable The 

data presented in Fig. 2(b) show that B16-F10 cells 

treated with riboflavin at concentrations of 10, 50, and 

100 µM and exposed to laser irradiation exhibited an 

increased level of apoptotic cells, with the maximum 

observed at a concentration of 50 µM (2.2-fold higher 

than in the control group).  

Figure 3 presents the results of the study examining 

the effects of riboflavin and laser irradiation on necrotic 

cell death in B16-F10 melanoma cells. 

A comparative analysis showed that the level of 

necrosis in cells treated with riboflavin at a concentration 

of 10 µM and exposed to laser irradiation was 

significantly lower than in the corresponding non-

irradiated group. The CTCF values for incubation with 

riboflavin at concentrations of 50 and 100 µM in the 

study groups did not differ significantly.

 

 
(a) (b) 

Fig. 2 (a) Effect of riboflavin concentration on apoptosis in B16-F10 melanoma cells. (b) Effect of riboflavin 

concentration combined with laser irradiation (450 nm, 4.2 J/cm²) on apoptosis in B16-F10 melanoma cells 3 h after 

exposure.  Fluorescence intensity is presented as corrected total cell fluorescence (CTCF) normalized to the control group. 

* p < 0.05 vs control; # p < 0.05 vs irradiated group. 
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(a) (b) 

Fig. 3 (a) Effect of riboflavin concentration on necrosis in B16-F10 melanoma cells. (b) Effect of riboflavin concentration 

combined with laser irradiation (450 nm, 4.2 J/cm²) on necrosis in B16-F10 melanoma cells 3 h after exposure. 

Fluorescence intensity is presented as corrected total cell fluorescence (CTCF) normalized to the control group. 

* p < 0.05 vs control; # p < 0.05 vs irradiated group. 

 
(a) (b) 

Fig. 4 Dynamics of cell death in B16-F10 melanoma cells at 1, 6, and 18 h after treatment. (a) Apoptosis. (b) Necrosis. 

Fluorescence intensity is presented as corrected total cell fluorescence (CTCF) normalized to the control group. 

IR – laser irradiation (450 nm, 4.2 J/cm²); RBF – riboflavin (50 μM); IR+RBF – combined treatment with riboflavin and 

laser irradiation. * p < 0.05 compared with the control group. 

3.2 Dynamics of Cell Death  

Figure 4 shows the dynamics of cell death in B16-F10 

melanoma cells. 

In all experimental groups, an increase in cell death 

was observed 6 h after treatment, followed by a decrease 

by 18 h. 

Analysis of apoptotic cell death in melanoma cells 

showed that the highest levels were observed in the 

combined treatment group, reaching a maximum of 

2.12-fold at 6 h after treatment. In the single-treatment 

groups, CTCF values varied only slightly throughout the 

observation period. 

Analysis of necrotic cell death showed that the 

highest level was observed in the riboflavin group, 

reaching the value of 1.61 higher relative to the control 

group at 6 h. Laser irradiation alone did not result in 

significant changes. In contrast, combined treatment 

induced earlier necrotic cell death: at 1 h after treatment, 

CTCF levels were 1.32 times higher than in the control 

group, while remaining lower in the other experimental 

groups. 

These results indicate that the combined treatment 

with riboflavin and laser irradiation enhances cell death 

and accelerates the onset of necrotic processes. 

3.3 Intracellular ROS Generation 

As shown in Fig. 5, the results showed that immediately 

after exposure, the level of reactive oxygen species in the 

laser irradiation group was 1.46 relative to the control, 

while in the riboflavin group it was 1.20. The combined 

exposure to laser irradiation and riboflavin led to the 

most pronounced increase in reactive oxygen species 

levels, reaching 1.84 relative to the control. 

At 3 h after exposure, an increase in reactive oxygen 

species levels was also observed under combined 

exposure, reaching 1.39 relative to the control. The 

combined exposure to laser irradiation and riboflavin 

was observed to enhance the generation of reactive 

oxygen species, which is consistent with a 

photodynamic mechanism of action.
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Fig. 5 Intracellular reactive oxygen species (ROS) levels in B16-F10 melanoma cells after photodynamic treatment. 

(A) Representative brightfield and fluorescence images of B16-F10 melanoma cells. The upper row shows brightfield 

images, and the lower row shows fluorescence corresponding to intracellular ROS detected using the DCFH-DA probe. 

Images were obtained immediately after treatment. (B) Intracellular ROS levels immediately after treatment. 

(C) Intracellular ROS levels 3 h after treatment. Fluorescence intensity is presented as corrected total cell fluorescence 

(CTCF) normalized to the control group. Data are presented as mean ± SD. Experimental groups: Control – untreated 

cells; IR – laser irradiation (450 nm, 4.2 J/cm²); RBF – riboflavin (50 μM); IR+RBF — combined treatment with 

riboflavin and laser irradiation. * p < 0.05 compared with the control group. 

 

Fig. 6 Assessment of membrane damage and metabolic activity in B16-F10 melanoma cells after photodynamic treatment. 

(A) LDH assay, 3 h, (B) MTT assay, 3 h, (C) MTT assay, 24 h. The LDH assay reflects membrane integrity, whereas the 

MTT assay evaluates cellular metabolic activity. Data are presented as mean ± SD. IR – laser irradiation (450 nm, 

4.2 J/cm²); RBF – riboflavin (50 μM); IR+RBF – combined treatment with riboflavin and laser irradiation. 

* p < 0.05 compared with the control group. 

3.4 Membrane Damage and Metabolic Activity 

The effects of photodynamic treatment on membrane 

integrity and metabolic activity of B16-F10 melanoma 

cells were assessed using LDH and MTT assays (Fig. 6). 

At 3 h after treatment, the LDH assay demonstrated 

an increased proportion of damaged cells in all 

experimental groups compared with the control group. 

The highest level of membrane damage was observed in 

the group with combined exposure to laser irradiation and 

riboflavin (29.21%), while the laser irradiation group and 

the riboflavin group showed comparable values (18.25% 

and 18.79%, respectively) relative to the control group 

(10.87%). 

According to the MTT assay, decrease in metabolic 

activity at 3 h remained low in all groups, reaching 0.3% 

in the laser irradiation group, 10.4% in the riboflavin 

group, and 5.2% in the group with combined exposure. 
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At 24 h, a pronounced decrease in metabolic activity was 

observed in the riboflavin group (51.87%) and in the 

group with combined exposure (51.15%), whereas the 

laser irradiation group showed only minimal changes 

(2.01%). 

3.5 Changes in Intracellular Sodium Levels 

Figure 7 shows the dynamics of changes in intracellular 

sodium levels in B16-F10 melanoma cells. High sodium 

levels were observed in the experimental groups 6 h after 

exposure (up to ~2.6 times in the RBF group and 

~2.0 times in the IR+RBF group relative to the control 

group). However, the values in the group exposed only to 

riboflavin were significantly higher than in both the 

combined treatment group and the laser irradiation group. 

After 18 h, a decrease in sodium levels was observed in 

all study groups, approaching ~1.1–1.3-times relative to 

the control group. 

3.6 Changes in Intracellular Calcium Levels 

Changes in intracellular calcium levels are presented in 

Fig. 8. Figure 8 shows changes in intracellular calcium 

levels in the B16-F10 cell culture at 1, 6, and 18 h after 

exposure. Exposure to the photosensitizer, both alone and 

in combination with laser irradiation, results in a marked 

increase in calcium levels, reaching ~1.6 times higher at 

1 h and peaking at ~1.9–2.0 at 6 h relative to the control 

group. Calcium levels then remain elevated but begin to 

decline by 18 h (~1.4–1.6-fold). In the group exposed 

only to laser irradiation, minimal changes in calcium 

levels were observed at all-time intervals studied 

(~0.8–0.9 times relative to the control group). 

3.7 Changes in Intracellular Potassium Levels 

As shown in Fig. 9, а significant decrease in potassium 

levels was observed 6 h after exposure in all study groups 

(to ~0.7–0.8 times higher relative to the control group). 

In the groups exposed to laser irradiation or riboflavin, a 

further decrease in potassium levels was observed after 

18 h (to ~0.6–1.1-fold). In contrast, in the group that 

received the combined treatment, potassium levels 

increased by 18 h (~1.2–1.3-fold) and remained the 

highest among all study groups. 

 

 

Fig. 7 Intracellular sodium dynamics in B16-F10 melanoma cells after photodynamic treatment. (A) Representative 

brightfield and fluorescence images of B16-F10 cells in the Control, IR, RBF, and IR+RBF groups. The upper row shows 

brightfield images, and the lower row shows fluorescence corresponding to intracellular sodium levels. Images were 

obtained 1 h after treatment. (B) Time-dependent changes in intracellular sodium levels at 1, 6, and 18 h after treatment. 

Fluorescence intensity is presented as corrected total cell fluorescence (CTCF) normalized to the control group. Data are 

presented as mean ± SD. IR – laser irradiation (450 nm, 4.2 J/cm2); RBF – riboflavin (50 μM); IR+RBF – combined 

treatment with riboflavin and laser irradiation. * p < 0.05 compared with the control group.
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Fig. 8 Intracellular calcium dynamics in B16-F10 melanoma cells after photodynamic treatment. (A) Representative brightfield 

and fluorescence images of B16-F10 cells in the Control, IR, RBF, and IR+RBF groups. The upper row shows brightfield 

images, and the lower row shows fluorescence corresponding to intracellular calcium levels. Images were obtained 1 h after 

treatment. (B) Time-dependent changes in intracellular calcium levels at 1, 6, and 18 h after treatment. Fluorescence intensity 

is presented as corrected total cell fluorescence (CTCF) normalized to the control group. Data are presented as mean ± SD. 

IR – laser irradiation (450 nm, 4.2 J/cm2); RBF – riboflavin (50 μM); IR+RBF – combined treatment with riboflavin and laser 

irradiation. * p < 0.05 compared with the control group.

 
Fig. 9 Intracellular potassium dynamics in B16-F10 melanoma cells after photodynamic treatment. (A) Representative 

brightfield and fluorescence images of B16-F10 cells in the Control, IR, RBF, and IR+RBF groups. The upper row shows 

brightfield images, and the lower row shows fluorescence corresponding to intracellular potassium levels. Images were obtained 

1 h after treatment. (B) Time-dependent changes in intracellular potassium levels at 1, 6, and 18 h after treatment. Fluorescence 

intensity is presented as corrected total cell fluorescence (CTCF) normalized to the control group. Data are presented as 

mean ± SD. IR – laser irradiation (450 nm, 4.2 J/cm2); RBF – riboflavin (50 μM); IR+RBF – combined treatment with riboflavin 

and laser irradiation. *p < 0.05 compared with the control group.  



A. K. Gilmutdinova et al.: The Effect of Riboflavin and Blue Laser Irradiation... doi: 10.18287/JBPE26.12.020312 

J of Biomedical Photonics & Eng 12(2) 2026  30 Jun 2026 © J-BPE 020312-9 

4 Discussion  

In this study, using the B16-F10 cell line model, we 

demonstrated the significant cytotoxic activity of 

riboflavin in combination with blue laser irradiation 

(λ = 450 nm, E = 4.2 J/cm²) and identified key features 

associated with changes in ion homeostasis and the 

temporal dynamics of apoptosis/necrosis. 

In the vast majority of studies, free riboflavin (and 

related water-soluble flavins FMN, FAD, and 

derivatives) exhibit little or no cytotoxicity in the dark at 

typical concentrations used for photo-dynamics – most 

cell death occurs upon photo-activation [10, 11]. Our 

results demonstrate that riboflavin induces apoptosis and 

necrosis in B16-F10 cells in the absence of laser photo-

activation, indicating its dark toxicity starting at a 

concentration of 10 μM. These data are inconsistent with 

the results previously published by Insińska-Rak et al., 

who found no cytotoxicity at concentrations up to 

50 μM [12], as well as with data by Akasov et al., who 

reported the safety of riboflavin up to 100 μM [13], and 

other studies [14]. This may be associated with the 

participation of riboflavin in metabolic processes and the 

ability to oxidize and reduce partially the effect on 

intracellular structures. 

The effectiveness of a photosensitizer in PDT directly 

depends on its concentration. At moderate doses, ROS 

generation occurs at levels sufficient to trigger caspase-

dependent apoptosis, but insufficient to cause 

uncontrolled damage to cell membranes and organelles. 

At high concentrations, excessive ROS generation is 

observed, leading to photo-destruction, decreased 

selectivity, and a switch to a necrotic cell death 

pathway [15]. In our experiments, photo-activation with 

blue laser radiation significantly enhanced apoptotic 

processes, with the maximum effect achieved at 50 µM 

riboflavin, after which a decrease in apoptosis and 

necrosis became predominant at 100 µM. These data are 

consistent with the results on the effect of flavin 

mononucleotide in melanoma cell lines, where IC₅₀ were 

in the range of ~10–30 µM under 450 nm irradiation [13], 

and the peak of necrosis was noted at 100 µM. Thus, a 

concentration of 50 µM can be considered optimal, since 

at this concentration apoptosis dominates over necrosis, 

which is preferable from a therapeutic point of view [16]. 

The temporal dynamics of cell death (at 50 µM 

riboflavin) reveals additional details. The peak of cell 

death for all groups is observed approximately 6 h after 

treatment, especially apoptosis with combined exposure, 

which correlates with the mechanisms of photodynamic 

therapy, in which ROS generation and organelle damage 

trigger caspase-dependent pathways within the first few 

hours after irradiation [17]. The early phase of necrosis 

observed in our data indicates rapid oxidative damage to 

membranes, which leads to a necrotic outcome even 

before apoptosis. A higher proportion of necrotic cells in 

the group treated with riboflavin without irradiation 

indicates the predominance of disordered forms of cell 

death, most likely associated with redox stress and direct 

membrane damage. With photodynamic exposure, a 

redistribution towards apoptosis is observed, which is 

consistent with a caspase-dependent mechanism and 

singlet oxygen generation. One can assume that photo-

activation of riboflavin not only enhances its cytotoxicity 

but also shifts the cellular response from a necrotic to an 

apoptotic state. The decrease in the apoptotic fraction by 

18 h probably reflects either the further transformation of 

apoptosis into late necrosis or the removal of apoptotic 

bodies from the culture and the inability to detect them 

with a fluorescent dye [18]. 

Our data show that melanoma cells treated with 

riboflavin, laser irradiation, and their combination 

undergo significant changes in ion concentration, 

suggesting profound ion dysregulation as part of the 

cellular response. This dysregulation includes Na⁺ influx, 

K⁺ efflux or reorganization, and Ca2⁺ overload or 

reduction, depending on the type of treatment and time 

point. The observed maximum change in the 

concentration of most ions at ~6 h after treatment is 

consistent with the temporal concept of the 

photodynamic response: the initial phase (1 h) is 

characterized by early disruption of membrane barrier 

function; by 6 h, ROS-mediated damage to organelles 

and channels accumulates and apoptotic mechanisms are 

triggered; and by 18 h, either compensatory mechanisms 

are activated or cell death occurs. 

A significant increase in intracellular Na⁺ is observed 

with both non-irradiated and irradiated riboflavin 

treatment, particularly pronounced by 6 h. This effect 

may be caused by ROS-mediated membrane damage and 

decreased Na⁺/K⁺ ATPase activity, which increases Na⁺ 

permeability, disrupts ionic balance, and promotes cell 

stress and death. This mechanism is supported by 

experimental data, where an increase in Na⁺ inside tumor 

cells led to their death [19]. 

One hour after treatment with riboflavin and the 

combined exposure, a moderate increase in intracellular 

K⁺ is observed, reflecting the early adaptive activity of 

K⁺ channels and an attempt to maintain homeostasis. At 

the point of 6 h, coinciding with the peak of apoptosis and 

necrosis, a sharp decrease in K⁺ and a simultaneous 

increase in Na⁺ are observed. A drop in K⁺ facilitates the 

activation of caspases and the implementation of 

apoptosis, and an increase in Na⁺ reflects a disruption in 

membrane permeability and a compensatory response to 

osmotic imbalance, which may also indicate partial 

necrotic cell damage [20, 21]. 

With riboflavin, and especially with combined 

exposure, a significant increase in intracellular Ca2⁺ (up 

to 1.9 by 6 h) was also observed. ROS-mediated damage 

to the endoplasmic reticulum and mitochondria can cause 

the release of Ca2⁺ from internal stores or enhance its 

entry from the outside through channels, consistent with 

the dynamics of K⁺ and Na⁺. This is confirmed by 

reviews on melanoma, where calcium signaling plays a 

key role in apoptosis and the vulnerability of melanoma 

cells, as well as in the control of the stress response and 

drug sensitivity [22]. With exposure of laser alone, Ca2⁺ 

decreased (up to 0.8 times), which may indicate the 

activation of compensatory mechanisms, such as 

increased extrusion of Ca2⁺ or limitation of release from 
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stores. Modern approaches to photodynamic therapy for 

melanoma confirm a direct link between ROS generation, 

Ca2⁺ changes and cell death [23, 24].  

By 18 h of combined exposure, K⁺ levels are restored 

above baseline values, and Na⁺ levels stabilize, indicating 

the survival of some cells and restoration of ionic 

balance. In general, the dynamics of Na⁺, K⁺, and Ca2⁺ 

may reflect the following sequence: early adaptation → 

apoptotic/necrotic phase with a decrease in K⁺ and an 

increase in Na⁺, and an increase in Ca2⁺ → recovery of 

some cells and restoration of ionic homeostasis. 

The obtained results on intracellular ROS levels, as 

well as MTT and LDH assays, further support the 

proposed mechanisms of photodynamic action. The 

pronounced increase in ROS generation observed 

immediately after combined treatment confirms the key 

role of oxidative stress in initiating cell death. The LDH 

assay demonstrated early membrane damage at 3 h, 

particularly in the combined treatment group, indicating 

disruption of membrane integrity under photodynamic 

conditions. At the same time, the MTT assay showed a 

delayed decrease in metabolic activity, with a marked 

increase in cytotoxicity at 24 h, especially in the 

riboflavin and combined treatment groups. This suggests 

that metabolic impairment develops progressively 

following the initial oxidative and membrane damage. 

Together, these findings indicate that photodynamic 

exposure induces a cascade of events including ROS 

generation, membrane disruption, and subsequent loss of 

cellular metabolic activity. 

5 Conclusion 

This study demonstrates that riboflavin exhibits 

photosensitizing activity in B16-F10 melanoma cells and 

enhances cytotoxic effects upon blue laser irradiation. In 

addition, measurable cytotoxicity was observed in the 

absence of irradiation, which should be interpreted with 

caution and may depend on specific experimental 

conditions. 

The combined use of riboflavin and laser irradiation 

was associated with increased ROS generation and 

disruption of ion homeostasis, including alterations in 

Na⁺, K⁺, and Ca2⁺ levels, which is consistent with 

enhanced cell death. 

These findings suggest that riboflavin-mediated 

photodynamic treatment may contribute to cytotoxic 

effects in melanoma cells and provide a basis for further 

investigation of its potential application in combination 

with other therapeutic strategies. 
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