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Abstract 

This study aims to develop alternative economic materials for bone tissue repair. Bioactive material was prepared through the 

nominal composition of strontium silicate Sr0.5(Ca, Mg)0.5SiO3 with partial replacement of Sr0.5 with Ca0.5 or Mg0.5.  

Differential thermal gravimetery (DTG), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), 

Transmission electron-microscope (TEM), Scanning electron-microscope (SEM/EDX) and nano-Zetasizer were utilized to 

evaluate their properties. Moreover, the in vitro assessments such as bioactivity, antimicrobial activities, cell compatibility 

(cell death mode) and alkaline phosphatase activity (ALP) against MG-63 cell line were also performed. Sr- silicate (SrSiO3), 

wollastonite (CaSiO3), enstatite (MgSiO3) and cristobalite (SiO2) were developed through the sintering process at 900 °C/2h. 

The microstructure shows nanoparticles of the later phases through TEM analysis whereas it accumulated in clusters that 

indicated by SEM photographs. Also, the zeta potential confirmed that all the nanoceramic particles carry negative charges on 

their surfaces. The in vitro results of the sintered specimens indicated a great progress in formation of apatite in nano-size 

scale, through the SEM/EDX microanalysis. However, the antimicrobial properties proved the superiority, of Ca- or Mg-free 

SrSiO3 sample, against tested microorganisms. Moreover, all nanoceramics demonstrated excellent cell viability. However, 

the concentrations between 6.25 and 100 µg/ml in the range of (97 to 121) showed the highest viability percentages. These 

findings supported the beneficial effects of Si and transition metals (strontium, calcium, and magnesium) on cell survival. In 

addition, ALP results confirmed a good cells differentiation, which obviously revealed in SrCS sample. These results 

suggested that silicate ceramics prepared in this study and doped with selected transition metals are applicable to regenerate 

bone tissue.  
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                          Graphical abstract                      

 

1. Introduction 

       The repair process of bone for skeletal 

problems generated by congenital bone diseases, 

infectious diseases or accidents is one of the 

major challenges for clinical surgery [1]. The 

most applicable approaches for bone grafting, are 

autograft and allograft known as "gold standard 

method" [2]. However, they have some draw 

backs that cause limitation of their use such as 

limited availability, lack of suitable grafting 

source, and lengthened waiting for surgery to take 

place, which may arise in surgical risks and 

complication for the patients [3]. Gold standard 

method isn't the only method to restore bone 

defects, but there is some other route for 

treatment, such as orally anti osteoporotic drugs 

include strontium ranelate which has proven 

effective in reduction of the occurrence of 
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fractures in osteoporotic patients. This takes place 

through strontium, which is one of the most 

important elements and necessary for bone 

reformation and its general health. Particularly, it 

is deposited in human teeth and bones in a 

significant proportion up to 99.1% of Strontium 

absorbed in to the human body [4,5]. Therefore, 

Sr is accountable for the regulation of bone 

metabolism process, it works on bone resorption 

through inhibiting the activity of osteoclast and 

simultaneously stimulate osteoblasts know as dual 

regulation effect. It also has a role in the process 

of calcium deposition in bone, which is why Sr is 

important for bone construction and regeneration 

[6].  

  Although Strontium ranelate contains an organic 

moiety as well as ranelate carries two atoms of 

strontium [7], but unfortunately some side effects of 

this drug were found which made its use restrictive 

and strict including a rise in the incidence of 

cardiovascular diseases [8]. To overcome these 

problems, researchers were motivated to develop 

synthetic biomaterials; in particular strontium 

containing biomaterials received extensive attention 

by researchers to be utilized for application in the 

field of bone reconstruction. Among these 

materials, nanoceramic materials which might be 

prepared by various methods, such as microwave 

treatment [9], hydrothermal [10] and hydrolysis of 

alkoxides (sol-gel) [11]. However, these methods 

face few difficulties including complicated 

handling conditions and expensive starting 

materials. These factors may not offer the potential 

needs for such materials that are used in different 

fields, this impedes its widespread production [12]. 

On the contrary, wet precipitation method which 

has a lot of advantages including controlling the pH 

of solution or the reactants and the solvent type, in 

addition to that, low cost starting materials are 

applicable. The common low cost materials used in 

preparation of nanoceramics is commercial sodium 

silicate as source of silica [13,14].  

Silica is known to be a tetravalent metallic 

element located in group 14 of the periodic table; 

it’s also considered an essential element of the 

human body [15]. Silica is one of the most 

abundant elements found in the earth's crust and it 

occur as different oxides and silicates because of its 

high chemical affinity with O2 element, thus it is a 

vital essential element of biological processes, such 

as regulation of bone metabolism, silica mainly 

affects the quality of newly constructed bone 

[16,17]. Additionally, incorporation of transition 

metals such as strontium Sr, magnesium Mg, 

calcium Ca to the ceramic materials have given a 

progression of structural, physical, mechanical and 

biocompatibility properties, for example, 

degradation, restoration, and bone healing capacity 

[18]. Moreover, several studies have suggested 

silicate bioceramics containing transition metals 

enhance bone reconstruction, which mainly because 

of the release of silicon and transition metals ions 

that promote the adhesion and proliferation of 

osteoblast cells [19,20]. Khan et al [1], found that 

single and binary doping of strontium and lithium 

in bioactive glass promote excellent osseous tissue 

formation. Mei et al [21], have designed calcium 

silicate (CS) bioceramic discs with flower-like 

nanostructured surfaces for bone regeneration, 

which were subjected to in vitro tests. The 

outcomes revealed that these materials, compared 

to CS bioceramics with flat surfaces, greatly 

enhanced osteogenic differentiation and bone repair 

by promoting cell adhesion and proliferation. Alecu 

et al [22], have developed porous ceramics based 

on forsterite (Mg2SiO4) for bone tissue regeneration 

by incorporating a porogenic agent and varying 

heat treatments. When the samples' in vitro 

cytotoxicity was examined, the sample sintered at a 

higher temperature had somewhat greater cell 

viability and seemed to encourage easier surface 

adhesion. Abo-Mosallam and Mahdy [23], have 

enhanced thermal and mechanical properties of 

glass ceramic material by doping with both MgO 

and SrO.  

  Accordingly, the main aim of this research is to 

design strontium silicate (SrSiO3) by the wet 

method in a water-glass solution, with partial 

replacement of Sr with Ca
2+

 or Mg
2+

. The prepared 

samples were characterized using TGA, DTA, 

XRD, SEM/EDX, TEM, FTIR, and Zeta-Potential. 

Bioactivity was tested in vitro. Also, the 

antibacterial activity against gram-negative and 

gram-positive bacteria was investigated for the 

samples. Finally, the biocompatibility of the 

obtained nanoceramics against the MG-63 cell line 

was also investigated.  
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2. Materials and methods    

    2.1 Materials  

   The strontium silicate SrSiO3 was prepared 

through the wet method in water-glass medium 

with partial replacements of CaO/SrO and 

MgO/SrO. Water glass [Na2O(SiO2) x · xH2O] 

containing about 38 g of sodium oxide (Na2O) and 

62 g of silicon dioxide (SiO2) per liter. The water 

glass was mixed with calcium oxide (CaO), 

magnesium oxide (MgO) and strontium oxide 

(SrO) precursor salts in order to obtain low cost 

nanoceramics. The sources of the later oxides were 

calcium nitrate tetrahydrate (Ca (NO3)2.4H2O, 

236.10 g/mol, Alpha, India), magnesium nitrate 

hexahydrate (Mg (NO3)2·6H2O, Mw=256.41 

g/mol, Merch, Germany) and strontium nitrate (Sr 

(NO3)2, Mw=211.63 g/mol, Sigma Aldrich, India).  

 

     2.2 Preparation of nanoceramics 

    The fabricated nanoceramics were coded as 

SrS, SrCS and SrMS as demonstrated in Table 1. 

They were synthesized by a wet-chemical 

precipitation method [24,25]. In particularly, SrS 

sample was obtained by dissolving of sodium 

silicate in appropriate amount of distilled water 

under stirring at 500 rpm for 10 minutes. 

Subsequently, strontium nitrate was dissolved into 

sodium silicate solution with molar equivalent 

amount under continuous stirring for 1 h at 700 

rpm. The pH values of reactant solution were 

adjusted to 9 by adding acetic acid. The mixture 

was centrifuged for 10 minutes at 7000 rpm. for 

filtration and washed several times by distilled 

water and ethanol to remove impurities. 

Afterwards, the collected precipitates were dried in 

an oven at 70
o
C for 12h and then calcined at 900

o
C 

for 2h. Finally, calcined samples milled into 

powder and sieved from a 0.106 µm standard-sieve 

to shape into discs with specific height and 

diameter by using stainless-steel die under a 

pressure of 10 ton. SrCS sample was obtained by 

replacing 50 wt% of strontium in SrS by calcium, 

and SrMS sample was obtained by replacing 50 wt 

% of strontium SrS by magnesium as shown in the 

Table 1.  

2.3 Nanoceramics Characterizations 

   Differential thermogravimetric analysis (DTG, 

UniversalV4.5A TA Instruments, New Castle, DE, 

USA) was used for the dried specimens (at 70 °C) 

to show the weight loss and crystallization 

temperatures. The heating temperature in the DTG 

was raised to 1000 °C with heating rate set to 10 

°C/min. Calcined samples were subjected to the X-

ray diffraction analysis to identify any 

crystallization in the samples. The x-ray diffraction 

analysis was evaluated using (XRD, Axs D8 

ADVANCE, Bruker, Karlsruhe, Germany) and the 

pattern was measured at 2ϴ between 10°–70° and 

applied current 40 mA at 40 kV of voltage.  

To identify the structure and functional group of 

calcined samples the Infrared spectroscopy analysis 

(FTIR) was performed. The FTIR spectra were 

performed at room temperature with scanning from 

400 -4000 cm
-1

 using (FT/IR-4600 type A, Jasco, 

minzencity, Germany) with a resolution of 8 cm
-1

. 

The charge and size distribution of calcined powder 

samples were determined using Dynamic- light 

scattering [DLS] (Zetasizer - Nano ZS, Malvern 

Instruments, UK). Transmission electron 

microscopy (TEMJEM2100, JEOL, Japan) was 

used to show the morphology of the powder of the 

calcined samples. Also, the scanning electron 

microscopy (SEM/EDX, JEOL JXA-840A, Japan) 

attached with energy dispersive x-ray microanalysis 

was used to confirm the morphology and the 

chemical analysis of the calcined powder. 

 

 2.4 Bioactivity of nanoceramic 

     To perform the in vitro bioactivity test, 

ceramics nanopowders were shaped into discs with 

specific height and diameter (0.5x1.0 cm) by using 

stainless-steel die under a pressure of 10 ton.  

Individual discs were soaked in 60 ml of simulated 

body fluid (SBF) at 7.4 pH in plastic measuring 

containers, these containers were put in incubator at 

37
o
C for 2 weeks. After the 2 weeks, the discs were 

washed by distilled water and ethanol to stop the 

reaction. Then, discs were dried at 37
o
C for 

overnight to be ready for characterization by FTIR 

and SEM coupled with EDX. 

2.5 In vitro antimicrobial activities 

2.5.1 Microorganisms 

      In vitro antimicrobial activity was examined 

for suspended nanoceramics in phosphate buffer 

solution (PBS). The bacteria utilized in this study 

were gram-positive bacterial strains 

(Staphylococcus aureus  ATCC-6538), gram-

negative bacterial strains (Escherichia coli ATCC-

25922), and fungi (Candida albicans ATCC-

10231). 
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Table 1 Chemical composition of the batches in grams and weight % 

These microorganisms were from the American Type 

Culture Collection (ATCC, Rockville MD, USA), 

and Northern Utilization Research and Development 

Division, Department of Agriculture, Peoria, Illinois, 

USA (NRRL). The bacterial strains were sub cultured 

in fresh nutrient agar (NA) medium (Merck, 

Darmstadt, Germany) for 24h before the test. The 

fungi were cultivated for seven days at 28 °C on 

potato dextrose agar media (PDA) (Lab M., Bury, 

Lancashire, UK) before running the experiment. 

 

2.5.2 Antibacterial test of nanoceramic 

   The agar well diffusion method reported by 

Jorgensen and Turnidge was used to create the 

antibacterial screening bioassay [26] using Mueller-

Hinton agar (Lab M Limited, Bury, Lancashire, 

UK), then the plates allowed to diffuse for 2 h at 

4°C. The experiment was assessed in triplicate, and 

all of the plates were incubated for 48h at 28 to 

30°C for the fungal strain and 24h at 37°C for the 

bacterial strain. The wells' clearance zones were 

observed and gauged in milli meters [27]. Standard 

antibiotics streptomycin (10µg), ampicillin (30µg) 

and Clotrimazole (50µg) were used as positive drug 

control.   

2.6 Cytocompatibility of Nano ceramic. 

 2.6.1 MTT Cytotoxicity 

        The MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-

diphenyltetrazolium bromide), acquired from 

(Merck KGaA (Darmstadt, Germany)). It is utilized 

to evaluate the cytotoxicity of the tested specimens 

on human osteosarcoma (MG-63 cell line). It relies 

on the ability of active mitochondrial 

dehydrogenase enzyme in living cells being able to 

incision the yellow MTT's tetrazolium rings and 

create dark blue insoluble formazan (crystals) 

directly proportional to the number of viable cells. 

In particular, cells (1x10
4 

cells/well) were cultured 

in the DMEM medium in a flat bottom (96-well 

microplate) and addressed with (20µl of serial 

dilutions of the tested samples) starting with 

200µg/ml and ending with 6.25µg/ml. The test was 

conducted over 24h at 37ºC in a humidified 5% 

CO2 atmosphere. The media were removed once the 

incubation period had ended and (40µl MTT 

solution/well) were added and incubated for an 

additional 4h. The MTT crystals were dissolved by 

adding 180µl of acidified isopropanol per well, and 

the plates were then shacked at room temperature. 

The absorbance at 570nm was then determined 

photometrically by a microplate ELISA reader. 

(FLUOstar OPTIMA, BMG LABTECH GmbH, 

(Ortenberg, Germany)). Trice repeats were carried 

out for each concentration, after that the average 

was calculated. 

2.6.2 Cytotoxicity test via fluorescence 

microscope 

       The cell death mode of the prepared samples 

SrS, SrCS, and SrMS at concentrations of 214.7, 

241.5, and 234.4g/ml, respectively, was evaluated 

against MG-63 cells at a density of 10
4
 cells per 

well. Where the cells were plated on eight-well cell 

culture slides (SPL, Seoul, South Korea). Each 

slide was stained with acridine orange and ethidium 

bromide following the incubation time (24h)  

(AO/EB:100μg/ml in certain volume of PBS), all 

obtained from (Merck KGaA (Darmstadt, 

Germany)). Then, to determine the mode of cell 

death, the stained cells were seen using a 

fluorescence microscope (AxioImager Z2, Zeiss, 

Jena, Germany). Cells with green color were 

recorded as viable cells, while the cells with yellow, 

Sample code  Samples formula weight  Chemical compositions 

  wt.% Na2O SiO2 SrO CaO MgO 

SrS SrSiO3 weight  7.60 12.40 20.71   

wt.% 18.67 30.46 50.87   

SrCS Sr0.5 Ca0.5SiO3 weight 7.60 12.40 10.36 5.59  

wt.% 21.14 34.49 28.82 15.55  

SrMS 
 

Sr0.5 Mg0.5SiO3 
 

weight  7.60 12.40 10.36 _ 4.02 

wt.% 22.1 36.07 30.13 _ 11.70 
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orange, or red colors account for early apoptotic, 

late apoptotic or necrotic cells, respectively. Images 

were taken by a digital camera (Axio Cam MRC3 

(S/N 4299)). For each sample, the experiment was 

carried out three separate times. 

 

2.7 Alkaline phosphatase activity 

   To examine the effect of the designed 

specimens on the differentiation of the controlled 

cells, the ALP activity was performed through the 

Alkaline Phosphatase Assay Kit ((Fluorometric) 

(ab83371) (Abcam, Waltham, MA, USA)). 

Depending on the manufacturer’s protocol, the 

supernatant of the cells after treatment with at 

concentration of 100µg/ml of each sample versus 

the untreated control cells. The examination is 

relied on the capability of ALP to incision the 

phosphate group of the (non-fluorescent 4-

Methylumbelliferyl phosphate disodium salt) 

(MUP) substrate, when the substrate is 

dephosphorylated, increases fluorescent signal 

(Ex/Em= 360 nm and440 nm). It was examined by 

microplate reader FLUOstar OPTIMA (BMG 

LABTECH GmbH, (Ortenberg/ Germany)). 

    2.8 Statistical analysis 

    In this study, all data were reported as mean ± 

standard error of mean. One-way ANOVA and the 

Dunnett post hoc test were used to evaluate 

statistical significance. 

3. Results and discussion 

   3.1 TGA and DTA 

The thermal behavior of materials depends on two 

important factors, the composition and the 

preparation method of the nanoceramics [28]. The 

thermogram of the prepared sample powders SrS 

(SrSiO3), SrCS (Ca0.5Sr0.5SiO3) and SrMS 

(Mg0.5Sr0.5SiO3), after dryness (70 °C/24h) are 

indicated in Figure 1. Due to the formation of some 

compounds during the preparation process, the heat 

decomposes the formed hydrated, hydroxynated 

and the residual carbonates compound.  

In TGA curves, the weight reduction of the dried 

samples up to 1000 °C were about 21.94%, 47.09% 

and 36.29% for SrS, SrCS and SrMS samples, 

respectively. In the DTA curves the exothermic 

peaks were between 800-900ºC which centered at 

860 ,850 and 873ºC, for SrS, SrCS and SrMS 

samples, respectively referred to crystallization 

temperature. In SrS sample small broad hump was 

observed at 860 °C while the partial replacement of 

SrO by CaO in SrCS led to the appearance of a 

more broad peak at 850°C. 

  

             Figure 1 TGA and DTA of dried SrS, SrCS 
and SrMS samples. 
 

  Also, the partial replacement of SrO by MgO in 

SrMS sample form a clear small peak at 873°C 

(Figure 1). Therefore, the dried powders were 

sintered at the selected temperature (900 ºC). The 

increase in weight reduction for both SrCS and 

SrMS samples possibly because structural water, 

since most of the weight reduction was at first and 

second stages (at 90, 393ºC and 163, 392ºC for both 

SrCS and SrMS ceramics, respectively) [29, 30]. In 

addition, the increase in weight reduction of SrCS 

sample possibly because presence of Ca ions that's 

results in high Ca:Si ratio that cause more weight 

reduction [31]. For the SrS sample, the first stage, 

ranging from room temperature to 307.61ºC and 

represent about 14.13% from weight reduction. The 

weight reduction was caused by elimination of free 

water that have not been removed during the drying 

process as well as probably partial removal of some 

nitrates. While, the next stage of the weight 

reduction at 721ºC was around 4.09% which can be 
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ascribed to remove of residue nitrates, where all the 

nitrates were completely eliminated at 560ºC and 

maybe referred to de carbonation at low-

temperature [32]. Finally, The third stage of weight 

reduction may be attributed to de carbonation at 

high-temperature [33]. However, it is suggested that 

de carbonation is incomplete according to a 

previous study, where the heat treatment at 900 ºC 

leaves carbonate residue in the sample [34]. 

   

3.2 XRD analysis 

Identification of the developed phases after 

dryness and sintering the specimens at 900 °C are 

shown in Figure 2. The XRD pattern of the sintered 

specimens show the formation more than one phase 

include silicate of strontium, calcium, magnesium 

and silica as well. In the SrS sample crystallization 

of  SrSiO3 (ICDD - # 96-200-6167- orthorhombic- 

its ratio ~ 76.1%) and cristobalite (ICDD - # 96-

101-0939- tetragonal- its ratio ~ 23.9%) were 

identified. It is proposed that SrSiO3 phase formed 

as a result of the combination of equivalent amount 

of cristobalite (SiO2) with strontium oxide (SrO) 

during crystallization process [35]. In case of partial 

CaO/SrO replacement led to the appearance of 

three phases including wollastonite (ICDD - # 96-

900-5779- monoclinic- its ratio ~ 61.6%), SrSiO3 

and cristobalite (Figure 2). Despite the chemical 

similarity between Sr and Ca, the difference in the 

ionic radius for both of them may lead to decrease 

the crystallization degree as compared to native 

sample (SrS), this may possibly be ascribed to 

occurrence of the ceramic matrix expansion. Also, 

partial replacement of Mg instead of Sr led to the 

appearance of three phases including magnesium 

silicate (enstatite) (ICDD - # 96-901-4118- 

orthorhombic - its ratio ~ 69.9%), SrSiO3 (ICDD - 

# 96-200-6167- orthorhombic- its ratio ~ 22%) and 

cristobalite (ICDD - # 96-101-0939- tetragonal- its 

ratio ~ 8%). It is essential to note that magnesium 

may be housed in network structure as network 

former (MgO4) or modifier (MgO6), based on the 

percent of alkali in the material composition [36, 

37]. This indicates that the major amount of Mg 

enters as network modifier in the material structure 

which results in orthorhombic magnesium silicate 

Mg (SiO3). The presence of sodium provided by the 

water glass medium encourages the formation of 

the cristobalite and strontium silicate in all the 

nanoceramics, which stress out its importance in 

preserving these main phases. 

 

3.3 FTIR 

     The FTIR spectra of the prepared samples 

calcined at 900 °C/2h was depicted in the Figure 3. 

The SrS sample shows bands located at 1619 and 

1635.34 cm-1 which refer to OH bending vibration, 

while the broad band at 3430.74 cm-1 

corresponding to OH stretching vibration of water 

absorbed from atmospheric moisture [12]. Also, the 

narrow band was observed at 1384 cm-1 which may 

be correspond to carbonate group which may result 

from interaction between prepared materials and 

atmospheric CO2 during sintering process [38,39]. 

Furthermore, other bands recorded at lower 

wavenumber between 400 cm-1 and 713 cm-1 

indicated the presence of the Si-O-Si bending 

vibration in (SiO44-) silicate tetrahedron and the 

band at 713 cm-1 are attributed to Si–O symmetric 

stretching in silicate group [40,41]. On the other 

side, partial CaO, MgO/SrO replacement revealed 

nearly similar appearance as in the SrS sample with 

slight shift of bands that at 489 and 649 cm-1 

shifted into 495 and 678 cm-1 in SrCS sample 

while in the SrMS sample the bands shifted to 493 

and 651 cm-1. Also, the band located at 970 cm-1 

referred to Si-O-Si in SrCS and SrMS samples 

which was absent in SrS sample [38]. It is clear that 

the band at 1384 cm-1 has become very broad and 

also the intensity of OH band at around 3415 and 

3411 cm-1 in case of SrCs and SrMS with 

comparison with SrS sample. The later variations 

maybe due to the crystallization of   wollastonite in 

SrCS and enstatite in SrMS sample. 

However, appearance of 420 and 472 cm-1 bands 

in the SrMS sample indicate that Mg 2+ ions can be 

occupied octahedral coordination in crystal lattice 

[42].  

3.4 TEM analysis 

    TEM photographs of SrS, SrCS and SrMS 

powder samples calcined at 900° C/2h are shown in 

Figure 4. All the samples demonstrated irregular 

particles in nano-size scale between 7 and 81 nm. 

The formed ceramic particles were from 7 to 22 nm 

in SrS sample, from 33 to 81 nm in SrCS and from 

5 to 8 nm in SrMS sample.  It is clear that the 

replacement of CaO/SrO led to increase the 

particles size, while MgO/SrO replacement led to 

decrease the particles size. 
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                          Figure 2 X-ray diffraction patterns of the nanoceramics sintered at 900 °C/2h. 

 

 
Figure 3 FTIR Spectra of SrS, SrCS and SrMS 

samples sintered at 900°C/2h.  

 

The increase in particle size in SrCS may result from 

unit cell volume expansion caused by the difference 

in atom diameter between Ca
2+

 and Sr
2+

, where the 

ionic radius of both calcium and strontium are 1.13 Å 

and 1.00 Å, respectively, thereby increasing size 

could be attributed to larger ionic radius of strontium 

[43]. Moreover, the reduction in the particles size of 

SrMS sample as compared to native ceramic could be 

ascribed to the Mg
2+ 

that acts as modifier in crystal 

network and increases the crosslinking of network, 

therefore, leads to reduction of size and increase the 

field strength [23]. The previous studies confirmed 

that bioceramic present in nano to sub micro-scale 

possess a good cells adhesion, proliferation and bone 

formation because of the large surface area provided 

by nanoparticles [44]. On the other hand, 

selective/area electron diffraction (SAED) pattern of 

all samples demonstrate extensively crystallization. 

Particularly, SrS sample revealed incomplete rings 

which indicate that the sample maybe in an 

intermediate material stage that the diffraction is 

from single and polycrystalline substance. While, 

SrCS sample showed randomly distributed spots 

appear in semi-circular paths that may be point to 

decline in the crystallization of the sample owing to 

Sr
2+ 

of partial substituted by Ca
2
. Furthermore, SrMS 

sample indicated two parallel planes with different 

kind of spots include big and bright spots and also 

small and dim spots, due to that it is suggested that 

the sample contains more than one phase. It should 

also be noted that the appearance of parallel lines 

with spots are evidence of crystal perfection [28]. 

3.5 SEM with EDX analysis 

The SEM micrographs of the present SrS, SrCS and 

SrMS samples after sintering at 900ºC for two hours 

are shown in Figure 5. The micrographs images of 

samples revealed irregular and rough surfaces 

consisting of agglomerated particles with different 

morphologies and voids between them. The later 

agglomeration of the particles may be caused by the 

sintering process. The microstructure of SrS sample 

revealed interconnected-agglomerate particles with 

low formation of gaps. In the substitution of 
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CaO/SrO in SrCS sample, the microstructure became 

more porous in sub-spherical structure while in the 

SrMS sample was fairly uniform with denser 

microstructure of sample (Figure 5).

 

 

Figure 4 TEM photographs and SAED of a,d) SrS, b,f) SrCS and c,g) SrMS sintered powder samples at 900 

°C/2h. 

  

It should be noted that the samples possess a variable 

particles diameter, where the particles diameters for 

prepared samples sizes range from nano to sub-micro, 

the particle diameter for SrS sample ranging from 99 

to 192 nm. While, SrCS sample appeared with 

particle diameter in range of 315-463 nm. 

Furthermore, SrMS sample exhibited a particle 

diameter of 141-287 nm. It is observed that the SEM 

results are slightly different from TEM results owed 

to that the SEM technique is based on visual 

observation of sample in bulk state, where the TEM 

results are based on dispersed particles in solution, 

therefore, the particles were in agglomeration in the 

case of SEM and were nanoparticles in case of TEM. 

The EDX microanalyses of the sintered specimens at 

900°C/2 h are shown in the Table2. The EDX 

analysis revealed the presence of essential elements 

of the developed phases in SrS, SrCS and SrMS, i.e. 

SrSiO3, CaSiO3 and MgSiO3 (Table 2).  

 

3.6 Zetasizer measurements 

 Zeta potentials of nanoparticles were carried 

out to evaluate the stability of particles. From Figure 

6, zeta potentials values for the samples SrS and 

SrMS are observed at -23.4 and -24.5 mV, 

respectively, while SrCS was at -18.6 mV. The later 

values indicate that zeta potential values of all 

samples in suspended system were negative and in 

convergent range. According to previous studies, the 

particles could be said to be stable if the potential 

values in range of +30 to -30 mV [45]. With 

increased repulsive forces between the crystalline 

particles that are dispersed in a suspended media, 

where repulsive forces between the particles are 

caused by higher surface charge (negative charge), 

the stability of the particles increases [46]. The 

repulsive forces mean that the particles repel each 

other, which in turn preclude aggregation and achieve 

stability for the samples [47]. 

Figure6 (d, e and f) indicate the hydrodynamic 

diameter of the prepared samples through particle 

size distribution measurement by intensity. The 

average size value was 181.5 nm for SrS sample 

while substitution of Sr
2+

by Ca
2+

 or Mg
2+

 resulted in 

an increase in the average size value to 184.3 nm for 

SrCS sample and reduced to 137.5 nm it for SrMS 

sample. The increase in diameter for SrCS sample 

could be explain based on the difference in atom 

diameter, in addition to unit cell volume expansion 

result of replacement. While, the reduction in 
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diameter for SrMS sample it is suggested that it 

results from decrease in spacing in the crystal 

structure because of the partial substitute of SrO by 

MgO [23,48]. It must be mentioned that the result of 

zetasizer determination of particles size results may 

therefore be slightly different from TEM and SEM. 

               

                Figure 5 SEM and EDX of a, d) SrS, b, e) SrCS and c, f) SrMS samples sintered at 900 °C/2h.

 

           Table 2 EDX microanalysis of SrS, SrCS and SrMS samples sintered at 900 °C/2h.

   

 

 

 

EDX microanalysis 

Formula O Si  Sr  Ca  Mg Na 

SrS  49.70 34.57 12.96 --- --- 2.77 

Nominal  SrSiO3 29.32 17.16 53.62 ---- ---- ---- 

        

SrCS  47.11 35.57 11.77 5.55 --- Nd 

Nominal Ca0.5Sr0.5 SiO3 34.31 20.08 31.31 14.31   

Nominal 

Wollastonite 

CaSiO3 34.50 24.18 ---- 41.32 ---- ---- 

SrMS  40.72 31.35 17.95 --- 9.98 Nd 

Nominal  Mg0.5Sr0.5SiO3 36.35 21.27 33.17  9.21  

Nominal 

Enstatite 

MgSiO3 47.81 27.98 ---- ---- 24.21 ---- 

 

 
Figure 6 zeta potential and particlesize distribution of a,d) SrS, b,e) SrCS and c,f) SrMS powder samples heat-
treatd at 900 °C/2h.
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3.7   Bioactivity of nanoceramic analysis 

 The bioactivity of the SrS, SrCS and SrMS samples 

sintered at 900 
o
C/2h were examined by FTIR and 

SEM coupled with EDX after soaking in SBF for 15 

days. Primarily, FTIR spectra of all samples after 

soaking in SBF reveals the presence of carbonate and 

phosphate functional groups in addition silicate group 

as shown in Figure 7.  FTIR spectra of SrSiO3 

revealed two new bands at 553 and 620 cm
-1

, which 

are referred to P–O bending in PO4
3–

 group. 

Furthermore, the double bands are observed at 927 

and 972 cm
-1

 that can be pointed to stretching 

vibration of C–O in carbonate group [49,50], 

confirming the formation of carbonated apatite layer 

on SrSiO3 surface. Moreover, the bands at 706, 795, 

and 1075 cm
-1

 corresponded to silicate group 

assuring the presences of Si- rich layer, which forms 

before apatite phase [51,52]. While, the FTIR spectra 

of SrCS sample revealed two new bands at 965 and 

637 cm
-1

, which may be referred to PO4
3–

 group. 

Other bands are observed at 870 and 1406 cm
-1 

corresponded to CO3
2- 

group as well as the bands at 

468, 794, and 1078 cm
-1

 pointed to silicate group [49-

51]. FTIR spectra of SrMS sample revealed the 

phosphate bands at 554 and 733 cm
-1

, while the 

carbonate bands observed at 859 and 896 cm
-1

, also 

the bands that related to silicate group revealed at 

467, 1010, 1075 cm
-1 

[49-52]. The SEM micrographs 

coupled with EDX microanalysis for the surfaces of 

the pre-sintered samples and after soaking in SBF for 

15 days were indicated in Figure 8. The SEM 

photographs showed new crystalline film of apatite 

layer deposited on the surfaces of the samples. The 

photograph of SrS sample revealed different size of 

irregular clusters of

  
Figure 7 FTIR spectra of the SrS, SrCS and SrMS 

samples sintered at 900 °C/2h. 

tiny particles in nano-size scale of apatite. The 

photographs of SrCS and SrMS samples show 

accumulated clusters of well sorted rounded nano-

size apatite (Figure 8). The EDX spectrum showed 

the precipitation Ca and P in all the samples that 

confirm the formation of bioactive   apatite layer on 

SrS, SrCS and SrMS surfaces (Figure 8). 

 

The Ca/P ratios were 0.622, 4.75and 0.38 for SrS, 

SrCS and SrMS samples, respectively. The obtained 

ratios are not following the traditional apatite, which 

could be owed to the fact that the presence of Sr (1.13 

Å) which can substitute Ca (1.00Å) and adjust the 

formation apatite. However, the composition of 

apatite-group may be containing high Na or transition 

metals such as Sr and Mg or rear earth elements 

(REE) that result in changes in the ratios of Ca and P 

in the formed apatite as the following compositional 

range: (Ca0.34–4.49Sr0.18–4.54Na0.05–

0.30REE0.08–0.18Ba0–0.10)(P2.87–3.03Si0–

0.16)O12(F,OH) [43,53]. 

 

3.8 Antibacterial test of nanoceramic 

Figure 9 indicates the antimicrobial activity of the 

present sintered materials against three microbes by 

using the agar diffusion method. The outcomes 

(inhibition zone (IZ) in mm) were represented in the 

Table 3. It is interesting that the majority of the 

samples examined in this study exhibit a fair level of 

antibacterial activity against the majority of the 

pathogens that were tested. In the case of (G+) 

bacteria: Staphylococcus aureus, both of SrS and 

SrCS samples confirmed a moderate inhibitory 

activity with IZ 12 and 15mm, respectively whereas. 

While the SrMS sample showed no inhibitory impact 

on the investigated microorganisms. In the other (G-) 

bacteria (E. coli), the inhibition of E.coli growth was 

observed for SrS with IZ of 15mm. The other two 

nanoceramics showed no inhibitory impact in 

examination with the antibacterial standard. In 

general, the release of alkaline ions especially Ca
2+

 

ions promote antimicrobial activity through 

increasing of the (pH) of the medium and consequent 

adequate to inhibit the bacterial growth but in our 

study, antimicrobial activity was showed for sample 

that contain calcium toward Staphylococcus aureus 

only [54]. This result may because of the difference 

in bacterial cell walls of different strains, since 

Escherichia coli possess an outer membrane with 

lipopolysaccharides as well as a thin layer of 
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peptidoglycan, thus, it has a far more complex system 

compared to Staphylococcus aureus that have thick 

layers of peptidoglycan only. 

    

 
   Figure 8 SEM and EDX of a,b) SrS, b,e) SrCS and c,f) SrMS samples after being soaked in SBF for 15 days. 

 

This complex system of Escherichia coli may induce 

more resistance to antibacterial agent penetration, 

which could explain why nanoceramic containing 

Ca
2+

 lacks the antibacterial activity toward 

Escherichia coli [55]. It was observed that the SrMS 

sample that contains magnesium possesses no 

inhibition zone with respect to both Staphylococcus 

aureus and Escherichia coli, and its negative effect on 

the antibacterial activity could be attributed to 

catalase that is excreted by bacteria (Staphylococcus 

aureus), which acts on the neutralization of hydrogen 

peroxide to water (H2O) and oxygen (O2) [56]. 

Whereas, the mechanism of inhibition of bacterial 

growth in the SrMS sample can depend on hydrogen 

peroxide production as an oxidizing agent that has the 

ability to attack and damage the bacterial cell wall 

and consequently cause the death of bacteria. It can 

also be argued that Mg-containing materials lack 

antibacterial activity because Mg ions are not toxic 

and thus have no effect on inhibiting bacterial 

growth, as mentioned in the previous study [56, 57]. 

While, in the case of Candida albicans (Yeast) all the 

prepared samples showed moderate inhibition effects 

with IZ ranged from 12-15mm in contrast to the 

utilized antifungal standard.        

    

Figure 9 The bacterial inhibition zones of the 

sintered samples. 

  3.9 Cytocompatibility of nanoceramics 

          To examine the potential of nanoceramics samples to 

be utilized in bone tissue engineering, the cell viability by 

using the MTT assay in addition to the mode of cell death 

were performed against MG-63 cells for 24h. Figure 10 

demonstrated that all nanoceramics revealed good cell 
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viabilities. However, the highest viability percentages were 

observed at concentration ranging from 6.25-100µg/ml 

within range of (97-121). These outcomes confirmed the 

positive effect of Si as well as transition metals (Sr, Ca, 

Mg) on the cell viability [58, 59]. On the other hand, the 

present samples revealed little cytotoxicity at higher  

concentrations as showed in Figure 10. This was also 

supported with the mode of cell death assay via 

fluorescence microscope, which was performed at 

concentration of IC50 as shown in Figure 11. It is worthy 

to highlight that the mode of the most of nonviable 

cells was apoptosis cell death type. In details, the 

mode of cell death for SrS sample indicated early and  

late apoptosis with slight necrotic records, while 

SrCS sample revealed only early and late apoptosis 

nonviable cells, also SrMS sample showed only early 

apoptosis. It is well known that apoptotic mode of 

death is not caused by the cytotoxicity of the tested 

samples but teaks place through the phagocytosis 

effect that tack place when the cell multiplication rate 

is fast for example [60]. Moreover, the distribution of 

cell death modes (Figure 12) was evaluated from the 

obtained fluorescent images in (Figure 10), where 

the green color represents the vital cells, while 

orange, or red colors represent early apoptotic, late 

apoptotic or necrotic cells, respectively. These results 

illustrate that nanoceramics can be safely utilized for 

bone tissue applications as biocompatible substances, 

especially at concentration of (6.25 to 100µg/ml) . 

 

                     

Table 3 The compounds' antimicrobial activity was assessed using the agar diffusion method

Antibacterial Standard; A = Streptomycin (10 µg); B = ampicillin (30 µg); Antifungal Standard; C = 

Clotrimazole (50 µg). 

 

 
           Figure 10 shows the cytocompatibility of the nanoceramic samples against MG-63 cells.      

Sample code IZ (mm) 

G-Positive bacteria G-Negative bacteria Fungi 

Staphylococcus aureus 

ATCC-6538 

Escherichia coli 

ATCC-25922 

Candida albicans 

ATCC-10231 

SrSiO3 12.0 15.0 15.0 

Ca0.5Sr0.5SiO3 15.0 0.0 12.0 

Mg0.5Sr0.5SiO3 0.0 0.0 12.0 

A0.0 17.0 20.0 ٭ 

B0.0 20.0 20.0 ٭ 

C30.0 0.0 0.0 ٭ 
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Figure11 captured fluorescence images of SrS, SrCS 

and SrMS, samples against MG-63 cells. 

 

3.10 Alkaline phosphatase activity 

       Alkaline phosphatase activity is an early sign of 

osteoblastic differentiation; therefore, it is utilized as 

marker of subsequently bone formation. Alkaline 

phosphatase activity (ALP) for each nanoceramic was 

carried out at concentration of 100µg/ml against after 

24h of exposure to MG-63 cells. 

 

 
Figure 12 Cell death modes of SrS, SrCS and SrMS 

samples against MG-63 cells. 

 

 

       Figure 13 show that all nanoceramics have 

significantly higher ALP activity than the control, 

confirming osteoid formation and mineralization. 

However, it is clearly seen that SrCS was able to 

induce higher ALP activity than other nanoceramics.

. 

       

 
Figure13 ALP activity of SrS, SrCS and SrMS. * 

p<0.05, ** p< 0.01, *** p<0.001 (n=3).  

 

It was hypothesized this result may be caused by the 

presence of calcium and silica that induce alkaline 

phosphatase activity and mineralization through 

promoting the osteogenesis process of cells as well as 

Sr which inhibits osteoclastogenesis [61,62]. 

Therefore, the ALP results ensure that the fabricated 

nanoceramics were able to promote the cellular 

proliferation and differentiation. 

Conclusion 

     In this research, strontium silicate was prepared 

through the wet method in a water-glass medium, 

alone or with partial substitution of SrO by either 

CaO or MgO. Sintering of the samples at 900 °C 

revealed the crystallization of strontium silicate 

(SrSiO3), wollastonite (CaSiO3), enstatite (MgSiO3), 

and cristobalite (SiO2) in nano size grain 

microstructure, which is clear in TEM micrographs. 

The zeta potential confirmed that all the samples 

carried negative charges. After soaking the samples 

in SBF, the bioactivity studies illustrated the 

precipitation of nano size particles of hydroxyapatite 

on all the samples, which was confirmed through 

FTIR along with SEM and EDX analyses. Also, 

compared to other nanoceramics, SrS nanoceramic 

was found to be more efficient against the tested 

bacterial strains. All the samples possess substantial 

cytocompatibility compared to control cells. Alkaline 

phosphatase activity illustrated that all samples have 

the potential to induce biomineralization and cellular 

differentiation. Consequently, the manufactured 

nanoceramics in this study could be employed as a 

promising biomaterial for use in bone tissue 

regeneration. 
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