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Abstract 

Coprecipitation-derived, sacrificial polymeric (urethane) foam-fabricated bredigite 

(Ca7MgSi4O16) scaffolds were processed by individual and combined treatments of fluoride 

doping and poly(lactic-co-glycolic acid) (PLGA) coating and then studied in terms of 

structure, mechanical strength, bioactivity and cell biocompatibility in vitro. According to 

scanning electron microscopy and Archimedes porosimetry, the geometrical characteristics of 

pores for all the scaffolds are in the appropriate range for hard tissue regeneration 

applications. The apatite-formation ability of the samples immersed in a simulated body fluid 

is improved by doping for both the bare and coated conditions, based on microscopic and 

energy-dispersive X-ray spectroscopic analyses. Both the treatments advantageously buffer 

physiological pH changes imposed due to the fast bioresorption of the ceramic. Also, the 

biodegradable PLGA coating typically enhances the compressive strength of the scaffolds, 

which is critical for bone tissue engineering. In accordance with the MTT assay on 
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osteoblast-like cells (MG-63) cultures, both the processes individually enhance the cell 

viability, while the highest improvement is obtained for the combined application of them. It 

is finally concluded that fluoride doping and PLGA coating are impressive approaches to 

improve the bioperformance of bredigite-based scaffolds. 

Keywords: Silicate (D); Sintering (A); Mechanical properties (C); Biomedical applications 

(E) 

 
1. Introduction 

Among various types of bioresorbable and bioactive ceramics, it is well-known that Ca-

Mg silicates have considerable mechanical properties, making them promising for hard tissue 

engineering applications. In this regard, a relatively wide range of bioresorbability, 

bioactivity, strength and biocompatibility may be obtained by using this class of bioceramics, 

including diopside (CaMgSi2O6) [1-6], akermanite (Ca2MgSi2O7) [7-11], merwinite 

(Ca3MgSi2O8) [12, 13], monticellite (CaMgSiO4) [14] and bredigite (Ca7MgSi4O16) [15-17] 

porous scaffolds. As a result of a high bioresorption rate upon implantation, bredigite 

disadvantageously increases physiological pH and thereby lacks high biocompatibility [18, 

19]. Furthermore, as a general drawback, mechanical properties of ceramic scaffolds must be 

improved for hard tissue engineering applications.  

On the one hand, it has been frequently reported that fluoride incorporation at optimal 

levels into calcium phosphates [20, 21], bioactive glasses [22-24], calcium silicate [25-27] 

and Ca-Mg silicates [28-30] alters their biodegradation, bioactivity and biocompatibility. 

Typically, fluoride enhances the chemical stability of apatite precipitated during the 

implantation of bioactive ceramics, thereby increasing their apatite-formation ability. 
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Furthermore, physiological pH is reduced via the exchange of released fluoride ions with the 

hydroxyl ions of the medium. On the other hand, poly(lactic-co-glycolic acid) (PLGA) 

coating on apatites [31-35], calcium silicate [36, 37], bioactive glasses and glass-ceramics 

[38, 39] scaffolds has been shown to modify strength, bioresorbability and biocompatibility. 

Typically, the biodegradation of PLGA reduces physiological pH via the release of glycolic 

and lactic acids. Apart from fluoride doping into bredigite particulate bone fillers [40] and the 

PLGA encapsulation of sol-gel derived bredigite scaffolds [17], there is no report on the 

combined application of fluoride doping and PLGA coating on tissue-engineering scaffolds 

to the best of our knowledge, which are the hypotheses of this work to address the 

bioperformance of bredigite scaffolds.  

 

2. Experimental procedure 

2.1. Preparation of ceramic powders 

To synthesize bredigite powders, an inorganic-salt coprecipitation route was used [40]. 

In brief, calcium chloride (CaCl2, Merck, >98%), magnesium chloride (MgCl2, Merck, 

>98%) and silicon tetrachloride (SiCl4, Merck, >99%) at the bredigite stoichiometry were 

dissolved in ethanol (C2H5OH, Merck, >99.9%) at 0 °C. Then, ammonia solution (NH4OH, 

Merck, 25%) was dropped to pH of almost 10. For fluoride doping at 0.5 mol%, 7 % MgCl2 

were replaced with the equimolar content of magnesium fluoride (MgF2, Alfa Aesar, >99%). 

The achieved precipitates were washed with distilled water, dried at 120 °C and then calcined 

at 750 °C, at which point they were ready for scaffolding. 

 

2.2. Fabrication of scaffolds 
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Polyurethane sponges with the open and interconnected porosity of 25 ppi and 

dimensions of 5×5×5 mm3 were used as sacrificial scaffolding templates. The foams were 

treated in 2% sodium hydroxide (NaOH, Merck, Germany, >99%) solution under 

ultrasonication and then washed with distilled water. The calcined powders were suspended 

in 7 wt% polyvinyl alcohol aqueous solution at a mass ratio of 1:1 under magnetic stirring 

and sonication. The foams were then immersed in the slurry to cover all interior and exterior 

surfaces. In order to blow away the remained slurry and reduce the blockage of pores, the 

immersed scaffolds were subjected to a compressed airflow. After drying the foams at 

ambient temperature, they were sintered at 1200 °C. The undoped and fluoride-doped 

bredigite scaffolds were dipped in 15% wt/v PLGA (LA/GA=50:50, Corbion, 

Netherlands)/acetone solution. Then, the coated scaffolds were dried at 60 ºC. 

 

2.3. Structural characterization of scaffolds  

The morphology of the powders and scaffolds was characterized by a field-emission 

scanning electron microscope (FESEM, MIRA3TESCAN-XMU, 15 kV). To determine the 

porosity level of the scaffolds (P), the water Archimedes approach with three repetitions was 

used: 

(1) 𝑃(%) =
𝑊ଶ−𝑊ଵ

𝑊ଶ−𝑊ଷ
× 100 

where W1, W2, and W3 are the weight of the dry,  wet and immersed scaffolds, respectively. 

 

2.4. Apatite-formation ability of scaffolds 

The scaffolds were soaked in the simulated body fluid (SBF) at 36.5±1.5 ºC with a 

solution-to-scaffold ratio of 200 ml g-1. They were afterwards analyzed by FESEM equipped 
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by energy dispersive X-ray spectroscopy (EDS) to compare the apatite-formation ability of 

the samples. Also, the pH value of the SBF in contact with the scaffolds was measured during 

incubation every day to the 14th day. 

 

2.5. Mechanical testing of scaffolds 

The compressive strength of the scaffolds was measured by a SANTAM STM-1 

machine at a crosshead speed of 0.5 mm/min with three repetitions. 

 

2.6. Cytocompatibility of scaffolds 

Human osteoblast-like cells (MG-63) were used to evaluate the cytotoxicity of the 

fabricated scaffolds using the MTT assay. MG-63 cells were cultured in Dulbecco's modified 

Eagle's medium-low glucose supplemented with 10% fetal bovine serum and 1% penicillin-

streptomycin. The scaffolds were sterilized by immersion in 70% alcohol, washing with 

phosphate-buffered saline and ultraviolet radiation exposure. 10,000 cells were then seeded 

on the top of each sample in a 24-well plate, followed by the addition of the culture medium 

and incubation at 37 ºC under 5% CO2 for 24 and 72 h. The culture medium was then 

removed and 100 µl of dimethyl sulfoxide solution was added for the MTT assay, according 

to the MTT assay protocol described previously [6]. After 30 min, the optical density of 

viable cells was measured by a ELISA reader. 

 

3. Results and discussion 

Fig. 1 shows the FESEM micrograph of the powders calcined at 750 °C used as the 

scaffolding feedstocks. The undoped and F-doped powders comprise particles of almost 60 

and 140 nm in diameter, respectively. The higher particle size of the F-doped powder is 
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attributed to the fact that fluoride incorporation into silicates generally decreases their melting 

point [22, 29, 41, 42], hence encouraging the particle coarsening mechanism during 

calcination. 

The FESEM micrograph of the scaffolds before immersion in the SBF is represented in 

Fig. 2. The undoped and F-doped bredigite scaffolds exhibit interconnected porous structures. 

The mean pore size and struts thickness are about 700 and 120 μm, respectively. After 

coating with PLGA, a few of the pores are blocked, the mean pore size is reduced, the struts 

are thickened and the polymer is penetrated into nanopores between the particles. In 

agreement with the FESEM observations, the porosity level of the bare and coated scaffolds 

was measured by the water Archimedes porosimetry to be almost 90 and 75 %, respectively. 

Furthermore, the geometrical features of the scaffolds satisfy the bone tissue-engineering 

requirements ensuring the penetration of cells and nutrients [43, 44]. 

Fig. 3 indicates the FESEM micrograph of the scaffolds after incubation in the SBF. As 

can be observed, the amount of apatite precipitates deposited on the F-doped samples is more 

than that on the undoped samples for both the bare and coated conditions. This suggests that 

fluoride doping improves the apatite-formation ability of the bredigite-based scaffolds, as 

confirmed by the relative intensity of P, as the main component of apatite, in the EDS profile 

of the surfaces after immersion in the SBF (Fig. 4). It is also noticeable that the apatite 

precipitates on the bare samples exhibit a lath-like morphology of 200-500 nm is size, 

whereas they are changed to worm-like spheres of almost 1 µm in diameter as a result of the 

PLGA coating. 

The apatite formation on bredigite is controlled by the ion-exchange mechanism of 

silicates with the SBF [45, 46]. The release of fluoride from the doped samples into the SBF, 

followed by the incorporation of the suspended fluoride ions into the apatite deposits enhance 
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the chemical stability of apatite against dissolution and thus bioactivity [22, 27, 47]. 

However, the dissolution of bredigite and the deposition of the released ions, which are 

essential for the apatite precipitation and bioactivity, are inhibited by PLGA coating. 

Additionally, the acidic products of PLGA degradation decrease the pH value of the SBF, 

encouraging the dissolution of the deposited apatite and decreasing bioactivity [48, 49]. 

Fig. 5 depicts the pH variation of the SBF in contact with the scaffolds. For all the 

samples, the first sharp enhancement with time is due to the exchange of the bioceramic 

cations—particularly Ca2+— with H+ or H3O+ of the SBF. After 4th day of exposure, the pH 

level relatively reaches plateaus due to a balance between the cationic exchange and the 

apatite formation consuming the OH- of the SBF. Regarding the comparison of the different 

samples, for both the bare and coated samples, fluoride doping into bredigite decreases pH 

due to the exchange of this anion with OH- of the SBF [22]. In addition, PLGA coating 

reduces pH more severely than fluoride doping, which can be explained by two mechanisms. 

First, PLGA limits the dissolution rate of bredigite, the cationic release and the adsorption of 

H+ or H3O+. Second, the degradation of PLGA releases acidic products into the SBF, 

buffering physiological pH which is essential for biocompatibility [36, 50]. 

The compressive stress-strain curve of the scaffolds is displayed in Fig. 6. The 

compressive strength of the bredigite scaffold is around 0.15 MPa. Typically, the strength of 

the scaffold approaches almost 0.75 MPa after PLGA coating, i.e. an increase of 400 %. 

According to the FESEM micrograph of the samples (Fig. 2) and considering the inherent 

strength of PLGA, there are three reasons behind this considerable improvement in the 

compressive strength, including (1) the blockage of some micropores, (2) the penetration of 

PLGA in the nanopores of the struts and (3) the thickening of the struts because of the PLGA 

deposition on them. The 15 vol% reduction of the porosity level as a result of PLGA coating, 
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based on the water Archimedes porosimetry, also confirms these contributions to the 

structural and mechanical variations. It is noticeable that the strength of the PLGA-coated 

bredigite scaffold fabricated in this work is near that of trabecular bone [51-53] and therefore 

is suitable for bone tissue engineering.  

The MTT assay results of MG-63 cells cultured on the scaffolds are shown in Fig. 7 

with the significance level of p<0.05. The enhancement in the number of viable cells with the 

culture time is indicative of cell proliferation on the scaffolds. For the first day of cell culture, 

the cytocompatibility of the undoped bredigite scaffold is lower than the control. However, 

the other samples do not exhibit a meaningful difference with the respect to the control, 

showing their considerable biocompatibility. In addition, PLGA coating on both the undoped 

and doped bredigite scaffolds improves cytocompatibility. For the third day of culture—in 

contrast to the bare scaffolds—the PLGA-coated samples still preserve their 

cytocompatibility near that of the control. Also, fluoride doping and PLGA coating, in both 

the individual and combined applications, enhance the cytocompatibility of bredigite, where 

the highest improvement is obtained for the coated and doped scaffold sample. It is also 

realized that the positive impact of PLGA coating on the cell viability prevails over that of 

fluoride doping. The cytotoxicity of bredigite is attributed to its high resorption rate, leading 

to the deteriorous enhancements of physiological pH (Fig. 5) and calcium ions concentration 

into the medium [54, 55]. The buffering effect of fluoride doping and PLGA coating is 

mostly responsible for the biocompatibility improvement of bredigite. A dose-dependent 

effect of fluoride on MG-63 cell proliferation has been previously reported [56]. Also, the 

effect of fluoride doping on the cytocompatibility of bredigite developed in this work is in 

contrast with that for diopside [6] due to the lower degradation rate and higher 

biocompatibility of the latter bioceramic.  
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4. Conclusions 

In this work, bredigite porous scaffolds were successfully fabricated by inorganic-salt 

coprecipitation and foam replica methods. Moreover, fluoride doping into the bredigite 

structure and PLGA coating on the scaffolds were utilized to improve the biological 

performance of the scaffolds. The following conclusions can be drawn from this research: 

i. Fluoride doping enhanced the apatite-forming ability of the bredigite-based 

scaffolds, whereas PLGA coating changed the morphology of apatite deposits. 

ii. The bredigite scaffold significantly increased the pH value of the SBF when 

exposed, whereas both fluoride doping and PLGA coating buffered physiological 

pH.  

iii. PLGA coating improved the compressive strength of the bredigite scaffolds by 

almost 400 %. 

iv. Fluoride doping and PLGA coating increased the cytocompatibility of bredigite. 
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Figures 

 

Fig. 1. FESEM micrographs of the undoped (a) and fluoride-doped (b) coprecipitation-

derived powders after calcination. 
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Fig. 2. FESEM micrographs of the undoped (a, b), fluoride-doped (c, d), PLGA-coated 

undoped (e, f) and PLGA-coated fluoride-doped (g, h) scaffolds after sintering. 
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Fig. 3. FESEM micrographs of the undoped (a, b), fluoride-doped (c, d), PLGA-coated 

undoped (e, f) and PLGA-coated fluoride-doped (g, h) scaffolds after soaking in the 

SBF. 
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Fig. 4. EDS profiles of the undoped (a), fluoride-doped (b), PLGA-coated undoped (c) and 

PLGA-coated fluoride-doped (d) scaffolds after soaking in the SBF. 

 

 

Fig. 5. pH variations of the SBF in contact with the undoped (a), fluoride-doped (b), PLGA-

coated undoped (c) and PLGA-coated fluoride-doped (d) scaffolds. 
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Fig. 6. Compressive stress-strain curve of the bare (a) and PLGA-coated (b) bredigite 

scaffolds. 

 

 

Fig. 7. MTT assay results of MG-63 cells cultured on the control (a), undoped (b), fluoride-

doped (c), PLGA-coated undoped (d) and PLGA-coated fluoride-doped (e) scaffolds. * 

depicts the data having the significant differences (P<0.05). 


