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Abstract 

To highlight the effect of salt precursors on the final properties, bioactivity and 

biocompatibility, five quaternary (Si‎–‎Ca‎–‎P‎–‎Na) glass compositions were successfully 

prepared through two distinct rapid sol‎–‎gel routes; one using acetate salt precursors 

(A) catalysed by nitric acid, and the other using nitrate salts (N) and citric acid as a 

catalyst. The sols dried rapidly, and stabilised at 550 & 800 ºC to be characterised by 

X–ray diffraction (XRD), Magic angle spinning–Nuclear magnetic resonance (
29

Si 

MAS–NMR) and Fourier transform infra–red spectroscopy (FTIR). Upon immersion 

in simulated body fluid (SBF), hydroxyapatite (HAp) formation was initially enhanced 

by increasing Ca–content up to 40 mol%, but the formation of calcite was favoured 

with further increments of Ca to 45 and 48 mol%. The A–glasses exhibited lower 

density and lower network connectivity compared with N–glasses. The chemical 

surface modifications after 4 h in SBF were more evident for N–glasses in comparison 

to A–glasses. The biocompatibility is favoured for the samples treated at 800 ºC and 

for the samples of the higher silica contents.  
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1. Introduction 

 

The release of calcium ions (Ca
2+

) from bioactive glasses during the in vitro bioactivity 

assessment in simulated body fluid (SBF) may increase the degree of super saturation 

of the SBF solution and favour the nucleation of apatite onto the silica gel layer 

initially formed at the glass surface [1]. To some extent, increasing the calcium (Ca) 

content in a glass composition tends to enhance porosity (pore volume and diameter), 

while significantly increasing the skeletal density [2]. However, it was also 

demonstrated that very high Ca contents stimulate the preferential formation of calcite 

(CaCO3) over HAp during the SBF immersion tests [3].  

In turn, the in vitro bioactivity of bioactive glasses can be favoured by using low P2O5 

contents (<10 mol%), as under these conditions phosphorus acts as network modifier 

instead of network former. Consequently, greater P2O5 content increases the network 

connectivity and exerts an opposite and deteriorating effect on bioactivity [4]. This can 

be attributed to the high affinity of the modifiers such as calcium and sodium to 

coordinate with phosphorus, thus enhancing its structural role [5]. This will result in a 

lower bio-mineralisation rate [6].   

The inclusion of calcium and phosphate in the glass system facilitates apatite ‎formation 

[3]. The Ca/P ratio is known to play an important role in modifying and ‎tailoring the 

bioactivity of glasses. Compositions that enhance the non–bridging oxygens/bridging 

oxygens (NBO/BO) ‎ratio reduce the glass network structure and connectivity. It has 

been noted that the inclusion of Na2O in bioactive glasses induces a more accentuated 

glass-network-disrupting effect and maintains a good bioactivity rate. After sintering, 

biodegradable crystalline phases may formed and the mechanical properties of  glass–

ceramics may be improved [7].  
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It is well known that alkoxides are often used as precursors for oxides in sol-

‎‎gel ‎synthesis [8]. However, alkoxides are not available for all metals, and may be 

expensive or difficult to handle such as those of group I & II metals‎, ‎which are very 

moisture‎–‎sensitive [9–11]. Sometimes alkoxides exist in the solid state, but are 

difficult to dissolve in many solvents, or may have unreliable ‎purity. Therefore, 

organic ‎or inorganic acid salts of alkali and alkali earth metals, are common precursors 

in sol-‎‎gel ‎synthesis.  

Organic acid metal salts – easily soluble in water, are often ‎used ‎in the form of 

acetates ‎and citrates [12]. The disadvantages of using ‎acetates are: ‎‎(a) the high pH ‎of 

the solution during sol-‎‎gel preparation, ‎which may lead to precipitation and/or a ‎fast 

gelation ‎of the sol; (b) the large amount of catalyst required to promote ‎hydrolysis 

that ‎remains as residue in the final ‎product, and needs elevated ‎temperatures to be 

eliminated; (c) the carbonaceous residues in the final products. ‎ 

Inorganic acid metal salts – are commonly used in sol-‎‎gel because they dissolve easily 

in water, especially in ‎the case of ‎nitrates, and the by‎–‎products decompose 

at ‎relatively ‎moderate ‎temperatures in comparison with sulphates and chlorides [12]. 

The major disadvantage of using ‎metal nitrate ‎salts is ‎their tendency to crystallise in an 

uncontrollable manner during ‎aging and drying ‎processes, which negatively affects 

the ‎homogeneity and the ‎microstructure of the final ‎product. The fast evaporation of a 

large portion of water at an early stage of sol preparation, ‎i.e. before gelling, tends 

to ‎suppress the ‎crystallisation ‎‎[12].  

Catalyst – the type of catalyst used affects the final ‎properties, such ‎as ‎porosity, ‎optical 

and structural ‎properties. Therefore, the selection of catalyst ‎depends ‎on ‎the ‎desired 

properties of the final product [13]. The catalyst facilitates ‎the hydrolysis of ‎the 

dissolved metal ions, and affects the hydrolysis and condensation processes as has been 
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well ‎addressed ‎by Brinker and co‎–‎workers [14]. Many authors suggest that a given 

concentration of an inorganic ‎acid is a more effective catalyst than using 

an ‎equivalent ‎amount of ‎base ‎‎[14]. The mineral (inorganic) acids such as ‎sulphuric 

acid, ‎hydrochloric acid and ‎nitric ‎acid are ‎strong, being the most commonly 

used ‎catalysts, and they ‎trigger ‎the ‎hydrolysis reaction in a very short time [7]. The 

major ‎drawback ‎of ‎using inorganic acids as catalysts is the increased concentration of 

their anions in the ‎sample that require higher temperatures for ‎the 

full ‎elimination ‎of ‎the by‎–‎products.‎ However, ‎the increase in the 

calcination ‎temperature ‎ readily converts glasses into glass ceramics ‎ ‎[12]. As a trial to 

reduce ‎the inorganic ‎acid concentration in ‎the sol-‎‎gel glass, Faure et al. [15]‎‎replaced ‎ 

strong ‎inorganic acids (~0.5–2 mol L
–1

) with ‎much ‎lower quantities of ‎weak organic 

acids ‎‎(0.5‎–‎50 mmol L
–1

). They ‎successfully used citric acid as ‎a    catalyst 

for ‎the    synthesis of 45S5 bioactive glass‎ ceramic.‎ ‎The roles of heat treatment 

temperature [16] and Ca/P ratio [17] on the bioactivity and biocompatibility of ternary 

Sol-‎‎Gel glass systems have been well discussed and addressed.  

Nevertheless, there is a lack of research combining the role of Ca/P ratio, heat 

treatment temperature, and the source of Ca and Na on the microstructure, 

morphology, bioactivity and biocompatibility of quaternary sol-‎‎gel glass systems. 

Therefore, the aim of this work is to synthesise two series of five different glass 

compositions. In the 1st route, acetate salts are used as precursors for Ca and Na, and 

nitric acid served as catalyst. In the 2nd route, nitrate salts were used as precursors for 

Ca and Na, and citric acid was used as catalyst. In both routes, the Ca/P ratio was 

varied from 615. The molar content of the sodium was intentionally kept low, as Na
+
 

exhibits a very fast exchange with the H
+
 from SBF, which can lead to an abrupt 

increase of dissolution rate, and concomitantly to an increase in pH and a decrease in 
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silica gel re-polymerisation [18]. The alternative use of acetates or nitrates as 

precursors for Na and Ca was systematically explored in this work in an attempt to 

shed light on their effects on the network structure, bioactivity and biocompatibility of 

the resulting Sol-‎‎Gel derived bioactive glasses. All glass samples were investigated 

through an array of techniques including: Specific surface area (SSA), skeletal density, 

particle size distribution, X-ray diffraction (XRD), 
29

Si magic angle spinning nuclear 

magnetic resonance (MAS‎‎-NMR), ‎scanning electron microscopy (SEM), and energy 

dispersive spectroscopy (EDS). Moreover, biocompatibility and bioactivity tests were 

performed.  

 As far as we are aware, no such systematic study on the synthesis of quaternary 

bioactive glasses for biomedical applications has been performed previously.  

 

2.  Materials and methods 

2.1  Glass preparation 

The rapid sol–gel synthesis method developed by the authors [15] was adopted in this 

work to produce two series of glasses, each one with five different compositions 

(Table 1). The two different series only differ in the precursor salts for sodium and 

calcium, and in the catalyst used. In the acetates route, calcium acetate monohydrate 

(Ca(C2H3O2)2.H2O, ≥ 99.0%) and sodium acetate (Na(C2H3O2), ≥ 99.0%)) were 

selected as precursors, while nitric acid (HNO3, ≥ 68.0%) was used as catalyst. In the 

nitrates route, calcium nitrate tetrahydrate (Ca(NO3)2.4H2O, ≥ 99%) and sodium 

nitrate (NaNO3, ≥ 99%)) were adopted as precursors, and citric acid monohydrate 

(C6H8O7.H2O, 99.5102%) was utilised as catalyst. All precursors were obtained from 

Sigma‎–‎Aldrich.  Distilled water was used as the solvent. Aqueous stock solutions of 

network formers were prepared by dissolving the tetraethyl orthosilicate (TEOS, 
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C8H20O4Si, 98%) and the triethyl phosphate (TEP, C6H15O4P, ≥ 99.8%), both from 

Sigma‎–‎Aldrich, in the acidic solution of the selected catalyst. The preparation of each 

TEOS‎–‎TEP solution started with the sequential addition of TEOS and TEP to the 

catalyst solution under stirring for 30 min to obtain a clear sol. The concentrations of 

acid catalysts and water content are shown in Table 2. The sodium and calcium salts 

were separately dissolved in water. The Na‎–‎precursor solution was firstly added to the 

TEOS‎–‎TEP solution under stirring; 10 min after, the Ca‎–‎precursor solution was 

adjoined. The overall mixtures, reported in Table 2, were stirred for further 30 min as 

illustrated in Fig. 1. All the preparations were carried out at room temperature (RT) 

using a fixed stirring rate of 900 rpm. 

A Buchi 210 Rotavapor evaporator with V‎–‎850 vacuum controller (50 mbar), a V‎–‎700 

diaphragm vacuum pump (Buchi Labortechnik AG, Flawil, Switzerland), and a 500 

mL flask rotating in a water bath at 55 ºC was used to dry the sols for 30 to 45 min 

[19–21]. This drying technique is 100 times faster than the most expedite standard 

drying ‎and ageing methods for obtaining gel glass precursor [19]. ‎  

The letters A (for acetate) and N (for nitrate) were added to the sample codes in Table 

1 to identify the synthesis routes. The dried gels were thermally stabilised at 550 ºC in 

air for 1 h. The heat treatment schedule included a heating  rate of 1 ºC min
−1

 up to 300 

ºC, a plateau of 1 h at this temperature, a ramp of 10 ºC min
−1

 up to 550 ºC, or up to 

800 ºC, and holding for 1 h at the maximum temperature, followed by natural cooling 

to RT. The aim was to investigate the effect of calcination temperature on 

biocompatibility. The calcined glass powders were ground using a mortar and pestle, 

and sieved through 63 and 40 m meshes. For the glass powder heat treated at 550 ºC, 

the fraction below 40 m was used for the bio‎–‎mineralisation experiments in SBF 

according to a unified procedure disclosed elsewhere [22]. The results of bio‎–
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‎mineralisation assessment for the samples heat treated to 800 ºC have been reported 

previously [23]. The SBF solution (1 L) was prepared according to Kokubo’s method 

[24], by dissolving in deionised (DI) water the proper amounts of the following 

reagents: NaCl, NaHCO3, KCl, K2HPO43H2O, MgCl26H2O, 1 M HCl, CaCl22H2O, 

Na2SO4 and Tris (hydroxymethyl)-aminomethane All the reagents (Sigma-Aldrich) 

and DI water were mixed in a polypropylene beaker at 37 ± 1.0 ºC.  

2.2 Bioactivity tests 

The in‎ ‎vitro bioactivity assessment in simulated body fluid (SBF) was performed by 

immersion of 75 mg of glass powders in 50 mL of SBF solution at 37 ºC, using sealed 

plastic flasks [22]. The flasks were immediately placed in an incubator at 37 ± 0.5 ºC 

in an orbital shaker agitating at 120 rpm for 4 different time periods: 4 h, 24 h, 1 week, 

and 3 weeks. The unified protocol proposed elsewhere [22] establishes that an exposed 

standard sample area of 0.5 cm
2
/mL of SBF solution, irrespective of its geometry (bulk 

samples, powders, thin films, scaffolds, etc.) should be used. The aim is to facilitate the 

comparison of the findings from different laboratories [22]. At each time point, the 

powder was collected by ultra-centrifuging (Beckman model LB‎–‎70 M) the mixture 

under vacuum at 10,000 rpm for 30 min. The pH of the supernatant solutions was 

measured directly, and the separated powders were successively washed with deionised 

water and acetone, and then dried overnight at 37 ºC. The experiments were performed 

in triplicate in order to ensure the accuracy of results. The apatite‎–‎forming ability of 

the glass powders was followed by XRD, FTIR, EDS and pH measurements. 

 

2.3 Glass characterisation 

The SSA of the powders was measured by the Brunauer‎–‎Emmett‎–‎Teller (BET) method 

using a Gemini M‎–‎2380 instrument (Micrometrics) with N2 as the adsorbate. The 



 

8 

 

samples were previously degassed at 200 ºC. The skeletal density of the powders was 

measured by helium pycnometry after overnight drying at 60 ºC.  

Triplicate particle size distribution measurements were performed using a dynamic 

laser scattering (DLS) analyser (Coulter LS Particle Size Analyzer; Beckman Coulter). 

~0.3 g of glass powder was dispersed in 50 ml tap water, kept in ultrasound for 5 

minutes to eliminate any agglomerates, and fed dropwise to the instrument. The DLS 

was operating in Fraunhofer optical model with triplicate runs, the run length being 61 

s. The particle size distribution (PSD) is presented as differential volume in volume %. 

X‎–‎ray diffraction (XRD) analysis was performed using a PANalytical XPERT‎–‎PRO 

Diffractometer system, utilizing Cu Kα radiation (Kα =1.54059 Å) with 2θ varying 

from 6−70º with step size of 0.013 and step time 200 (s). Powder samples before and 

after immersion in simulated body fluid (SBF) were analysed and the resulting 

diffraction patterns were compared with the Joint Committee on Powder Diffraction 

Standards (JCPDS).  

Solid state 
29

Si MAS‎‎-NMR (magic-angle spinning nuclear magnetic resonance) was 

used to investigate the extents of silica polymerisation of the stabilised glasses. The 

spectra were recorded on an ASX 400 spectrometer (Brucker) operating at 79.52 MHz 

(9.4 T), using a 7 mm probe at a spinning rate of 5 kHz. The pulse length was 2 µs 

with 60 s delay time. Kaolinite was used as a chemical shift reference. ‎Due to the high 

noise signal acquired for low silica glasses, only the high silica glasses (S67C24–A/N) 

spectra were deconvoluted using dimFit software. ‎ 

Infrared transmittance spectra of the glasses, before and after immersion in SBF, were 

obtained using a Fourier Transform Infrared Spectrometer (FTIR, Tensor 27, Brucker) 

in the range of 350−4000 cm
−1

, with 128 Scans and 4 cm
−1

 resolution. The pellets were 

prepared by pressing a mixture of glass powder and KBr with a weight ratio of 1:150.  
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The compositional surface modifications of the glasses after immersion in SBF were 

assessed by energy dispersive spectroscopy (EDS, Bruker Nano GmbH) on a scanning 

electron microscope (SEM, S‎–‎4100, Hitachi). The SEM samples were prepared by 

depositing the powder particles directly onto adhesive carbon tapes and further coating 

using carbon. 

2.4 Biocompatibility tests 

The in‎ vitro cytotoxicity tests were performed using two cell lines, MG63 (ATCC 

CRL‎–‎1427, Human osteosarcoma) and C13589 (ATCC CRL‎–‎2704, Human B 

lymphoblasts), following the ISO 10993‎–‎5 guidelines of the International Organisation 

for Standardisation (ISO 2009) [25]. Only some Nglasses (S67C24NSC and 

S51C40N) were selected because of their lower contents of nitrate residues and calcite, 

as will be discussed later. The samples heat treated at 550 ºC and 800 ºC were sterilised 

by UV‎–‎radiation prior to testing them in cell cultures through the MTT assay, 

measuring the metabolic activity of living cells via mitochondrial dehydrogenase 

activity through its key component (3‎–‎[4,5‎–‎dimethylthiazol‎–‎2‎–‎yl]‎–‎2,5‎–‎ diphenyl 

tetrazolium bromide).  

MG63 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM, Sigma 

Aldrich) supplemented with 10% (v/v) of foetal bovine serum (FBS, Sigma Aldrich), 

penicillin (100 U mL
−1

 culture medium, Sigma Aldrich), streptomycin (100 μg mL
−1

 

culture medium, Sigma Aldrich), L‎–‎glutamine (5%, Sigma Aldrich) and sodium 

pyruvate (5%, Sigma Aldrich). C13589 cells were maintained in Roswell Park 

Memorial Institute 1640 (RPMI, Sigma Aldrich) supplemented with 10% (v/v) of 

foetal bovine serum (FBS, Sigma Aldrich), penicillin (100 U mL
−1

 culture medium, 

Sigma Aldrich), streptomycin (100 μg mL
−1

 culture medium, Sigma Aldrich), L‎–

‎glutamine (5%, Sigma Aldrich). All cell lines were grown in a humidified incubator at 



 

10 

 

37ºC, with 5% CO2 and 95% relative humidity.  

The viability of cells exposed to different concentrations [0.00 (CTR), 0.05, 0.15, 0.30 

and 0.75 mg mL
−1

] of each glass powder dispersed in the cell culture media was 

determined by seeding the cell lines into 24 well plates at 1*10
5
 cells per well. The in‎‎

vitro cytotoxicity was evaluated via MTT assay, according to the manufacturer’s 

instructions (Sigma‎–‎Aldrich). The absorbance was spectrophotometrically measured at 

a wavelength of 570 nm, and the background absorbance measured at 690 nm was 

subtracted. The percentage of cell viability was expressed as the relative growth rate 

(RGR) by the equation: 

    ( )  
       

    
      

Where Dsample and DCTR were the absorbance of the sample and of the negative control 

(0.00 mg mL
−1

), respectively. Each experiment was triplicated (Student’s t‎–‎test, P < 

0.05). 

 

3.  Results  

3.1 XRD for the stabilised glasses  

The XRD patterns of the samples thermally stabilised at 550ºC shown in Fig. 2 reveal 

a broad band within the 2Theta range of 20-30º, due to the predominant presence of an 

amorphous phase‎. These results are in good agreement with those reported elsewhere 

[26,27]. ‎The Aglasses Fig. 2(a) exhibit crystalline HAp [PDF card 01-080-3956] for 

all calcium contents, along with the formation of small amounts of a silica phase 

[coesite, PDF card #04‎–‎015‎–‎7166] in some cases. The XRD and FTIR analyses of the 

samples heat treated to 800 ºC have been reported previously [23]. The increase of heat 

treatment temperature from 550 ºC to 800 ºC tend to increase the devitrification trend, 

and decrease the specific surface area and the pore volume. 
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3.2 MAS‎–‎NMR analysis for the stabilised glasses 

The 
29

Si MAS NMR spectra of Aglasses and Nglasses are shown in Fig. 3. Only the 

compositions containing 24, 32, and 40 Ca were chosen for NMR analysis for two 

reasons: (i) higher Ca contents were found to readily induce the precipitation of the 

undesired calcite phase upon immersion in SBF; (ii) the acquired signal became 

gradually noisier with decreasing silica contents. The structural Q
n
 speciation (where n 

denotes the number of bridging oxygens (BO) and may acquire the values of 1, 2, 3 or 

4) can be inferred from NMR spectra reported in Table 3 for the S67C24 composition. 

The Aglasses are generally less polymerised and exhibit lower values of network 

connectivity (Nc = 3) than Nglasses (Nc = 3.3).  

 

3.3  FTIR spectra for the stabilised glasses  

The FTIR spectra of the thermally stabilised ‎ta‎  550ºC‎ for Aglasses and Nglasses are 

displayed in Fig. 4‎(a), and Fig. 4‎(b), respectively. All the spectra are dominated by a 

broad band between 800 and 1000 cm
1

, assigned to asymmetric stretching for 

SiOSi (s), which becomes gradually shallower as Si content decreases [28]. Both 

routes provide glasses with almost similar features. The broad band centred at 

~10901100 cm
1

 is attributed to the Si–O–Si (s) transverse optical stretching mode 

(TO1). This peak is shifted to a lower wavenumber ~1040 cm
–1

 by increasing the Ca 

content (S51C40, S49C45, and S44C48) due to higher contributions of Q
3
 species [29]. 

The relatively small band at 1640 cm
1

 in all glasses is due to the presence of H2O 

[30]. The band at 1460 cm
–1 

in Nglasses, and its two separate peaks at 1490 and 1420 

cm
–1

, can be assigned to amorphous calcite [31,32]. The sharp peak at around 1385 

cm
1

, attributed to the NO3
−
 group [33], appears with a higher intensity in the case of 

Aglasses.  
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The  shoulder positioned at ~1220 cm
1

 in Figs. 4‎(a‎–‎b) may represent the Si–O–Si (s), 

(TO2) stretching mode [34], or be also assigned to PO stretch vibration [35]. The 

band at 930 cm
1

 intensified with increasing Ca contents, and can be attributed to the 

Si–O–Si stretching vibration mode of non‎–‎bridging oxygens (NBO) [15]. The very 

small peaks at around 880 cm
1

 [34] along with the band at around 1460 cm
1

 [36], are 

assigned to bending CO3(b), and stretching CO3(s) respectively. The two tiny peaks 

around 825 and 800 cm
1

 are related to TO symmetric stretching of Si–O–Si (s) [37]. 

The twin sharp peaks at 603 and 570 cm
−1

 correspond to the P−O bending vibration of 

PO4
−3

 (b) tetrahedra. The presence of these two peaks indicates the formation of HAp 

[35,38]. The low wavenumber band at ~490 cm
1

 for high calcium content glasses can 

be assigned to the symmetric vibration of Si–O–Si [26]. In the low calcium content 

glasses, this band shifted to about ~470 cm
1

, and can be assigned to the bending 

vibrating mode of P–O–P bonds of the HAp phosphate groups [39]. 

3.4  Density, particle size and SSA 

Table 4 shows the density, d50 and SSA for the ten prepared glasses. The Aglasses 

are noticeably less dense (2.24–2.56 g cm
–3

) than Nglasses (2.30–2.61 g cm
–3

). The 

average particle sizes (after sieving through a 40 µm mesh) were almost similar, 

varying within the ranges of 15.1–24.5 µm, and 16.6–25.60 µm, for Aglasses and 

Nglasses, respectively. The smaller particle sizes were measured for the lower Ca 

contents, S51C40 and S44C48, irrespective of the synthesis route. The Aglasses 

exhibited SSA values in the range of 28.4–53.5 m
2
 g

1
, lower than those of Nglasses 

that varied within the range of 32.4–99.5 m
2
 g

1
. 

3.5  Bioactivity assessment  

3.5.1  XRD after immersion in simulated body fluid (SBF) 
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Figs. 5(a–e) display the XRD patterns of Aglasses and Nglasses after immersion in 

SBF for different time periods up to 3 weeks. The presence of crystalline (Aglasses) 

and semi crystalline or amorphous HAp (Nglasses) could be identified even before 

immersion (0 h). This finding is in a good agreement with the results reported 

elsewhere [40]. The early formation of HAp during Sol-Gel synthesis can be 

considered a good attribute, acting as seeding for the new HAp formation upon SBF 

immersion.  

3.5.2  FTIR spectra after immersion in SBF 

Fig. 6 shows the evolution of FTIR peaks/bands of glasses over different immersion 

time periods in SBF. The wide band centred at ~1450 cm
1

 is assigned to the C–O 

group. The evolution of the peak at 870880 cm
1

 confirms the formation of type–A 

carbonated hydroxyapatite (CHAp) resulting from the CO3 substituting for OH into 

apatite lattice [41]. The band centred at 1450 cm
1 

and the peak at 880 cm
1 

also 

support this hypothesis.  

Two sharp phosphate peaks characteristic of HAp at around 560 and 600 cm
1

 are 

clearly present after just 4 h of immersion for both Aglasses and Nglasses. A  peak 

observed at 960 cm
1

 could be also assigned to P–O symmetric stretching in the CHAp 

layer formed onto the surface of the powders [42].  

3.5.3 Evolution of pH (supernatant SBF solutions) and of glass surface compositions 

The pH variations along the immersion time in SBF for the 67SC24SC and 

51SC40 glasses synthesised by both routes exhibit almost identical trends as shown in 

Fig. 7. The same can be stated concerning the qualitative surface Ca and P atomic 

concentrations of Aglasses and Nglasses immersed in SBF for different time periods 

estimated by EDS (Fig. 8), confirming the bioactivity results. 
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3.6 Biocompatibility tests  

The results of in‎‎vitro biocompatibility detailed in the section 2.3 are displayed in Figs. 

9(a–f), revealing highest degree of cytocompatibility of MG63 cells towards S67C24N 

glass Figs. 9(a,d). Cell viability of at least 70% over all three tested time periods was 

found for concentration levels of up to 0.30 mg mL
1

 and especially for the samples 

thermally stabilised at 800ºC Fig. 9(d), become cytotoxic upon further incremental 

concentrations. Similar scenarios concerning the effects of thermal stabilisation 

temperature can also be observed for the other calcium-richer compositions tested 

Figs. 9(b–c), and Figs. 9(e–f).  

The responses of lymphoblast C13895 Figs. 9(g–l) to the tested glasses suggest that 

these cells are sensitive to the extent of ionic leaching, with the higher degrees of 

cytotoxicity being registered for the samples thermally stabilised at 550 ºC Figs. 9(h–

i). This hypothesis is also supported by the lower degree of cytotoxicity of less soluble 

S67C24N sample Fig. 9(g) in comparison to the other glasses with increasing Ca 

contents. These results are in a good agreement with the results obtained by Catauro et 

al. [17]. The enhanced biocompatibility of the Si-richer composition is not surprising, 

as silica is known to play here a key role in biocompatibility of bioactive glasses 

[43,44]. 

 

4.  Discussion 

4.1 Synthesis route, nominal composition stabilisation temperature  

4.1.1 XRD and MAS‎–‎NMR analyses  

The higher crystallisation trend observed for Aglasses is probably due to the faster 

Sol‎-‎Gel transition induced by the higher pH values of the starting sols, which may 

favour some segregation of the precursors. Oppositely, the slower hydration and 
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condensation reactions going on in the more acidic sols of Nglasses will enable a 

more homogeneous integration of all the components in the amorphous glassy structure 

[45,46]. This is confirmed for all compositions except for the one with the highest Ca 

content (S44C48N), which also shows some traces of hydroxyapatite (HAp) [PDF card 

#01‎–‎080‎–‎3956] Fig. 2(b). This interpretation is consistent with (i) the higher 

polymerisation degrees and network connectivity values observed for Nglasses in 

comparison to Aglasses; (ii) a decreasing intensity of the Q
4
 band upon increasing Ca 

content at the expenses of silica (S59C32) is seen in Fig. 3‎(‎b). This depolymerisation 

trend becomes even more obvious upon further increasing the Ca content (S51C40) as 

shown in Fig. 3‎(c). This gradual deviation of Q
4 

towards lower chemical shifts with 

decreasing Si contents from 67 to 51 is also accompanied by: (i) the appearance a band 

at 100 ppm corresponding to Q
3
; (ii) the broadening of this band and its apparent 

deviation to lower negative chemical shifts towards the onset of Q
2
 species between 

97 to 85 ppm, Fig. 3‎(c). This depolymerisation trend with increasing Ca contents 

leading to significant populations of Q
2
 species is clear. However, the accurate 

identification and quantification of these species is difficult because the spectra 

become gradually noisier. The slightly lower degrees of polymerisation of Aglasses 

in comparison to Nglasses of the same nominal compositions enable concluding that 

microstructure and network connectivity of the glasses can be partially manipulated by 

just changing the metal salt precursor. These results are in a good agreement with 

results published earlier by the authors [47].  

4.1.2  FTIR analysis 

The sharp peak observed at 1385 cm
1

 in  Fig. 4 can be attributed to the NO3
−
 group 

[33]. Its intensity is higher in the case of Aglasses. These results are consistent with 

the fuel role of citric acid towards nitrates [8], inducing self‎–‎propagation combustion 
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reactions, especially for proper molar ratios of metal salts/citric acid [48]. Therefore, 

higher amounts of nitrates will be eliminated in the case of as prepared Nglasses in 

comparison to Aglasses. Further, acetate precursors are highly basic salts, being often 

used as buffers [49]. To reduce the pH of acetate salt solutions a high amount of nitric 

acid has to be added, which serves two functions: (i) as catalyst; (ii) pH reducer of the 

sol to prevent fast gelation, which may occur immediately after adding one or both 

acetate metal salts.  

4.1.3  Density, particle size and SSA 

The results presented in Table 4 enable us to conclude that Nglasses tend to exhibit 

higher skeletal densities, slightly coarser particles, and higher SSA. This last feature is 

likely to favour the in‎‎ vitro bio‎–‎mineralisation rate of Nglasses in comparison to 

Aglasses [50]. The higher skeletal densities of Nglasses are consistent with the more 

extensive polymerization, which in turn is likely to favour the grounding resistance, 

justifying the formation slightly coarser particles. On the other hand, the smaller values 

of SSA of the Aglasses can be attributed to a faster jellification process [51].  

4.2  Bioactivity assessment  

4.2.1  XRD and FTIR analyses of samples immersed in SBF  

The crystalline SiO2 phase (coesite, PDF card #04‎–‎015‎–‎7166) identified in some 

Aglasses in Fig. 2(a) has apparently disappeared just after 4 h of immersion in SBF. 

This apparent disappearance can only be attributed to: (i) its dissolution in the SBF 

solution; (ii) a masking effect caused by the deposition of a HAp (PDF # 01‎–‎080‎–

‎3956) surface layer [52]. The intensity of XRD peaks of HAp gradually increases 

between 4 h and 3 weeks as shown in Fig. 5. These observations are in agreement with 

the bio-mineralization mechanism proposed by Hench et al. [53]. The HAp phase in 

Aglasses noticed for shorter immersion periods could be attributed to the seeding role 
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of the previously formed HAp before SBF immersion as discussed in Fig. 2(a). 

Although initially revealing less crystalline HAp Fig. 2(b), Nglasses have undergone 

a more extensive bio‎–‎mineralisation process as deduced from the intensification of 

HAp XRD peaks after 3 weeks of immersion. The XRD peaks of HAp becoming better 

defined and sharper as immersing time increases. Although the surface modifications 

are less evident from the FTIR spectra (Fig. 4), Nglasses show sharper and better 

defined peaks supporting its enhanced bioactivity in comparison to Aglasses. These 

observations support the hypothesis admitted above (section 4.4.1) that higher SSA of 

Nglasses could favour the in‎ ‎vitro bio‎–‎mineralisation rate.   

The calcite phase (CaCO3, PDF #00‎–‎005‎–‎0586), identified at the early stages of SBF 

immersion in the S44C48 and S49C45 glasses, is noticeably more evident in Aglasses 

and in Ca-richer compositions, in a good agreement with results reported elsewhere 

[3]. This can be understood considering that higher concentrations of Ca
2+ 

released into 

the SBF solution [54] and the concomitant increase in pH favours the precipitation of 

calcite from the reaction between Ca
2+

 and CO3
2

 available in air [55]. The early (4 h) 

appearance of calcite in Aglasses can be attributed to their less polymerised network 

structures favouring the release of Ca
2+ 

 and the cascade of associated reactions leading 

to the formation of calcite [55]. The same reasoning also explains why calcite was 

formed for longer immersion time periods, even in the case of Nglasses.  

4.2.2 Evolution of pH (supernatant SBF solutions) and of glass surface compositions 

The pH curves for Nglasses appear always above those of the A-glasses, a feature that 

can be attributed to their higher SSA. A rapid initial raise in pH from the starting value 

of 7.4 was registered at 4 h time point for both Aglasses and Nglasses, attributed to 

the sudden leaching of alkaline (Na
+
) and alkaline earth (Ca

2+
) ions from the surface of 

the glass particles. This was then followed by an overall gradual reversal of this trend 
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between 4 h to 24 h, probably due to the partial consumption of Ca
2+ 

ions in the Ca-

containing phases (HAp and calcite), as confirmed in Fig. 8. The systematic lower pH 

variations observed for Aglasses, and for compositions with the lowest calcium 

contents (Fig. 7), are consistent with the early precipitation of calcite in Aglasses 

(Fig. 5), particularly noticeable for Ca-richer compositions (Fig. 5(e)). The influence 

of Ca-content seems to predominate, explaining why the pH curves measured for 

Aglasses and Nglasses tend to approach each other with increasing Ca-content, 

appearing almost superimposed for the S51SC40 composition. The overall decreasing 

trends in pH observed between 24 h and 1 week of immersion might be attributed to 

the consumption of Ca
2+ 

ions for the precipitation of HAp and calcite, as confirmed by 

XRD patterns (Fig. 5) and FTIR spectra (Fig. 6), and the gradually increasing surface 

Ca and P concentrations after 4 h of immersion (Fig. 8). After 1 week, the systems 

reach an apparent equilibrium situation, probably due an enhanced hindered dissolution 

effect exerted by the mineralised surface layer. The acidic glass former species such as 

Si
4+

 and phosphate ions remaining in the solution are also likely to cooperate for this 

apparent constancy of pH values. Almost similar behaviour was observed for the AP40 

glass, calcined at 600 °C, and in both glasses, the dissolution was stabilised at pH=8 

after one week of immersion in SBF [56]. 

  

4.3 Biocompatibility and cytotoxicity 

The results of in‎‎ vitro biocompatibility and cytotoxicity for all tested cell lines are 

intimately related to the concentrations of alkaline ionic species leached to the culture 

media by the glasses [17,43,44]. This explains why calcium-richer compositions, 

especially if synthesised by the acetates route and thermally stabilised at 550ºC, are the 

most cytotoxic (Figs. 9(h–i)).  
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The available literature reports on the assessment of the biocompatibility and 

cytotoxicity related to 45S5 composition bioactive glasses synthesised by a rapid sol-

gel route are scarce. Only a single study [57] was found reporting cytotoxicity tests of 

a sol-gel derived 45S5 Bioglass
®

 composition, thermally stabilised at 600 ºC, towards 

human dental pulp stem cells, with cytotoxic effects being observed for concentration 

levels > 0.4 mg mL
1

 after 1‎–‎7 days [57].  

 

5. Conclusions 

The synthesis from nitrate precursors under lower pH environments results in slower 

condensation reactions, the formation of amorphous glass structures with higher 

extents of polymerisation, skeletal density, and SSA that favour the in‎–‎vitro bio-

mineralisation rate.  

Being mostly amorphous, Aglasses also contain small amounts of crystalline phases 

such HAp and silica (coesite), The formation of these phases could be stimulated by 

the higher pH environment and the consequent faster condensation reactions, resulting 

in lower extents of network polymerisation, higher degrees of primary particles 

agglomeration, closed porosity and lower SSA values. These features favoured the in‎‎

vitro formation of unwanted calcite (CaCO3) phase.  

The poor extraction of nitrate residues derived from the high concentrations of nitric 

acid used as catalyst and its interaction with acetate species is the main drawback of 

Aglasses. The thermal stabilisation at 550 ºC is insufficient to get rid of nitrate 

residues. Nevertheless, using different metal salt precursors as the case of acetate and 

nitrate may enable a reasonable   change in the network connectivity, and SSA of the 

glasses which play an important role in tailoring the bioactivity of the sol–gel glasses 

The biocompatibility is enhanced for samples thermally stabilised at higher 
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temperature (800 ºC) and especially for glass compositions richer in silica. The 

composition S67C24N is biocompatible with MG63 osteoblasts up to concentration 

levels of 0.3 mg mL
1

.  
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Figure Captions 

 

Fig. 1. General basic flow chart of the sol-gel glass synthesis process.  

 

Fig. 2‎‏. XRD patterns of the glasses synthesised through different routes and thermally 

stabilised at 550 ºC: (a) Aglasses; (b) Nglasses.‎ 

 

Fig. 3. ‎
29

Si MAS‎–‎NMR of Aglasses (black) and Nglasses (red) thermally stabilised 

at 550 ºC for selected compositions: (a) S67C24;(b) S59C32; (c) S51C40; (d) 

comparison of the three compositions.  

 

Fig. 4. FTIR spectra of all glass compositions thermally stabilised at 550 ºC: (a) 

Aglasses; (b) Nglasses.‎ 

 

Fig. 5.  XRD patterns of the Aglasses and Nglasses thermally stabilised at 550 ºC 

after immersion in SBF for different periods from 4 h to 3 weeks: (a) 67S24C; (b) 

SC; (c) 51S40C; (d) 49S45C; (e) 44S48C. 

 

Fig. 6. ‎ FTIR spectra of the Aglasses and Nglasses thermally stabilised at 550 ºC 

after immersion in SBF for different periods from 4 h to 3 weeks: (a) 67S24C; (b) 

SC; (c) 51S40C; (d) 49S45C; (e) 44S48C. 

 

Fig. 7. ‎ pH values measured in the supernatant SBF liquids remaining after the 

indicated immersion time points for selected compositions (S67C24, S59C32, S51C40) 

of Aglasses and Nglasses thermally stabilised at 550 ºC. 
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Fig. 8. ‎ Atomic surface concentrations of Ca (a) and P (b) species measured by EDS 

after the indicated immersion time points for selected compositions (S67C24, S59C32, 

S51C40) of Aglasses and Nglasses thermally stabilised at 550 ºC and immersed in 

SBF for different time periods. 

 

Fig. 9. MTT biocompatibility assays of S67C24N, S59C32N and S51C40N glasses 

stabilised at 550 ºC (a-c; g-i) and at 800 ºC (d-f; j-l) with MG63 human osteosarcoma 

(osteoblasts) (a-f), and C13589 human B lymphoblasts (g-l). The material is considered 

non‎–‎cytotoxic if the percentage of viable cell is equal to or greater than 70% of the 

untreated control. The tested glass powder concentrations (0.05, 0.1, 0.3, and 0.75) are 

in mg mL
–1

. 
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Figure Captions 

 

Fig. 1. General basic flow chart of the sol-gel glass synthesis process.  

 

Fig. 2  . XRD patterns of the glasses synthesised through different routes and thermally 

stabilised at 550 ºC: (a) A−glasses; (b) N−glasses.  

 

Fig. 3.  29Si MAS – NMR of A−glasses (black) and N−glasses (red) thermally stabilised 

at 550 ºC for selected compositions: (a) S67C24;(b) S59C32; (c) S51C40; (d) 

comparison of the three compositions.  

 

Fig. 4. FTIR spectra of all glass compositions thermally stabilised at 550 ºC: (a) 

A−glasses; (b) N−glasses.  

 

Fig. 5.  XRD patterns of the A−glasses and N−glasses thermally stabilised at 550 ºC 

after immersion in SBF for different periods from 4 h to 3 weeks: (a) 67S24C; (b) 

59S32C; (c) 51S40C; (d) 49S45C; (e) 44S48C. 

 

Fig. 6.   FTIR spectra of the A−glasses and N−glasses thermally stabilised at 550 ºC 

after immersion in SBF for different periods from 4 h to 3 weeks: (a) 67S24C; (b) 

59S32C; (c) 51S40C; (d) 49S45C; (e) 44S48C. 

 

Fig. 7.   pH values measured in the supernatant SBF liquids remaining after the 

indicated immersion time points for selected compositions (S67C24, S59C32, S51C40) 

of A−glasses and N−glasses thermally stabilised at 550 ºC. 
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Fig. 8.   Atomic surface concentrations of Ca (a) and P (b) species measured by EDS 

after the indicated immersion time points for selected compositions (S67C24, S59C32, 

S51C40) of A−glasses and N−glasses thermally stabilised at 550 ºC and immersed in 

SBF for different time periods. 

 

Fig. 9. MTT biocompatibility assays of S67C24N, S59C32N and S51C40N glasses 

stabilised at 550 ºC (a-c; g-i) and at 800 ºC (d-f; j-l) with MG63 human osteosarcoma 

(osteoblasts) (a-f), and C13589 human B lymphoblasts (g-l). The material is considered 

non – cytotoxic if the percentage of viable cell is equal to or greater than 70% of the 

untreated control. The tested glass powder concentrations (0.05, 0.1, 0.3, and 0.75) are 

in mg mL–1. 
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Tables 

 
Table 1: Nominal compositions of the Sol-Gel derived glass.  

№ Designation                   Composition Ca/P 
 Acetate Nitrate Oxide molar ratios Cationic ratios  

1 & 6 S67C24 – A S67C24 – N 67SiO2–2.5Na2O–24CaO–2P2O5 67Si – 5Na – 24Ca – 4P 6 
2 & 7 S59C32 – A S59C32 – N 59SiO2–2.5Na2O–32CaO–2P2O5 59Si – 5Na – 32Ca – 4P 8 
3 & 8 S51C40 – A S51C40 – N 51SiO2–2.5Na2O–40CaO–2P2O5 51Si – 5Na – 40Ca – 4P 10 

 4 & 9 S49C45 – A   S49C45 – N      49SiO2–1.5Na2O–45CaO–1.5P2O5 49Si – 3Na – 45Ca – 3P 15 
 5 & 10  S44C48 – A S44C48 – N 44SiO2 – 2Na2O  – 48CaO – 2P2O5 44Si – 4Na – 48Ca – 4P 12 

 
 
 
Table 2: Concentrations of precursors and acid catalysts in the starting aqueous solutions for each composition. 

№ Designation 
Precursors aqueous 
solutions (mL) 

Catalyst concentration 
Molar ratio of     

H2O/total reactants 
TEOS+TEP Na Ca HNO3  C6H8O7.H2O 

1 S67C24 – A 20 15 35 1.3 M  –  ~ 22 
2 S59C32 – A 20 15 40 1.6 M  –  ~ 24 
3 S51C40 – A 20 15 55 1.35 M  –  ~ 28 
4 S49C45 – A 20 15 65 1.7 M  –  ~ 32 
 5 S44C48 – A  20   15   60   1.5 M    –    ~ 30  
6 S67C24 – N 20 10 50  –  0.25 M ~ 25 
7 S59C32 – N 20 10 55  –  0.25 M ~ 27 
8 S51C40 – N 20 10 60  –  0.25 M ~ 30 
9    S49C45 –  N 20 10 70  –  –  0.26 M ~ 31 
 10    S44C48 –  N  20   10   70    –   –   0.26 M   ~ 31  
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Table 3: The structural parameters of the stabilised S6724-A/N glasses assessed by 29Si MAS-NMR 
  spectroscopy, degree of polymerisation (Qn) degree of condensation (Dc), and network  connectivity (Nc).   

Sample 

Q
n 

D
c
 (%) 

N
c 

Q
2 Q

3 Q
4 

from
 29

Si 
MAS NMR 

Peak 
position 
(ppm) 

Integral % 
Peak 

position 
(ppm) 

Integral % 
Peak 

position 
(ppm) 

Integral 
% 

S67C24-A -93.08 27.7 -105.2 45.8 -111.1 26.5 74.7 3.0 
S67C24-N  -89.6 8.8 -100.01 53.9 -110.2 37.3 82.1 3.3 

 

 

Table 4: Density, particle size and SSA for the glasses heat – treated for 1 h at 550ºC. 

Designation Density ± SD Particle size  ± SD SSA (m² g−1)   
 (g cm−3) d50 (µm)  

S67C24 – A 2.25± 0.04 19.2± 0.04 35.0 
S67C24 – N 2.31± 0.06 23.3± 0.11 99.5 
S59C32 – A 2.34± 0.08 23.6± 0.16 53.5 
S59C32 – N 2.37± 0.05 23.7± 0.11 72.5 
S51C40 – A 2.24± 0.08 15.1± 0.51 28.4 
S51C40 – N 2.30± 0.04 16.6± 0.06 32.4 
S49C45 – A 2.42± 0.02 24.5± 0.11 51.1 
S49C45 – N 2.49± 0.04 25.6± 0.23 56.8 
S44C48 – A 2.56± 0.03 15.3± 0.40 53.1 
S44C48 – N 2.61± 0.04 17.8± 0.31 58.7 
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