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Abstract

:

(1) Background: a cell evaluation focused to verify the self-regenerative antioxidant activity is performed on cerium doped bioactive glasses. (2) Methods: the glasses based on 45S5 Bioglass®, are doped with 1.2 mol%, 3.6 mol% and 5.3 mol% of CeO2 and possess a polyhedral shape (~500 µm2). Glasses with this composition inhibit oxidative stress by mimicking catalase enzyme (CAT) and superoxide dismutase (SOD) activities; moreover, our previous cytocompatibility tests (neutral red (NR), 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and Bromo-2-deoxyUridine (BrdU)) reveal that the presence of cerium promotes the absorption and vitality of the cells. The same cytocompatibility tests were performed and repeated, in two different periods (named first and second use), separated from each other by four months. (3) Results: in the first and second use, NR tests indicate that the presence of cerium promotes once again cell uptake and viability, especially after 72 h. A decrease in cell proliferation it is observed after MTT and BrdU tests only in the second use. These findings are supported by statistically significant results (4) Conclusions: these glasses show enhanced proliferation, both in the short and in the long term, and for the first time such large dimensions are studied for this kind of study. A future prospective is the implantation of these bioactive glasses as bone substitute in animal models.
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1. Introduction


Free radicals are formed during all the enzymatic reactions that require electron transfer, especially during the oxidative phosphorylation that occurs in cellular respiration.



Between free radicals, reactive oxygen species (ROS) are the most frequently formed and widespread: they have high reactivity, caused by the need to bring their outermost shell of the atom to a stable configuration with a damaging oxidative effect on the cell molecules of the organism.



Free radicals produced in the chain of radical reactions cause prevalent damage to phospholipids and polyunsaturated fatty acids present in the membranes of plasma and cellular organelles. The peroxidative damage is achieved through the complete destabilization of the lipid and protein structures, with the formation of insoluble and nonfunctional polymers [1,2]. ROS cause oxidation of lipids, nucleic acids and proteins; ROS damages are an underlying basis of several diseases (e.g., cancer, inflammatory and neurodegenerative diseases) [3].



The ROS scavenging system is the defense mechanisms that our body uses to protect itself from the formation of free radicals; it can be divided into enzymatic and nonenzymatic mechanisms. Among the enzymatic defence of the human organism, we include the superoxide dismutase (SOD), the catalase enzyme (CAT), especially present in cellular peroxisomes, and the oxidase (OXI) [4,5,6]. Nonenzymatic mechanisms comprise ascorbate (Vit C), glutathione, tocopherol (Vit E), polyphenols, alkaloids and carotenoids [7].



Excellent catalytic activities are exhibited by nanoceria (cerium nanoparticles, CeO2NPs) that are becoming more and more of medical interest. CeO2NPs protect cells against ROS-induced damage, exhibit redox state-dependent catalase mimetic [8,9] and neuroprotective activities [10]. The anticancer effect of CeO2NPs is also studied on human colorectal, lung, breast, ovarian cancer cell lines [11,12]. Pharmacological application concerning to the self-regenerating antioxidant activity of CeO2NPs are reported [12].



Cerium compounds are particularly interesting for pharmacological properties and are used as antibiotics, bacteriostatics, immunomodulatory agents in degenerative pathologies and as antitumorals [11,12,13,14,15,16,17,18,19,20,21,22].



In the field of biomaterials, one of the most studied bioglasses is the 45S5Bioglass® [23,24]. It is constituted of 45 wt% SiO2, 24.5 wt% Na2O, 24.5 wt% CaO and 6 wt% P2O5; high amounts of Na2O and CaO and a very high CaO/P2O5 ratio make its surface very reactive in a physiological environment, forming a chemical bond with living tissue and stimulating healing [25,26]. Its first clinical use in an implant was aimed to replace small bones in the middle ear to treat conductive hearing loss [27]. Since then, the possible applications in the biomedical field have been widely studied [28,29,30,31,32,33,34,35,36,37].



Since its discovery, changes in the composition of the 45S5Bioglass® to develop materials with increasingly bioactive characteristics have followed, such as the addition of gallium, zinc, magnesium and strontium to improve the formation of new bone [22,38,39,40].



Our attention was especially focused to develop cerium doped bioactive glasses able to prevent oxidative stress after implantation in bone, with a consequent reduction of reparative osteogenesis time and bone healing [17,18]. Natural human bone is a mineralized collagen-based connective tissue, with specific cell types, i.e. osteoblasts, osteocytes and osteoclasts [41].



To obtain bone substitutes with tailored properties and selected applications, we have studied bioactive glasses characterized by different compositions, synthesis conditions and dimensions (powders of micro and meso dimensions, polygonal slices or polyhedrons).



We have also demonstrated [17,18,19] that i) the simultaneous presence of phosphate and cerium in the bulk or on the surface of the glasses are associated to their chemical durability; ii) the interconversion between Ce3+ and Ce4+ catalyzes the reduction of H2O2 and O2− concentrations mimicking the CAT and SOD activities.



In CeO2NPs and cerium doped bioactive glasses, the antioxidant activity, derived from quick interconversion between the oxidation states Ce4+ and Ce3+, may lead to a reversible oxidation–reduction reaction and to a distinguishing self-yield of the regenerative antioxidant activity not present in trivial biological antioxidants [20,42,43]. Few studies have investigated the potential self-regenerating antioxidant activity in CeO2NPs [42,43,44,45,46,47] and none in cerium doped bioactive glasses.



Recently, we have studied the biocompatibility of 45S5Bioglass® doped with an increasing amount of CeO2 (1.2 mol%, 3.6 mol% and 5.3 mol%), soaked in (Dulbecco’s Modified Eagle Medium) DMEM for different times and tested in a cell culture medium with osteocyte-like murine long bone (MLO-Y4) and mouse embryonic fibroblast (NIH/3T3) cell lines [48]; these cellular types are particularly informative for investigation on bone substitutes [49].



Glasses with 1.2 mol% and 3.6 mol% of CeO2 show a good bioactivity (formation of hydroxyapatite, HA) and promote cell uptake and viability, favouring also cell proliferation in the case of 3.6 mol% of CeO2. Highest cerium content (5.3 mol%) promotes cell proliferation, but inhibits the HA formation; the increased cerium content favours high cerium ion release in DMEM and a consequent formation of an insoluble competitive CePO4 crystalline phase.



On the basis of these last findings and our previous results related to the antioxidant activities, here we investigate these doped glasses based on 45S5Bioglass® by means of cytocompatibility tests (repeated twice,) in order to verify if the proliferation enhancement persists over time.




2. Materials and Methods


2.1. Synthesis of Glasses


The glass samples were prepared by the melting method [18] and from a mixture of precursors: SiO2, Na2CO3, CaCO3, Na3PO4·12H2O and CeO2 in about a total of 100 g. The powders were melted in a platinum crucible at 1350 °C using two heating rates: 5 °C/min in the range 20–1000 °C and 15 °C/min above 1000 °C. The melt was refined for 2 h at the melting temperature, then quenched on a graphite plate mold to obtain a polyhedral shape (total surface of ~500 µm2). The obtained samples were successively annealed at 400 °C for 2 h in order to reduce internal stress.



The parent glass (BG) and the molar compositions of the cerium-containing glasses (BG_1.2, BG_3.6 and BG_5.3) are reported in Table 1.



The compositions of the glasses were verified by means of elemental analysis (ICP-OES: inductively coupled plasma optical emission spectrometry).




2.2. Time Interval for the Execution of the Assays


The samples were utilized twice in cytocompatibility tests, in two different periods.



First use and second use (repeated after four months). This “repeated use methodology” is the in vitro cell verification of enduring protective activity of cerium doped glasses against metabolic wastes of cells maintained in culture.



Cytocompatibility tests (neutral red (NR) uptake and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test and Bromo-2-deoxyUridine (BrdU)] were performed twice, in the same conditions on the same samples.



After the first use, every sample was removed from the well, washed twice with Dulbecco’s-Phosphate Buffer Solution (D-PBS) (Euroclone, Milan, Italy) and dried in an oven at 37 °C to eliminate excess of water.



All samples were bagged, tagged, and sterilized by autoclaving at 121 °C for 20 min; then stored in a dry, dark and cool place. Cell lines used do not require ethical approval, because they are cell lines already ethically approved in the ISO EN 10993-5, as standard used to perform the cell test here described.




2.3. Assessment of Cytocompatibility


In accordance to “Biological evaluation of medical devices — Part 5: Tests for in vitro cytotoxicity” (ISO 10993-5:) [49], osteocyte-like cell line murine long bone (MLO-Y4) was chosen for biological tests, because this line belongs to primary cell types of bone, target tissue for our bioactive glasses [30,33,50,51].



This cell line was grown in Dulbecco’s modified Eagle’s medium (DMEM) (Euroclone, Milan, Italy) 0.01 M (pH 7.4 phosphate buffer saline, without calcium and magnesium ions), supplemented with 10% fetal bovine serum (Invitrogen-Thermo Fisher Scientific Corporation, Whaltam, MA, USA), 100 μg/mL pen-streptomycin (Euroclone, Milan, Italy), D-Glutamine 2 mM and sodium pyruvate 1 mM (Euroclone, Milan, Italy), at 37 °C in a humidified atmosphere of 5% CO2 in air.



All samples underwent both direct (NR uptake) and indirect (extract, eluate) contacts for the cytocompatibility assays (MTT and BrdU, see below) [29].



Positive and negative control material (CTRL+ and CTRL−) were executed in accordance to part 5 of ISO-10993 [49].



For the MTT and BrdU tests, the samples were immersed in DMEM (Euroclone, Milan, Italy) without fetal bovine serum (FBS) at 37 °C for 72 h. The ratio between glass and DMEM (0.2g/mL) was chosen in accordance with the cellular test conditions proposed in the ISO 10993-12 method [52]. Since several microorganisms experienced optimum growth at 37 °C, the eluate was filtered using a 0.22 μm filter (Merck Millipore, Darmstadt, Germany) as an additional security procedure to ensure elimination of potential microbial species and make the eluate appropriate before incubation with cells [52,53].



2.3.1. Direct Viability Test: Neutral Red Uptake (NR)


NR uptake (NR solution N2889 Sigma-Merck, Darmstadt, Germany) is a common parameter of cytotoxicity, widely employed to assess the number of viable cells in a culture [54]. NR is a vital dye which concentrates on lysosomes of viable cells. Cytotoxicity is calculated as a decrease in the NR uptake into the cell after 24 and 72 h of direct exposure to the material. Cells (3 × 105/mLDMEM for tests at 24 h and 1.5 × 105/mLDMEM for tests at 72 h) were seeded in a multiwell culture plate (six wells) and maintained in culture with the glasses, at 37 °C ± 1 °C, 90% ± 5% humidity and 5.0% ± 1% CO2/air.



300 μL of NR solution was added after removing culture medium on the well for 3h. NR solution was thrown away and cells rinsed with 300 μL of Dulbecco’s-Phosphate Buffer Solution (D-PBS). 1.5 mL of ethanol/acetic acid mixture was used to extract the dye from cells. The quantity of extracted NR was measured by UV-visible spectrophotometry at 540 nm (Multiscan RC by Thermolab, Thermo Fisher Scientific, Helsinki, Finland). All experiments were repeated three times for each sample, using DMEM without serum (CTRL−) and latex (CTRL+) as references.




2.3.2. Indirect Viability Test: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT)


MTT is a fast colorimetric assay founded on the cleavage of a yellow tetrazolium salt to purple formazan crystals, through mitochondrial enzymes in metabolic-active cells. It is applied to appraise indirect toxicity and cell viability by spectrophotometry [34]. 96 well-cultured plates were utilized to culture cells in contact with samples extract and incubated for 24 and 72 h. Tetrazolium salt MTT (Cell Proliferation Kit II (MTT) Roche diagnostics, Indianapolis, IN, USA] was added, and after 2 h, DMSO (dimethyl sulfoxide) was also added in every well for the purpose of dissolving formazan crystals. The quantification of formazan at 540 nm is directly associated with the NAD(P)H-dependent cellular oxidoreductase enzymes in live cells. The sample extract was obtained in centrifuge tubes with a ratio between the sample and extracting solution (DMEM without bovine fetal serum) equal to 0.2 g/mL (according to ISO 10993-12) [52]. Vials were incubated at 37 °C for 72 h and then pH was measured and adjusted to have physiological cell conditions. Quantitative evaluation of yellow tetrazolium salt incorporated in cells was obtained by optical density scanning (Multiscan RC by Thermolab, ThermoFisher Scientific, Helsinki, Finland). Cells (3 × 103/mLDMEM for test at 24 h and 2 × 103/mLDMEM for tests at 72h) were seeded and incubated at 37 °C, 90% ± 5% humidity and 5.0% ± 1% CO2/air.




2.3.3. Proliferation Test: Bromo-2-deoxyUridine (BrdU)


BrdU test is a colorimetric immunoassay assay (Cell Proliferation ELISA, BrdU and Roche) utilized to evaluate DNA synthesis [55]. BrdU is an analogue of thymidine and can be incorporated into DNA during S-phase [56]. It can be distinguished with an antiBrdU specific antibody. Binding of the antibody requires denaturation of the DNA. BrdU labelling solution was added in cells grown in 96-well plates, and after 24 h exposure to the sample extracts, the proliferation was evaluated by absorbance at 370 nm, using the UV-visible spectrophotometer reported above. The quantification of the absorbance for the developed color is proportional to the quantity of BrdU incorporated into the cells, correlating with the newly synthesized DNA and consequently with the number of proliferating cells in the culture. Quantitative evaluation of BrdU incorporated into the newly synthetized DNA of cycling cells was obtained by optical density scanning (Multiscan RC by Thermolab, ThermoFisher Scientific, Helsinki, Finland). Cells (3 × 103/mLDMEM for tests at 24 h and 2 × 103/mLDMEM for tests at 72 h) were seeded and incubated at 37 °C, 90% ± 5% humidity and 5.0% ± 1% CO2/air.





2.4. Elemental Analysis


The compositions of the glasses were verified through Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) with the Optima 5300 DV spectrometer (Perkin Elmer, Shelton, CT, USA).




2.5. Leaching Tests


Leaching tests were performed on different replicated samples to verify the amount of cerium released during the cellular tests after the second use; the solutions were analyzed through ICP-MS Perkin Elmer Nexion 350× with autosampler ESI SeaFAST (DL = 0.0017 ppb)




2.6. Statistical Analyses


For all assays performed, comparisons among groups considering the first and second use samples for each glass (BG_1.2, BG_3.6 and BG_5.3), both after 24 and 72 h, were tested using Student’s t-test, as shown in Table 2. Differences between the first and second use samples were considered statistically significant for p-values <0.05 and nonsignificant for p-values ≥0.05. All analyses were performed using the Excel® software for Windows (Microsoft Office Professional 2016, version 16.0.4266.1001, Microsoft Corporation, Redmond, WA, USA).





3. Results and Discussion


Cytotoxicity tests of all samples were performed using MLO-Y4 because of the well-known and documented efficacy of this cell line for in vitro studies concerning materials for bone regeneration, foreknowing the interaction between biomaterials and osteocytes [50,57].



The results of NR uptake are reported in Figure 1a–e. In the first use, the optical density (O.D.) expressed as a percentage respect to BG (100.00%) is higher for BG_5.3 (91.43%) after 24 h, while a greater cell expansion is detected for BG_1.2 (104.66%) after 72 h. The best performance of BG_5.3 is detected after 24 h; we actually confirmed the lower NR cell uptake at a longer time (72 h) as observed in our previous paper [48].



In the second use, BG_5.3 reveals a cell viability higher than BG, both at 24 and 72 h (102.27% and 103.12%, respectively) suggesting a higher uptake and a positive effect of cerium. BG_3.6 after 24 h (103.50%) is consistent with BG_5.3, and after 72 h (99.02%), with BG. Conversely, a decrease in cell proliferation both at 24 and 72 h is observed for BG_1.2 (81.63% and 88.32%, respectively).



The results of MTT tests are reported in Figure 2a–e. All cerium-doped glasses, at the first use, favor the viability of MLO-Y4 cells both after 24 h (112.98%, 125.43%, 137.36%) and 72 h (111.02%, 107.41%, 105,23%) respectively for BG_1.2, BG_3.6 and BG_5.3, as observed previously [48]. After 24 h, the results of the second use are consistent with those of the first use; on the contrary, at 72h we detected an unequivocal decrease in cell viability (55.67%, 59.06%, 61.74% respectively for BG_1.2, BG_3.6 and BG_5.3).



The results of BrdU proliferation are reported in Figure 3a–c. The best performance is achieved by BG_1.2 (130.08%) at the first use; for the second use, BG_1.2 (89.85%) maintained primacy over BG_3.6 (82.51%) and BG_5.3 (61.60%).



In summary, we can assert that in the first use, the cerium-containing glasses, in comparison with BG, positively influenced the proliferation of MLOY4 cells after 24 h in MTT (112.99%–137.36%) and BrdU (106.64%–130.08%) assays; the latter was also proved in our previous study [48]. These results changed significantly in the second use; in fact, after 24 h, all doped glasses (BG_1.2, BG_3.6 and BG_5.3) gave rise to a lower cell viability (61.60%–89.85%) in comparison with BG by means of BrdU assay. Moreover, after 72 h, in the MTT assay, a marked decrease in cell proliferation in the second use (55.67%–61.74%) was observed when compared with those of the first use (109.64% to 118.22%).



We now have to ask ourselves two questions. The first question is “Are the differences among the first and second use results due to random?” and the second question is “Why is there a drop in cell proliferation in the second use results of assays based on eluate (BrdU and MTT)?”.



Student’s t-test results shown in Table 2 demonstrate that most of the discrepancies among the two groups are not casual, with a statistically significance p < 0.01 for most results.



The reason behind the drop-in performance in the long term (72 h) and in the second use group of assays based on eluate (BrdU and MTT) needs to be argued. Important discrepancies should be expected between the findings of the direct culture tests and those arising from the indirect ones [29]. To this aim, the materials’ cytotoxicity has been investigated both through direct contact tests—where the cells are seeded directly onto the material and then incubated in suitable conditions—and indirect contact (eluate), in order to observe the possible negative effects of the samples’ eluates.



In the second use eluates, the release of the cerium ion is < 1ppb; this is important, because in this way, we can maintain their antioxidant activity and there is not a high concentration of cerium in the body fluids of living animals or humans that can compromise their possible medical applications.



We demonstrated [48] that Ce3+ ions are involved in the formation of CePO4 after soaking in physiological fluids, and Ce4+ ions are probably exposed on the glass surface, capable of inducing proliferation cells, as suggested by Naganume and Traversa. [58]



Pirmohamed et al. indicated that a different amount of surface exposed to the cellular environment of the nanoceria changes the state of interaction that occurs [8].



On the basis of the second use results of the MTT and BrdU tests, we can suppose that the Ce4+ ions concentration is not sufficient in the long term to suppress cellular stress conditions by interfering with ROS generation and consequent impairment in cell proliferation. This fact seems reasonable, since in these eluates (MTT and BrdU assays) the lack of surface (in indirect test we work on filtered extracts) prevent long-term self-regenerating passage between Ce3+ and Ce4+ oxidation states, and so the capacity of these glasses to mimic CAT and SOD enzymatic-activities is low or lacking in the long-term exposure (72 h) [19]. However, it is interesting to observe that the biological performance of cerium-doped glasses at the first use is maintained in the long term (72 h) (MTT, 109.64%–118.22%), protecting cell viability from ROS derivatives. This property is no longer available in the second use after longer exposure (MTT, 55.67%–61.74%); this difference is statistically significant (p < 0.001), as shown in Table 2.



On the contrary, NR uptake is based on growth analysis of cells seeded directly onto the material surface of the bioactive glass slices. After 24 h, the cells growth decreased according to NR uptake (84.89%–91.43%), but the outcomes changed after 72 h exposure (75.67%–104.66%) because cells were seeded directly onto the material. So, in NR uptake the interaction among cells and sample is slower than in BrdU and MTT: still partial after 24 h and productive after 72 h.



In NR uptake, we noticed an increase in cell proliferation in the second use for cerium doped glasses with higher cerium concentration (BG_3.6 and BG_5.3) both after 24 h (BG_3.6 103.50%; BG_5.3 102.27%) and 72 h (BG_3.6 99.02%; BG_5.3 103.11%). These data attest an enduring self-regenerating activity in the long-term, not verifiable with indirect assays.



Thus, these bioactive glasses in direct contact with cells give rise to enhanced proliferation with respect to other materials containing ceria nanoparticles [7], both in the short and long term, even if reutilized.



Enduring antioxidant activity of cerium doped glasses is demonstrated here by statistically significant results of cell proliferation, even in reused samples with multiple washing and cell contacts, as shown in Table 2. However, new studies in cell culture with sensitive ROS assays are needed in the future to quantify ROS activity against the self-regenerative antioxidant activity of these cerium doped bioactive glasses.



On the basis of the present findings, a future prospective is the implantation of cerium-doped bioactive glasses in in vivo animal models as bone substitutes [59], which can be carried out with biological safety, considering that the release of the cerium ions from these bioactive glasses is very low (<1ppb).




4. Conclusions


Cerium-doped glasses with a total surface of ~500 µm2 were studied in order to evaluate their self-regenerating antioxidant activity. For the first time, this kind of activity is studied for material with such large dimensions.



Our previous studies indicated that these glasses are bioactive, promote cell uptake and viability and possess antioxidant properties.



New cytocompatibility tests were performed twice (first and second use) on the same bioactive glasses. The outcomes indicate that the presence of cerium ions promotes cell uptake and viability, proved by NR uptake results, in particular after 72 h, both in the first and second use group.



On the contrary, a decrease in cell proliferation was observed in assays based on eluate (MTT and BrdU) in the second use, because the cerium ions concentration is not sufficient to overwhelm cellular stress conditions by interfering with metabolic waste. However, the low cerium release (< 1ppb) from the doped glasses allows their antioxidant activity and possible medical applications. A future prospective is their implantation as bone substitute in animal models.







Author Contributions


Conceptualization, A.A., G.M., R.S., G.L.; methodology, A.A., G.M., R.S., G.L.; validation, A.A., G.M., R.S., G.L.; formal analysis, A.A., G.M., R.S., G.L.; investigation, A.A., G.M., L.C., R.S., G.L.; data curation, A.A., G.M., L.C., R.S., G.L.; writing—original draft preparation, A.A., G.M., R.S., G.L.; writing—review and editing, A.A., G.M., R.S., G.L.; supervision, A.A., G.M., R.S., G.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


Authors are grateful to Alessandro Bonetti of Ca’ Foscari University of Venice for the ICP-MS measurements




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yu, B.P. Cellular defenses against damage from reactive oxygen species. Physiol. Rev. 1994, 74, 139–162. [Google Scholar] [CrossRef] [PubMed]

	



Mittal, M.; Siddiqui, M.R.; Tran, K.; Reddy, S.P.; Malik, A.B. Reactive Oxygen Species in Inflammation and Tissue Injury. Antioxid. Redox Signal. 2014, 20, 1126–1167. [Google Scholar] [CrossRef] [PubMed]

	



Battin, E.E.; Brumaghim, J.L. Antioxidant activity of sulfur and selenium: A review of reactive oxygen species scavenging, glutathione peroxidase, and metal-binding antioxidant mechanisms. Cell Biochem. Biophys. 2009, 55, 1–23. [Google Scholar] [CrossRef] [PubMed]

	



Lavelle, F.; Michelson, A.M.; Dimitrijevic, L. Biological protection by superoxide dismutase. Biochem. Biophys. Res. Commun. 1973, 55, 350–357. [Google Scholar] [CrossRef]

	



López-Alarcón, C.; Denicola, A. Evaluating the antioxidant capacity of natural products: A review on chemical and cellular-based assays. Anal. Chim. Acta 2013, 763, 1–10. [Google Scholar] [CrossRef]

	



Peskin, A.V.; Koen, Y.M.; Zbarsky, I.B.; Konstantinov, A.A. Superoxide dismutase and glutathione peroxidase activities in tumors. FEBS Lett. 1977, 78, 41–45. [Google Scholar] [CrossRef]

	



Van Den Ende, W.; Peshev, D.; De Gara, L. Disease prevention by natural antioxidants and prebiotics acting as ROS scavengers in the gastrointestinal tract. Trends Food Sci. Technol. 2011, 22, 689–697. [Google Scholar] [CrossRef]

	



Pirmohamed, T.; Dowding, J.M.; Singh, S.; Wasserman, B.; Heckert, E.; Karakoti, A.S.; King, J.E.S.; Seal, S.; Self, W.T. Nanoceria exhibit redox state-dependent catalase mimetic activity. Chem. Commun. 2010, 46, 2736–2738. [Google Scholar] [CrossRef]

	



Xu, C.; Qu, X. Cerium oxide nanoparticle: A remarkably versatile rare earth nanomaterial for biological applications. NPG Asia Mater. 2014, 6, e90. [Google Scholar] [CrossRef]

	



Schubert, D.; Dargusch, R.; Raitano, J.; Chan, S.-W. Cerium and yttrium oxide nanoparticles are neuroprotective. Biochem. Biophys. Res. Commun. 2006, 342, 86–91. [Google Scholar] [CrossRef]

	



Khan, S.; Ansari, A.A.; Rolfo, C.; Coelho, A.; Abdulla, M.; Al-Khayal, K.; Ahmad, R. Evaluation of in vitro cytotoxicity, biocompatibility, and changes in the expression of apoptosis regulatory proteins induced by cerium oxide nanocrystals. Sci. Technol. Adv. Mater. 2017, 18, 364–373. [Google Scholar] [CrossRef]

	



Vassie, J.A.; Whitelock, J.M.; Lord, M.S. Endocytosis of cerium oxide nanoparticles and modulation of reactive oxygen species in human ovarian and colon cancer cells. Acta Biomater. 2017, 50, 127–141. [Google Scholar] [CrossRef]

	



Nicolini, V.; Malavasi, G.; Lusvardi, G.; Zambon, A.; Benedetti, F.; Cerrato, G.; Valeri, S.; Luches, P. Mesoporous bioactive glasses doped with cerium: Investigation over enzymatic-like mimetic activities and bioactivity. Ceram. Int. 2019, 45, 20910–20920. [Google Scholar] [CrossRef]

	



Varini, E.; Sánchez-Salcedo, S.; Malavasi, G.; Lusvardi, G.; Vallet-Regí, M.; Salinas, A.J. Cerium (III) and (IV) containing mesoporous glasses/alginate beads for bone regeneration: Bioactivity, biocompatibility and reactive oxygen species activity. Mater. Sci. Eng. C 2019, 105, 109971. [Google Scholar] [CrossRef]

	



Leonelli, C.; Lusvardi, G.; Malavasi, G.; Menabue, L.; Tonelli, M. Synthesis and characterization of cerium-doped glasses and in vitro evaluation of bioactivity. J. Non. Cryst. Solids 2003, 316, 198–216. [Google Scholar] [CrossRef]

	



Caputo, F.; De Nicola, M.; Ghibelli, L. Pharmacological potential of bioactive engineered nanomaterials. Biochem. Pharmacol. 2014, 92, 112–130. [Google Scholar] [CrossRef]

	



Nicolini, V.; Gambuzzi, E.; Malavasi, G.; Menabue, L.; Menziani, M.C.; Lusvardi, G.; Pedone, A.; Benedetti, F.; Luches, P.; D’Addato, S.; et al. Evidence of Catalase Mimetic Activity in Ce 3+/Ce 4+ Doped Bioactive Glasses. J. Phys. Chem. B 2015, 119, 4009–4019. [Google Scholar] [CrossRef]

	



Nicolini, V.; Varini, E.; Malavasi, G.; Menabue, L.; Menziani, M.C.; Lusvardi, G.; Pedone, A.; Benedetti, F.; Luches, P. The effect of composition on structural, thermal, redox and bioactive properties of Ce-containing glasses. Mater. Des. 2016, 97, 73–85. [Google Scholar] [CrossRef]

	



Nicolini, V.; Malavasi, G.; Menabue, L.; Lusvardi, G.; Benedetti, F.; Valeri, S.; Luches, P. Cerium-doped bioactive 45S5 glasses: Spectroscopic, redox, bioactivity and biocatalytic properties. J. Mater. Sci. 2017, 52, 8845–8857. [Google Scholar] [CrossRef]

	



Rubio, L.; Marcos, R.; Hernández, A. Nanoceria acts as antioxidant in tumoral and transformed cells. Chem. Biol. Interact. 2018, 291, 7–15. [Google Scholar] [CrossRef]

	



Wang, K.; Mitra, R.N.; Zheng, M.; Han, Z. Nanoceria-loaded injectable hydrogels for potential age-related macular degeneration treatment. J. Biomed. Mater. Res. Part A 2018, 106, 2795–2804. [Google Scholar] [CrossRef]

	



Lusvardi, G.; Zaffe, D.; Menabue, L.; Bertoldi, C.; Malavasi, G.; Consolo, U. In vitro and in vivo behaviour of zinc-doped phosphosilicate glasses. Acta Biomater. 2009, 5, 419–428. [Google Scholar] [CrossRef]

	



Hench, L.L. Bioceramics: From Concept to Clinic. J. Am. Ceram. Soc. 1991, 74, 1487–1510. [Google Scholar] [CrossRef]

	



Wilson, J.; Yli-Urpo, A.; Happonen, R.-P. Bioactive Glasses: Clinical Applications. In An Introduction to Bioceramics; Hench, L.L., Wilson, J., Eds.; World Scientific: Singapore, 1993; pp. 63–73. [Google Scholar]

	



Hench, L.L.; Splinter, R.J.; Allen, W.C.; Greenlee, T.K. Bonding mechanisms at the interface of ceramic prosthetic materials. J. Biomed. Mater. Res. 1971, 5, 117–141. [Google Scholar] [CrossRef]

	



Hench, L.L. Third-Generation Biomedical Materials. Science 2002, 295, 1014–1017. [Google Scholar] [CrossRef]

	



Merwin, G.E. Bioglass Middle Ear Prosthesis: Preliminary Report. Ann. Otol. Rhinol. Laryngol. 1986, 95, 78–82. [Google Scholar] [CrossRef]

	



Vogel, W.; Höland, W. The Development of Bioglass Ceramics for Medical Applications. Angew. Chem. Int. Ed. Engl. 1987, 26, 527–544. [Google Scholar] [CrossRef]

	



Bellucci, D.; Salvatori, R.; Anesi, A.; Chiarini, L.; Cannillo, V. SBF assays, direct and indirect cell culture tests to evaluate the biological performance of bioglasses and bioglass-based composites: Three paradigmatic cases. Mater. Sci. Eng. C 2019, 96, 757–764. [Google Scholar] [CrossRef]

	



Bellucci, D.; Salvatori, R.; Cannio, M.; Luginina, M.; Orrù, R.; Montinaro, S.; Anesi, A.; Chiarini, L.; Cao, G.; Cannillo, V. Bioglass and bioceramic composites processed by Spark Plasma Sintering (SPS): Biological evaluation Versus SBF test. Biomed. Glas. 2018, 4, 21–31. [Google Scholar] [CrossRef]

	



Bellucci, D.; Anesi, A.; Salvatori, R.; Chiarini, L.; Cannillo, V. A comparative in vivo evaluation of bioactive glasses and bioactive glass-based composites for bone tissue repair. Mater. Sci. Eng. C 2017, 79, 286–295. [Google Scholar] [CrossRef]

	



Bellucci, D.; Sola, A.; Salvatori, R.; Anesi, A.; Chiarini, L.; Cannillo, V. Role of magnesium oxide and strontium oxide as modifiers in silicate-based bioactive glasses: Effects on thermal behaviour, mechanical properties and in-vitro bioactivity. Mater. Sci. Eng. C 2017, 72, 566–575. [Google Scholar] [CrossRef]

	



Bellucci, D.; Sola, A.; Anesi, A.; Salvatori, R.; Chiarini, L.; Cannillo, V. Bioactive glass/hydroxyapatite composites: Mechanical properties and biological evaluation. Mater. Sci. Eng. C 2015, 51, 196–205. [Google Scholar] [CrossRef]

	



Bellucci, D.; Sola, A.; Salvatori, R.; Anesi, A.; Chiarini, L.; Cannillo, V. Sol–gel derived bioactive glasses with low tendency to crystallize: Synthesis, post-sintering bioactivity and possible application for the production of porous scaffolds. Mater. Sci. Eng. C 2014, 43, 573–586. [Google Scholar] [CrossRef]

	



Bellucci, D.; Salvatori, R.; Giannatiempo, J.; Anesi, A.; Bortolini, S.; Cannillo, V. A New Bioactive Glass/Collagen Hybrid Composite for Applications in Dentistry. Materials 2019, 12, 2079. [Google Scholar] [CrossRef]

	



Nocini, P.F.; Anesi, A.; Fior, A. Bone Augmentation. In Atlas of Mandibular and Maxillary Reconstruction with the Fibula Flap; Springer International Publishing: Cham, Switzerland, 2019; pp. 53–65. [Google Scholar]

	



Anesi, A.; Negrello, S.; Chiarini, L. Evolution in Indication. In Atlas of Mandibular and Maxillary Reconstruction with the Fibula Flap; Springer International Publishing: Cham, Switzerland, 2019; pp. 69–79. [Google Scholar]

	



Lao, J.; Jallot, E.; Nedelec, J.-M. Strontium-Delivering Glasses with Enhanced Bioactivity: A New Biomaterial for Antiosteoporotic Applications? Chem. Mater. 2008, 20, 4969–4973. [Google Scholar] [CrossRef]

	



Ahmed, I.; Parsons, A.; Jones, A.; Walker, G.; Scotchford, C.; Rudd, C. Cytocompatibility and Effect of Increasing MgO Content in a Range of Quaternary Invert Phosphate-based Glasses. J. Biomater. Appl. 2010, 24, 555–575. [Google Scholar] [CrossRef]

	



Sanchez-Salcedo, S.; Malavasi, G.; Salinas, A.; Lusvardi, G.; Rigamonti, L.; Menabue, L.; Vallet-Regi, M. Highly-Bioreactive Silica-Based Mesoporous Bioactive Glasses Enriched with Gallium(III). Materials 2018, 11, 367. [Google Scholar] [CrossRef]

	



Anesi, A.; Ferretti, M.; Cavani, F.; Salvatori, R.; Bianchi, M.; Russo, A.; Chiarini, L.; Palumbo, C. Structural and ultrastructural analyses of bone regeneration in rabbit cranial osteotomy: Piezosurgery versus traditional osteotomes. J. Cranio Maxillofac. Surg. 2018, 46, 107–118. [Google Scholar] [CrossRef]

	



Skorodumova, N.V.; Simak, S.I.; Lundqvist, B.I.; Abrikosov, I.A.; Johansson, B. Quantum Origin of the Oxygen Storage Capability of Ceria. Phys. Rev. Lett. 2002, 89, 166601. [Google Scholar] [CrossRef]

	



Melchionna, M.; Fornasiero, P. The role of ceria-based nanostructured materials in energy applications. Mater. Today 2014, 17, 349–357. [Google Scholar] [CrossRef]

	



Malyukin, Y.; Maksimchuk, P.; Seminko, V.; Okrushko, E.; Spivak, N. Limitations of Self-Regenerative Antioxidant Ability of Nanoceria Imposed by Oxygen Diffusion. J. Phys. Chem. C 2018, 122, 16406–16411. [Google Scholar] [CrossRef]

	



Deshpande, S.; Patil, S.; Kuchibhatla, S.V.; Seal, S. Size dependency variation in lattice parameter and valency states in nanocrystalline cerium oxide. Appl. Phys. Lett. 2005, 87, 133113. [Google Scholar] [CrossRef]

	



Reed, K.; Cormack, A.; Kulkarni, A.; Mayton, M.; Sayle, D.; Klaessig, F.; Stadler, B. Exploring the properties and applications of nanoceria: Is there still plenty of room at the bottom? Environ. Sci. Nano 2014, 1, 390–405. [Google Scholar] [CrossRef]

	



Gleiter, H. Nanocrystalline materials. Prog. Mater. Sci. 1989, 33, 223–315. [Google Scholar] [CrossRef]

	



Malavasi, G.; Salvatori, R.; Zambon, A.; Lusvardi, G.; Rigamonti, L.; Chiarini, L.; Anesi, A. Cytocompatibility of Potential Bioactive Cerium-Doped Glasses based on 45S5. Materials 2019, 12, 594. [Google Scholar] [CrossRef]

	



ISO 10993-5:2009(en), Biological Evaluation of Medical Devices—Part 5: Tests for in Vitro Cytotoxicity. Available online: https://www.iso.org/obp/ui/#iso:std:iso:10993:-5:ed-3:v1:en (accessed on 3 September 2019).

	



Kato, Y.; Windle, J.J.; Koop, B.A.; Mundy, G.R.; Bonewald, L.F. Establishment of an Osteocyte-like Cell Line, MLO-Y4. J. Bone Miner. Res. 2010, 12, 2014–2023. [Google Scholar] [CrossRef]

	



Karadjian, M.; Essers, C.; Tsitlakidis, S.; Reible, B.; Moghaddam, A.; Boccaccini, A.; Westhauser, F. Biological Properties of Calcium Phosphate Bioactive Glass Composite Bone Substitutes: Current Experimental Evidence. Int. J. Mol. Sci. 2019, 20, 305. [Google Scholar] [CrossRef]

	



ISO-ISO 10993-12:2012-Biological Evaluation of Medical Devices—Part 12: Sample Preparation and Reference Materials. Available online: https://www.iso.org/standard/53468.html (accessed on 19 March 2020).

	



Jurtshuk, P. Good: Bacterial Metabolism; Baron, S., Ed.; University of Texas Medical Branch: Galveston, TX, USA, 1996; ISBN 0963117211. [Google Scholar]

	



Repetto, G.; del Peso, A.; Zurita, J.L. Neutral red uptake assay for the estimation of cell viability/cytotoxicity. Nat. Protoc. 2008, 3, 1125–1131. [Google Scholar] [CrossRef]

	



Begg, A.C.; McNally, N.J.; Shrieve, D.C.; Kärche, H. A method to measure the duration of DNA syntheses and the potential doubling time from a single sample. Cytometry 1985, 6, 620–626. [Google Scholar] [CrossRef]

	



Ampatzis, K.; Dermon, C.R. Sex differences in adult cell proliferation within the zebrafish (Danio rerio) cerebellum. Eur. J. Neurosci. 2007, 25, 1030–1040. [Google Scholar] [CrossRef]

	



Todaro, G.; Green, H. Quantitative studies of the growth of mouse embryo cells in culture and their development into established lines. J. Cell Biol. 1963, 17, 299–313. [Google Scholar] [CrossRef] [PubMed]

	



Naganuma, T.; Traversa, E. The effect of cerium valence states at cerium oxide nanoparticle surfaces on cell proliferation. Biomaterials 2014, 35, 4441–4453. [Google Scholar] [CrossRef] [PubMed]

	



ISO-ISO 10993-6:2016-Biological Evaluation of Medical Devices—Part 6: Tests for Local Effects after Implantation. Available online: https://www.iso.org/standard/61089.html (accessed on 3 April 2020).








[image: Materials 13 02297 g001a 550][image: Materials 13 02297 g001b 550] 





Figure 1. Neutral red (NR) uptake with osteocyte-like cell line murine long bone (MLO-Y4) cell lines after (a,c) 24 h, (b,d) 72 h for the parent glass BG and cerium-containing glasses BG_1.2, BG_3.6 and BG_5.3, together with negative (CTRL−) and positive (CTRL+) controls; errors bars represent standard deviation. Comparison between all doped glasses among the first and second use, after 24 and 72 h (e). 
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Figure 2. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) uptake with MLOY4 cell lines after (a,c) 24 h, (b,d) 72 h for BG, BG_1.2, BG_3.6 and BG_5.3, together with negative (CTRL−) and positive (CTRL+) controls; errors bars represent standard deviation. Comparison between doped glasses among the first and second use, after 24 and 72 h (e). 
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Figure 3. Bromo-2-deoxyUridine (BrDU) uptake with MLOY4 cell lines after (a,b) 24 h for BG, BG_1.2, BG_3.6 and BG_5.3, together with negative (CTRL−) and positive (CTRL+) controls; errors bars represent standard deviation. Comparison between doped glasses among the first and second use for 24 h (c). 
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Table 1. Nominal composition (mol%) of the synthesized samples.
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	Sample
	SiO2
	Na2O
	CaO
	P2O5
	CeO2





	BG
	46.2
	24.3
	26.9
	2.6
	–



	BG_1.2
	45.6
	24.0
	26.6
	2.6
	1.2



	BG_3.6
	44.5
	23.4
	26.0
	2.5
	3.6



	BG_5.3
	43.4
	23.2
	25.7
	2.4
	5.3
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Table 2. Student’s t-test (p values) for the first and second use results of the cytocompatibility tests applied on the samples.
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	First Use vs. Second Use
	NR 24 h
	NR 72 h
	MTT 24 h
	MTT 72 h
	BrdU 24 h





	BG_1.2
	0.25837 d
	0.00183 b
	0.68186 d
	0.00006 × 10−1 a
	0.00022 a



	BG_3.6
	0.00198 b
	0.76469 d
	0.00011 a
	0.00002 × 10−2 a
	0.11442 d



	BG_5.3
	0.00027 × 10−1 a
	0.00014 a
	0.00088 a
	0.00002 a
	0.00100 a







ap < 0.001, b p < 0.01, c p < 0.1, d p > 0.1
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