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Abstract

:

Cosmetics and other daily care products contain titanium(IV) oxide (titania). Since multiple risk factors can increase the chance of developing cancer, an evaluation of titania safety has become a matter of concern in recent times. However, it should be pointed out that titania as an efficient photocatalyst has been also applied for inactivation of various pathogens, environmental purification and energy conversion, which might result in significant improvement of human life. Therefore, it is worth considering titania not only as a possible cancer initiator, but also as an efficient solution against cancer cells. Accordingly, in this study, the effect of commercial titania photocatalyst P25 (Degussa/Evonik) on breast adenocarcinoma MCF7 cells (ATCC® HTB-22™, breast adenocarcinoma cell line from human) has been investigated. The cells were treated with titania at doses of 10, 30, and 50 µg/mL under UVA/vis irradiation and in the dark. The significant morphological alterations in living cells were observed for larger doses of titania, such as changes in the shape and the size of cells, the deviation from the normal structure, and an increase in cells’ mortality. Moreover, the effect was significantly higher under irradiation than in the dark confirming strong photocatalytic activity of titania P25. In contrast, the lowest dose of titania (10 µg/mL) did not exhibit a significant impact on MCF7 cells, similarly to the nontreated cells. Accordingly, it has been proposed that locally applied titania might be considered for a cancer therapy after necessary in vivo tests to estimate any possibilities of side effects.
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1. Introduction


The concerns on biosafety of nanomaterials, in particular metal-based nanostructures, such as nanogold, nanosilver, and metal oxides (e.g., cerium (IV) oxide, zinc (II) oxide, titanium (IV) oxide), have been raised in the last few years, as evident in the ever-growing number of studies and scientific papers [1,2,3]. However, the last listed above—titania, widespread used as a white pigment of paints and plastics, and in many food applications (as food additive E171) and cosmetics, toothpastes and pills (as CI77891), has been considered as an inert and safe material. Although, some studies have already suggested the toxicity of titania, resulting from nanostructural morphology (nanomaterial toxicity) and photo-reactivity (generation of reactive oxygen species (ROS), including singlet oxygen even in sunscreen creams) [4,5,6], the common and commercial applications of titania for daily products have not been limited. However, the French Agency for Food, Environmental and Occupational Health and Safety (ANSES) classified titania as a category 1b carcinogen in 2017. In April 2019, France banned using E171 as a food additive from 2020 [7]. Furthermore, according to the Committee for Risk Assessment (RAC) of the European Chemical Agency (ECHA) under REACH Regulation, titania could be considered as a class 2 carcinogen, but only through inhalation (H350i). In contrast, the Titanium Dioxide Manufacturers Association (TDMA) has already presented the opposite opinion demonstrating an unclearness and uncertainty of toxicity classification. It is noteworthy that any proposed classification of titania toxicity has not been formerly accepted yet, since no new substantial information that might challenge RAC’s scientific opinion has been put forward, i.e., it has been concluded that titania does not justify the draft commission regulation amending (October 2019) [8,9,10].



The most intriguing question is “what factors of toxicity should be considered?” Firstly, the size of particles differs significantly for various titania products, i.e., nanoparticulate (1 to 100 nm) and microparticulate (>100 nm) titania materials are completely dissimilar, manufactured in different processes and used for various applications. Chloride and sulfate processes are commercially used to produce mainly micron-sized particles (particle sizes from 250 to 350 nm), which are applied to impart a whiteness of papers, paints, coatings, plastics, rubbers and leathers or provide high refractive index for the glass. The inertia of macroscale titania (in rutile form) allows also for its application as additives to food products, cosmetics (e.g., soaps and creams) and pharmaceuticals. Micron-sized titania has been considered as the main titania product, and primarily used as a pigment being two-thirds of all pigments. The world production has exceeded nine million metric tons, and a market has grown at a Compound Annual Growth Rate (CAGR) of 4.2% in terms of value and might reach USD 28.3 billion in 2026 [11]. In contrast, nanoparticulate titania has a much larger specific surface area and consists of mainly anatase phase, which results in enhanced photocatalytic activity (under UV) and high chemical reactivity. For these reasons, high demands for novel technologies of nanoparticulate titania production have been observed. For example, the sol-gel synthesis has been most commonly used for nano-TiO2 production. Moreover, titania nanoparticles (NPs) could be obtained in reaction of titanium chloride with ammonia or oxygen, chemical vapor deposition (CVD), physical vapor deposition (PVD), hydrothermal methods, gas-phase reactions, etc. [12,13]. Ultrafine titania is mainly found in sunscreen creams, cosmetics, self-cleaning coatings, air filtration devices, odor absorbers, textile fibers (also waterproof membranes), wood preservatives and (photo)catalysts, including various consumer products, such as household cleaning products, household self-cleaning coatings, household air filtration devices, computer keyboards and mice, hair styling devices, and various novel applications, e.g., solar cells. Commercially available manufacturers offer nano-TiO2 as pure anatase, pure rutile, and mixed-phase products, which are varied by particle size, specific surface area, purity/modifications (some are doped and/or surface modified), surface characteristics, chemical reactivity, etc. Due to high costs of production, the global production of ultrafine titania is lower than 0.25% of the global production of all titania products. Among the sixty largest titania manufactures, only six in Japan (Sakai Chemical, Ishihara Sangyo Kaisha, Denka, Tayca, Titan Kogyo, Nippon Aerosil (part of Evonik)) and three in Germany (EMD Chemicals Performance Materials, Evonik/Degussa, Sachtleben) boast production facilities for nano-TiO2 [14].



Secondly, due to the widespread use of macro- and nano-TiO2, the overall exposure (as an average individual exposure to titania) is difficult for assessment [15]. Although a large number of toxicology data exist, there are still open questions regarding how different forms of titania, characterized by phase composition, size, specific surface area, surface chemistry, crystallinity, morphology (including shape), solubility, and agglomeration might act in an environment and in living organisms, including human bodies. For this point of view, additional research, dedicated to commercially available products, should pursue the goal of enhancing the knowledge by filling existing gaps in safety/toxicity of titania products.



The aim of the present study is to estimate an influence of commercial titania P25 (Evonik, Germany) on breast adenocarcinoma cells MCF7. Titania P25, commercially known as AEROXIDE® TiO2, AEROPERL®, AEROXIDE® Evonik P25 or Degussa P25, is a fine-particulate, pure titania with high specific surface area and agglomerate structure. The product has a unique combination of an anatase content of 80–90% by weight with a small portion of rutile and amorphous titania [16,17]. Therefore, the P25 structure makes it suitable for use as an effective UV filter in body cosmetics with SPF (sun protection factor). It should be pointed that a sunscreen is a specific body care product, which is directly applied as a thick layer over large areas of the body with high frequency. Accordingly, the influence of titania (as sun creams’ component and other daily care products) on human cells should be analyzed in detail.



Breast cancer is known to be the second most common cancer, and a leading cause of cancer death in women worldwide. Despite more than 100 years of research on breast cancer (mostly over the last 50 years), resulting in the identification of numerous factors that influence the cancer risk, it has been impossible to reduce its appearance so far [18]. Therefore, further and more intensive studies on: (i) Defining factors that contribute to breast cancer development, and (ii) finding methods/materials that might kill/inactivate cancer cells, are highly necessary. Accordingly, the impact of titania, commonly used in various daily products (including both internal and external consumption), on breast cancer cells has been investigated in this study. It should be pointed out that breast cancer cells have been selected for this study because they are considered as: (i) Perfect cells for vitro models, and (ii) self-replicating material, i.e., growing in almost infinite quantities with a high degree of homogeneity (much larger than healthy cells’ line) [19]. Moreover, breast cancer cells have been well described, are easy to handle, and might be obtained fast from frozen stocks. Additionally, the MCF7 cells have been regarded as a model for evaluating response to novel drug therapies.




2. Results


2.1. Titania P25 Photocatalyst


At first, the most adequate (i.e., considering the broad and common application, accessibility, and high activity) titania photocatalyst has been selected for this study. Degussa/Evonik P25 is probably the most “famous” titania photocatalyst, because of extremely high photocatalytic activity for various reactions, and thus commonly used, and available in almost every laboratory focusing on heterogeneous photocatalysis in the world. Based on the literature reports [16,20] and the preliminary photocatalytic experiments for oxidative decomposition of acetic acid (as a model compound), P25 has been chosen for the present study. For those preliminary experiments, commercial titania photocatalysts with different properties (phase composition, crystallite size, specific surface area, etc.) have been taken, and the resultant reaction rates have been compared with that by P25.



Indeed, it has been confirmed that P25 shows the highest activity independently on the surface properties (not the smallest crystallite/particle sizes and not the largest specific surface area), as shown in Figure 1. Generally, anatase has been considered as a more active phase than rutile [21,22,23], which has been also confirmed in this study (solid vs. empty circles in Figure 1). Although P25 (red triangle in Figure 1) also consists of the anatase phase (76–80%), its high photocatalytic activity could not be explained either by anatase presence (other samples contain almost 100% anatase) or surface properties. For example, the photocatalytic activity of ST01 anatase sample with much better surface properties (specific surface area of ca. five times larger (ca. 300 m2 g-1) than that of P25) have been significantly (more than twice) lower than that by P25. Similarly, various literature reports have shown both extremely high and property-unreasonable activity of P25 titania. Therefore, it has been proposed that charge carriers’ transfer between two titania polymorphs (anatase/rutile) could be responsible for the high activity of P25 [24,25,26,27], as well for other mixed-phase titania samples, e.g., anatase/brookite [27,28]. The co-existence of two phases with high intrinsic activities in different reaction systems could also be responsible for high activity of P25, i.e., anatase in photo-oxidation and rutile in photo-reduction reactions, as suggested for single-phase samples (pure anatase and pure rutile) isolated from the original P25 photocatalyst [16,29].



Accordingly, P25 has been widely used for various photocatalytic studies, mainly because of high activity, but also as a “standard” [27] during measurements of photocatalytic activities of various samples in different laboratories (it should be noticed that reliable comparison of photocatalysts is still challenging, even with apparent (not true) quantum yield estimations [30,31,32]). However, it should be pointed that the composition of P25 might slightly differ between samples, and even samples taken from the same container could show divergence, e.g., the content of anatase, rutile and noncrystal part varies from 76% to 80%, 13% to 15% and 6% to 11%, respectively [29,33]. Despite some differences in composition, it should be noted that P25 is mainly composed of the anatase phase (Figure 2d), which has been considered as more active for oxidation reactions [29,34] (also confirmed in the present study (Figure 1)). The crystallite sizes of titania varied from ca. 25–30 nm for anatase to ca. 34–40 nm for rutile [29,35], whereas particles sizes are much larger, due to crystallites’ aggregation, as shown in Figure 2a,b. P25 as all other titania photocatalysts could absorb only UV irradiation (λ < 400 nm), due to its wide bandgap, as shown in Figure 2c.




2.2. P25 Effect on Human Carcinoma Cells


The data of cells’ viability, estimated after their treatment with titania, are shown in Figure 3. It was found that titania significantly affected the viability of MCF7 cells causing their death. About 5.0% cell viability was lost for 10 µg/mL of titania and 7.5% when titania in the same dose was activated by 10-min irradiation. However, the number of dead cells was almost unchanged in control experiments independently on used conditions (dark or irradiation). Interestingly, it was found that P25 exhibited dose-dependent cytotoxicity against breast carcinoma cells both under UVA/vis irradiation and in the dark. About 18% adenocarcinoma breast cells were killed after 10-min treatment with 50 μg/mL of photoexcited titania, which is twice higher than that in the dark. The difference between samples irradiated with UVA/vis light and in dark conditions was noticed as statistically significant in all experiments with titania, i.e., for 10, 30, and 50 μg/mL of P25 (p < 0.05).



As shown in Figure 4a, the untreated MCF7 cells (cultured in media without titania in darkness) maintained their original morphology and kept close contact to each other. The difference in mortality rate among cells irradiated under UVA/vis irradiation and cultivated in darkness in the absence of the photocatalyst was not statistically significant (Figure 3, Figure 4a,e). In contrast, the MCF7 cells lost their original shape after 10-min treatment in the presence of P25 even at a very low dose of 10 μg/mL (Figure 4b). It was observed that in these conditions, cells started to differ forming long edgings. The 30 and 50 µg/mL doses of P25 provided the formation of morphological changes in living cells, but these differences were observed in a greater extent (Figure 4c,d). The typical apoptotic morphological changes, such as cell contraction, condensation of cell content and loss of polygonal or trigonal shape, were observed in the dark only for the highest dose of P25 (50 µg/mL), as shown in Figure 4d. Obviously, UV/vis irradiation intensified the effect, and more suspended cells (dead cells) were observed (Figure 4h).





3. Discussion


The nanostructural titania P25 is characterized by fine particles of 10 to 40 nm; in contrast to the particle size of the majority of titania pigments ranging from 0.2 to 0.5 µm. However, according to the producer, a supplied product does not occur in this form, but as tightly bonded aggregates formed during production [16], as also observed in this study (Figure 1a,b). P25 is a light-sensitive semiconductor of excellent photocatalytic activity [16,17,27,29,33]. When titania absorbs light with an energy equal or larger than its bandgap, i.e., ca. 3.05 eV for rutile and 3.29 eV for anatase, corresponding to an absorption edge of 415 and 385 nm, respectively, it generates pairs of charge carriers, i.e., electrons (e−) and holes (h+). The charge carriers migrate to the surface (or recombine with each other being the main shortcoming of all semiconductor photocatalysts) and take part in redox reactions. For example, hydroxyl radicals OH• are generated from water molecules adsorbed onto the titania surface, whereas reduction of oxygen results in superoxide ions formation, such as O2−• and O22−. Both direct (by charge carriers) and indirect (via formed reactive oxygen species (ROS)) redox reactions might initiate decomposition of inorganic and organic compounds (leading to complete oxidation, i.e., mineralization (Figure 1)), organic synthesis, solar energy conversion, etc. Therefore, P25 NPs have been intensively examined for many applications, including the capacity of eliminating prions, viruses, and many species of Gram-positive and Gram-negative bacteria from water and air [36,37].



Fungi, yeast and human cells contain a nucleus and organelles enclosed by a plasma membrane, which makes them more complex than bacteria. Based on their structural morphology, it has been hypothesized that the destruction caused by titania photocatalysis would not be effective. However, from our previous studies, it has been known that although titania could not cause the complete fungal growth inhibition, it could cause the reduction of spores’ number and mycotoxin generation [33,35,38]. The highest sensitivity of fungi to titania, activated under irradiation, was observed for young cells just after germination (on day 1).



Unexpectedly, breast adenocarcinoma cells MCF7 have turned out very sensitive to P25 treatment even with only 10 min of UVA/vis irradiation. However, a similar effect has been also observed in the dark. It should be pointed that for the highest dose of photocatalyst, the average number of dead cells is three times higher than that in the absence of titania, proving that photocatalytic mechanism is the most effective against MCF7 cells. In the future, it would be important to expand research to a longer time scale, because from initiation of apoptosis to actual cell death the 10-min incubation might be not enough. It has been reported that the entire process from the initial trigger to the destruction of the cell could take hours or even days [39]. However, it should be pointed out that this study has already shown significant changes in cells caused by titania. Therefore, it is proposed that P25 might attach easily and stick to the cellular membranes. Moreover, it has been found that breast adenocarcinoma cells, treated with photoexcited titania (50 μg/mL of P25), have been effectively damaged (cells are contracted and fragmented), as observed by an optical microscopy (Figure 4). Interestingly, similar results have been reported by Wang et al. [39], where the anatase form of titania has inhibited proliferation and caused DNA damage of human lung cancer A549 cells. On the other hand, Mohammadalipour et al. have demonstrated that titania NPs change significantly the morphology of A375 melanoma cells at much higher concentration of titania (100 µg/mL) [40]. Therefore, it seems to be most important to propose an adjustment of titania dose to the type of cell line. Moreover, the selection of cultivation conditions, e.g., media and pH value, would be equally important. As shown by Yamaguchi et al., all mentioned factors might influence the dispersibility and aggregation ability of titania in aqueous media [41]. It has been demonstrated that a high antitumor activity has been observed for well dispersed titania NPs in water. In contrast, the suppression of photocatalytic effect has been expected for highly aggregable titania (such as P25). However, our results do not confirm this hypothesis (here: An increase in activity with an increase in titania dose), but it should be emphasized that very low doses of titania have been used in this study (to avoid titania sedimentation in well plates, which could disturb cell cultivation). The effect of UV light on breast cancer cells should also be considered. As described by Barough et. al., UV radiation induced apoptosis of breast cancer cells after 24–48 h of irradiation [42]. Interestingly, tumor repair of DNA was weaker than that in healthy cells [43]. Therefore, this phenomenon could play a crucial role in enhancing the effectiveness of anti-cancer therapies based on the photocatalytic effect of titania [43].



The application of nanotechnology has already been proposed for advanced medicine, specifically in cancer therapy. For example, Cai et al. showed for the first time that the in vitro cultured HeLa cells could be effectively killed in the presence of 50 µg/mL titania under 10-min irradiation with a strong 500-W mercury lamp [44]. In the present study, the idea of cancer treatment has been proven for P25 titania under UVA/vis irradiation using simple and cheap gel lamps. Under these conditions, this method could be adapted to an anticancer treatment with locally applied NPs, followed by focused light irradiation on the tumor. Fortunately, UVA, which has been used as an external stimulation in this study, has low penetration capability. Therefore, the treatment using the photocatalytic process might be only effective for surface tumors, i.e., it is necessary to study the effect of titania on epidermoid carcinomas and skin cancer [45]. The exact mechanism of free radical generation, caused by titania, has not been determined yet, but it has been proposed that anatase crystals might aggregate in mitochondria causing some defect in the electron chain, perturbing its function, and even leading to cell death. Moreover, it has been suggested that ROS, produced by irradiated titania, might also agglomerate in cancer cells [46]. According to the described mechanism, a very high number of dead MCF7 cells in comparison to the control experiment (without P25, in the dark) could be caused by the mechanism of photoexcited titania through oxidized chain reactions. Lotfian and Nematiter have demonstrated significant effect of P25 on MCF7 cells at much higher photocatalyst doses (140, 170 and 200 μg/mL) after 48–72 h incubation in dark conditions [47]. Unfortunately, they have not found satisfactory explanation for that observation. Our results showing also some effect of P25 NPs in the dark could be caused by adsorption, similarly to results described for filamentous fungi [33]. It has been known that some proteins and saccharides might adsorb on the surface of rutile and anatase, as well as on brookite [48,49]. The strong interaction between proteins and titania might lead to a major loss of the protein secondary structure and activity [50]. Further studies on the mechanism are necessary to clarify the key-factors of cells’ damage, i.e., which mechanism (photocatalytic (under irradiation) or adsorption (dark conditions)) is more crucial for cancer therapy.



Accordingly, it is believed that the results obtained in this study would raise concerns about the safety of titania applications in the products dedicated for direct contact with human skin. It is important because according to Skocaj et al. the average sizes of titania NPs, applied for sunscreens, range between 10 and 100 nm, but some products contain very fine NPs of sizes even smaller than 5 nm [15]. Our findings have shown that titania NPs under UVA irradiation present toxicity against cancer cells. This is particularly important since the cancer cells are in fact healthy cells that have turned into incorrect due to genetic changes and affection of pro-oncogenes, tumor suppressor genes, and DNA repair genes. Therefore, further studies on immunoresponse and cytotoxicity for healthy skin cells should be conducted.




4. Materials and Methods


4.1. Cell Culture


Experiments were performed with human carcinoma cells (MCF7, HTB-22) from American Type Culture Collection (ATCC Rockville, Baltimore, M.D., USA, MD) during their exponential growth phase (obtained from passages 3-7 and inoculated in 24-well plates). The cultures were maintained in Dulbecco’s modified eagle medium (DMEM), supplemented with 15% fetal bovine serum (FBS), 2 mM L-glutamine, 100 unit/mL penicillin, 100 μg/mL streptomycin at temperature of 37 °C and atmosphere of 5% CO2.




4.2. Chemicals


Commercial titania samples were used for the study. At first, different titania photocatalysts, i.e., ST01 and ST41 from Ishihara (Osaka, Japan), TIO10, TIO6 and TIO5 from Catalysis Society of Japan (Tokyo, Japan), PC101, PC101A, PC102 from Titan Kogyo (Kobe, Japan), STG1 and STF10 from Showa Titanium (Ikoma, Japan), P25 from Nippon Aerosil (Evonik; Yokkaichi, Japan), anatase and rutile from Sigma-Aldrich (St. Louis, M.O., USA), anatase from Merck (Kenilworth, I.L., USA) and ultrafine rutile from Newcastle University (properties reported previously in [20,51]), were tested for photocatalytic oxidative decomposition of acetic acid (model chemical compound for photoactivity tests) under UV/vis irradiation, and the most active one, i.e., P25 AEROXIDE® TiO2, supplied by Evonik, Germany (formerly Degussa), was selected for investigation of its effect on human carcinoma cells. All tissue culture media, supplements and reagents were purchased from Sigma-Aldrich (Poznan, Poland).




4.3. Photocatalyst Characterization


The P25 photocatalyst was characterized by diffuse reflectance spectroscopy (DRS), X-ray diffraction (XRD) and scanning transmission electron microscopy (STEM). The photoabsorption property was analyzed by DRS (JASCO V-670; JASCO, LTD., Pfungstadt, Germany) equipped with a PIN-757 integrating sphere using barium sulfate as a reference. The crystalline composition was estimated by XRD (Rigaku intelligent XRD SmartLab; Rigaku, LTD., Tokyo, Japan) with Cu target. The morphology of P25 was observed by STEM (Hitachi HD-2000; Hitachi LTD., Tokyo, Japan).



Preliminary tests of photocatalytic activity were carried out for oxidative decomposition of acetic acid under UV/vis irradiation (Figure 5a). In brief, a 50-mg sample of photocatalyst was suspended in an aqueous solution of acetic acid (5 vol %, 5 mL), sealed with a rubber septum and photo-irradiated with a 400-W high-pressure mercury lamp under magnetic stirring (1000 rpm) in a thermostated water bath (298 ± 5 K). During the irradiation, the amount of generated carbon dioxide was measured every 15 min by gas chromatography (Shimadzu GC8A-IT; Shimadzu, Corp. Tokyo, Japan).




4.4. Experimental Details


The basic suspension of titania was made by adding 1 mg of P25 to 1 mL of sterile 0.85% saline solution. The suspension was diluted to obtain the final titania dose of 10.0, 30.0, and 50.0 µg in 1 mL (It was assumed that the maximum concentration of titania in many common commercial products varies from 0.1% (cosmetics) to 10% (paints). However, 10 times lower concentration (than used in cosmetics) was selected for this study to avoid titania sedimentation in well plates, which could disturb cell cultivation.). Exponentially grown MCF-7 cells were plated at a seeding density of 30,000 cells/well in six-well plates and cultured in Dulbecco’s modified eagle medium. Cells cultures of 40–50% confluency were washed with a PBS buffer (1 × phosphate buffered saline, pH 7.4) and new growth medium was added. An amount of 100 µl of titania suspension containing different titania doses was added to each well. The plates were incubated for 10 min at 37 °C in dark conditions or irradiated with UVA/vis lamp. As an ultraviolet light source, the 36-W gel lamp (Silcare, Poland) that contains four light bulbs, was used. This type of lamp is popular in nail cosmetology. The light intensity was measured by a Radiation Intensity Meter LB 901/WCM3 & PD 204AB cos. Sensor (Netherlands). The emitted UVA was in the range from 340 to 400 nm. Although, vis light (λ > 400 nm) was also contained in the lamp radiation spectrum, it should not result in titania excitation, due to its absorption edge at ca. 400 nm, as shown in Figure 2c. The emission spectrum of UVA/vis light source is shown in Figure 5b.




4.5. Viability Assay


The number of viable cells (% of control) was measured using the trypan blue assay TBA [52]. The TBA method has allowed the number of viable cells in a given sample to be measured as the percentage of viable cells present in the control sample. The principle of this method is based on the fact that the live cells possess intact cell membranes that exclude certain dyes, such as trypan blue, whereas dead cells do not. After the treatment with titania, the growth medium was removed and 0.5 mL of sterile filtered trypan blue (0.4%), dissolved in a phosphate-buffered saline (PBS), was added into each well. After 3-min of incubation at 37 °C, cells were counted manually in three different areas using an inverted optical microscope (Axiovert 25, Zeiss; Oberkochen, Germany).




4.6. Morphological Studies


After the experiments, cells were plated on a sterile microscope cover glass in Petri dishes and washed with 0.1 M PBS (pH 7.4) fixed with 70% acetone, dehydrated with ethanol. Haematoxylin-eosin (HE) staining of MCF7 cells for morphological studies was carried out [53]. The cells were investigated under optical microscope Nikon ECLIPSE 80i (Minato, Tokyo). The morphological characteristics upon treatment with titania under UVA/vis irradiation and in the dark were analyzed in detail.




4.7. Statistical Analysis


All the experiments were repeated tree times. Mean values ± and standard deviation (SD) were calculated. The Wilcoxon test at p ≤ 0.05 was used to perform statistical analysis, and to make a comparison between two cell groups treated with titania, i.e., (1) with (under UVA/vis) and (2) without (dark conditions) irradiation.





5. Conclusions


The commercial titania photocatalyst (P25) with high photocatalytic activity against various organic compounds and microorganisms has been also active for human carcinoma cells. It has been found that the occurrence of morphological changes has been increased and an average number of MCF7 cells has been decreased with an increase in titania dose. Moreover, the number of dead cells has been significantly higher under UVA/vis irradiation than in the dark, due to the photocatalytic activity of titania. Therefore, it is possible to consider titania NPs for a local cancer treatment. However, it is necessary to investigate the in vivo effect first to estimate/exclude the possible side effects.
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Figure 1. Photocatalytic activity of commercial titania samples for oxidative decomposition of acetic acid under UV/vis irradiation (Usually smaller crystallite size and anatase presence result in high photocatalytic activity.); P25—red rhombus (◆); anatase-rich samples—solid circles (●); rutile-rich samples—empty circles (○); reaction rate—rate of CO2 evolution. 
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Figure 2. Characteristics of P25 photocatalysts: (a, b) SEM images, (c) Diffuse reflectance spectrum (DRS), and (d) XRD pattern. 
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Figure 3. The effect of P25 NPs on MCF7 cells after 10 min of treatment in dark conditions and under UVA/vis light irradiation: *—p ≤ 0.05; **—p ≤ 0.01; ***—p ≤ 0.001 (Wilcoxon test). 
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Figure 4. Optical microscopy images of hematoxylin and eosin staining of MCF7 cells after 10 min of exposure to: (a) 0, (b) 10, (c) 30, and (d) 50 μg/mL of P25 carried in darkness and at the same concentrations: (e) 0, (f) 10, (g) 30, and (h) 50 μg/mL under UVA/vis irradiation. 
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Figure 5. Emission spectra of UV/vis lamps used for the investigation of titania photoactivity on: (a) Oxidative decomposition of acetic acid, and (b) human breast cancer cells. 
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