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Abstract

:

Magnesium (Mg2+) is known to play a crucial role in mineral and matrix metabolism of bone tissue and is thus increasingly considered in the field of bone tissue engineering. Bioactive glasses (BGs) offer the promising possibility of the incorporation and local delivery of therapeutically active ions as Mg2+. In this study, two Mg2+-doped derivatives of the ICIE16-BG composition (49.46 SiO2, 36.27 CaO, 6.6 Na2O, 1.07 P2O5, 6.6 K2O (mol%)), namely 6Mg-BG (49.46 SiO2, 30.27 CaO, 6.6 Na2O, 1.07 P2O5, 6.6 K2O, 6.0 MgO (mol%) and 3Mg-BG (49.46 SiO2, 33.27 CaO, 6.6 Na2O, 1.07 P2O5, 6.6 K2O, 3.0 MgO (mol%)) were examined. Their influence on viability, proliferation and osteogenic differentiation of human mesenchymal stromal cells (MSCs) was explored in comparison to the original ICIE16-BG. All BGs showed good biocompatibility. The Mg2+-doped BGs had a positive influence on MSC viability alongside with inhibiting effects on MSC proliferation. A strong induction of osteogenic differentiation markers was observed, with the Mg2+-doped BGs significantly outperforming the ICIE16-BG regarding the expression of genes encoding for protein members of the osseous extracellular matrix (ECM) at certain observation time points. However, an overall Mg2+-induced enhancement of the expression of genes encoding for ECM proteins could not be observed, possibly due to a too moderate Mg2+ release. By adaption of the Mg2+ release from BGs, an even stronger impact on the expression of genes encoding for ECM proteins might be achieved. Furthermore, other BG-types such as mesoporous BGs might provide a higher local presence of the therapeutically active ions and should therefore be considered for upcoming studies.






Keywords:


ICIE16 bioactive glass; magnesium; therapeutically active ions; osteogenic differentiation; human mesenchymal stromal cell












1. Introduction


The 45S5-bioactive glass (BG) composition (in mol%: 46.1 SiO2, 26.9 CaO, 24.4 Na2O, 2.6 P2O5) was introduced by Hench and co-workers in the late 1960s. Since then, a broad variety of BG-compositions has been developed in order to tailor the material properties towards specific needs in bone tissue engineering (BTE) applications [1,2,3,4]. Amongst others, the melt-derived ICIE16-BG composition (in mol%: 49.46 SiO2, 36.27 CaO, 6.6 Na2O, 1.07 P2O5, 6.6 K2O), developed for the first time in 2004 [5], emerged as a promising candidate. The ICIE16-BG composition offers comparable ion exchange characteristics as the 45S5-BG as its network connectivity (NC) is similar [5,6,7,8]. Furthermore, its larger sintering window results in a lower tendency towards crystallization, which would negatively impact the apatite formation rate [9,10]. Compared to the 45S5-BG composition, ICIE16-BG contains a considerably lower amount of sodium oxide, as the high sodium content of the 45S5-BG induces a strong increase in local pH and is held at least in parts accountable for its dose-dependent cytotoxic effects [11,12,13,14]. A study recently conducted by our group investigated the influence of the ICIE16-BG composition on viability, proliferation and osteogenic differentiation of human mesenchymal stromal cells (MSCs) in a direct co-cultivation setting [13,15]. The ICIE16-BG showed good biocompatibility, was less harmful to cell viability than the 45S5-BG, and stimulated cell proliferation. Regarding the osteogenic potential, the ICIE16-BG significantly outperformed the 45S5-BG at the cellular level, using the alkaline phosphatase (ALP) activity as a correlate of osteogenic differentiation. The influence on the expression of genes encoding for extracellular matrix (ECM) proteins was comparable to the effect of the 45S5-BG [15].



The favorable processing properties of the ICIE16-BG allow the incorporation of therapeutically active ions, which might further enhance its biological capabilities [16]. Therefore magnesium (Mg2+)-containing BGs based on the ICIE16-BG composition have been developed, namely 6Mg-BG (composition in mol%: 49.46 SiO2, 30.27 CaO, 6.6 Na2O, 1.07 P2O5, 6.6 K2O, 6.0 MgO) and 3Mg-BG (composition in mol%: 49.46 SiO2, 33.27 CaO, 6.6 Na2O, 1.07 P2O5, 6.6 K2O, 3.0 MgO). Since Mg2+ ions play an important role in mineral and matrix metabolism [17,18,19,20,21] and have shown to upregulate ECM synthesis [22,23] an improvement of the osteogenic potential might be expected.



In this in vitro study, the biological properties of 3Mg-BG and 6Mg-BG were compared to the ICIE16-BG in order to analyze the biological effect of Mg2+ as a part of the ICIE16-BG composition. Therefore, the impact of the BGs on MSC viability, proliferation, osteogenic differentiation and expression of genes encoding for ECM proteins was analyzed in a comparative setting.




2. Results


2.1. Morphological Characterization and Ion Release Kinetics of BGs


Figure 1 shows the typical polyhedral geometry of melt-derived BGs granules used in this study. No differences in terms of morphology are observed for the different BGs.



The release profiles of released ions from the BGs in simulated body fluid (SBF) are depicted in Figure 2. The amount of Mg2+ released from both glasses increased with incubation time. 3Mg-BG exhibited a fast Mg2+ liberation during the first day with around 70% of ions released respect to the total amount at 14 days incubation, followed by a slower trend up to 2 weeks. 6Mg-BG supernatant showed a higher Mg2+ concentration compared to 3Mg-BG with a rapid release during the first 3 days of incubation with ~30% released during the first day and ~75% after 3 days compared to the total amount at 14 days. The release profiles of Si4+, P5+ and Ca2+ exhibited similar trends between the samples, no significant difference was detected regarding the concentration of ions released from the different BGs, except for the lower release of Ca2+ from the 6Mg-BG sample during the first week of incubation.




2.2. Mg2+-Containing BGs Reduced Cell Proliferation Whilst Showing a Similar Influence on Viability as the ICIE16-BG


While all BG groups significantly reduced viability compared to the control group on D1, the harmful influence of the BGs was declining with increasing incubation periods, showing no significant differences as of D14. The 6Mg-BG group showed a significantly lower cell viability compared to both control and ICIE16-BG group on D1 and D7, while it was promoting the highest viability on D14 and D21 (Figure 3a).



MSC proliferation was significantly lower in both Mg2+-containing BG groups compared to the control during the entire incubation period. The ICIE16-BG group exhibited a significantly lower cell number in comparison to the control until D7, thereafter promoting a strong increase in proliferation and significantly surpassing the control group on D14. The Mg2+-supplemented BGs both caused a significantly reduced cell number compared to the ICIE16-BG on all days (Figure 3b).




2.3. Earlier Formation of Cell Conglomerates around Granules in the ICIE16-BG Group


In accordance with the quantitative analysis of viability, microscopic visualization showed a continuously increasing density of MSCs up to D14, thereafter remaining at a stable level. Until D7, the Mg2+-containing BGs showed a similar homogenous cell layer as the control group, whereas in the ICIE16-BG group as of D3 cells started adhering to the granules. From D14 on, an increased affinity of the MSCs towards all BGs, leading to the formation of cell conglomerates around the granules, was observed (Figure 4).




2.4. Mg2+-Containing BGs Partially Enhance Cellular Osteogenic Differentiation and ECM-Related Gene Expression


ALP activity was significantly induced by all BGs compared to the control during the entire incubation period. The highest enzymatic activity was observed in the 3Mg-BG group on D7 showing significantly increased values compared to the ICIE16-BG group (Figure 5a). Additionally, the gene expression levels of osteopontin (OPN) and osteocalcin (OCN) were significantly upregulated compared to the control on D7, subsequently declining to expression levels comparable to the initial values. While on D7 the OPN expression was most strongly elevated in the ICIE16-BG group (Figure 5b), the upregulation of OCN was significantly higher in the Mg2+-containing BG groups compared to both ICIE16-BG and the control (Figure 5c). In all BG groups the expression of type I collagen alpha 1 (COL1A1) was beneath the control until D14. However, until D21 the expression levels in the ICIE16-BG group rose and exceeded all other groups (Figure 5d).





3. Discussion


The known therapeutic effects of Mg2+ ions [14,22,24,25,26,27,28,29,30] make them a promising candidate for implementation in different types of biomaterials. BGs present excellent properties to incorporate the therapeutically active ions and allow their controlled local release [31]. While several Mg2+-containing BG compositions have been developed, there is still a shortage of studies comprehensively investigating their biological properties.



In the human body Mg2+ is the fourth most abundant cation, 50–60% thereof being stored in bone tissue, where it plays an important role in mineral and matrix metabolism [17,18,19,20,21]. A depletion of Mg2+ showed to affect all stages of bone metabolism by inhibiting both osteoblast and osteoclast activity, thus leading to osteopenia [19,21,32]. Furthermore, Mg2+ is known as a cofactor for more than 300 enzymes and therefore relevant for various processes including synthesis of proteins and nucleic acids, cellular energy metabolism, the regulation of ion channels and intercellular communication [19,26,33,34]. The versatile role of Mg2+ in bone remodeling is not yet fully understood, but its involvement in many physiological processes promises good biocompatibility and biological properties [18].



Since the 1870s, Mg2+ alloys were explored as implant materials in various fields of application, such as cardiovascular, musculoskeletal and general surgery, and are currently experiencing a rediscovery in biomaterials science [35]. Numerous in vitro studies examined Mg2+ containing biomaterials and the effects of their ionic dissolution products observing on the enhancement of cell proliferation and osteogenic differentiation [14,22,24,26,27,28,29,30]. Yoshizawa et al., for instance, examined the influence of MgSO4 stimulation on human bone marrow stromal cells detecting both an enhanced production and mineralization of ECM and suggesting Hypoxia-Inducible Factor-2α (HIF-2α) as the Mg2+-dependent transcription factor underlying the altered gene expression [22]. Galli and co-workers conducted an in vivo study implanting Mg2+-enriched titanium-coated implants in the tibia of rabbits and found a significantly enhanced peri-implant expression of osteogenic marker genes (OCN, runt-related transcription factor 2 (RUNX-2) and insulin-like growth factor I (IGF-1)) as well as the formation of highly mineralized bone tissue around the implants [23]. Considering the material group of BGs, the material characteristics of Mg2+-doped BGs have been investigated in numerous studies, showing an improved mechanical stability, lower tendency towards crystallization and high bioactivity [36,37,38]. Nevertheless, the biological effects of the incorporation of Mg2+ ions in BG compositions are poorly investigated. Comparable to the above-described impact of Mg2+-alloys, Mg2+-containing BGs were associated with increased cell proliferation [25,30], enhanced ALP activity [18,24,30] and pronounced expression of osteogenic marker genes [39,40]. However, in some studies the Mg2+-doped BGs were only compared to a BG-free control instead of a comparable Mg2+-free BG group [18,25] or Mg2+ dissolution turned out to be insignificant [39], thus not allowing the specific evaluation of Mg2+-related effects.



In the 3Mg-BG and the 6Mg-BG composition investigated in this study, 3 and 6 mol% of CaO, respectively, have been exchanged against MgO. Dissolution in SBF showed that the Mg2+ release from both BGs started shortly after contact to the fluid and steadily continued thereafter. As in this setting all BGs were passivated for 24 h before contact to MSCs to reduce their potentially cytotoxic initial bioreactivity, Mg2+ is expected to be released to the cell culture medium (CCM) as of the beginning of the culture period.



The stimulating effects of Mg2+ ions on cell proliferation were stated in numerous previous studies [22,25,27,29,30], however, a Mg2+-related improvement of MSC proliferation could not be observed in this study. Cell numbers in both Mg2+-supplemented BG groups were significantly lower compared to the ICIE16-BG group on all days. A known challenge of Mg2+ alloys as implant materials is their uncontrolled corrosion in physiological fluids leading to a potentially harmful evolution of hydrogen gas [35,41]. Lozano et al. investigated fluoride surface-modified AZ31 magnesium alloys, assessing a lower proliferation of osteoblasts and a harmful effect on the plasma membrane caused by the direct presence of the alloy [28]. However, Mg alloys and BGs exhibit different degradation behaviors. BG particles can even be used to reinforce Mg alloys leading to a degradable but corrosion resistant composite [42]. As the exchange of CaO against MgO in BGs leads to a lower reactivity a controlled degradation behavior is expected [36] and should thus prevent intolerable rates of Mg2+-ion liberation. The above-described release kinetics of the 3Mg-BG and the 6Mg-BG in SBF confirmed the moderate and steady release of Mg2+. Therefore, the Mg2+ release kinetics are not expected to be fully responsible for the stunted proliferation but a potentiation of BG-induced cytotoxic effects in the enclosed environment of a static in vitro setting might be an explanation.



In contrast to the proliferation behavior, the Mg2+-incorporation in the ICIE16-BG had a positive effect on cell viability. On D1 and D7 the fluorometric quantification of viability showed a BG-induced reduction of cell viability in all BG groups, being more pronounced with rising Mg2+-supplementation. However, as of D14 higher amounts of Mg2+ positively influenced viability and the presence of 6Mg-BG led to a higher cell viability than the unmodified ICIE16-BG. Considering that the cell numbers in the Mg2+-supplemented BG groups were lower than in the ICIE16-BG group (as detected in the proliferation assay), it can be concluded, that under the influence of the Mg2+ ions the viability of each single cell was increased beyond the effect displayed by the absolute viability measurements. Even though the underlying mechanisms of the participation of Mg2+ in bone metabolism are not yet fully understood, Mg2+ is known to play an important role in cell metabolism and serves as a cofactor for many enzymes [20,21,33] thereby also influencing cell viability. In this case, cell viability was measured by means of an fluorescein diacetate-(FDA-)based assay depending on the activity of non-specific intracellular esterases [43] that seem to be promoted by the availability of Mg2+ ions as reported for different esterases before [44,45,46]. Thus, consistent with the reports about multiple other Mg2+-containing BG compositions [14,18,30,38], the Mg2+-supplementation sustained the good biocompatibility of the ICIE16-BG showing a superiority of the 6Mg-BG that becomes particularly apparent when regarding viability in relation to cell number.



In the microscopical analysis the Mg2+-containing BG groups showed altered growth patterns until D7. While the presence of Mg2+-supplemented BGs led to the growth of a consistent cell layer comparable to the control group, MSCs started growing towards the ICIE16-BG granules as of D3. This growth behavior might be caused by the ongoing metamorphosis of the BG surface, as originally described for the 45S5-BG by Greenspan [47]. Upon contact to biological fluids alkali ions and hydrogen exchange rapidly. Initiated by a cascade of reactions a silica-rich surface layer develops and within hours amorphous calcium phosphate precipitates. Crystallization leads to the formation of The HCA layer subsequently formed through crystallization exhibits high similarity to the inorganic mineral phase of bone [47,48]. For the 45S5-BG the presence of an amorphous calcium phosphate layer was observed via X-ray diffraction after reacting in SBF for 8 h, while a fully developed HCA layer was detected after 3 days [49]. Due to the similar NC of the ICIE16-BG the sequence of surface reactions occurs at a comparable rate exhibiting the before mentioned surface characteristics at equivalent time points [8,50]. The exact time sequences of surface transformation in SBF cannot be presumed for a cell culture setting as due to its organic constituents the onset of HCA formation was found to be delayed when biomaterials were immersed in Dulbecco’s modified Eagle’s medium (DMEM) instead of SBF [51,52]. Nevertheless, considering the preceding 24 h passivation period and the microscopically visible affinity of MSCs towards the ICIE16-BG on D3, in this setting the formation of a HCA layer after 4 days of contact to CCM can be assumed. By the incorporation of rising amounts of MgO in a BG composition the formation rate of a MgO-substituted HCA layer is decelerated [36] explaining a later attachment of MSCs to both Mg2+-containing BGs. However, from D14 onwards a high affinity of MSCs towards the BG granules was also visible in both Mg2+-supplemented groups not indicating a further disadvantage of the delayed cell attachment.



The osteogenic differentiation of MSCs in a conventional in vitro setting can be divided into three major developmental stages, starting with the above described proliferation of cells, followed by the early osteoblastic differentiation and finally passing on to the production and mineralization of an ECM [53,54]. The early cell differentiation is accompanied by a high ALP activity and taking place from day 5 to 14 of incubation [53,54,55]. It should be mentioned that a co-culture of MSCs and BG granules does not fully conform to a conventional cell culture setting, as commonly used BGs create a modified (e.g., alkalized) environment [11,56] and might thus alter the process of cell differentiation. Nevertheless, in this setting on D7 ALP activity was strongly induced by all three BGs with the 3Mg-BG significantly outperforming the reference glass, thus reaching peak activity in the expected period of time. As ALP is expressed by preosteoblasts as well as mature osteoblasts [57], the ALP activity in all BG groups remained continuously elevated thereafter, demonstrating the osteostimulative properties of all three BGs without showing further significant advantages for the Mg2+-supplemented BGs.



In the third and final stage, in which the differentiated osteoblasts commit to the formation and mineralization of the ECM, high expression levels of OPN, OCN and COL1A1 are expected [53,57]. OPN expression was significantly induced by all BGs on D7 and the OCN expression levels parallelly peaked on D7 in both Mg2+-supplemented BG groups, being significantly higher than the ICIE16-BG group and the control. The COL1A1 expression exceeded its basal levels only on D21, showing a significant induction in the ICIE16-BG group compared to all other groups. Reconsidering the described three stages of osteogenic differentiation a peak in ALP activity is expected before the upregulation of ECM-related genes, while in this study a peak in ALP activity as well as OPN and OCN expression was observed parallelly on D7. However, the determined evaluation time points can only show an extract of the ongoing processes and would thus not capture a peak in gene expression levels that might possibly occur between D7 and D14. Even though all BGs showed promising osteostimulative properties, a clear advantage of the Mg2+-doped BGs was only observed regarding ALP activity and OCN expression. Hence, the results of this study do not entirely match the findings in the literature, suggesting the Mg2+-related induction of all genes analyzed in this study [23,24,26,29,39]. A possible explanation might be the relatively low release of Mg2+ ions from both Mg2+-BGs, which would also explain why the differences between both Mg2+-supplemented BGs are marginal. The static dissolution profiles in SBF showed that even the 6Mg-BG produced Mg2+ concentrations that maximally reached 2.3 mM. Yoshizawa et al. compared the influence of MgSO4 at concentrations between 0.8 and 100 mM on cell proliferation, osteogenic differentiation and matrix mineralization and observed the best effects at concentrations of 10 mM [22]. As mentioned above the measurements obtained using SBF as solvent do not allow a direct link to the actual ion concentration in the CCM. Nevertheless, they can give an orientation and might thus suggest that the amount of Mg2+ ions released from the 3Mg-BG as well as the 6Mg-BG was not high enough to reveal the full therapeutic potential of the Mg2+ ions. As in this study MSCs were brought in direct contact to the BG granules, it is not possible to distinguish physical from chemical effects. To assess the effects of the ionic dissolution products in insolation, an indirect culture setting would be necessary. However, as the physical contact plays a crucial role in the cell-material interaction [14,58], in this study a direct culture setting was chosen to better simulate the more complex in vivo situation and thus explore the BGs’ potential for future in vivo studies. Due to the moderate amount of released Mg2+ ions, it must be assumed that at least parts of the observed effects were not exclusively induced by the dissoluted Mg2+ ions but also the combination of the BGs’ physical and chemical effects. In order to further benefit from the ion supplementation, the release kinetics of Mg2+ ions from the BGs should be reconsidered. An attractive alternative to moderately deliver a sufficient amount of Mg2+ ions is the incorporation in mesoporous BGs (MBGs). Owing to their high surface area and pore structure MBGs offer excellent release kinetics for the local delivery of bioactive substances [59,60,61,62]. While therapeutically active ions can be incorporated into the framework of MBGs, the mesoporous structure can simultaneously serve as a loading efficient vector for local drug delivery [59,60]. A recent study conducted by Tabia et al. demonstrated that by Mg2+-doping the specific surface area of MBGs can be further enhanced and thereby lead to improved drug release kinetics [63]. Thus, Mg2+-doped MBGs might be promising candidates to benefit of potentially synergistic effects of a combined local release of Mg2+ ions and other therapeutically active substances (e.g., drugs [64,65,66,67] or growth factors [68,69,70]).



For a deeper understanding of the role of Mg2+ as a component of BGs further investigation will be necessary. For instance, this study examined the influence on ECM production only on a gene expression level, leaving the question how the actual production of ECM proteins and the subsequent mineralization were influenced. Further interesting aspects of investigation are the effect of Mg2+-doped BGs on cell adhesion [71,72] and anti-inflammatory processes [27], which are both assumed to be influenced by Mg2+ but were not yet examined in the context of Mg2+-supplemented BGs.




4. Materials and Methods


4.1. BG Production and Ion Release


The glasses were produced from mixtures of analytical grade reagents, namely, NaCO3 (Honeywell Fluk, Steinheim, Germany), K2CO3 (Alfa Aesar, Erlenbachweg, Germany), CaCO3 (Honeywell Fluka), CaHPO4·2H2O (Acros Organics, Geel, Belgium), MgO (Sigma-Aldrich, Steinheim, Germany) and commercial-grade Belgian quartz sand (SiO2). The batches were melted in Pt crucibles at 1420 °C for 1.5, followed by casting in graphite molds and annealing at 520 °C for 1 h. Subsequently, the glasses were crushed and ground to powders with a planetary ball mill (Retsch, Haan, Germany) and sintered at 690 °C for 1.5 h. Morphological characterization of the granules was done with scanning electron microscopy at 1.5 kV (SEM, Auriga, Carl-Zeiss, Jena, Germany).



For ion release measurements, 75 mg of glass particles were immersed in 50 mL of SBF as described in previous studies [73] and incubated in an orbital shaker at 37 °C and 90 rpm agitation. After different incubation times, the SBF supernatant was filtered and analyzed with an inductively coupled plasma optical emissions spectrometer (ICP-OES, PerkinElmer Optima 5300 DV, Shelton, CT, USA) to obtain the concentration of ions released from the glasses.




4.2. Study Ethics and Cell Origin


MSCs of n = 10 patients undergoing surgery at the proximal femur for medical reasons at the Heidelberg Orthopedic University Hospital were harvested. Donor cells were used to establish a cell pool in order to compensate donor-dependent differences in cell behavior, as described previously [74]. Prior to cell extraction written consent was granted from all patients. The responsible ethics committee of the Medical Faculty of the University of Heidelberg approved the study (S-443/2015).




4.3. MSC Isolation, Cultivation and Characterization


MSCs were extracted from freshly collected bone marrow and cultivated as described previously [74,75,76]. Cells were washed in phosphate-buffered saline (PBS; Life Technologies, Darmstadt, Germany) and afterwards cultivated in expansion medium composed of 83% DMEM high glucose supplemented with 12.5% FCS, 1% L-glutamine, 1% non-essential amino acids (NEAA; all Life Technologies), 1% penicillin/streptomycin (Biochrom, Berlin, Germany), 0.1% β-mercaptoethanol (Life Technologies) and 4 ng/mL fibroblast growth factor 2 (Abcam, Cambridge, UK). Medium was first changed after 24 h to wash out non-adherent cells. Subsequently medium was changed twice weekly until a confluency of 80% was achieved. The individual donor cells were pooled in passage 1 following previously published recommendations [74]. Cells were stored in liquid nitrogen until usage in passage 5.




4.4. General Experimental Design: Overview


Prior to introduction to the cell culture setting, BGs were sterilized at 160 °C for 30 min in an Heraeus Function Line heating and drying oven (Heraeus instruments, Hanau, Germany) and passivated in DMEM for 24 h following recent recommendations [11,56]. The passivated BG granules were subjected to CCM (89% DMEM high glucose, 10% FCS, 1% penicillin/streptomycin). BG-containing media were placed in 24- and 96-well culture plates (both Nunc, Roskilde, Denmark) and MSCs were seeded aiming for a cell density of 1.8 × 104 cells per cm2 and a final BG concentration of 2.5 mg/mL. MSCs cultured in BG-free CCM served as control. Twice weekly, media of all groups were replaced by fresh CCM.



The influence on cell viability and proliferation was evaluated both qualitatively and quantitatively on day 1 (D1), 3 (D3), 7 (D7), 14 (D14) and 21 (D21). The impact of Mg2+ on the differentiation of MSC towards osteoblasts was analyzed by evaluation of ALP activity [75,76] and the influence of Mg2+ on the ECM production was quantified by expression analysis of genes encoding for ECM proteins on D3, D7, D14 and D21, as schematically depicted in Figure 6.




4.5. Microscopical and Fluorometric Analysis of Cell Viability and Proliferation


To simultaneously allow quantitative and microscopic assessment of cell viability an (Sigma-Aldrich) staining was conducted. FDA freely passes the cell membrane being intracellularly hydrolyzed by nonspecific esterases generating the green-fluorescent fluorescein, whose fluorescence intensity is correlating with the cell viability [43,77,78]. In 96-well culture plates, supernatants were discarded and cells washed in PBS. An amount of 100 µL of 10 µg/mL FDA staining solution were added to each well and incubated for 5 min at 37 °C and 5% CO2. To determine cell morphology and growth patterns, the wells were visualized using an Olympus IX-81 inverted fluorescence microscope (Olympus, Hamburg, Germany). For simultaneous quantification of cell viability, stained cells were washed in PBS and afterwards lysed in 150 µL 0.5% Triton X-100 (Sigma-Aldrich) for 5 min. Lastly fluorescence intensity was determined at a wavelength of 535 nm using a Wallac 1420 Victor microplate reader (Perkin Elmer, Waltham, MA, USA).



Proliferation was analyzed using the Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies) as described in the manufacturer’s instructions. The fluorochrome PicoGreen selectively binds double-stranded DNA (dsDNA) and thus permits the quantification of mononuclear cells such as MSCs.




4.6. Assessment of ALP Activity as a Correlate of Osteoblastic Development


In order to determine ALP activity, a commonly used colorimetric assay based on para-nitrophenylphosphate (p-NPP) was applied following established protocols [74,75,76]. ALP catalyzes the hydrolyzation of p-NPP to the chromogenic para-nitrophenol (p-NP), allowing the analysis of enzymatic activity of ALP, which is proportional to the extinction of the yellow compound. Cells were lysed in 500 µL 1% Triton X-100 and stored at −80°C until further use. Fifty microliters of each sample were combined with 50 µL ALP buffer (0.1 M glycine (Carl Roth, Karlsruhe, Germany), 1 mM ZnCl2, 1 mM MgCl2 (both Merck); pH 10.4), and 100 µL p-NPP substrate (1 mg/mL; Sigma-Aldrich) and incubated for 90 min at 37 °C. The extinction, measured in a PHOMO microplate reader (Autobio Diagnostics, Zhengzhou, China) at a wavelength of 405/492 nm, was used to calculate the ALP activity. Each value was normalized to the corresponding dsDNA content.




4.7. qPCR of Genes Encoding for ECM Proteins


For isolation of total RNA the PureLink RNA Mini Kit (Life Technologies) was utilized as described by the manufacturer. To synthesize complementary DNA (cDNA) the High-Capacity RNA-to-cDNA Kit (Life Technologies) was used as specified in the manufacturer’s protocol. Real-time quantitative polymerase chain reaction (RT-qPCR) was performed to examine the expression of relevant members of the osseous ECM, being OCN, OPN and COL1A1. The respective primers are listed in Table 1. For calculation of the relative gene expressions the ΔΔCt method was applied, relating each target gene to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an endogenous reference gene and subsequently normalizing the expression to the control group. The RT-qPCR was conducted using SYBR Green Master Mix (Life Technologies).




4.8. Statistics


IBM SPSS Statistics (Version 25; IBM, Armonk, NY, USA) was used to test values via one-way ANOVA followed by Bonferroni’s post-hoc test accepting p-values of <0.05 as significant. GraphPad Prism (Version 8.1.0; GraphPad Software, La Jolla, CA, USA) was applied to create graphs. N = 5 biological replicates were used for all experiments and measured in technical duplicates. Results are depicted as rounded means with standard deviation.





5. Conclusions


In this study, the influence of two Mg2+-doped derivatives of the ICIE16-BG on viability, proliferation and osteogenic differentiation of MSCs was compared to the original ICIE16-BG composition in order to determine the biological effects of a local Mg2+ release. All examined BGs were biocompatible in direct co-culture to MSCs. While cell viability was positively influenced by the Mg2+-incorporation, proliferation was significantly lower in both Mg2+-supplemented BGs. Regarding the osteogenic properties, no overall superiority for either of the BGs could be determined. The Mg2+-incorporation exhibited a positive influence on ALP activity and OCN expression, whereas the induction of COL1A1 expression was higher without the presence of Mg2+. The moderate effects on the activity of genes encoding for relevant ECM proteins is most likely caused by a comparably low Mg2+ ion release from the BGs. Other BG-types that might provide a higher local presence of the therapeutically active ions such as mesoporous BGs should be considered for the local delivery of Mg2+ in future studies.







Author Contributions


Conceptualization, A.R.B. and F.W.; Data curation, F.H. and M.A.O.; Formal analysis, F.H. and M.A.O.; Funding acquisition, F.W.; Investigation, F.H. and M.A.O.; Methodology, F.H., M.A.O. and S.I.S.; Project administration, A.R.B. and F.W.; Resources, A.M., A.R.B. and F.W.; Supervision, A.M., A.R.B. and F.W.; Validation, F.H., M.A.O., A.M., A.R.B. and F.W.; Visualization, F.H. and M.A.O.; Writing—original draft, F.H., M.A.O. and F.W.; Writing—review and editing, F.H., M.A.O., S.I.S., A.M., A.R.B. and F.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by a grant from “Friedrich Fischer-Nachlass”, grant number 3613.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the ethics committee of the Medical Faculty of the University of Heidelberg (S-443/2015).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


All relevant data are available within the paper.




Acknowledgments


The “Physician Scientist Program”-scholarship of the Medical Faculty of the University of Heidelberg supported Fabian Westhauser. This study includes parts of Frederike Hohenbild’s doctoral thesis. The support of Leena Hupa and the Johan Gadolin Scholarship from Åbo Akademi University are acknowledged. We thank Hanna Hohenbild for her assistance in designing the graphics.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Hench, L. Opening paper 2015—Some comments on Bioglass: Four Eras of Discovery and Development. Biomed. Glas. 2015, 1, 1–11. [Google Scholar] [CrossRef]

	



Hench, L.L.; Jones, J.R. Bioactive Glasses: Frontiers and Challenges. Front. Bioeng. Biotechnol. 2015, 3, 194. [Google Scholar] [CrossRef] [PubMed]

	



Baino, F.; Hamzehlou, S.; Kargozar, S. Bioactive Glasses: Where Are We and Where Are We Going? J. Funct. Biomater. 2018, 9, 25. [Google Scholar] [CrossRef] [PubMed]

	



Fiume, E.; Barberi, J.; Verne, E.; Baino, F. Bioactive Glasses: From Parent 45S5 Composition to Scaffold-Assisted Tissue-Healing Therapies. J. Funct. Biomater. 2018, 9, 24. [Google Scholar] [CrossRef] [PubMed]

	



Elgayar, I.; Aliev, A.E.; Boccaccini, A.R.; Hill, R.G. Structural analysis of bioactive glasses. J. Non-Cryst. Solids 2005, 351, 173–183. [Google Scholar] [CrossRef]

	



Sriranganathan, D.; Kanwal, N.; Hing, K.A.; Hill, R.G. Strontium substituted bioactive glasses for tissue engineered scaffolds: The importance of octacalcium phosphate. J. Mater. Sci. Mater. Med. 2016, 27, 39. [Google Scholar] [CrossRef]

	



Nommeots-Nomm, A.; Labbaf, S.; Devlin, A.; Todd, N.; Geng, H.; Solanki, A.K.; Tang, H.M.; Perdika, P.; Pinna, A.; Ejeian, F.; et al. Highly degradable porous melt-derived bioactive glass foam scaffolds for bone regeneration. Acta Biomater. 2017, 57, 449–461. [Google Scholar] [CrossRef]

	



Wu, Z.Y.; Hill, R.G.; Yue, S.; Nightingale, D.; Lee, P.D.; Jones, J.R. Melt-derived bioactive glass scaffolds produced by a gel-cast foaming technique. Acta Biomater. 2011, 7, 1807–1816. [Google Scholar] [CrossRef]

	



Chen, Q.Z.; Thompson, I.D.; Boccaccini, A.R. 45S5 Bioglass-derived glass-ceramic scaffolds for bone tissue engineering. Biomaterials 2006, 27, 2414–2425. [Google Scholar] [CrossRef]

	



Magallanes, M.; Meille, S.; Chenal, J.-M.; Pacard, E.; Chevalier, J. Bioactivity modulation of Bioglass (R) powder by thermal treatment. J. Eur. Ceram. Soc. 2012, 32, 2765–2775. [Google Scholar] [CrossRef]

	



Ciraldo, F.E.; Boccardi, E.; Melli, V.; Westhauser, F.; Boccaccini, A.R. Tackling bioactive glass excessive in vitro bioreactivity: Preconditioning approaches for cell culture tests. Acta Biomater. 2018, 75, 3–10. [Google Scholar] [CrossRef]

	



Brito, A.F.; Antunes, B.; Dos Santos, F.; Fernandes, H.R.; Ferreira, J.M.F. Osteogenic capacity of alkali-free bioactive glasses. In vitro studies. J. Biomed. Mater. Res. B Appl. Biomater. 2017, 105, 2360–2365. [Google Scholar] [CrossRef]

	



Karadjian, M.; Essers, C.; Tsitlakidis, S.; Reible, B.; Moghaddam, A.; Boccaccini, A.R.; 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]

	



Schmitz, S.; Widholz, B.; Essers, C.; Becker, M.; Tulyaganov, D.; Juan, I.; Westhauser, F. Superior biocompatibility and comparable osteoinductive properties: Sodium-reduced fluoride-containing bioactive glass belonging to the CaO-MgO-SiO2 system as a promising alternative to 45S5 bioactive glass. Bioact. Mater. 2020, 5, 55–65. [Google Scholar] [CrossRef]

	



Westhauser, F.; Hohenbild, F.; Arango-Ospina, M.; Schmitz, I.S.; Wilkesmann, S.; Hupa, L.; Moghaddam, A.; Boccaccini, R.A. Bioactive Glass (BG) ICIE16 Shows Promising Osteogenic Properties Compared to Crystallized 45S5-BG. Int. J. Mol. Sci. 2020, 21, 1639. [Google Scholar] [CrossRef]

	



Hoppe, A.; Guldal, N.S.; Boccaccini, A.R. A review of the biological response to ionic dissolution products from bioactive glasses and glass-ceramics. Biomaterials 2011, 32, 2757–2774. [Google Scholar] [CrossRef]

	



Staiger, M.P.; Pietak, A.M.; Huadmai, J.; Dias, G. Magnesium and its alloys as orthopedic biomaterials: A review. Biomaterials 2006, 27, 1728–1734. [Google Scholar] [CrossRef]

	



Saboori, A.; Rabiee, M.; Moztarzadeh, F.; Sheikhi, M.; Tahriri, M.; Karimi, M. Synthesis, characterization and in vitro bioactivity of sol-gel-derived SiO2–CaO–P2O5–MgO bioglass. Mater. Sci. Eng. C 2009, 29, 335–340. [Google Scholar] [CrossRef]

	



Rude, R.K.; Singer, F.R.; Gruber, H.E. Skeletal and hormonal effects of magnesium deficiency. J. Am. Coll. Nutr. 2009, 28, 131–141. [Google Scholar] [CrossRef]

	



Wallach, S. Effects of magnesium on skeletal metabolism. Magnes. Trace Elem. 1990, 9, 1–14. [Google Scholar]

	



Percival, M. Bone health & osteoporosis. Appl. Nutr. Sci. Rep. 1999, 5, 1–5. [Google Scholar]

	



Yoshizawa, S.; Brown, A.; Barchowsky, A.; Sfeir, C. Magnesium ion stimulation of bone marrow stromal cells enhances osteogenic activity, simulating the effect of magnesium alloy degradation. Acta Biomater. 2014, 10, 2834–2842. [Google Scholar] [CrossRef]

	



Galli, S.; Naito, Y.; Karlsson, J.; He, W.; Miyamoto, I.; Xue, Y.; Andersson, M.; Mustafa, K.; Wennerberg, A.; Jimbo, R. Local release of magnesium from mesoporous TiO2 coatings stimulates the peri-implant expression of osteogenic markers and improves osteoconductivity in vivo. Acta Biomater. 2014, 10, 5193–5201. [Google Scholar] [CrossRef]

	



Bellucci, D.; Sola, A.; Cacciotti, I.; Bartoli, C.; Gazzarri, M.; Bianco, A.; Chiellini, F.; Cannillo, V. Mg-and/or Sr-doped tricalcium phosphate/bioactive glass composites: Synthesis, microstructure and biological responsiveness. Mater. Sci. Eng. C 2014, 42, 312–324. [Google Scholar] [CrossRef]

	



Chen, X.; Liao, X.; Huang, Z.; You, P.; Chen, C.; Kang, Y.; Yin, G. Synthesis and characterization of novel multiphase bioactive glass-ceramics in the CaO-MgO-SiO2 system. J. Biomed. Mater. Res. Part B Appl. Biomater. 2010, 93, 194–202. [Google Scholar]

	



He, L.Y.; Zhang, X.M.; Liu, B.; Tian, Y.; Ma, W.H. Effect of magnesium ion on human osteoblast activity. Braz. J. Med Biol. Res. 2016, 49, e5257. [Google Scholar] [CrossRef]

	



Kim, H.-K.; Han, H.-S.; Lee, K.-S.; Lee, D.-H.; Lee, J.W.; Jeon, H.; Cho, S.-Y.; Roh, H.-J.; Kim, Y.-C.; Seok, H.-K. Comprehensive study on the roles of released ions from biodegradable Mg–5 wt% Ca–1 wt% Zn alloy in bone regeneration. J. Tissue Eng. Regen. Med. 2017, 11, 2710–2724. [Google Scholar] [CrossRef]

	



Lozano, R.M.; Perez-Maceda, B.T.; Carboneras, M.; Onofre-Bustamante, E.; Garcia-Alonso, M.C.; Escudero, M.L. Response of MC3T3-E1 osteoblasts, L929 fibroblasts, and J774 macrophages to fluoride surface-modified AZ31 magnesium alloy. J. Biomed. Mater. Res. A 2013, 101, 2753–2762. [Google Scholar] [CrossRef]

	



Wang, G.; Li, J.; Zhang, W.; Xu, L.; Pan, H.; Wen, J.; Wu, Q.; She, W.; Jiao, T.; Liu, X.; et al. Magnesium ion implantation on a micro/nanostructured titanium surface promotes its bioactivity and osteogenic differentiation function. Int. J. Nanomed. 2014, 9, 2387–2398. [Google Scholar] [CrossRef]

	



Wang, X.; Li, X.; Ito, A.; Sogo, Y. Synthesis and characterization of hierarchically macroporous and mesoporous CaO–MO–SiO2–P2O5 (M=Mg, Zn, Sr) bioactive glass scaffolds. Acta Biomater. 2011, 7, 3638–3644. [Google Scholar] [CrossRef]

	



Fu, Q.; Saiz, E.; Rahaman, M.N.; Tomsia, A.P. Bioactive glass scaffolds for bone tissue engineering: State of the art and future perspectives. Mater. Sci. Eng. C 2011, 31, 1245–1256. [Google Scholar] [CrossRef] [PubMed]

	



Landi, E.; Logroscino, G.; Proietti, L.; Tampieri, A.; Sandri, M.; Sprio, S. Biomimetic Mg-substituted hydroxyapatite: From synthesis to in vivo behaviour. J. Mater. Sci. Mater. Med. 2008, 19, 239–247. [Google Scholar] [CrossRef] [PubMed]

	



Volpe, S.L. Magnesium in disease prevention and overall health. Adv. Nutr. 2013, 4, 378S–383S. [Google Scholar] [CrossRef] [PubMed]

	



Palacios-Prado, N.; Hoge, G.; Marandykina, A.; Rimkute, L.; Chapuis, S.; Paulauskas, N.; Skeberdis, V.A.; O’Brien, J.; Pereda, A.E.; Bennett, M.V.L.; et al. Intracellular magnesium-dependent modulation of gap junction channels formed by neuronal connexin36. J. Neurosci. 2013, 33, 4741–4753. [Google Scholar] [CrossRef] [PubMed]

	



Witte, F. The history of biodegradable magnesium implants: A review. Acta Biomater. 2010, 6, 1680–1692. [Google Scholar] [CrossRef]

	



Vallet-Regí, M.; Salinas, A.J.; Román, J.; Gil, M. Effect of magnesium content on the in vitro bioactivity of CaO-MgO-SiO2-P2O5 sol-gel glasses. J. Mater. Chem. 1999, 9, 515–518. [Google Scholar] [CrossRef]

	



Gutowska, I.; Machoy, Z.; Machaliński, B. The role of bivalent metals in hydroxyapatite structures as revealed by molecular modeling with the HyperChem software. J. Biomed. Mater. Res. Part A 2005, 75A, 788–793. [Google Scholar] [CrossRef]

	



Muthusamy, P.; Kandiah, K.; Manivasakan, P.; Venkatachalam, R.; Kulandaivelu, P. Synthesis, Characterization and Biological Response of Magnesium-Substituted Nanobioactive Glass Particles for Biomedical Applications. Ceram. Int. 2013, 39, 1683–1694. [Google Scholar] [CrossRef]

	



Varanasi, V.G.; Saiz, E.; Loomer, P.M.; Ancheta, B.; Uritani, N.; Ho, S.P.; Tomsia, A.P.; Marshall, S.J.; Marshall, G.W. Enhanced osteocalcin expression by osteoblast-like cells (MC3T3-E1) exposed to bioactive coating glass (SiO2–CaO–P2O5–MgO–K2O–Na2O system) ions. Acta Biomater. 2009, 5, 3536–3547. [Google Scholar] [CrossRef]

	



Knabe, C.; Stiller, M.; Berger, G.; Reif, D.; Gildenhaar, R.; Howlett, C.R.; Zreiqat, H. The effect of bioactive glass ceramics on the expression of bone-related genes and proteins in vitro. Clin. Oral Implant. Res. 2005, 16, 119–127. [Google Scholar] [CrossRef]

	



Zeng, R.; Dietzel, W.; Witte, F.; Hort, N.; Blawert, C. Progress and Challenge for Magnesium Alloys as Biomaterials. Adv. Eng. Mater. 2008, 10, B3–B14. [Google Scholar] [CrossRef]

	



Dutta, S.; Devi, K.B.; Gupta, S.; Kundu, B.; Balla, V.K.; Roy, M. Mechanical and in vitro degradation behavior of magnesium-bioactive glass composites prepared by SPS for biomedical applications. J. Biomed. Mater. Res. B Appl. Biomater. 2019, 107, 352–365. [Google Scholar] [CrossRef]

	



Jiajia, L.; Shinghung, M.; Jiacheng, Z.; Jialing, W.; Dilin, X.; Shengquan, H.; Zaijun, Z.; Qinwen, W.; Yifan, H.; Wei, C. Assessment of Neuronal Viability Using Fluorescein Diacetate-Propidium Iodide Double Staining in Cerebellar Granule Neuron Culture. J. Vis. Exp. 2017, 123, 55442. [Google Scholar] [CrossRef]

	



Heinitz, M.F. Magnesium and Alzheimer’s Disease: The Cholinergic Hypothesis. Schweiz. Z. Für Ganzheitsmed. 2012, 24, 371–374. [Google Scholar] [CrossRef]

	



Van Lith, H.A.; Bergstra, A.E.; Haller, M.; Beynen, A.C. Plasma esterase activities in rats fed magnesium-deficient diets. BioMetals 1993, 6, 231–233. [Google Scholar] [CrossRef]

	



Elkhashab, R.A. Activation of butyrylcholinesterase enzyme by magnesium ions. Eur. J. Sci. Res. 2013, 9, 303–310. [Google Scholar]

	



Greenspan, D.C. Bioactive glass: Mechanisms of bone bonding. Tandläkartidningen Ǻrk 1999, 91, 1–32. [Google Scholar]

	



Ferraris, S.; Yamaguchi, S.; Barbani, N.; Cazzola, M.; Cristallini, C.; Miola, M.; Vernè, E.; Spriano, S. Bioactive materials: In vitro investigation of different mechanisms of hydroxyapatite precipitation. Acta Biomater. 2020, 102, 468–480. [Google Scholar] [CrossRef]

	



Martin, R.A.; Twyman, H.; Qiu, D.; Knowles, J.C.; Newport, R.J. A study of the formation of amorphous calcium phosphate and hydroxyapatite on melt quenched Bioglass® using surface sensitive shallow angle X-ray diffraction. J. Mater. Sci. Mater. Med. 2009, 20, 883–888. [Google Scholar] [CrossRef]

	



Arango Ospina, M.; Hupa, L.; Boccaccini, A. Bioactivity and dissolution behavior of boron-containing bioactive glasses under static and dynamic conditions in different media. Biomed. Glas. 2019, 5, 124–139. [Google Scholar] [CrossRef]

	



Lutisanova, G.; Palou, M.; Kozankova, J. Comparison of bioactivity in vitro of glass and glass ceramic materials during soaking in SBF and DMEM medium. Ceram. Silik. 2011, 55, 199–207. [Google Scholar]

	



Theodorou, G.; Goudouri, O.; Kontonasaki, E.; Chatzistavrou, X.; Papadopoulou, L.; Kantiranis, N.; Paraskevopoulos, K. Comparative Bioactivity Study of 45S5 and 58S Bioglasses in Organic and Inorganic Environment. Bioceram. Dev. Appl. 2011, 1, 1–4. [Google Scholar] [CrossRef]

	



Birmingham, E.; Niebur, G.L.; McHugh, P.E.; Shaw, G.; Barry, F.P.; McNamara, L.M. Osteogenic differentiation of mesenchymal stem cells is regulated by osteocyte and osteoblast cells in a simplified bone niche. Eur. Cell Mater. 2012, 23, 13–27. [Google Scholar] [CrossRef]

	



Marie, P.J.; Fromigué, O. Osteogenic differentiation of human marrow-derived mesenchymal stem cells. Regen. Med. 2006, 1, 539–548. [Google Scholar] [CrossRef] [PubMed]

	



Rimando, M.G.; Wu, H.-H.; Liu, Y.-A.; Lee, C.-W.; Kuo, S.-W.; Lo, Y.-P.; Tseng, K.-F.; Liu, Y.-S.; Lee, O.K.-S. Glucocorticoid receptor and Histone deacetylase 6 mediate the differential effect of dexamethasone during osteogenesis of mesenchymal stromal cells (MSCs). Sci. Rep. 2016, 6, 37371. [Google Scholar] [CrossRef] [PubMed]

	



Hohenbild, F.; Arango-Ospina, M.; Moghaddam, A.; Boccaccini, A.R.; Westhauser, F. Preconditioning of Bioactive Glasses before Introduction to Static Cell Culture: What Is Really Necessary? Methods Protoc. 2020, 3, 38. [Google Scholar] [CrossRef] [PubMed]

	



Huang, W.; Yang, S.; Shao, J.; Li, Y.-P. Signaling and transcriptional regulation in osteoblast commitment and differentiation. Front. Biosci. 2007, 12, 3068–3092. [Google Scholar] [CrossRef] [PubMed]

	



Qazi, T.H.; Hafeez, S.; Schmidt, J.; Duda, G.N.; Boccaccini, A.R.; Lippens, E. Comparison of the effects of 45S5 and 1393 bioactive glass microparticles on hMSC behavior. J. Biomed. Mater. Res. Part A 2017, 105, 2772–2782. [Google Scholar] [CrossRef]

	



Yun, H.-S.; Park, J.-W.; Kim, S.-H.; Kim, Y.-J.; Jang, J.-H. Effect of the pore structure of bioactive glass balls on biocompatibility in vitro and in vivo. Acta Biomater. 2011, 7, 2651–2660. [Google Scholar] [CrossRef]

	



Wu, C.; Chang, J. Multifunctional mesoporous bioactive glasses for effective delivery of therapeutic ions and drug/growth factors. J. Control. Release 2014, 193, 282–295. [Google Scholar] [CrossRef]

	



Wu, C.; Chang, J. Mesoporous bioactive glasses: Structure characteristics, drug/growth factor delivery and bone regeneration application. Interface Focus 2012, 2, 292–306. [Google Scholar] [CrossRef]

	



Westhauser, F.; Wilkesmann, S.; Nawaz, Q.; Schmitz, S.I.; Moghaddam, A.; Boccaccini, A.R. Osteogenic properties of manganese-doped mesoporous bioactive glass nanoparticles. J. Biomed. Mater. Res. Part A 2020, 108, 1806–1815. [Google Scholar] [CrossRef]

	



Tabia, Z.; El Mabrouk, K.; Bricha, M.; Nouneh, K. Mesoporous bioactive glass nanoparticles doped with magnesium: Drug delivery and acellular in vitro bioactivity. RSC Adv. 2019, 9, 12232–12246. [Google Scholar] [CrossRef]

	



Wu, C.; Miron, R.; Sculean, A.; Kaskel, S.; Doert, T.; Schulze, R.; Zhang, Y. Proliferation, differentiation and gene expression of osteoblasts in boron-containing associated with dexamethasone deliver from mesoporous bioactive glass scaffolds. Biomaterials 2011, 32, 7068–7078. [Google Scholar] [CrossRef]

	



Wu, C.; Zhou, Y.; Chang, J.; Xiao, Y. Delivery of dimethyloxallyl glycine in mesoporous bioactive glass scaffolds to improve angiogenesis and osteogenesis of human bone marrow stromal cells. Acta Biomater. 2013, 9, 9159–9168. [Google Scholar] [CrossRef]

	



Wu, C.; Fan, W.; Chang, J. Functional mesoporous bioactive glass nanospheres: Synthesis, high loading efficiency, controllable delivery of doxorubicin and inhibitory effect on bone cancer cells. J. Mater. Chem. B 2013, 1, 2710–2718. [Google Scholar] [CrossRef]

	



Wu, C.; Fan, W.; Chang, J.; Xiao, Y. Mussel-inspired porous SiO2 scaffolds with improved mineralization and cytocompatibility for drug delivery and bone tissue engineering. J. Mater. Chem. 2011, 21, 18300–18307. [Google Scholar] [CrossRef]

	



Wu, C.; Fan, W.; Chang, J.; Xiao, Y. Mesoporous bioactive glass scaffolds for efficient delivery of vascular endothelial growth factor. J. Biomater. Appl. 2013, 28, 367–374. [Google Scholar] [CrossRef]

	



Dai, C.; Guo, H.; Lu, J.; Shi, J.; Wei, J.; Liu, C. Osteogenic evaluation of calcium/magnesium-doped mesoporous silica scaffold with incorporation of rhBMP-2 by synchrotron radiation-based μCT. Biomaterials 2011, 32, 8506–8517. [Google Scholar] [CrossRef]

	



Perez, R.; El-Fiqi, A.; Park, J.-H.; Kim, T.-H.; Kim, J.-H.; Kim, H.-W. Therapeutic bioactive microcarriers: Co-delivery of growth factors and stem cells for bone tissue engineering. Acta Biomater. 2014, 10, 520–530. [Google Scholar] [CrossRef]

	



Yamasaki, Y.; Yoshida, Y.; Okazaki, M.; Shimazu, A.; Uchida, T.; Kubo, T.; Akagawa, Y.; Hamada, Y.; Takahashi, J.; Matsuura, N. Synthesis of functionally graded MgCO3 apatite accelerating osteoblast adhesion. J. Biomed. Mater. Res. 2002, 62, 99–105. [Google Scholar] [CrossRef]

	



Zreiqat, H.; Howlett, C.R.; Zannettino, A.; Evans, P.; Schulze-Tanzil, G.; Knabe, C.; Shakibaei, M. Mechanisms of magnesium-stimulated adhesion of osteoblastic cells to commonly used orthopaedic implants. J. Biomed. Mater. Res. 2002, 62, 175–184. [Google Scholar] [CrossRef]

	



Maçon, A.L.; Kim, T.B.; Valliant, E.M.; Goetschius, K.; Brow, R.K.; Day, D.E.; Hoppe, A.; Boccaccini, A.R.; Kim, I.Y.; Ohtsuki, C.; et al. A unified in vitro evaluation for apatite-forming ability of bioactive glasses and their variants. J. Mater. Sci. Mater. Med. 2015, 26, 115. [Google Scholar] [CrossRef]

	



Widholz, B.; Tsitlakidis, S.; Reible, B.; Moghaddam, A.; Westhauser, F. Pooling of Patient-Derived Mesenchymal Stromal Cells Reduces Inter-Individual Confounder-Associated Variation without Negative Impact on Cell Viability, Proliferation and Osteogenic Differentiation. Cells 2019, 8, 633. [Google Scholar] [CrossRef]

	



Reible, B.; Schmidmaier, G.; Moghaddam, A.; Westhauser, F. Insulin-Like Growth Factor-1 as a Possible Alternative to Bone Morphogenetic Protein-7 to Induce Osteogenic Differentiation of Human Mesenchymal Stem Cells in Vitro. Int. J. Mol. Sci. 2018, 19, 1674. [Google Scholar] [CrossRef]

	



Reible, B.; Schmidmaier, G.; Prokscha, M.; Moghaddam, A.; Westhauser, F. Continuous stimulation with differentiation factors is necessary to enhance osteogenic differentiation of human mesenchymal stem cells in-vitro. Growth Factors 2017, 35, 179–188. [Google Scholar] [CrossRef]

	



Westhauser, F.; Karadjian, M.; Essers, C.; Senger, A.S.; Hagmann, S.; Schmidmaier, G.; Moghaddam, A. Osteogenic differentiation of mesenchymal stem cells is enhanced in a 45S5-supplemented beta-TCP composite scaffold: An in-vitro comparison of Vitoss and Vitoss BA. PLoS ONE 2019, 14, e0212799. [Google Scholar] [CrossRef]

	



Wilkesmann, S.; Westhauser, F.; Fellenberg, J. Combined Fluorescence-Based in Vitro Assay for the Simultaneous Detection of Cell Viability and Alkaline Phosphatase Activity during Osteogenic Differentiation of Osteoblast Precursor Cells. Methods Protoc. 2020, 3, 30. [Google Scholar] [CrossRef]








[image: Ijms 22 12703 g001 550] 





Figure 1. SEM pictures of the bioactive glass (BG) granules. (a) ICIE-16 BG, (b) 3Mg-BG and (c) 6Mg-BG. 
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Figure 2. Ion release profiles of bioactive glasses (BGs) as function of incubation time in simulated body fluid (SBF). 
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Figure 3. Development of cell viability based on fluorescein diacetate-(FDA-)fluorescence (a) and cell proliferation via PicoGreen assay (b) from day (D)1 to D21. Results are shown as relative values being normalized to the control group which is depicted by the dotted line. All values are displayed as means with standard deviation. (#) indicates significant difference to the control group and (+) presents significant differences to ICIE16-bioactive glass (BG). 
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Figure 4. Microscopic presentation of cell viability and growth patterns during 21 days (D) of direct co-culture with bioactive glasses (BGs). Visualization occurred via a live-cell fluorescence staining using fluorescein diacetate (FDA). Magnification: 40-fold; the reference bar of 800 µm applies to all images. 
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Figure 5. Evaluation of osteogenic differentiation from day (D)1 to D21 represented by alkaline phosphatase (ALP) activity (a) and expression of osteopontin (OPN) (b), osteocalcin (OCN) (c) and type I collagen alpha 1 (COL1A1) (d). Relative gene expression was determined by ΔΔCt method: The CT value of each sample was related to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as endogenous reference gene and subsequently normalized to the control (indicated by a dotted line). Values are shown as means with standard deviation. Significant differences to the control group and the ICIE16-bioactive glass (BG) group are shown by (#) and (+), respectively. (*) designates significant differences between the 3Mg-BG and 6Mg-BG groups encompassed by brackets. 
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Figure 6. Overview of the experimental design. Mesenchymal stromal cells (MSCs) were co-cultured with bioactive glass (BG) granules for a total incubation period of 21 days (D). On D1, D3, D7, D14 and D21 cell viability was analyzed quantitatively as well as qualitatively and cell proliferation was assessed. In addition, alkaline phosphatase (ALP) activity and expression of genes encoding for extracellular matrix (ECM) proteins were evaluated starting from D3 after incubation. 
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Table 1. Primers deployed for qPCR: glyceraldehyde 3-phosphate dehydrogenase (GAPDH; reference gene), osteocalcin (OCN), osteopontin (OPN) and type I collagen alpha 1 (COL1A1).
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	Gene
	Forward (5′ ⟶ 3′)
	Reverse (3′ ⟶ 5′)





	GAPDH
	GCC CAA TAC GAC CAA ATC AGA GA
	GAA AGC CTG CCG NGT GAC TAA



	OCN
	ACC GAG ACA CCA TGA GAC CC
	GCT TGG ACA CAA AGG CTG CAC



	OPN
	GCT AAA CCC TGA CCC ATC TC
	ATA ACT GTC CTT CCC ACG GC



	COL1A1
	GTG GCC TGC CTG GTG AG
	GCA CCA TCA TTT CCA CGA GC
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
N
()
1
HOA

Om_1Oh

.= |CIE16-BG
o 3Mg-BG
-5 6Mg-BG

4 6 8
Time (days)

T

10

12

T

14

P5* in SBF

‘ ' S e e

Time (days)

©

Ca?* (mg/l)

225 ~

200

175

150

1254°

100 &4
1

Ca® in SBF

65 -
60 -

55

6 8 10 12 14
Time (days)

Mg?* in SBF

o 3Mg-BG
v 6Mg-BG

6 8 0 12 14
Time (days)





nav.xhtml


  ijms-22-12703


  
    		
      ijms-22-12703
    


  




  





media/file2.png





media/file5.jpg
ki gl

= 3Mg8G = 6Mg-BG






media/file3.jpg
Si* (o)
58 8 38

[

2
i i H {
§ e
. B
; gl
, o
H « 80 .
W86 3
- awso g
IR R T B S S R R
Tine (ear) . Time dos)
i “ 1
il ©
:E” f
\ o1
| g
. . .
I w0
B cR RS S d o hgt s e
Time (days) Time (days)





media/file1.jpg





media/file7.jpg
98913101 joau0n





media/file10.png
+
D21
#

ZH
D14

.
. .....m.
0000 43210
T M N

uoissaldxa p|oj-x
NdO

+

Tlnm
—

I+ (=]
—
Hi ---L“ L
1 H (=]
]
— _-mnnnnp.v,
+|H @]
|
— | o
1+ +| L T (=’
—
T T T T ." T-I-I
L O W 9o B NS
N N «— «— © [ == I = ]
[uw, wNasp Bu/dN-d Bu]

Ayaoe 41v

oW« N
1

R

*
| —
. i\.‘

D21

+

G

i

D14

D7

_#
T8 - ——

uolssaldxa p|oj-x
IVIT10D

I
o
-

uolissaldxa pjoj-x
NOO

© © <« o

D14 D21

D7

[ 3Mg-BG Bl 6Mg-BG Bl Control

[ ICIE16-BG





media/file12.png
Viability and

Fluorometry
and microscopy

g

PicoGreen Assay

D3 D7

D14 D21

proliferation
- 1]
MSCs ’
D1
BG Osteogenic
differentiation

ALP activity:
Cellular
differentiation

RAAK

Expression of genes
encoding for
ECM proteins






media/file9.jpg
il PR
HEOL RN

£ 100 s LD, [

o7 0w on

o
I+

a
2998

coL1Al

xfold expression

E
e

o s

EJ'

|

o3 o7 oW on

I IcE168G = eMg8G - Conrol





media/file0.png





media/file8.png
e





media/file11.jpg
and

Viability
proliferation - -

7, o3
= wf«fﬁ?

e Fluoromery
and microscopy| PicoGreen Assay

ALP activity: Expression of genes.
BG Osteogenic Cellular ‘encoding for

differentiation  aiferentation ECM proteins





media/file6.png
L)
D21

1
I
D14

=

1.04-------
5
0.0-

I T
I~ 0
N -

0 (1o13u02 03 "|21) YNASP

D21

Ll

D14

|

II

#_

—
J

D7

"
A 4

.

lll
D3

=
D1

)
o v o
1

1
0.5
0.0-

(U (jo13u09 0} "|84) @2uadasalon|4-ya4d

1 3Mg-BG Bl 6Mg-BG

1 ICIE16-BG





