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Abstract Bioactive glass nanoparticles (BGNPs) are of great interest in tissue 

engineering as they possess high dissolution rate and capability of being internalized 

by cells, releasing their dissolution products with therapeutic benefits intracellularly. A 

modified Stöber process can be applied to obtain different BGNPs compositions 

containing therapeutic ions while maintaining controllable particle morphology, 

monodispersity and reduce agglomeration. Here, BGNPs containing Mn, an ion that 

has been shown to influence the osteoblast proliferation and bone mineralization, were 

evaluated. Particles with up to 142.3 ± 10.8 nm and spherical morphology were 

obtained after MnO incorporation in the SiO2 – CaO system. X-ray photoelectron 

spectroscopy (XPS) indicated the presence of Mn2+ species and also a reduction in the 

number of bridging oxygen bonds due to the Ca and Mn. The Ca and Mn network 

modifier role on the silica network was also confirmed by magic-angle spinning 29Si 

solid-state nuclear magnetic resonance (MAS NMR). MTT evaluation showed no 

reduction in the mitochondrial metabolic activity of human mesenchymal stem cells 

exposed to the glass ionic products. Thus, evaluation showed that Mn could be 

incorporated into BGNPs by the modified Stöber method while maintaining their 

spherical morphology and features as a promising strategy for tissue regeneration. 
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1 Introduction 

Bioactive glasses (BGs) are potential materials for tissue engineering due to their 

ability to bond with bone [1], their controlled degradability and capacity to stimulate new 

tissue formation [2,3]. BGs can be produced by the sol-gel method, in which materials 

with a higher compositional range of bioactivity, higher surface area and nanoporosity 

can be obtained, resulting in improved binding to the living tissues when compared to 

melt-derived glasses with the same composition [4]. The sol-gel synthesis also allows 

the incorporation of different ions with therapeutic properties into the silica network that 

can be released during the dissolution process, enhancing their properties. Each 

component has a specific role on the BG functionality, such as influencing 

angiogenesis (copper), treating osteoporosis (strontium) or stimulating new bone 

formation (magnesium), among others [5]. The use of these ions are of great interest in 

tissue engineering strategies, improving the bioactive glass performance, but the effect 

of the incorporation of each ion on the glass structure must be evaluated. 

Bioactive glass nanoparticles (BGNPs) present advantages over microparticles, such 

as high surface to volume ratio, increasing the dissolution rate and also improving the 

interactions with other materials or biomolecules [6]. These nanoparticles can be 

internalized into cells, accumulating inside the lysosome, and releasing its dissolution 

products with therapeutic benefits intracellularly [7,8], and are considered for different 

application in tissue regeneration, such as injectable biomaterials and nanocomposites 

synthesis. Previous work showed that BGNPs of up to 215 ± 20 nm can be internalized 

by different types of cells, such as human bone marrow and adipose-derived stem 

cells, releasing the dissolution products inside the cells [7,9]. Spherical silica particles 

in a wide size range and controlled particle size can be obtained by the Stöber process 

[10]. In this sol-gel based method, a silicon alkoxide precursor, such as TEOS 

(tetraethoxysilane), is hydrolysed in an ammonia-catalysed process followed by 

polycondensation and Si-O-Si bond formation, resulting in a dispersed nanoparticles 

suspension. Spherical and monodispersed silica nanoparticles are formed due to the 

repulsive forces between the particles, as a result of Si-OH- formation under basic 

conditions [8]. By controlling the reaction parameters it is possible to obtain particles 

with different sizes, distribution and morphology. For example, by altering the ammonia 

concentration, silica particles from 10 to 500 nm can be synthesized [11], and particle 

size tend to reduce along with the ammonia concentration [8]. However, the 

incorporation of network modifier ions on the silica network may lead to the particles 

becoming irregular, and adjusting the process variables is necessary to preserve the 
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particles monodispersity and reduce agglomeration [8,12]. Nonetheless, an effective 

way to incorporate calcium on silica nanoparticles was described by Greasley et al., 

using a modified Stöber procedure to obtain nanoparticles on the binary bioactive glass 

system SiO2 – CaO [8], that have been shown great bioactivity [13,14]. However, a 

maximum of 10 mol% CaO was incorporated [8]. 

Among different ions that could be incorporated into the bioactive glass network, 

manganese (Mn) has been shown to influence biological activities such as extracellular 

matrix remodelling [15] and bone mineralization [16]. This ion was previously 

incorporated into bioceramics such as tricalcium phosphate, improving the bone 

mineralization rate, although it has also shown that the Mn concentration should be 

properly adjusted [16]. Higher cell adhesion potential was also observed on Mn-

containing hydroxyapatites when compared to the pure hydroxyapatite [17]. Melt-

derived bioactive glasses containing Mn presented a good degree of bioactivity and no 

cytotoxic effects on human MG-63 osteoblasts cultured up to 5 days. Mn-doped 

glasses also increased osteoblast proliferation and spreading capability, expression of 

alkaline phosphatase (ALP) and bone morphogenetic proteins [18]. Mn was also 

recently incorporated into mesoporous bioactive glass nanoparticles [19], resulting in a 

multifunctional nanoparticle for bone tissue engineering. Nonetheless, a rapid Si, Ca, P 

and Mn ion release was observed during the dissolution study in the cell culture 

medium. High dissolution rates may lead to critical ion concentration levels, influencing 

cell function, expression and gene metabolism [20]. Therefore, nanoparticles with 

controlled ion release are desired, and dense nanoparticles can be a promising 

alternative for therapeutic ion release strategies. 

The combination of nanotechnology approaches with the therapeutic properties of ions 

released from the BGs is an attractive strategy for the development of materials with 

improved properties for tissue regeneration. Here, the aim was to incorporate Mn into 

dense spherical BGNPs and to evaluate the effect of Mn incorporation on the glass 

composition, structure, morphology, controlled ion release capability and cytotoxicity. 

2 Materials and Methods 

2.1 Synthesis of bioactive glass  

Bioactive glass nanoparticles were obtained using the modified Stöber method [8,12]. 

In this procedure, ethanol absolute (ethyl alcohol, 99.5 %, VWR, UK), distilled water 

and ammonium hydroxide (NH4OH, 28 – 30 % NH3 basis, Sigma-Aldrich, UK) were 
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mixed using a magnetic stirrer for 10 minutes. Then, TEOS (98%, Sigma-Aldrich, UK) 

was slowly mixed with the solution, and the magnetic stirring was left overnight. After 

that, SiO2 nanoparticles were collected by centrifugation at 7830 rpm for 40 minutes 

and washed three times with ethanol. Concentrations of 0.28 M TEOS, 0.23 M NH4OH 

and 6 M H2O were used. Samples were dried for 24 h at 60 °C.  

Control silica samples (NP-R) were obtained after thermal treatment at 680 °C, for 3 h, 

on a heating rate of 3 °C.min-1. Samples in the SiO2 – CaO system were produced at 1 

Si : 1.3 Ca molar ratio, in accordance with previous work, in which this ratio was found 

to be optimal for maximum calcium incorporation [8]. The dried silica particles were 

dispersed in water and mixed with a solution containing calcium nitrate tetrahydrate 

(99%, Acros Organics, UK) in the ultrasonic bath for 30 minutes. Then, the solution 

was centrifuged to collect the particles, samples were dried at 60 °C for 24 h and then 

thermally treated at 680 °C, for 3 h, at 3 °C.min-1 heating rate. After thermal treatment, 

particles were washed three times with ethanol to remove the excess of ions that were 

not incorporated into the glass network. The SiO2 – CaO sample was named NP-

100Ca. 

Mn was incorporated into the glass network by partial replacement of the Ca content to 

obtain particles in the SiO2 – CaO – MnO system. Two samples were obtained, with 25 

% substitution (NP-25Mn, Si : Ca : Mn molar ratio of 1 : 0.98 : 0.35) and 50 % 

substitution (NP-50Mn,  Si : Ca : Mn molar ratio of 1 : 0.65 : 0.65). For that, solutions 

containing calcium nitrate tetrahydrate and manganese nitrate hydrate (98%, Sigma-

Aldrich, UK) were prepared and the same process described before for calcium 

incorporation was applied. 

2.2 Characterization of bioactive glass nanoparticles 

Chemical composition 

To evaluate the chemical compositions of the obtained BGNPs, the acid digestion 

method was performed. In a platinum crucible, a total of 250 mg of anhydrous lithium 

metaborate (80% w/w) and lithium tetraborate (20% w/w) (Spectroflux 100B, Alfa 

Aesar, UK) was mixed with 50 mg of each sample. The mixture was then fused at 1050 

°C for 30 minutes. After cooling, samples were completely dissolved in nitric acid 2M 

(HNO3, VWR, UK), and the concentrations of Si, Ca and Mn in each sample were 

determined by inductively coupled plasma-optical emission spectrometer (ICP-OES; 

Thermo Scientific iCaP 6000series equipment, USA), and the proportions of SiO2, 

CaO, and MnO were calculated.  
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Morphological and textural properties 

Particle size was determined using dynamic light scattering (DLS, Malvern Instrument 

2000) and to confirm size and morphology, a JEOL 2100 Plus transmission electron 

microscopy (TEM) was used operating at 200 kV. Before DLS and TEM analysis, 

samples were dispersed in ethanol absolute in an ultrasonic bath for 15 minutes. For 

TEM analysis, particles dispersed in ethanol absolute were collected on a copper grid 

(400 mesh) coated with a carbon film (TAAB, UK). Zeta potential was performed on a 

Zetasizer Malvern Instrument 2000, in order to evaluate the particles stability in 

solution. Samples were dispersed in distilled water before zeta potential 

measurements.  

Nitrogen sorption was performed in a Quantachrome Autosorb AS-6 multi-station with 

40 absorption points and 40 desorption points. Samples were degassed for 24 h at 200 

°C prior to measurement. To evaluate the surface area of samples the Brunauer-

Emmett-Teller (BET) method was applied [21], and absorption data points in the range 

of 0.01 – 0.30 (P/P0) relative pressure were used, whereas the pore diameter 

distribution was evaluated by the Barret-Joyner-Halenda (BJH) method [22] applied to 

the desorption curves. 

Structural evaluation 

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

Nicolet iS10 equipment equipped with the Attenuated Total Reflectance (ATR) 

Accessory. Spectra were obtained in the range of 400 to 4000 cm-1 (4 cm-1 resolution; 

32 scans per spectrum). X-ray diffraction (XRD) patterns were obtained on a Bruker D2 

desktop, with 0.02° step size and a CuKα radiation source. The diffraction data were 

collected from 7 to 70° (2θ). X-ray photoelectron spectroscopy (XPS) analysis was 

conducted on a Thermo Scientific K-Alpha+ system, operating at a base pressure of 2 x 

10-9 mbar. A monochromated and microfused Al Kα X-ray source (hν = 1486.6 eV) was 

incorporated to the system, with a 180° double focusing hemispherical analyser 

containing a 2D detector. A 6 mA emission current of the X-ray source and 12 kV 

anode bias was used. A flood gun was applied to minimize sample charging, and the 

remaining small shifts observed in the binding energy (BE) due to sample charging 

were corrected using as reference the C 1s core line, shifted to the binding energy of 

285.0 eV. Surveys were obtained using X-ray spot size of 400 µm and 200 eV pass 

energy, whereas for core level scan a 20 eV pass energy was applied. Survey analysis 

was carried out to verify the glasses elemental compositions, and high-resolution core-
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level scans were performed for Si 2p, O 1s, Ca 2p and Mn 2p. Data were evaluated 

using the Avantage XPS software package. 

To evaluate the effect of Ca and Mn incorporation on the silica network, magic angle 

spinning 29Si solid-state nuclear magnetic resonance (MAS NMR) measurements were 

performed on the BGs. All 29Si single pulse MAS NMR measurements were performed 

at 7.05 T using a Varian/Chemagnetics InfinityPlus spectrometer operating at a 29Si 

Larmor frequency (νo) of 59.6 MHz. These experiments were performed using a Bruker 

7 mm HX probe which enabled a MAS frequency of 5 kHz to be implemented. Pulse 

length calibration was performed on solid kaolinite (Al2O3·2SiO2·2H2O) from which a 

π/2 pulse time of 4.25 µs was measured. All single-pulse measurements were 

undertaken with a π/2 nutation angle together with a recycle delay of 240 s. For the 29Si 

single MAS pulse experiments, strong heteronuclear 1H decoupling (100 kHz in 

strength) was applied. All 29Si chemical shifts were externally referenced against the 

IUPAC recommended primary reference of Me4Si (1 % in CDCl3, δiso = 0.0 ppm), via 

the secondary solid kaolinite reference (δiso = −92 ppm) [22]. The degree of 

condensation (Dc) was calculated accordingly with the Eq. 1 [23]. 

Dc = (Q1% + 2 * Q2% + 3 * Q3% + 4* Q4%) / 4           (Eq. 1) 

To obtain the bridging oxygen (BO) fraction from the Q-species the following 

contributions were considered: species Q0, Q1, Q2, Q3 and Q4 contribute with 

respectively 0.0, 0.5, 1.0, 1.5 and 2.0 BO atoms per Si center and respectively 4.0, 3.5, 

3.0, 2.5 and 2.0 total oxygen. The non-bridging oxygen (NBO) fraction was calculated 

by NBO = 1.0 – BO [24]. 

Ion release study 

Samples were immersed in Dulbecco's Modified Eagle's medium (DMEM, Gibco, UK) 

at a glass to media ratio of 1.5 mg.mL-1 [7,25], to evaluate the ion dissolution rate. The 

particles were suspended in DMEM and placed in SnakeSkin Dialysis Tubing (3.5 K 

MWCO, 16 mm dry I.D; ThermoFisher Scientific, UK), then immersed in an airtight 

polyethylene container containing the solution to a final volume of 45 mL. Samples 

were placed on an incubator at 37 °C with an orbital shaker at 120 rpm. Aliquots of 1 

mL were collected after 4, 8, 24, 48 and 72 h to evaluate the ionic concentration of the 

media, and then replaced with fresh 1 mL DMEM. The collected solutions were 

dissolved in 2 M HNO3 solution, and the concentration of Si, Ca and Mn were 

measured by ICP-OES. Samples were run in triplicate. A DMEM solution alone was 

also incubated as described before to the other samples and used as a control. 
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2.3 Cytotoxicity study 

To evaluate the effect of the glass ionic release product and Mn incorporation on the 

cell cytotoxicity, samples were soaked in a plain α-MEM (Modified Eagle’s medium, 

Gibco, UK) with continuous agitation (120 rpm), at a concentration of 250 µg.mL-1, 

according to previous studies [7]. After three days, the medium was centrifuged and the 

supernatant containing the ionic release product was collected. Human bone marrow-

derived mesenchymal stem cells, hMSCs (ATCC® PCS-500-012™), were expanded in 

T-125 cell culture flasks (Corning®; Sigma-Aldrich, UK) in basal condition α-MEM 

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

μg.mL-1 streptomycin (Gibco; ThermoFisher Scientific, UK) at 37°C, 5 %CO2 and fully 

humidified atmosphere. Passage 2 and 3 of the hMSCs were used for all studies at a 

concentration of 5×104 cells.mL-1. The hMSC were treated for 2, 4 and 7 days with the 

ionic product media. Cell viability was determined by MTT, a colourimetric assay based 

on the conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide into 

formazan (Invitrogen, Molecular ProbesTM, UK). Cells cultured on tissue culture plate 

(TCP) in plain α-MEM were used as control. 

2.4 Statistical analysis 

The chemical composition analysis, textural properties and ionic dissolution in DMEM 

experiments were performed in triplicate, and results are shown as mean ± standard 

deviation. MTT cell viability data are expressed as mean ± SD of three independent 

experiments (n = 3), and results were deemed significant if p < 0.05 (Kruskall-Wallis 

followed by Dunn’s post test). 

3 Results and Discussion 

Compositional analysis 

BGNPs were obtained using the Stöber method, incorporating Mn in partial 

replacement for the Ca content. Previous work has shown an optimal ratio of 1.3:1 

Ca:Si for BGNPs synthesis, with no further increase on the Ca incorporation into the 

glass network when higher concentrations were used [8]. Therefore, this ratio was 

maintained for the synthesis of NP-100Ca, and calcium content was partially 

substituted by manganese for samples NP-25Mn (25 % substitution) and NP-50Mn (50 
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% substitution). For comparison purposes, SiO2 reference nanoparticles were also 

related in this work (NP-R).  

The amount of CaO in NP-100Ca (Table 1) was found to be 8.0 ± 1.2 mol %, which 

agreed with previous work at the same nominal Si:Ca ratio [8]. Calcium and 

manganese precursors were only added after the silica nanoparticle was formed, and 

they should deposit on the particle surface during drying, diffusing into the glass 

network at the final thermal treatment [8,26]. The excess of calcium and manganese 

not incorporated into the glass network was removed during the final washing step, a 

process that previously works showed to be essential on the bioactive glass 

nanoparticle synthesis, avoiding the formation of Mn and Ca-rich phases around the 

particles [8]. 

Table 1 also shows the average particle size measured by DLS, with diameter 

increasing after incorporation of ions. Previous work reported that particles with an 

average diameter below 250 nm can be internalized by cells, such as human bone 

marrow cells (MSCs) for local sustained delivery of therapeutic ions [9], which fits 

within the particle size range observed here (99-140 nm). The BGNPs displayed 

surfaces with a relatively high negative charge, ranging from -22 to -36 mV, which may 

be related to hydroxyl groups present on their surfaces [6]. Previous work showed that 

the attachment and proliferation of biomolecules and cells on the nanoparticles are 

improved when the zeta potential is negative [27,28]. Furthermore, nanoparticles with 

low zeta potential values, usually in the range of 5 and -5 mV, tend to coagulate or 

flocculate [28], whereas good stability is provided when zeta potential is around 30 mV 

(negative or positive) [29] and is desired for therapeutic nanoparticles.  

Table 1: Measured composition of bioactive glass nanoparticles (mol%), determined by 
lithium metaborate fusion and ICP-OES, particle size distribution (DLS), zeta potential 
in DI water and specific surface area from nitrogen sorption evaluation via the BET 
method. 

Samples 

Measured composition 
(mol%) 

Particle size 
(nm) 

Zeta potential 
(mV) 

Specific 
surface area 

(m2.g-1) SiO2 CaO MnO 

NP-R 100.0 ± 0.2 - - 99.8 ± 10.2 -36.3 ± 0.6 42.9 ± 1.7 

NP-100Ca 92.0 ± 1.1 8.0 ± 1.2 0 ± 0 112.1 ± 13.5 -35.1 ± 1.9 39.8 ± 0.7  
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NP-25Mn 93.8 ± 0.4 2.9 ± 0.2 3.3 ± 0.3 142.3 ± 10.8 -22.1 ± 0.2 35.9 ± 3.1 

NP-50Mn 93.5 ± 0.3 2.3 ± 0.4 4.2 ± 0.2 139.6 ± 8.9 -23.9 ± 1.0 40.2 ± 1.1 

Morphological and textural evaluation 

Spherical nanoparticles were obtained, as shown by TEM (Figure 1). No remaining salt 

was observed, indicating that the washing step was efficient to remove the 

unincorporated Ca and Mn of the particle surface, and also avoiding agglomeration 

[12]. The morphology of the particles was similar to previously observed for materials 

obtained by this method [8,12], and the Mn content did not influence the spherical 

morphology, although at high magnification, changes in contrast became more 

apparent as Mn content increased (Figure 1(e)). 

 

Figure 1: Bright field TEM images of (a) NP-R, (b) NP-100Ca, (c) NP-25Mn and (d) NP-
50Mn and (e) higher TEM magnification of NP-50Mn. Scale bars = 200 nm (a-d) and 
50 nm (e). 

Specific surface areas between 35 and 43 m2 g-1 were determined by BET (Table 1), 

which in the range expected for non-porous silica particles made in this way [30], with 

Mn content having little effect. Applying the BJH method to the desorption isotherm 

produced a pore size distribution, giving a modal diameter of ~24 nm, however the 
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pores were not visible in TEM and the value is likely to be generated from spaces 

between packed particles in the sample tube. 

Structural characterization 

Characteristic FTIR absorption bands of bioactive glasses were observed (Figure 2a) 

The broad band located between 1000 and 1300 cm-1 is often assigned to the Si-O-Si 

asymmetric stretching vibration [31,32], whereas the symmetric Si-O-Si stretching is 

observed at 800 cm-1 [31]. The bending mode of Si-O groups is assigned to the 

absorbance around 450 cm-1 [33] and is typical of Si-O in amorphous structures [34]. 

XRD patterns (Figure 2b) showed only a broad halo for all samples, typical of 

amorphous glass structures [33], with no qualitative difference between the different 

samples. No crystalline phases were observed in spite of calcium and manganese 

incorporation in the silica network and amorphous glass was maintained.  

 

Figure 2: (a) FTIR spectra and (b) XRD patterns of bioactive glass nanoparticles. 

Wide XPS scans for all samples are shown in Figure 3. It is possible to identify typical 

XPS and Auger lines from the particle constituent elements and also the C 1s peak, 

which is assigned to hydrocarbon impurities that can be absorbed by the glass surface 

[32]. The C 1s or “adventitious carbon” peak is used as a reference in XPS analysis, 

and the BE calibration was performed by setting this peak at 285.0 eV for sample 

charging correction. 
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Figure 3: XPS wide scan spectra of BGNPs. 

The semi-quantitative chemical composition of BGNPs surface was evaluated by XPS, 

and results expressed in atomic percentage are shown in Table 2. A high amount of C 

found on the glass surface can be related to hydrocarbonaceous impurities from the 

glass surface [32]. Mn and Ca at different concentrations were observed for NP-25Mn 

and NP-50Mn. The surface composition evaluated by XPS was also compared with the 

bulk composition previously investigated by ICP-OES, and the Si:Ca and Si:Mn atomic 

percentage ratios were calculated to evidence the Ca and Mn distribution from the 

surface to the inner core of the particles. Results show that Ca and Mn were not 

uniformly incorporated into the NP-25Mn and NP-50Mn particles, as higher 

concentration of those ions were observed on the surface when compared to the bulk. 

Ions were incorporated into the silica nanoparticles by the diffusion mechanism during 

thermal processing, which may cause inhomogeneity on the Mn and Ca distribution, 

allowing greater ionic concentration near the glass surface. However, losses due to the 

washing step may also remove network modifier cations from the surface. NP-100Ca 

presented similar glass surface and bulk atomic composition, which can be indicative of 

Ca migration throughout the entire particle. In fact, previous work has shown that SiO2-

CaO particles, with similar compositions to those prepared in this work, also presented 

homogeneous Ca distribution [8]. Although chemical composition inhomogeneity is 

usually observed in sol-gel glasses [26], the short diffusion distance for nanoparticles 

allows improved penetration of cations throughout the particles. However, this 

homogeneous diffusion profile was inhibited on samples containing both Mn and Ca. 

Table 2: Chemical analysis obtained from XPS wide scan (%at) and calculated atomic 
ratio (Si:Ca and Si:Mn) based on XPS wide scan spectra and ICP-OES analysis. 

Samples XPS Chemical Analysis (%at) XPS  ICP-OES 
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Si 2p O 1s C 1s Ca 2p Mn 2p 

Si:Ca 

ratio 

Si:Mn 

ratio 

Si:Ca 

ratio 

Si:Mn 

ratio 

NP-R 36.6 57.7 5.7 - - - - - - 

NP-

100Ca 
36.5 58 4.4 1.1 - 1:0.03 - 1:0.03 - 

NP-25Mn 33.1 56.3 7.4 2.0 1.2 1:0.06 1:0.04 1:0.03 1:0.03 

NP-50Mn 33.5 57.4 6.0 1.6 1.6 1:0.05 1:0.05 1:0.02 1:0.04 

Figure 4a shows the high-resolution Si 2p core level. The NP-R Si 2p peak is narrower 

than that observed for other samples and slightly shifted to higher binding energies, 

which could be related to changes on the proportion of different silicate species formed 

on the glass network after Mn and Ca incorporation [24]. In silicate glasses, the oxygen 

that bonds two Si atoms together (Si-O-Si) is named bridging oxygen (BO), whereas it 

is non-bridging oxygen (NBO) when it is bonding Si atoms to a metal cation [35]. Qn 

species are formed on the silica tetrahedral structure, in which n represents the number 

of BO bonds [36]. The incorporation of modifier ions disrupts the silica network, 

replacing BO units by NBO, and consequently changing the proportion of Qn species 

present in the glass. The electron density over each Si atom should be different 

depending on the number of BO or NBO bonded to it, consequently shifting the BE for 

different Qn species [24]. Lower values of BE are observed for structures containing 

higher NBO content [24], therefore the Si 2p core level evaluation indicates that the 

incorporated ions may be acting as network modifiers in the glass structure, replacing 

BO bonds by NBO structures. Nonetheless, the quantification of Qn species is not trivial 

using these unresolved spectra. The O 1s spectra (Figure 4b) showed similar 

behaviour to that of Si 2p spectra, and a symmetric peak was observed at 533.1 eV for 

NP-R, whereas for other samples the peak maxima slightly shifted toward lower values 

of BE, and a broader peak was formed, with a more evident tail formed at lower 

energies. This could be indicative of an increased number of NBO structures due to the 

incorporation of Mn and Ca in the glass network. In fact, previous work showed that the 

O 1s BO signal is located at higher BE than NBO contributions in silicate glasses 

[24,35,37], indicating that the incorporation of ions into the glass may be disrupting the 

silica network, forming non-bridging structures, in accordance to the observed in the Si 
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2p evaluation. Furthermore, at higher BE values, the contribution of surface hydroxyls 

can also be present [38]. However, quantification of the BO and NBO units were not 

performed in this work, as the two components were not well resolved after 

deconvolution of the O 1s spectra, which could lead to inaccuracy of the relative areas 

and proportion of the different species [39]. 

No major difference was observed between the Ca 2p XPS spectra of different 

samples, as shown in Figure 4c. The typical and well-distinguished pairs from spin-orbit 

spitting, Ca 2p3/2 and Ca 2p1/2 [40], were observed in all samples around 347.8 eV and 

351.3 eV, respectively, in accordance to the observed elsewhere for calcium 

compounds [41]. Furthermore, the Ca 2p spin-orbit spitting is usually around 3.5 eV for 

different compounds [41,42] and is in accordance with the results found in this work, 

indicating no difference between the calcium chemical environments for the different 

samples. Figure 4d presents the Mn 2p photoelectron lines for NP-25Mn and NP-

50Mn, in which a doublet peak is observed due to typical Mn 2p3/2 and Mn 2p1/2 spin-

orbit splitting [43]. The presence of a satellite peak can also be observed at a binding 

energy of around 4 eV higher than the main peak and is often related to the shake-up 

mechanism [44]. The identification of the different species contributing to the Mn 2p 

XPS spectra is difficult as this element has six stable oxidation states, some of them 

showing significant multiplet splitting and also overlapping binging energy ranges 

[45,46]. However, the binding energy values obtained is in the range of different Mn 

compounds reported in the literature [43,45,47]. Furthermore, the satellite peak 

observed at a higher binding energy of the Mn 2p3/2 peak is typical of the Mn2+ state, 

which could indicate the presence on manganese mainly as Mn2+ on the bioactive 

glass structure [48]. Indeed, previous reports have shown that higher Mn oxidation 

states, such as +4 and +7, are very unlikely in silicate systems, and this ion is usually 

present as Mn2+ when incorporated in silicate structures, although Mn3+ can also be 

observed, shifting the Mn 2p3/2 to higher values [49]. The shape and position of the Mn 

2p spectra for both samples are similar, indicating that the Mn environment was 

maintained, although the intensity of these peaks can increase due to the higher Mn 

content [48]. XPS evaluation, therefore, indicated that Mn is in the glass network mainly 

in the Mn2+ state, acting as a network modifier on the glass structure, with the same 

structural role of calcium, reducing the number of BO and consequently the network 

connectivity.  
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Figure 4: (a) Si 2p, (b) O 1s, (c) Ca 2p and (d) Mn 2p core level XPS spectra of 
bioactive glass nanoparticles. 

29Si MAS NMR allows the identification of Qn species on the glass network, and it is an 

important tool for BGs structure evaluation, providing a better understanding of the 

relationship between the glass structure and properties [36]. Figure 5 presents the 29Si 

MAS NMR spectra and the calculated percentage of Qn species is shown in Table 3. 

The proportion of each species was obtained by the deconvolution of the 29Si MAS-

NMR spectra. Results are not shown for NP-50Mn as the higher Mn content affected 

the 29Si MAS NMR signal, making it difficult to obtain the relative proportion of each 

species in this sample. In fact, previous works have shown that although the collection 

and interpretation of NMR data in diamagnetic materials is relatively simple, when 

paramagnetic ions are present, especially at higher concentrations, the strong electron-

nucleus interaction could result in spinning sidebands patterns and a strong line 

broadening, and even the NMR signal registration becomes problematic [50].  

The 29Si MAS NMR data shows that the Si speciation was comprised of a mixture of 

Q2, Q3 and Q4 species, which exhibit characteristic chemical shifts around -92, -101 
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and -111 ppm, respectively [51,52]. NP-R presented a high fraction of Q4 species (87.5 

%) and degree of condensation (96.4 %), which indicates a highly interconnected 

network, in agreement with the previously reported before for silica dense 

nanoparticles [8]. After the incorporation of calcium and manganese, the degree of 

condensation reduced for samples NP-100Ca and NP-25Mn, as a result of the 

increased content of Q2 and Q3 species on those samples. The calculated fractions of 

BO and NBO (shown in Table 3) further confirmed the previously observed results, as 

a higher degree of BO units is observed for NP-R, and the fraction of NBO units 

increased after Ca and Mn incorporation, indicative of silica network disruption by the 

replacement of BO units by NBO. 

Results agree with the XPS data that Ca and Mn act as network modifiers in the glass 

structure, resulting in a reduction on the overall connectivity [8,53]. The slightly higher 

content of Q4 units and degree of connectivity for sample NP-25Mn, when compared to 

NP-100Ca, may be related with the lower amount of network modifiers present in this 

sample, as not all of the introduced ions were incorporated into the bioactive glass 

particle structure. Nonetheless, 29Si MAS NMR confirmed the previously observed by 

the XPS analysis on the role of Ca and Mn in the glass network. 

 

Figure 5: 29Si MAS NMR spectra for bioactive glass samples. 
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Table 3: Percentage of Qn species, as determined by 29Si MAS NMR (vr = 5kHz) data, 
and calculated bridging oxygen (BO) and non-bridging oxygen (NBO) fractions. 

Samples Q2 Q3 Q4 

Q3/Q4 
Dc 

% 

  

δiso / δiso / δiso / BO NBO 

[ppm] [%] [ppm] [%] [ppm] [%]   

NP-R -92.1 2.0 -101.2 10.5 -111.4 87.5 0.12 96.4 0.93 0.07 

NP-100Ca -91.0 3.6 -101.2 20.7 -111.6 75.7 0.27 93.0 0.87 0.13 

NP-25Mn -92.0 1.7 -102.6 21.3 -111.4 77.0 0.28 93.8 0.88 0.12 

Ion release study 

Figure 6 presents the concentration of Si, Ca and Mn in DMEM as measured by ICP-

OES. A control sample was also evaluated by incubating DMEM alone, using the same 

conditions applied for other samples, in which no Si and Mn were detected throughout 

the study, whereas Ca concentration remained between 61 and 64 ppm. The Si 

release presented a similar profile for all samples, increasing rapidly during the first 24 

h of immersion, reaching up to 35 ppm for NP-R, and stabilizing thereafter. A Si 

concentration between 37 and 40 ppm was observed after 72 h immersion for all 

samples. Previous works have shown that silica release could favour biocompatibility 

[54], and also present stimulatory effects on osteoblasts when released in the range of 

0.1 to 100 ppm [55], which is within the release range observed for all samples in this 

work. The Ca concentration increased sharply during the first 4 h of immersion of the 

samples containing this ion, stabilizing thereafter. Although NP-100Ca presents the 

higher Ca content within the glass composition, the DMEM had lower Ca content when 

compared with NP-25Mn and NP-50Mn, which may be due to the deposition of a 

calcium phosphate phase on the glass surface [56,57], reducing Ca concentration in 

solution. However further evaluation should be performed to confirm it. Ca has an 

important role in the bone mineralization, and could also induce osteoblast proliferation, 

therefore the Ca release observed in this work could improve the therapeutic effect of 

the biomaterial [54,58].  

A gradual release of Mn was observed for NP-50Mn and NP-25Mn. Previous work 

showed a concentration-dependent effect of Mn, and concentrations above 0.1 mM, or 

approximately 5.5 ppm, could inhibit osteoblast proliferation, whereas lower 

concentrations could present a stimulatory effect [15,18], therefore a controllable ion 

release is desirable. A maximum Mn concentration of 1.6 ppm was observed after 72 h 

study, which is below the reported concentration that could impair cell function, 
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suggesting that the bioactive glass nanoparticles application could maintain the 

concentration of ions within the therapeutic range. Hence, the dissolution study 

performed in DMEM indicates that bioactive glass nanoparticles could be used for the 

sustainable release of different ions within the therapeutic limit, and may represent a 

promising strategy for “in situ” repair of tissues. 

 

Figure 6: Elemental concentrations in DMEM following immersion of bioactive glass 
nanoparticles. 

In vitro cytotoxicity assay 

Human bone marrow-derived stem cells, most commonly referred to as mesenchymal 

stem cells (hMSCs), are widely applied in cell therapy and tissue engineering strategies 

and present an important role in tissue regeneration [59]. These cells can be easily 

isolated and expanded from adult bone marrow aspirates and present a great capacity 

for pluripotent differentiation into mesenchymal tissues, and when in contact with 

bioactive glass samples the hMSCs can be stimulated towards osteogenesis [14]. 

Therefore, hMSCs are relevant for biocompatibility evaluation of biomaterials. 

The cell viability of hMSCs exposed to the ionic product of the BGNPs was evaluated 

by MTT (Figure 7). No cytotoxic effect was observed when hMSCs were exposed for 

different periods of time to the ionic product of the BGNPs. The exposure to the ionic 

products of the samples did not significantly alter their mitochondrial metabolic activity 

when compared to control (untreated cells cultured on TCP), showing high levels of 

cellular function even in samples containing Mn, not being considered cytotoxic under 
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the conditions used in this work. Therefore, results show that the manganese 

incorporation did not alter the bioactive glass cell viability, and the ionic product 

containing this ion is not cytotoxic.  

 

Figure 7: Cell viability of hMSCs exposed to the ionic product of bioactive glass 
nanoparticles for different periods of time. The data are expressed as mean ± SD of 
three independent experiments (n = 3). 

4 Conclusions 

The first spherical bioactive glass nanoparticles containing Mn as a potential 

therapeutic ion were synthesized and evaluated. Previous work has shown that Mn can 

influence bone mineralization and that silicate nanoparticles can be vehicles for 

intracellular delivery of ions. Here, Mn was successfully incorporated into the 

nanoparticles and effect of Mn content on nanoparticle composition, monosdispersity, 

structure and ion release was investigated for the SiO2 – CaO – MnO system. 

Monodispersed amorphous spherical particles smaller than 150 nm were produced, 

which is within the reported particle size that can be internalized by cells. Mn 

incorporation into the glass network was determined through XPS and 29Si MAS-NMR, 

confirming that Mn played the role of network modifier. Mn release from the particles in 

DMEM was sustained and no cytotoxic effect was observed on hMSCs exposed to the 

ionic product of the bioactive glass nanoparticles. The results suggest that the 

nanoparticles are suitable for intracellular delivery of Mn ions, but future studies are 

needed to evaluate internalisation of the nanoparticles into a range of cell types. 
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