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Abstract We report that the release of manganese ions from bioactive glass provoked 

human mesenchymal stem cell (hMSC) differentiation down a bone pathway, whereas 

hMSCs exposed to the Mn-free glass did not differentiate. Bioactive glasses (BGs) are 

widely used for bone regeneration, and allow the incorporation of different ions with 

therapeutic properties into the glass network. Amongst the different ions with therapeutic 

benefits, manganese (Mn) has been shown to influence bone metabolism and activate 

human osteoblasts integrins, improving cell adhesion, proliferation and spreading. Mn 

has also been incorporated into bioceramics as a therapeutic ion for improved 

osteogenesis. Here, up to 4.4 mol% MnO was substituted for CaO in the 58S 

composition (60 mol% SiO2, 36 mol% CaO, 4 mol% P2O5) and its effects on the glass 

properties and capability to influence the osteogenic differentiation were evaluated. Mn-

containing BGs with amorphous structure, high specific surface area and nanoporosity 

were obtained. The presence of Mn2+ species was confirmed by X-ray photoelectron 

spectroscopy (XPS). Mn-containing BGs presented no cytotoxic effect on human 

mesenchymal stem cells (hMSCs) and enabled sustained ion release in culture medium. 

hMSCs osteogenic differentiation stimulation and influence on the mineralisation process 

was also confirmed through the alkaline phosphatase (ALP) activity, and expression of 

osteogenic differentiation markers, such as collagen type I, osteopontin and osteocalcin, 

which presented higher expression in the presence of Mn-containing samples compared 

to control. Mn incorporation offers great promise for obtaining glasses with superior 

properties for bone tissue regeneration. 

 

Keywords: bioactive glass; sol-gel; manganese; stem cells; osteogenic differentiation 

 

 

 

 

 

 

 



3 
 

1 Introduction 

45S5 Bioglass® was first synthesised by Larry Hench in 1969 as the first inorganic 

material to bond with living bone without triggering scar tissue formation after 

implantation [1]. This led to the field of bioactive materials; moving away from the 

traditional view that implant medical devices should be inert and simply replace old 

damaged tissue, instead active tissue regeneration is preferred [2]. Bioactive glass (BG) 

compositions, such as the original 45S5, undergo specific reactions at their surface 

following the glass dissolution resulting in the formation of a hydroxycarbonate apatite 

(HCA) layer, which is similar to the bone mineral phase and can interact with collagen 

fibrils and bond with bone [1,3]. The glass dissolution products can also increase cell 

proliferation and stimulate bone regeneration at a genetic level [4]. BG based materials 

activate rapid bone regeneration and are already widely used as synthetic bone grafts in 

orthopaedic and dental applications [3]. 

While the role of bioactive glasses on osteoblasts is well documented, their effect on 

stem cells is less clear. Osteogenic differentiation of hMSCs in contact with Bioglass® 

45S5 was measured [5] but the glass did not stimulate the alkaline phosphatase (ALP) 

activity of hMSCs of five donors [6]. Dissolution products of sol-gel 58S BG (60 mol% 

SiO2, 36 mol% CaO, 4 mol% P2O5) enhanced the differentiation of murine embryonic 

stem cells to osteogenic cells, indicated by increased mineralized nodule formation, ALP 

activity, and osteoblast-associated (runx2/cbfa-1) gene expression [7]. Dissolution 

products of a sol-gel glass with higher phosphate content (60 mol% SiO2, 28 mol% 

CaO, 12 mol% P2O5) also provoked mineralisation and increased mRNA expression of 

the osteogenic differentiation markers ALP, osteopontin and osteonectin from human 

dental pulp stem cells (hDPSCs) [8]. Here, the aim is to add to the data on how bioactive 

glasses can influence hMSC differentiation. 

Sol-gel derived glasses usually present enhanced bioactivity when compared to the melt 

derived glasses with similar composition, due to their high surface area and inherent 

nanoporosity improving their dissolution process [9]. A wide range of glass morphologies 

can be obtained through sol-gel, such as nano and micro structures, fibres, and coatings. 

Due to the processing versatility, different glass compositions can be obtained, allowing 

the incorporation of several ions with therapeutic properties [10]. For example, strontium-

containing BGs are being evaluated for osteoporosis treatment, as it could inhibit 

osteoclast differentiation while improving osteoblasts activity [11,12]. Replacing some of 

the Ca in BGs for Sr enhanced osteogenic response of osteoblasts [13] and promoted 

up-regulation of osteogenic differentiation genes in bone marrow derived stem cells 
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(hMSCs) in vitro, such as osteocalcin and alkaline phosphatase [14,15] and promoted 

osteoconduction in vivo [16]. Sr containing BGs provoked up-regulation of genes in 

hMSCs, such as osteopontin, and bone morphogenetic protein 2 (bmp2), activating the 

sterol synthesis pathway and modified membrane cholesterol and the lipid rafts [17]. 

Nanoparticles containing as little as 4.4 mol% SrO (90.6 mol% SiO2, 5.0 mol% CaO, 4.4% 

mol% SrO) stimulated hMSCs to differentiated down an osteogenic route, where Sr-free 

nanoparticles did not differentiate [18].  

Ions such as silver and gallium have demonstrated antibacterial properties [19,20], 

whereas cobalt can stimulate new blood vessel formation [21,22], similar effect observed 

in copper-doped glasses [23]. Those ions can be released during the glass dissolution 

process, improving the glass biological effect. 

Amongst the different ions with therapeutic properties, Mn has attracted attention in 

recent years for incorporation in different bioceramics. In human osteoblast culture, Mn2+ 

has been shown to influence integrin activity that mediate interactions with the 

extracellular matrix (ECM) and are essential for cell adhesion, spreading and proliferation 

[24]. Mn ions are also involved in the ECM and plasmatic membrane protein synthesis, 

such as collagen, playing key roles in bone and other connective tissue formation [25]. 

Mn ions can also influence bone and muscle metabolism and affect bone mass 

maintenance [26], and have been proposed as means to improve bone regeneration. 

Higher osteoblast-like cell-adhesion was observed on Mn-containing hydroxyapatites 

[27], compared to synthetic HA, and tricalcium phosphates containing this ion presented 

higher bone mineralisation rates [28]. An increase in the osteogenesis-related gene 

expression and collagen deposition rate was observed in Mn-containing titanium 

implants exposed to rat bone marrow mesenchymal stem cells [29]; an increased 

antibacterial activity was also observed in multifunctional materials containing this ion 

[29,30]. Melt-derived BGs containing Mn promoted alkaline phosphatase activity (ALP) 

and BMP expression in osteoblast culture, and presented good osteoblast proliferation 

and spreading [25]. Although limited work in sol-gel derived BGs containing Mn is 

reported, sol-gel derived mesoporous BG nanoparticles were previously obtained, which 

showed in vitro bioactivity and also antibacterial effect [31]. We have also previously 

demonstrated that different Mn-containing BG microparticle compositions derived from 

the sol-gel process can be obtained, with HCA layer formation in simulated body fluid 

(SBF) within less than 1 day [32]. An ion release study showed that Mn ion level could 

be adjusted [32] to lower concentrations than 0.1 mM, reported to inhibit osteoblasts 

proliferation and spreading [24], and contributing to the promise of such a composition 



5 
 

as a potential strategy to obtain superior materials for bone repair. Further evaluation 

remains necessary to confirm the Mn potential on the osteogenic differentiation and bone 

mineralisation. 

Here, sol-gel-derived bioactive glasses in the SiO2-CaO-P2O5-MnO containing different 

Mn contents were synthesised, and the effect of Mn incorporation on the glass structure, 

textural properties and chemical composition was investigated. The controlled ion 

release capability was assessed through culture medium dissolution studies. The effect 

of the BGs ionic products on human bone marrow-derived mesenchymal stem cells 

(hMSCs) osteogenic differentiation and bone mineralisation was investigated. The 

expression of proteins associated with bone matrix formation, such as collagen type I 

and ALP, and markers of the mineralisation stage (osteopontin and osteocalcin 

expression, and calcium nodule formation) were evaluated, in order to confirm Mn 

incorporation in sol-gel glasses as a strategy to obtain materials with therapeutic benefits 

for tissue engineering.  

2 Materials and Methods 

2.1 Synthesis of bioactive glass microparticles 

The sol-gel method was applied to obtain BG microparticles as previously reported [33] 

based on the 58S nominal composition (60 mol% SiO2, 36 mol% CaO, 4 mol% P2O5). 

Unless otherwise stated, reagents used in this work were obtained from Sigma-Aldrich 

(UK). TEOS (tetraethyl orthosilicate 98%) and TEP (triethyl phosphate 99%) were added 

to nitric acid (2 M) and deionized water, at a molar ratio H2O/TEOS (R ratio) of 12. The 

reagents were mixed for 1 h with magnetic stirring (room temperature). After that, calcium 

nitrate tetrahydrate (Ca(NO3)2.4H2O) was dissolved in the sol, and magnetic stirring was 

maintained for another 1 h. Mn-containing samples were obtained by partial replacement 

of the Ca content on the BG samples. This was achieved by dissolving the Mn precursor 

(manganese nitrate hydrate, Mn(NO3)2.xH2O) in the sol prior to the Ca precursor 

dissolution. The obtained gel was placed in a sealed polytetrafluoroethylene (PTFE) 

large screw top container and aged for 72 h at 60 °C. Then, the container was opened 

and dried with a rate of 10 °C / 24 h, until reaching 120 °C and held for 24 h. Samples 

were thermally treated at 650 °C for 3 h (2 °C/min). Finally, samples were ground and 

sieved, and the particle fraction below 150 µm evaluated in this work. The nominal 

compositions in the samples obtained in this work are listed in Table 1. 



6 
 

2.2 BG characterization 

Chemical composition 

Chemical evaluation was performed using the acid digestion method. For this process, 

50 mg of each sample, and 250 mg of anhydrous lithium metaborate (80% w/w) and 

lithium tetraborate (20% w/w) (Spectroflux 100B, Alfa Aesar) were mixed in a platinum 

crucible, and then fused (30 min) in a furnace at 1050 °C. Then, after cooling, samples 

were fully dissolved in nitric acid (2 M). Concentrations of Si, Ca, P and Mn in each 

sample were determined via the inductively coupled plasma-optical emission 

spectrometer (ICP-OES - Thermo Scientific iCaP 6000 series). Finally, the proportions 

of SiO2, CaO, P2O5 and MnO in each sample were calculated. 

Structural evaluation 

Fourier transform infrared spectroscopy (FTIR) was performed on a Thermo Scientific 

Nicolet iS10 equipped with Attenuated Total Reflectance (ATR). The spectra were 

collected from 400 to 4000 cm-1, at 4 cm-1 resolution and 64 scans collected per 

spectrum. X-ray diffraction (XRD) patterns were obtained from 7 to 70° (2θ) and 0.02 

step size (without spinning) in a Bruker D2 phaser using a CuKα radiation source. A K-

Alpha+ system (Thermo Scientific) operating at 2 x 10-9 mbar was applied on the X-ray 

photoelectron spectroscopy (XPS) analysis using a micro-fused and monochromated Al 

Kα X-ray source (hν = 1486.6 eV). A 180° double focusing hemispherical analyser 

incorporated with a 2D detector was used, with 12 kV anode bias and 6 mA emission 

current of the X-ray source. A flood gun was used to reduce sample charging, which was 

corrected using the C 1s core line at 285.0 eV. The X-ray spot size was 400 µm, 200 eV 

pass energy for survey and 20 eV pass energy for core level evaluation. Data were 

evaluated using the Avantage XPS software. High-resolution XPS scans were performed 

for Si 2p, O 1s and Mn 2p core-levels. 

Textural properties 

A Quantachrome Autosorb AS-6 multi-station equipment was used for nitrogen sorption 

analysis. Samples were first degassed at 200 °C for 24 h and subsequently evaluated 

by nitrogen sorption analysis (40 adsorptions and 40 desorption points). The specific 

surface area was evaluated in absorption data points in the P/P0 range of 0.01 to 0.30 

applying the Brunauer-Emmett-Teller (BET) method [34]. The pore diameter distribution 

was evaluated using the desorption curves and the Barret-Joyner-Halenda (BJH) 

method [35]. 
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DMEM dissolution study 

Samples (75 mg) were immersed in 50 mL DMEM (Dulbecco Modified Eagle Medium, 

Gibco) in an airtight polypropylene container and incubated at 37 °C under agitation (120 

rpm), according to the conditions proposed by Maçon et al. [36]. Solution (1 mL) was 

collected at successive time points (0, 4, 8, 24 and 72 h) and then replaced by 1 mL 

fresh DMEM solution in each container. Each collected aliquot was diluted in 2 M nitric 

acid, syringe filtered (0.22 µm) and the Si, Ca, P and Mn ionic concentration measured 

by ICP-OES. Tests were performed in triplicate, and results are expressed as mean ± 

standard deviation. 

2.3 Cytotoxic analysis 

Ionic product media 

Samples were incubated in α-MEM at 1.5 mg.mL-1 ratio, 37 °C and 120 rpm agitation for 

4 h. The medium containing the glass ionic product was then filtered (0.22 µm) and 

supplemented with 10% fetal bovine serum (FBS) (v/v), 100 U.mL-1 penicillin and 100 

µg.mL-1 streptomycin (Thermo Fisher Scientific, UK).  

Cell viability 

Human bone marrow-derived mesenchymal stem cells (ATCC® PCS-500-012™) were 

used for the cell viability study. In this process, cells were expanded in T-125 cell culture 

flasks (Corning®; Sigma-Aldrich, UK) at 5% CO2, fully humidified atmosphere and 37 °C 

in basal condition )α-MEM supplemented with 10% fetal bovine serum (FBS) (v/v), 100 

U.mL-1 penicillin and 100 µg.mL-1 streptomycin; Thermo Fisher Scientific, UK). A 

concentration of 5 x 104 cells.mL-1 of hMSCs (passage 2 and 3) was used for all studies. 

Cells were treated with the ionic product media for different time points (2, 4 and 7 days), 

and the cell viability was determined by MTT assay. MTT assays are a colorimetric 

method based on the conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) into formazan (Invitrogen, Molecular ProbesTM[NVAA1]). As a control, cells 

were cultured on plain α-MEM on tissue culture plate (TCP). 

2.4 Ionic release products on hMSCs differentiation 

To evaluate the effect of the BGs ionic products on the hMSCs differentiation, 5 x 

104 cells.mL-1 were cultured in a flat-bottomed 24-well plate, and incubated for 24 h (37 

°C and 5% CO2), allowing cells to attach to the plate. Both conditions were used for the 
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cell culture: basal α-MEM or osteogenic medium (α-MEM supplemented with 100 µM L-

ascorbic acid, 10 mM β-glycerophosphate and 10 nM dexamethasone). The culture 

media was changed twice a week.  

The different sample groups were evaluated by colorimetric assay of ALP activity, 

histochemical evaluation by staining of Alizarin red S and immunofluorescence 

technique to detect type I collagen, osteocalcin (OSC) and osteopontin (OSP). The ALP 

activity was assessed using an Alkaline Phosphatase Assay Kit (Colorimetric, Abcam, 

UK, ab83369); values were normalised with respect to the total volume cell lysate and 

time and expressed as units per millilitre of cell lysate per minute. The absorbance of the 

reaction product was measured at 562 nm.  

Immunofluorescence assay was performed after cells were fixed in 4% 

paraformaldehyde in PBS following 7, 14 and 21 days culture in basal and osteogenic 

medium. A permeability buffer for 30 min was applied followed by 1 % BSA in PBS for 5 

min. Cells were then incubated overnight at 4 °C, with a rabbit IgG primary antibody 

(Abcam). The secondary antibody used for immunofluorescence was goat anti-rabbit IgH 

H&L conjugated with Alexa Fluor 455 (Abcam) The cell nuclei were stained with 4,6-

Diamidino-2-Phenylindole, Dihydrochloride (DAPI, Thermo Fisher Scientific). Finally, to 

detect calcified tissue formation, cells were stained with 1% Alizarin Red S staining in 

PBS at pH 4.2. 

3 Results and Discussion 

3.1 Compositional analysis 

The measured chemical compositions of Mn containing BGs final are shown in Table 1. 

The variability of the final composition can be related to the use of diluted media for ICP 

analysis, filtration steps performed, losses during the glass dissolution, precipitation of 

species, amongst others [37]. Nonetheless, the presence of Mn on the BG samples was 

confirmed in two different compositions. 

 

Table 1: Nominal composition and composition results of glasses based on the 58S 
composition and with Mn substitution for Ca, results obtained by the lithium metaborate 
method and ICP-OES (% mol). 

 

Nominal composition ICP-OES measured composition 
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(% mol) (% mol) 

SiO2 P2O5 CaO MnO SiO2 P2O5 CaO MnO 

0Mn 60.0 4.0 36.0 - 61.3 ± 0.9 3.2 ± 0.6 35.5 ± 0.9 - 

2.5Mn 60.0 4.0 33.5 2.5 58.1 ± 1.6 4.0 ± 0.4 35.2 ± 2.0 2.7 ± 0.3 

5Mn 60.0 4.0 31.0 5.0 59.0 ± 0.8 3.9 ± 0.4 32.7 ± 0.2 4.4 ± 0.5 

3.2 Textural Properties 

Nitrogen sorption analysis was performed to evaluate the glasses textural properties. 

Representative nitrogen adsorption/desorption isotherms are shown in Figure 1 (a), and 

the pore size distribution profile obtained from the nitrogen desorption curves are 

presented in Figure 1 (b). The obtained values for the specific surface area and pore size 

obtained by BET and BJH methods are shown in Table 2. 

 

Figure 1: (a) Nitrogen sorption isotherms and (b) pore size distributions obtained using 
the BJH method applied to the desorption branches, for bioactive glass of the 58S 
composition (0Mn) and with MnO substitution for CaO at 2.5 mol% (2.5Mn) and 5 mol% 
(5Mn). 

In all cases, Type IV isotherms with hysteresis cycle were identified, typical of materials 

containing pores in the mesoporous range (from 2 to 50 nm) [38]. Sol-gel derived 

materials typically present nanopores as a result of the removal of condensation by-

products [39]. A narrow and monomodal pore size distribution was also observed for all 

samples (Figure 1 (b)). Glasses with high specific surface area (up to 130.0 ± 14.2 m2.g-

1) were obtained and the pore diameter reduced from 7.6 ± 0.4 nm (0Mn) to 6.4 ± 0.2 nm 

for the glass containing higher Mn content (5Mn). The incorporation of additional ions 
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into the BG structure can affect the network orientation during the self-assembly reaction, 

consequently leading to potential structural defects and also to modification on the pore 

shape [40].   

The pore diameter observed for all samples confirms that all materials exhibit a pore size 

in the mesoporous range. This is of great relevance for biomedical applications, as pores 

allow the adsorption of biological agents that could improve the body’s response to the 

material [41]. Furthermore, BGs with high specific surface area containing pores in the 

mesoporous range could lead to improved dissolution rates and ion exchange 

processes, as well as act as nucleation sites for HCA formation, consequently inducing 

glass bioactivity. 

Table 2: Textural properties obtained by nitrogen sorption evaluation for samples 0Mn, 
2.5Mn and 5 Mn. 

Samples 
Specific 

surface area 
(m2.g-1) 

Pore diameter (nm) 

0Mn 124.0 ± 11.8 7.6 ± 0.4 

2.5Mn 128.8 ± 15.2 6.6 ± 0.4 

5Mn 130.0 ± 14.2 6.4 ± 0.2 

3.3 Structural evaluation 

FTIR spectra are presented in Figure 2 (a). Si-O bending can be observed between 450 

and 470 cm-1, assigned to glasses with Si-O-Si bonds with amorphous structures [42]. 

The symmetric (725 to 810 cm-1) and asymmetric stretching (1000 to 1200 cm-1) of Si-O 

bonds were also observed [43,44]. The absorbance with low relative intensity at around 

965 cm-1 can be related to Si-O bonds containing a non-bridging oxygen (Si-O-NBO) 

[42]. The absorbance at around 1180 cm-1 can be related to stretching of P-O bonds, 

overlapping the absorbance related to Si-O bonds [43]. P-O bending bands, 

representative of orthophosphate groups (550 and 630 cm-1) were present for the 58S 

glass (0Mn)  [45]. These bands have previously been attributed, using solid state NMR,  

to phosphate-rich regions and hydroxyapatite nuclei that can be formed during sol-gel 

synthesis with excess water [46]. As Mn content increased, the relative intensity of the 

P-O bend bands decreased, which is likely to be due to the Mn charge balancing the 

phosphate groups and integrating the phosphate into the glass network.  
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Figure 2: (a) FTIR spectra and (b) XRD patterns from bioactive glass of the 58S 
composition (0Mn) and with MnO substitution for CaO at 2.5 mol% (2.5Mn) and 5 mol% 
(5Mn). 

The XRD patterns of BGs samples are shown in Figure 2 (b). Similar behaviour is 

observed in all samples, with a diffuse halo between 15 and 25 ° (2θ), characteristic of 

predominantly amorphous silica structures [47]. A less broad halo of greater intensity 

between 31 and 33 ° (2θ) can be assigned to the formation of the orthophosphate regions 

during synthesis, as reported in glasses previously obtained with similar composition 

[46]. These results indicate that the predominantly amorphous structure was maintained 

after Mn incorporation into the BGs.  

The glass structure was further evaluated by XPS, and the survey scan spectra are 

presented in Figure 3. Auger and XPS photoemission lines typical of bioactive glass 

constituents were observed in all samples. Peak C 1s, related to the absorption of 

impurities of hydrocarbons by the glass surface, was used as a reference for calibration 

of the binding energy (BE) due to the charge effect of the samples, being adjusted to 

285.0 eV. 
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Figure 3: XPS survey scan spectra of bioactive glass of the 58S composition (0Mn) and 
with MnO substitution for CaO at 2.5 mol% (2.5Mn) and 5 mol% (5Mn). 

High-resolution Si 2p XPS spectra are presented in Figure 4 (a), and broad bands with  

maxima at 103.5 eV, 103.6 eV and 103.6 eV were observed for 0Mn, 2.5Mn and 5Mn 

samples respectively, found in the typical range of silicate glasses [48]. 



13 
 

 

Figure 4: High-resolution XPS spectra (a) Si 2p, (b) O 1s and (c) Mn 2p for bioactive 
glass of the 58S composition (0Mn) and with MnO substitution for CaO at 2.5 mol% 
(2.5Mn) and 5 mol% (5Mn). 

Figure 4 (b) shows the O 1s high-resolution XPS spectrum and two components with 

maximum binding energy at 531.1 eV and 533.0 eV can be observed for 0Mn, shifting to 

higher binding energy values when Mn was incorporated. The higher binding energy 

band observed after deconvolution can be assigned to the oxygen of silicates, whereas 

the band observed in lower values is related to the oxygen in phosphate groups [38]. 

Results indicate that calcium phosphate microdomains may be present in the glass 

structure, similar to the HCA environment, which may impart some heterogeneity to the 

material [38]. This agrees with the FTIR and XRD results and previous work that found 
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that the phosphorus was present mostly in the form of orthophosphates, and their charge 

is balanced by modified network cations, and only small amounts of Si-O-P bonds are 

observed [49]. 

Multiple peaks were observed on the high-resolution Mn 2p spectra (Figure 4 (c)), that 

can be attributed to the pairs from spin-orbit splitting (Mn 2p3/2 and Mn 2p1/2), with a 

maxima at 642.8 eV and 654.8 eV respectively. A satellite peak was also observed 

around 4 eV above the Mn 2p3/2 in both samples, assigned to the shake-up effect [50].  

Manganese has six stable oxidation states, which may have significant division of 

multiplets and also overlapping binding energies, making them difficult to identify [51,52]. 

However, the observed peaks are within the range reported for manganese compounds 

[51,53,54]. In addition, the presence of the shake-up satellite structures is typical of Mn2+ 

species [55], indicating the majority presence of Mn2+ in the bioactive glass structure. In 

fact, previous works have shown that oxidation states such as +4 and +7 are unlikely in 

silicate systems and that this ion is normally present as Mn2+ in these structures, although 

Mn3+ can also be observed, shifting the Mn 2p bands to higher binding energy values 

[56–58]. The spectra also showed similar shape and Mn 2p position, indicating that even 

after incorporation of different Mn contents on the glass structure, the Mn chemical 

environment was maintained. 

XPS evaluation showed that Mn is present in the bioactive glass network mainly as Mn2+ 

and no significant structural changes were observed due to the incorporation of this ion, 

as the O 1s and Si 2p spectra showed similar behaviour and binding energy, which is of 

interest to maintain the glass bioactive potential. 

3.4 DMEM dissolution study 

DMEM is often used as a cell culture environment, and the BG dissolution study in this 

medium is of great interest to correlate the material ionic dissolution profile to the results 

obtained during in vitro studies. The Si, Ca, P and Mn concentration in DMEM after 

soaking the glasses are presented in Figure 5.  
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Figure 5: Si, P, Ca and Mn concentrations in DMEM after soaking bioactive glasses of 
the 58S composition (0Mn) and with MnO substitution for CaO at 2.5 mol% (2.5Mn) and 
5 mol% (5Mn). Control is DMEM alone. 

Si release for all samples was rapid for the first 24 h before stabilising. The release of Si 

decreased as Mn content increased. A maximum Si concentration of approximately 59 

ppm was observed for 0Mn, a value that is within the reported range that shows 

stimulating effects on osteoblasts (0.1 to 100 ppm) [13,59].  The Ca release was also 

higher for 0Mn (Figure 5). The importance of Ca release in the bone mineralisation 

process is well established and can also induce osteoblast proliferation, consequently 

improving the therapeutic effect [59]. A reduction in the P concentration was observed, 

which is related to the migration of P to the material surface to form a calcium phosphate-

rich region that may crystallise and form an HCA layer. The P concentration reduction 

was slower for Mn containing samples, indicating a slower calcium phosphate layer 

formation rate when Mn was present. HCA formation would be expected to be slower if 

Si and Ca dissolution is slower.  

Mn was released rapidly during the first 4 hours, with Mn release increasing as Mn 

content increased, as expected due to the increased content of this ion in this sample, 

reaching a maximum of 1.4 ppm following 3 days of immersion in DMEM for 5Mn. 

Previous works report that osteoblast proliferation was inhibited when exposed to 

concentrations greater than 0.1 mM of MnCl2 (~5.49 ppm Mn2+), whereas the exposure 

of cells to lower concentrations of this ion improved the osteoblast proliferation and 

spreading [24]. Therefore, the Mn release profile should be properly adjusted in order to 

maintain the released concentration within the therapeutic range. 

The BGs ability to release ions with therapeutic potential was confirmed by the DMEM 

dissolution study. The Mn incorporation reduced the glass dissolution rate, but a 
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controlled release of Si, Ca, P and Mn was observed on all samples. The amorphous 

structure obtained, with high surface area and predominance of NBO in its structure, 

affects the dissolution profile of the material, showing that the BG chemistry can be 

adjusted to release appropriate amounts of the different ions depending on the 

application. 

3.5 Cytotoxicity analysis 

Human mesenchymal stem cells (hMSCs) have an important role in tissue regeneration 

in vivo [60], being recruited by lesion sites, and can differentiate into different types of 

cells, such as bone, muscle, adipose cells, etc. [61]. Bone marrow derived hMSCs are 

extensively used for cell therapies and different strategies in tissue engineering. Here, 

cell viability was evaluated after exposure of hMSCs to the dissolution products of the 

BGs (Figure 6). Materials are considered cytotoxic when cell viability is reduced by more 

than 30% (ISO 10993-5) [12]. No cytotoxic effect was observed when hMSCs were 

exposed to the dissolution products of any of the samples, prepared as 1.5 mg of glass 

per mL of DMEM for 4 h, for up to seven days exposure of the cells to the conditioned 

media. An increase in the mitochondrial activity was observed after four days exposure 

to the dissolution products of all samples when compared to the control, although no 

significant statistical differences were observed between 0Mn and the Mn-containing 

groups (2.5Mn and 5Mn). These results indicate that the dissolution products of the BG 

samples did not significantly alter the mitochondrial metabolic activity, and Mn-containing 

samples are not cytotoxic under the conditions evaluated.  

 

Figure 6: Cell viability determined by MTT in hMSCs exposed to dissolution media (1.5 
mg glass per mL of DMEM) from glasses of the 58S composition (0Mn) and with MnO 
substitution for CaO at 2.5 mol% (2.5Mn) and 5 mol% (5Mn). Control was DMEM. Mean 
cell viability normalized by the mean viability of the control group. p <0.05 (*) or p <0.01 
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(**) in relation to the control as determined by One-way ANOVA method followed by 
Tukey post-hoc test, n = ?. 

3.6 Evaluation of hMSCs differentiation markers 

As osteoblasts differentiate from hMSCs, they express various proteins, growth factors, 

and transcription factor, which exhibit different expression patterns over time [62]. 

Usually, after osteoblastic cells are plated in osteogenic medium, three differentiation 

stages can be observed: proliferation, matrix production/maturation and mineralisation. 

The proliferative phase involves the expression of histone and cell cycle genes and is 

followed by the expression of genes and proteins such as collagen type I and ALP 

activity, associated with bone matrix formation. In the final stage, proteins associated 

with mineralisation such as osteopontin, osteocalcin and bone sialoprotein are 

expressed at the highest levels [62]. 

To evaluate the effect of BG dissolution products in osteogenic differentiation, different 

bone formation markers were investigated. Figure 7 shows the ALP activity of hMSCs 

exposed to the dissolution products of 0Mn, 2.5Mn and 5Mn BGs, following 7, 14 and 21 

days culture (ions in basal medium), and the control group (basal medium). ALP is an 

early stage marker of osteoblastic differentiation and is essential for degradation 

pyrophosphate to release phosphates for mineralisation [8]. Previous studies report that 

ALP production by newborn rat calvaria-derived osteoblastic cells was enhanced by the 

BGs dissolution products, but  its activity reduced when the cells became confluent and 

initiated mineralisation (not observed in this work) [63]. The time at which the reduction 

of the ALP due to the mineralisation onset occurred was expected to be slower in basal 

medium (without osteogenic supplements), than in the osteogenic condition. However, 

no decrease was observed, instead the ALP expression continued to increase over the 

three weeks, indicating the progression of the cellular differentiation process, being 

stimulated by the presence of the BGs ionic products. The highest ALP expression was 

observed for the Mn-containing samples, indicating Mn may influence the hMSC 

differentiation process. 
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Figure 7: Alkaline phosphatase (ALP) activity of hMSCs after 7, 14 and 21 days of 
exposure to the dissolution products of bioactive glasses of 58S composition (0Mn) and 
with MnO substitution for CaO at 2.5 mol% (2.5Mn) and 5 mol% (5Mn). (*p<0.05 and 
**p<0.01 related to the basal control, Two-way ANOVA and Tukey multiple comparison 
tests, n = ?). 

Osteogenic differentiation markers, such as type I collagen, OSC and OSP, were also 

evaluated using immunofluorescence (Figure 8). Cell nuclei are represented in blue 

(DAPI dye), and the collagen type I, OSP and OSC protein expression green (Figure 8). 

Type I collagen is a marker associated with ECM formation [64] and is commonly seen 

in initial stage osteoblast differentiation. During osteoblast differentiation, the expression 

of type I collagen is relatively high and can also be produced intrinsically by cells, with 

subsequent reduction according to the progression of the differentiation and 

mineralisation stages [65]. Here, high collagen type I expression was observed in both 

osteogenic and basal media, with no significant differences between the cells exposed 

to the ionic products of different samples. Results show that the ECM can form even 

without osteogenic supplements, as a high collagen type I expression was also observed 

in basal medium.  
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Figure 8: Fluorescence images of hMSCs, DAPI dyes (blue) and collagen type I (green), 
following exposure to the dissolution products of bioactive glasses of the 58S 
composition (0Mn) and with MnO substitution for CaO at 2.5 mol% (2.5Mn) and 5 mol% 
(5Mn), presenting the type I collagen expression in basal and osteogenic media after 7, 
14 and 21 days. Control is the media without the glass dissolution products. Scale bar is 
50 µm. 

OSP is an osteogenic marker that regulates mineral nodule formation and leads to 

osteogenesis. Its expression is therefore usually related to the mineralisation ability of 

the cells [8]. Non-collagenous proteins such as OSP control HCA nucleation, growth, 

shape and size of the HCA crystals and also plays a role on the organic (collagen) and 

inorganic (HCA) fraction binding in the bone tissue [66]. OSP expression is usually 
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observed prior to the OSC expression in the osteogenic differentiation process, but both 

are expressed only by completely differentiated osteoblasts [65].  

OSP expression of hMSCs in both basal and osteogenic media after 7, 14 and 21 days 

exposure to the BGs ionic products is presented in Figure 9. After 7 days, no OSP 

expression was observed. It was observed in osteogenic medium after 14 days 

exposure, and after 21 days the OSP expression was present in both osteogenic and 

basal media for all samples. ALP and type I collagen are usually expressed during the 

initial differentiation stages but are replaced by the OSP expression overtime, in 

agreement to the results observed in this work. Figure 9 shows osteogenic medium was 

not needed for expression of the OSP marker, as expression was observed in the Mn 

containing samples after three weeks in culture, with more OSP expressed for the 5Mn 

sample. The results were not clear cut however, as while little OSP was observed in the 

cells exposed to the 58S dissolution products, some OSP was observed for the basal 

medium culture (without dissolution products). Osteogenic media did accelerate OSP 

expression (expression seen at day 14).  
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Figure 9: Fluorescence images of hMSCs, DAPI dyes (blue) and osteopontin (green), 
following exposure to the dissolution products of bioactive glasses of the 58S 
composition (0Mn) and with MnO substitution for CaO at 2.5 mol% (2.5Mn) and 5 mol% 
(5Mn), presenting the osteopontin expression in basal and osteogenic medium after 7, 
14 and 21 days. Controls are DMEM without dissolution products. Scale bar is 50 µm. 

In the hierarchical sequence of events that occur during hMSC differentiation down the 

osteoblast lineage, type I collagen biosynthesis and ALP activity are followed by OSP 

expression, bone sialoprotein deposition and subsequently OSC synthesis [67], an ECM 

non-collagenous protein, considered the most specific marker for mature osteoblasts, 

characteristic of the final differentiation stages [68]. Figure 10 shows high OSC 

expression after 21 days of hMSCs exposure to the BGs ionic products, both in basal 

and osteogenic medium, suggesting the development of a typical mature osteoblast 
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phenotype due to the glass ionic release. Cells exposed to the Mn-containing dissolution 

products presented higher OSC expression intensity when compared to control and 0Mn, 

indicating that the presence of Mn was conducive to the formation of mature osteoblasts 

and bone mineralisation processes. 

 

Figure 10: Fluorescence images of hMSCs, DAPI dyes (blue) and osteocalcin (green), 
following exposure to the dissolution products of bioactive glasses of the 58S 
composition (0Mn) and with MnO substitution for CaO at 2.5 mol% (2.5Mn) and 5 mol% 
(5Mn), presenting osteocalcin expression in basal and osteogenic media after 7, 14 and 
21 days. Scale bar is 50 µm. 

hMSCs were stained using alizarin red S to verify the presence of calcium deposits that 

are formed once the bone mineralisation process is completed [8] (Figure 11). No 
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calcium deposits were observed after 7 days, in accordance with previous results that 

show that the differentiation process was still in the initial phase. However, after 14 days, 

calcium nodules were observed, with higher intensity for the cultures in osteogenic 

medium, in which the presence of osteogenic supplements may have accelerated the 

mineralisation process. After 21 days, calcium nodules were observed in basal medium 

cultured groups, with the dissolution ions producing more mineralisation compared to 

basal control, indicating the influence of the dissolution product on the hMSC 

differentiation and mineralisation processes. In osteogenic medium, calcium deposit 

formation was higher when hMSCs were exposed to the dissolution products of the BGs 

compared to control in osteogenic medium. Results are in agreement with previously 

observed for OSC and OSP expression, associated with mineralisation, that showed 

higher expression after 14 days in osteogenic medium and 21 days when in basal 

medium. This study also confirms that osteogenic supplements are not necessary for 

hMSCs differentiation and mineralisation process, but can accelerate it. This process 

can also be stimulated by the BGs ionic products, but the synergistic effect between the 

glass dissolution product and the osteogenic supplements may favor the process. 
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Figure 11: Matrix mineralisation of hMSCs exposed to the dissolution products of 
bioactive glasses, of 58S composition (0Mn) and with MnO substitution for CaO at 2.5 
mol% (2.5Mn) and 5 mol% (5Mn), in basal and osteogenic media after 7, 14 and 21 days. 
Cells were stained with alizarin red S for calcium deposits visualization. Scale bar is 100 
µm. 

This study showed that the BGs dissolution products were able to stimulate all hMSCs 

differentiation stages and subsequent mineralisation in 21 days culture analysis. The 

initial differentiation process was demonstrated by the ALP and type I collagen 

expression, observed in all culture conditions, followed by OSP (mineral nodules 

formation regulator) and OSC (development of mature osteoblasts indicator). Calcium 

deposits were also observed, and indicative of the mineralisation process. Results 

showed that the BG dissolution products stimulated hMSC osteogenic differentiation in 
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basal medium (with no osteogenic supplements), and Mn-containing dissolution product 

can influence the formation of mature osteoblasts. Therefore, Mn incorporation features 

as a potential strategy to stimulate bone healing and improve bone tissue repair. 

4 Conclusions 

Sol-gel-derived bioactive glass in the SiO2-CaO-P2O5-MnO system, containing up to 4.4 

± 0.5 mol% Mn were obtained with high specific surface area and inherent nanoporosity. 

Structural evaluation showed that manganese nitrate is an effective precursor for Mn 

incorporation, and no significant changes in the glass network were observed when 

compared to the 58S (SiO2-CaO-P2O5) system. A predominantly amorphous structure 

was obtained, favourable to maintain the glass bioactivity. The presence of Mn2+ species 

and a controlled ion release in DMEM was also observed. No cytotoxic effect was 

observed when hMSCs were exposed to the glass dissolution products. The dissolution 

products from the Mn containing glasses stimulated hMSCs osteogenic differentiation 

stages and subsequent mineralisation, which this was not clear for the 58S Mn-free 

composition. The effect of Mn on the differentiation and mineralisation processes was 

observed mainly by the OSC marker, in which a greater expression was observed when 

this ion was present, indicating that the Mn incorporation is a potential strategy to obtain 

superior materials for bone regeneration. 
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