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Chapter 2 

Literature review  

In this chapter, several recent studies have been reviewed to evaluate the potentiality of Mg-

Ca silicate-based crystalline bioceramics such as, MgSiO3, Mg2SiO4, CaSiO3, Ca2SiO4, 

Ca3SiO5, CaMgSi2O6, Ca2MgSi2O7, Ca7MgSi4O16, CaMgSiO4 and Ca3MgSi2O8 as new 

generation orthopaedic prosthetic implants.  The chapter thoroughly reviewed and analyzed 

the influence of crystal structure, processing parameters/routes and compositional alteration 

on in vitro/in vivo biocompatibility and degradation behavior of the above ceramics. Further, 

a correlation between structure, processing and properties has been established. In addition, 

various stimuli, used to promote the cellular response and inhibit bacterial infection, 

including surface charge and external electrical stimulation have been critically reviewed. 

2.1. Introduction  

Recently, the design and development of biodegradable implant materials gained remarkable 

attention for various clinical applications such as bone repair, regeneration, replacement etc. 

Such implants seize the possibility of revision surgery for their removal as well as other 

associated complications [1, 2]. Also, if the degradation rate of implant matches with the 

growth rate of neo bone tissue, the load transfer from the implant to bone tissue takes place 

effectively which avoids the stress shielding effect and consequently, preserve the mechanical 

strength [3-5]. In the past few decades, various class of degradable biomaterials including 

polymers, metals, ceramics, and their composites have been proposed for orthopedic implant 

applications [6-10]. However, the compatibility between the degradation rate of metallic and 

polymeric implants with the rate of formation of neo bone tissue remain among the major 

concerns. Such incompatibility necessitates revision surgery and sometimes, it leads to other 

complications [3, 6, 11-16]. Towards this end, the importance of a compatible biomaterial 
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with reasonable/controlled degradation rate can be realized from both, biochemical as well as 

clinical perspectives. Few of the biodegradable ceramics have potential to address the above 

concerns by means of tailored compositional/structural modifications as well as processing.  

Recently, a new class of crystalline Mg-Ca silicate - based biodegradable ceramics such as, 

MgSiO3, Mg2SiO4, CaSiO3, Ca2SiO4, Ca3SiO5, Ca2MgSi2O7, CaMgSiO4, Ca3MgSiO8 and 

Ca7MgSi4O16, attracted significant attention due to their excellent bioactivity and tunable 

degradability [17-25]. Silicate-based bioceramics have wide range of chemical compositions 

which possess quite appealing biocompatibility, physical and chemical properties for bone 

tissue engineering applications  [26-29]. Also, some of the silicate bioceramics have been 

reported to promote the osteogenic differentiation of stem cells by releasing Si-containing 

ionic products which enhance bone regeneration, in vivo i.e., stimulate angiogenesis and 

osteogenesis [21, 30-35]. The presence of Mg2+, Ca2+ and Si4+ ions in bioceramics can 

promote the cell adhesion, proliferation, biomineralization and bone growth [17, 19, 36, 37]. 

The biocompatibility of Mg-Ca silicates - based ceramics can be tailored by substitution of 

various ions such as, Sr2+, Zn2+, Ca2+, Mg2+ and Zr4+ which also influence the dissolution rate 

of these silicate ceramics. The substitution of  Mg2+, Zn2+ and Zr4+ ions into the binary 

silicate ceramics decreases their apatite formation ability [38]. However, Sr doping in CaSiO3 

decreases its dissolution rate without affecting apatite formation ability. In addition, the 

substitution of various ions like, Mg2+, Zn2+ and Sr4+ distorts the crystal structure which 

reduces the crystallinity and consequently, the densification [39-41].  

It has been observed that the crystal structure of these bioceramics also affect the release rate 

of Mg2+, Ca2+ and Si4+ ions and consequently, the bioactivity and biocompatibility [42]. Such 

release rate of ions can be tailored to enhance the adhesion, proliferation and differentiation 

of stem cells [42]. Mg containing bioactive silicate ceramics significantly induce the bone 

regeneration as Mg2+ ions favor the osteoblast cell proliferation and differentiation [43].  
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Mg2+ ions also play an essential role in maintaining mineral metabolism of biological tissues 

[44]. MgSiO3 has been reported as a potential substitute for orthopedic application by means 

of various in vitro and in vivo studies [21, 45-47].  Additionally, the release of Mg2+ and Si4+ 

ions from biodegradable MgSiO3 - based perovskite ceramics increase the differentiation of 

mesenchymal cells into osteoblast cells which ultimately improve osteogenesis and therefore, 

the efficacy of such perovskites as bone substitute can be realized [48].  

The protein adhesion is the prime requisite for cell-biomaterial interactions [49, 50]. The 

concentration and type of adsorbed proteins depend on the surface composition of 

biomaterials [51, 52]. In a recent study, calcium phosphate silicate (CPS) has been 

demonstrated to reveal significant enhancement in the expression of osteogenic markers, like 

Alkaline phosphatase (ALP), OPN and Runx-2 than hydroxyapatite (HA) ceramic. A 

proteomic study was also performed to understand the mechanism of promoted osteogenic 

activity, in which comparatively larger number of unique proteins were adsorbed on the 

surface of CPS (171) than HA (101) [50]. It is well known that Ca2+ ions play a critical role 

in various bone metabolic activities [53, 54]. Three primary compounds of Ca-based silicates, 

i.e., CaSiO3, Ca2SiO4 and Ca3SiO5, with varying Ca/Si ratio, demonstrate excellent 

bioactivity [55, 56]. The Ca - based silicate bioceramics are mostly used for bone 

regeneration, among which CaSiO3 has shown wide acceptability due to its superior 

osteoconductive and bioresorbable nature as compared to the Ca-phosphate implants [57, 58]. 

Ca- based silicate bioceramics release Ca2+ and Si4+ ions in SBF which shows higher 

bioactivity. In view of the fact that the bioactivity and biocompatibility of these silicate 

ceramics also dependent on the crystal structure, the present review article initially described 

the detailed crystal structure of various biocompatible silicate ceramics. The degradation 

behavior of such bioceramics is among the critical parameters which decides the success of 

implant and that can be tailored by processing. Towards this end, the present article critically 
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analyzed various processing parameters/routes to obtain dense and pure Mg - Ca silicate - 

based bioceramics. In addition, in vitro and in vivo biocompatibility of Mg-Ca based silicate 

bioceramics have been discussed elaborately. 

2.2. MgSiO3-based perovskite biomaterials   

2.2.1. Crystal structure  

In general, MgSiO3 exists in five polymorphic forms which occur in two crystal structures, 

orthorhombic (Portoenstatite) and monoclinic (Clinoenstatite) [59, 60]. Among five 

polymorphic forms of MgSiO3, such as enstatite, portoenstatite, clinoenstatite, orthoenstatite 

and high temperature clinoenstatite, portoenstatite (orthorhombic) is stable above the 1000 °C 

while clinoenstatite (monoclinic) phase is stable below or equivalent to this temperature [22, 

59-64]. Portoenstatite and clinoenstatite belong to the space group Pbcn and P21/c with lattice 

parameters as,  a = 9.25 Å  , b = 8.74 Å  and c = 5.32 Å and a  = 9.61327 Å, b  = 8.82246 Å  

and c = 5.17455 Å, respectively [62, 65]. In this structure, each of the Mg and Si atoms forms 

octahedral and tetrahedral coordination with oxygen atoms, respectively where the oxygen 

atoms occupy four different positions (z = 0.15, 0.35, 0.65, 0.85) [Figure. 2.1 (a, b)].  

Furthermore, number of studies suggested that the substitution of various divalent or trivalent 

cations (Ca2+, Mn2+, Co2+, Zn2+, Ni2+, Fe3+ etc.) at Mg2+ site in MgSiO3 perovskite, affects the 

lattice parameters and consequently, the crystal structure [66-71]. Hawthorne and Ito [66] 

proposed  that the substitution of Mn2+ (0.075) and Co2+ (0.224) at the Mg2+ site in MgSiO3 

results in orthorhombic structure with Pbca space group [Figure. 2.1 (c, d)].  
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Figure 2.1. Crystal structure of MgSiO3 and Co and Mn substituted MgSiO3. a) 

Portoenstatite (orthorhombic) with space group Pbcn, b) Clinoenstatite (monoclinic) with 

space group P21/c, c) Structure of (Mg0.776Co0.224) SiO3 with space group Pbca and d) 

Structure of (Mg0.925Mn0.075) SiO3 with space group (Mg0.925Mn0.075) SiO3 [Data taken from 

refs.62, 63, 65, 66]. 

Ullah et al. [71] demonstrated that Mg(1-x)NixSiO3 perovskite shows single-phase 

clinoenstatite (monoclinic, space group P21/c) structure, formed at x ≤ 0.1 whereas, the lattice 
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parameter decreases with increase in the value of x ( x = 0 - 0.1). In another study, it has been 

reported that the substitution of Zn and Co [ as, Mg(1-x)ZnxSiO3 and Mg(1-x)CoxSiO3] results in 

increase in the lattice parameters with increase in the value of x as (0 - 0.25) and (0 - 0.3) for 

Zn and Co, respectively [69, 70]. The cell dimensions and space groups of various 

polymorphic forms of MgSiO3 are presented in Table 2.1 [62, 65, 72-80]. 

Table 2.1. Lattice parameters and space group of various polymorphic forms of Mg-Ca 

silicate based bioceramics with the different crystal structures 

Compound Space 

group 

a (Å) b (Å) c (Å) α (°)  (°)  (°) Ref. 

Portoenstatite 

(MgSiO3) 

Pbcn 

Pbcn 

Pbcn 

9.25 

9.34 

9.25655 

8.74 

8.79 

8.7391 

5.32 

5.36 

5.319 

90 

90 

90 

90 

90 

90 

90 

90 

90 

62,  

65 

Clinoenstatite 

(MgSiO3) 

P21/c 

P21/c 

9.61327 

9.607 

8.82246 

8.815 

5.17455 

5.169 

90 

90 

108.33 

108.34 

90 

90 

72 

Orthoenstatite 

(MgSiO3) 

Pbca 18.225 8.815 5.175 90 90 90 72 

High temperature 

clinoenstatite 

(MgSiO3) 

C2/c 9.864 8.954 5.33 90 110.03 90 73 

Wollastonite 

(- CaSiO3) 

P21/a 15.252 7.224 6.978 90 95.971 90 74 

Parawollostenoite 

(CaSiO3) 

P21/a 15.426 7.3200 7.0660 90 95.24 90 75 

Pseudowollastonite 

(α- CaSiO3) 

C2/c 6.8394 11.8704 19.6313 90 90.667 90 76 

Akermanite 

(Ca2MgSi2O7) 

P-42m 7.73 7.73 5.01 90 90 90 77 

Diopside 

(CaMgSi2O6) 

C2/c 9.7456 8.91980 5.25160 90 105.86 90 78 

Monticellite 

(CaMgSiO4) 

Pnma 11.1098 6.3839 4.8282 90 90 90 79 
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Merwinite 

(Ca3MgSi2O8) 

P21/a 13.254 5.293 9.328 90 91.90 90 80 

 

2.2.2. Synthesis of MgSiO3 

Number of conventional routes, including dry (solid-state synthesis) and wet (sol-gel, co-

precipitation, Pechini method etc.) methods have been adopted to obtain different crystal 

structures and densification of Mg -based silicate bioceramics. Huang et al. [81] 

demonstrated that stable orthoenstatite phase of MgSiO3 has been obtained at lower 

calcination temperature (850 °C for 2 h) using Pechini method. Song et al. [61] fabricated 

MgSiO3 ceramic using the conventional solid-state method and observed that at lower 

calcination temperature (< 1200 °C), the additional phase of Mg2SiO4 is formed. However, 

higher temperature (> 1200 °C) leads to the formation of the portoenstatite (MgSiO3) 

orthorhombic phase. Furthermore, at the higher sintering temperature (1380 °C for 10 h), the 

Mg2SiO4 and SiO2 phases disappeared and portoenstatite phase is observed with higher 

densification (98 % of theoretical density, ρth). However, in earlier studies, it has been 

reported that the formation of pure enstatite form of MgSiO3 is difficult to achieve using 

solid-state route as the higher processing temperatures lead to the formation of secondary 

phases such as, Mg2SiO4 and SiO2 [82-84]. Jin et al. [22] synthesized the MgSiO3 using 

precipitation route where, MgSiO3 was obtained in two polymorphic forms, clinoenstatite and 

portoenstatite. The clinoenstatite (monoclinic) phase was formed at lower calcination 

temperature (< 1000 °C). However, higher calcination temperature (> 1000 °C) leads to the 

formation of portoenstatite (orthorhombic) phase with the minor presence of clinoenstatite 

phase. Furthermore, at the higher sintering temperature (1400 °C for 5 h), clinoenstatite phase 

shows higher densification (82.84 %, ρth) which is comparatively lower than the densification 

of portoenstatite, obtained from solid state method. Ullah et al. [69],[85] demonstrated that 

the substitution of Zn2+ (x = 0 - 0.3) and Co2+ (x = 0 - 0.25) in Mg(1-x)BxSiO3 (B = Zn and Co) 
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reduces the sintering temperature by (~100 0C) and increases the lattice parameters (a = 

9.38949 Å - 9.4045 Å, b = 8.80975 Å -  8.8135 Å, c = 5.18146 Å - 5.1831 Å) with increasing 

the value of x (0 – 0.3). In addition, doping of Zn2+ (x = 0.15) and Co2+ (x = 0.15) in Mg(1-x) 

BxSiO3 increases the density (97.2 %) of ceramics. From the above studies, it can be 

concluded that the synthesis of pure MgSiO3 with solid state route is difficult due to the 

formation of secondary phases at higher sintering temperature. In  contrast to the solid-state 

method, the sol-gel route requires low processing temperature, where the co-existence of 

multiphases can be eliminated [86]. However, the solid -state method is still important to 

achieve higher densification which is essential for number of orthopedic implant applications. 

The densification of MgSiO3 can also be improved by the addition of different dopants such 

as, Zn, Co and Ni [69-71].  

2.2.3. Biocompatibility 

2.2.3.1. In vitro response   

MgSiO3 bioceramics can be suggested as an appealing new class of biodegradable material 

due to its excellent apatite formulation capability, mechanical and osteogenic properties [32, 

45, 48, 87-90].  

The cellular response of MgSiO3 has been examined with MC3T3-E1,[45, 48, 91], rat bone 

marrow mesenchymal stem cells (rBMSCs) [21], bone marrow mesenchymal stem cells 

(BMSCs) [89], MG-63 [92], and  mouse fibroblast (L929) [22, 91] cells. Clinoenstatite 

bioceramics enhance proliferation of L929  and MSCs as compared to HA, due to the release 

of Mg2+ and Si4+ ions [22]. Wu et al. [48] reported that mesoporous MgSiO3 (m-MgSiO3) 

shows better biocompatibility as compared to MgSiO3. The advantageous characteristics of 

m-MgSiO3 such as, larger specific surface area (451.0 m2/g) and pore volume (0.41 cm3/g) as 

compared to MgSiO3 (75 m2/g and 0.21 cm3/g) make mesoporous counterpart more favorable 

for bone regeneration [48, 93]. Several studies reported that the addition of MgSiO3 in natural 
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(wheat protein or WP and chitosan or CS) and synthetic (poly (ε-caprolactone) or PCL, poly 

(ε - ethylene glycol) or PEG, poly (ε-caprolactone) polymers show excellent bioactivity as 

well as biocompatibility due to the release of Mg2+ and Si4+ ions from the MgSiO3 - based 

biocomposites.  

Sun et al. [21] demonstrated that MgSiO3 - HA nanowire - chitosan polymer nanosheet i.e., 

(HA-MgSiO3-CS) nanoporous composite significantly enhances the adhesion of rBMSCs as 

compared to HA-CS and CS scaffolds after the incubation of 3 days [Figure. 2.2 (a)]. The 

Mg2+ and Si4+ ions, released from HA-MgSiO3-CS composite assists in differentiation of 

rBMSCs into osteoblast cells. Also, HA-CS-MgSiO3 scaffold shows higher angiogenesis and 

osteogenesis gene expression (RUNX 2, OCN, OPN) as compared to HA-CS and CS 

scaffolds, while cultured with rBMSCs up to 14 days [Figure. 2.2 (a)] [21]. Feng et al.[45] 

examined in vitro bioactivity and degradability of amorphous mesopores MgSiO3 and natural 

polymer biocomposites i.e., xm-MgSiO3 - WP (x = 0, 20, 40 wt. %). It has been observed that 

40 wt. % m-MgSiO3 - WP composite shows maximum biodegradability and bioactivity 

[Table 2.2]. Also, the adhesion and differentiation of MC3T3-E1 cells were observed to be 

enhanced with increasing the fraction of m-MgSiO3 (x = 0, 20, 40 wt.%) [Table 2.2] [45]. 

Niu et al.[94] demonstrated the biocompatibility of m-MgSiO3 (m-MgSiO3)-PCL- PEG-PCL 

i.e., (m-MS-PCL-PEG-PCL) composite by varying the proportion of m-MgSiO3 (0, 20, 40 

wt.%). The bioactivity, cell proliferation and biodegradation have been observed to be 

dependent on the m-MgSiO3 content [Table 2.2]. Wu et al. [91] also reported that the 

biodegradability of m-MgSiO3 (0-40 wt %) - poly (butylene succinate) composites increases 

with increasing the content of m-MgSiO3, after 84 days while immersed in Tris-HCl solution. 

Also, enhanced cell attachment, proliferation, and osteogenic differentiation of MC3T3-E1 

cells were observed on the surface of composite samples. Another composite scaffold with 

the amorphous m-MgSiO3, PCL and WP i.e., (m-MgSiO3/PCL/WP), shows enhanced in vitro 
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biodegradability, bioactivity, proliferation and differentiation of L929 and hMSCs cells, 

respectively [Table 2.2] [95]. Chetagi et al.[89] demonstrated that MgSiO3 coated Ti alloy 

(Ti-6Al-4V) shows significantly higher cell proliferation as compared to HA-coated Ti alloy, 

while cultured with BMSCs. In addition, MgSiO3 coated Ti-alloy, cultured with BMSCs 

illustrates notably higher osteogenesis related genes (ALP, OCN and Collagen 1) as 

compared to HA-coated Ti alloy [Figure. 2.3 (a)]. It has also been reported that Mg2SiO4 

bioceramics show excellent biocompatibility, bioactivity and biodegradability [19, 96, 97]. 

The addition of Zn (0.5 wt. %) in MgSiO3 distorts the crystal structure which reduces the 

crystallinity and densification and consequently, increases its degradability as compared to 

pure MgSiO3. MgSiO3 doped with 0.5 wt. % Zn shows higher weight loss (22 %) as 

compared to pure MgSiO3 after 8 weeks of immersion in SBF. Both of the ceramics show 

increased attachment and proliferation of MC3T3 cells after 3 days of culture [39, 40]. It has 

also been demonstrated that Sr (3 wt.%) doped Mg2SiO4 bioceramics shows higher weight 

loss (12 %) as compared to pure Mg2SiO4 (9 %) after 8 weeks of immersion in SBF [33].  

    2.2.3.2. In vivo response  

The bone regeneration capability of MgSiO3-based bioceramics has been reported in several 

studies. The osteogenic response of MgSiO3 has been examined in combination with 

synthetic as well as natural polymers [21, 45, 91, 92]. Sun et al.[21] demonstrated that the 

addition of MgSiO3 into HA nanowire and nanosheet chitosan polymer, i.e., (HA-MgSiO3-

CS) nonporous composite scaffold exhibits increased bone regeneration as compared to 

scaffold without MgSiO3, after 12 weeks of implantation in calvaria defect site of rats 

[Figure. 2.2 (b)]. The rBMSCs differentiate into osteoblast cells due to release of Mg2+ and 

Si4+ ions from composite which consequently, results in enhanced bone regeneration [Figure. 

2.2 (c)]. The area and volume of newly formed bone have been found to be higher for HA-

MgSiO3-CS (39.41 ± 4.25%, 40.15 ± 6.11%) scaffold than HA-CS (22.99 ± 4.39%, 25.06 ± 
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3.04%) and CS (3.15 ± 0.84%, 4.92 ± 1.24%) scaffolds [Figure. 2.3 (d)]. Chetagi et al. [89]  

reported in vivo osteogenesis of MgSiO3 coated Ti (Ti-6Al-4V) alloy.  

The MgSiO3 coated Ti- alloy shows better osteointegration as compared to HA coated Ti- 

alloy as well as uncoated Ti -alloy. Also, MgSiO3 coated Ti-alloy shows more neo bone 

formation (rabbit tibia) and bone implant contact index (BIC) as compared to HA-coated and 

pure Ti alloy (control) [Figure. 2.3 (b, c and d)]. In another study, augmented (new bone area 

~ 90%) bone regeneration has been observed in 40 wt.% m-MgSiO3 incorporated poly 

(butylene succinate) or PBSu composite scaffolds while implanted in defected femur of rabbit 

for 12 weeks. Such augmented bone regeneration has been suggested as a consequence of 

release of Mg2+ and Si4+ ions [91]. Devi et al. [32, 33] studied in vivo osteogenesis of Zn (0.25, 

0.5 wt.%) and Sr (1, 2, 3 wt.%) doped Mg2SiO4 and pure Mg2SiO4 via implantation in rabbit 

femur defect site for 30 to 90 days. A continuous bone regeneration has been observed on 

both, Zn (0.5 wt.%) and Sr (3 wt.%) doped Mg2SiO4 [Figure. 2.4 (a-h)]. In addition, 0.5 wt.% 

Zn and 2 wt.% Sr doped Mg2SiO4 show significantly higher new bone formation (75 ± 2 % 

and 80 ± 2 %) as compared to pure Mg2SiO4 (42 ± 3 %) after 90 days [Figure. 2.4 (i)][19]. 

The histological analysis of three major organs such as kidney, liver and heart confirm that 

the degradation of pure Mg2SiO4 and Zn doped Mg2SiO4 does not cause any toxic effect to 

these major organs [Figure. 2.4 (j)]. Again, the release of Mg2+ and Si4+ ions at the implant’s 

vicinage has been suggested to induce new bone formation [67, 98-104].  
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Figure 2.2. In vitro and vivo response of CS, HA-CS and HA-CS-MgSiO3 scaffolds, while 

cultured with rat bone marrow mesenchymal stem cells (rBMSCs) as well as implanted in 

calvaria defect site of rat. (a) Cytoskeleton staining after 3 days as well as angiogenesis and 

osteogenesis gene (Runx2, OCN, OPN) expression, while scaffolds are cultured with rBMSCs 

for up to 14 days. (b) Micro-CT images of CS, HA-CS and HA-CS-MgSiO3 scaffolds. Coronal 

and interior images reveal that HA-CS-MgSiO3 scaffold have higher bone regeneration as 

compared to HA-CS and CS after implantation of 12 weeks. (c) Schematic representing the 

osteogenic differentiation of rBMSCs into osteoblasts cells. The rBMSCs differentiate into 

osteoblast cells due to release of Mg2+ and Si4+ions from MgSiO3 - based scaffold which 

consequently, results in enhanced bone regeneration. (d) HA-CS-MgSiO3 demonstrates higher 

new bone regeneration as compared to CS and HA-CS scaffold. Reproduced with permission 

from reference [21]. Copyright [2017, American chemical society].  

 



40 

 

 

Figure 2.3. In vitro cellular response of MgSiO3 and HA coated Ti- alloy, cultured with 

BMSCs as well as in vivo response after 8 weeks of implantation in rabbit tibial defect site. 

(a) MgSiO3 coated Ti-alloy reveals higher osteogenesis related genes (ALP, OCN, COL1) as 

compared to HA coated Ti- alloy, after 3 and 7 days of culture. (b) Histopathological images, 

representing neo bone formation (yellow rectangle), while MgSiO3 and HA coated as well as 

uncoated Ti-alloy are implanted in rabbit tibial defect site upto 8 weeks. (c) Bone- implant 

contact area and (d) Neo bone formation area for implanted samples with respect to those of 

control. Reproduced with permission from reference [89]. Copyright [2015, Elsevier]. 
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Figure 2.4. In vivo response of Zn and Sr doped Mg2SiO4 ceramics, while implanted in rabbit 

femur defect site. The histological (a, e), fluorescence (b, f), 3D micro -CT (c, g) and 

scanning electron microscopy (d, h) images of bone - implant interface of Zn and Sr doped 

Mg2SiO4 ceramics, after 90 days of implantation. (i) Formation of neo bone at defect site with 

varying time and composition of Zn and Sr doped Mg2SiO4 [19]. Reproduced with permission 

from reference [19]. Copyright [2019, Springer Publishing Company]. (j) Implantation of Zn 

doped Mg2SiO4 ceramic does not cause any toxic effect to the three major organs (such as, 

heart, kidney and lever) of rabbit model up to 90 days [32, 33]. Reproduced with permission 

from reference [32]. Copyright [2018, American Chemical Society]. Reproduced with 

permission from reference [33]. Copyright [2018, American Chemical Society.] 

From the above discussion, it can be concluded that the inherent biodegradability of MgSiO3 

- based scaffolds promote the cellular functionality as well as osteogenesis. However, the 
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implantation studies are limited upto small animal models due to their uncontrollable 

degradation behavior [105, 106]. Table 2.2 concisely summarizes the in vitro and in vivo 

response of MgSiO3 -based bioceramics [21, 22, 32, 33, 39, 45, 46, 48, 90-92]. 

Table 2.2. In vitro and in vivo biocompatibility of Mg-based silicate bioceramics 

S.

N. 

Mg- 

based 

silicates 

Preparation 

methods 

In vitro/ in vivo 

Response 
Key assessments 

Ref

. 

1 

AmorpRs 

XmMgSi

O3-wheat 

protein 

polymer 

composite

, X = 0, 

20, 40 

wt.% 

Sol-gel- 

compression 

moulding 

In vitro bioactivity, 

biodegradability, and 

cellular response 

using osteoblast and 

MC3T3-E1 cells 

40 wt. % MgSiO3 reveals 

maximum weight loss (56 %) 

after 12 weeks of immersion; 

Dense apatite layer 

formation; Increased cell 

viability and differentiation 

with increasing the content 

of MgSiO3 in the composite 

45 

2 

Mesoporo

us 

MgSiO3 

(m- 

MgSiO3) 

Precipitation 

centri-

fugation 

In vitro bioactivity, 

biodegradability, cell 

proliferation and ALP 

activity, cultured with 

MC3T3-E1 cells 

Rapid rate apatite formation; 

Enhanced cell proliferation 

and ALP activity after 7 days 

of seeding; 40 % weight loss 

after 70 days of immersion 

reflects good 

biodegradability 

48 

3 

HA-

MgSiO3-

CS 

polymer 

(nanowire 

HA - 

nanosheet 

MgSiO3 - 

Porous 

scaffold 

prepared 

through 

solvothermal 

method 

Bioactivity, 

cytocompatibility 

with rBMSCs, 12 

weeks implantation in 

rat bone 

Enhanced cell adhesion after 

3 days of seeding and higher 

neo bone area and new bone 

volume around HA-MgSiO3-

CS (39.41±4.25 %, 

40.15±6.11 %) as compared 

to HA-CS (22.99±4.39 %, 

25.06±3.04 %) and CS 

21 
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Chitosan 

polymer) 

(3.15±0.84 %, 4.92±1.24 %) 

scaffolds in rat bone after 12 

weeks of implantation 

4 

X (m-

MgSiO3)-

Poly 

(Butylene 

succinate) 

polymer 

composite

, X = 20, 

40 wt. % 

Solvent 

forming-

particulate 

leaching 

In vitro bioactivity, 

biodegradability, 

cellular response and 

ALP activity with 

MC3T3-E1 

osteoblasts, 

Implantation in rabbit 

femur 

40 wt. % m-MgSiO3-

polymer composite increases 

weight loss by 4.31 times 

than scaffold without m-

MgSiO3; Highest cell 

viability and differentiation 

for 40 wt.% m-MgSiO3 

based composite after 5 days; 

Maximum bone growth 

observed in 40 m-MgSiO3-

polymer composite and 40 

wt. % m-MgSiO3-polymer 

composite shows maximum 

porosity of 69.7% 

91 

5 

Amorpho

us m-

MgSiO3-

PCL-WP 

Rapid 

prototyping 

technique 

In vitro 

hydrophilicity, 

bioactivity, 

biodegradability, 

proliferation, and 

differentiation of 

MSCs 

Increased hydrophilicity, 

high biodegradability, and 

water absorption; Increased 

cell proliferation and 

differentiation (after 14 days) 

46 

6 MgSiO3 Precipitation 

In vitro 

cytocompatibility 

with L929 cells 

Enhanced proliferation rate 

of MEMSCs (after 4 days) 
22 

7 

X(mMgSi

O3)-poly(ε 

caprolacto

ne)-poly(ε 

ethylene 

glycol)-

Solvent 

casting 

In vitro bioactivity 

biodegradability, 

hydrophilicity, ALP 

activity with MG-63 

cells 

40 wt.% m-MgSiO3 polymer 

composite shows higher 

hydrophilicity; Formation of 

dense apatite layer; Higher 

weight loss (75.6%) and 

higher cell proliferation as 

94 
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poly(ε 

caprolacto

ne), X = 

0, 20, 40 

wt. % 

compared to composite 

without m-MgSiO3 

 

8 

30 wt. %) 

mMgSiO3

-(PCL-

PEG-

PCL) 

polymer 

composite 

Solvent 

forming-

particulate 

leaching 

Biodegradability, 

ALP activity, cellular 

response with MG-63 

cells and implantation 

in the rat femur bone 

m-MgSiO3 based polymer 

composite shows more 

weight loss (83%) than 

without m-MgSiO3 based 

polymer composite (56%), 

almost double water 

absorption; Enhanced cell 

viability; Faster cell 

differentiation, 1.52 times 

higher newly formed bone 

growth in m-MgSiO3 based 

polymer composite than 

without m-MgSiO3 based 

composite 

90 

9 

MgSiO3 

coated Ti-

6Al-4V 

alloy 

Plasma 

sprayed 

In vitro 

cytocompatibility 

with Raw 264.7 cells 

and BMSCs 

MgSiO3 coated alloy shows 

higher cell proliferation; 

Percentage of new bone 

formation was higher in 

MgSiO3 coated alloy 

(28.19±6.46%) as compared 

to HA coated (12.51±2.77%) 

and Ti alloy (11.36±2.19%) 

 

89 

10 

ZnO (0, 

0.25, 0.5 

wt.%) 

doped 

MgSiO3 

Solid - state 

In vitro 

cytocompatibility 

with MC3T3-E1 cells 

and biodegradation 

Higher degradation rate of 

ZnO doped MgSiO3 (22%) 

and; Enhanced cell 

proliferation as compared to 

pure MgSiO3 and 0.5 wt.% 

39 



45 

 

doped MgSiO3 shows 

maximum porosity (2.29%) 

as comperd to pure MgSiO3 

(1.15%) 

11 

Zn (0, 

0.25, 0.5 

wt.%) 

doped 

Mg2SiO4 

Solid - state 

In vitro 

biodegradation, 

implantation in rabbit 

femur 

0.5 wt. % Zn doped Mg2SiO4 

shows the continued 

degradation, higher porosity 

(2.53%) and successive bone 

regeneration after 90 days as 

compared to Mg2SiO4  

32 

12 

Sr (1, 2, 3 

wt. %) 

doped 

Mg2SiO4 

Solid-state 

In vitro bioactivity in 

BSF, 

cytocompatibility 

with MC3T3 cells, 

implantation in rabbit 

femur 

Higher Sr content in 

Mg2SiO4 facilitates higher 

weight loss (12%), higher 

cell proliferation and 

differentiation; 2 wt. % Sr 

doping in Mg2SiO4 shows 

higher amount of new bone 

formation (80±2%) as 

compared to pure Mg2SiO4 

(42±2%). The porosity 

increases from 1.15% - 

3.06% with increasing the Sr 

content from 1 – 3 %. 

33 

 

2.3. CaSiO3-based biomaterials 

2.3.1. Crystal structure  

The CaSiO3 perovskite exists in the two polymorphs, wollastonite (- CaSiO3) and 

pseudowollastonite (α- CaSiO3). The - CaSiO3 phase is stable below 1125 °C. However, α- 

CaSiO3 phase is sable above 1125 °C. The -CaSiO3 to α-CaSiO3 phase change occurs at a 

temperature of 1125 °C [76, 107].  
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Azarov et al. [108] reported that wollastonite (- CaSiO3) shows triclinic and monoclinic 

structures, while pseudowollastonite form possesses monoclinic and pseudohexagonal 

structures. Primarily, the crystal structure of CaSiO3 is cubic with Pm3m space group [109].  

The CaSiO3 exhibits the ideal cubic perovskite structure with Pm-3m space group at the  

temperature more than 573 °C and low mantle pressure (24-136 GPa) [110]. Felix et al. [111] 

reported the crystal structure of pseudowollastonite (α-CaSiO3) to be monoclinic with space 

group P21/a and lattice parameters as, a = 15.426 Å, b = 7.3200 Å, c = 7. 0660 Å and β = 

94.25° [Figure. 2.5 (a)]. In another study, the crystal structure of pseudowollastonite has been 

suggested to be monoclinic with space group C2/c and lattice parameters as, a = 6.8394 Å, b 

= 11.8704 Å, c = 19. 6313 Å,  = 90.667° [Figure. 2.5 (b)] [76]. Earlier, Yamanaka and Mori 

[112] reported the crystal structure of CaSiO3 to be four-layered triclinic with Cī space group 

and lattice parameters as, a = 6.853 Å, b = 11.895 Å, c =19.674Å, α = 90.12°,  = 90.55°,  = 

90.00°.  

Some of the theoretical studies suggested that the distortion in cubic phase can produce the 

tetragonal or orthorhombic symmetries [110, 113-115]. However, Edrees et al. [74] 

demonstrated  that the wollastonite (β- CaSiO3) shows the monocline structure with space 

group P21/a and lattice parameters such as,  a = 15.252 Å , b = 7.22 Å , c = 6.978 Å, β = 

95.971°. Moreover, Henriques et al. [116] determined the crystal structure of triclinic CaSiO3 

with unit cell parameters as, a = 7.63101 Å, b = 6.98062 Å, c = 6.78432 Å and α = 90.0456°, 

β = 95.5999°, γ = 95.971°. Dörsam et al. [117] suggested the Ca0.43Sr0.57SiO3 structure to be 

triclinic with P-1 space group and refined lattice parameters as, a = 6.7580 Å, b= 9.46400 Å, 

c = 6.7507 0 Å, α = 83.22°,  = 76.83°,  = 70.33° [Figure. 2.5 (c)]. In another study, the 

crystal structure of α-(Ca1-xSrx)SiO3 (x = 0 to 1) has been examined, where, the lattice 

parameters have been observed to increase (a = 11.9 – 12.3 Å, b = 6.8-7.3 Å , c = 9.8-10.1 Å) 

with increasing the value of x (0 to 1). The structure was suggested to be monoclinic with 
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C2/c space group [118]. The crystal structures of CaSiO3 and Sr doped CaSiO3 are shown as 

Figure. 2.5.  

 

 

Figure 2.5. Crystal structure of CaSiO3 and Sr doped CaSiO3. a) Monoclinic structure of α- 

CaSiO3 with P21/a space group, b) Monoclinic structure of α- CaSiO3 with C21/c space 

group and c) Triclinic structure of Ca0.43Sr0.57SiO3 with P-1 space group [Data are taken 

from refs.78, 79, 120, 121]. D) The triclinic structure of CaSiO3. e) Two chains of tilted SiO4 

tetrahedra. Reproduced with permission from reference [116]. Copyright [2006, Elsevier]. 
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2.3.2. Synthesis of CaSiO3  

There are many different preparation methods to synthesize the Ca-based silicate perovskite 

powder, such as co-precipitation, [119-123], sol-gel, [124-126], solid-state,[127] pressure less 

sintering [128], hydrothermal, [129, 130], and mechanochemical [131] etc. [Table 2.3]. 

Number of studies has been reported that the CaSiO3 ceramic can be prepared by co-

precipitation method with various precipitating agents such as, NH4OH and NaOH and via 

calcination and sintering in the temperature range of 800 °C - 1000 °C and 1000 °C – 1400 

°C, respectively [Table 2.3] [119-123]. Hayashi et al. [119] fabricated CaSiO3 powder with 

co-precipitation route using NH4OH precipitant and calcined at 1000 °C for 2h which led to 

the formation of  - CaSiO3. The addition of oxalic acid restricts the formation of - CaSiO3 

and promote the formation of α- CaSiO3 phase [119]. Siriphannon et al. [120] synthesized 

CaSiO3 ceramic using co-precipitation method. The -CaSiO3 has been observed at lower 

sintering temperature (1000 °C for 2h).  However, sintering at the higher temperature (1400 

°C for 2h) leads to the formation of α- CaSiO3 phase. In another study, CaSiO3 was 

synthesized using similar method with NaOH precipitant, which led to the formation of - 

CaSiO3 at a lower temperature range (600 °C to 800 °C) [121]. Rashid et al. [132] fabricated 

dense CaSiO3 ceramic using limestone (CaCO3) and silica sand (SiO2) by solid-state method 

where, the sintering at higher temperature (1450 °C for 4h) leads to the formation of α- 

CaSiO3. In another study, CaSiO3 was synthesized using similar method with different 

reagents  such as, CaO and SiO2 which led to the formation of  α- CaSiO3 at lower sintering 

temperature (1150 °C /2h) [133].  

From the above studies, it can be concluded that the solid-state method requires high 

calcination temperatures (> 1000 °C) to synthesize the CaSiO3. To overcome such problems, 

the vapor assisted solid-state synthesis method has been proposed [134]. Kozawa et al.[135] 

developed single-phase -CaSiO3 at calcination temperature of 800 °C (2h) using vapor 
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assisted solid-state synthesis method. The sol-gel method also requires comparatively low 

processing temperature than solid- state method  [136, 137]. Wang et al.[126] used sol-gel 

route to prepare CaSiO3 powder which was calcined at different temperatures (800 °C - 1150 

°C for 1h). At lower calcination temperature (< 1150 °C for 1h), various phases such as, 

CaSiO3, Ca2SiO4, β-CaSiO3 and SiO2 were obtained. The sintering temperature of 1320 °C 

led to the formation of α-CaSiO3. In another study, the sol-gel combustion method was used 

to synthesize CaSiO3 using sucrose as fuel and nitric acid as an oxidant. Whereas, the 

formation of β- CaSiO3 phase was obtained at calcination temperature of 900 °C (5 h) [138].  

Huang et al. [139] fabricated CaSiO3 by the citrate-nitrate combustion method, which 

requires lower calcination temperature. In this approach, citric acid was used as a fuel and 

nitrate was used as the oxidant. The formation of pure CaSiO3 was observed at lower 

calcination temperature (650 °C/2h). Chakradhar et al. [140] synthesized CaSiO3 ceramic 

using the solution combustion method where, -CaSiO3 and α-CaSiO3 phases were formed at 

the calcination temperature of 950 °C and 1200 °C, respectively. In addition, the phase 

transformation temperature from -CaSiO3 to α-CaSiO3 (1100 °C) was obtained to be 

comparatively lower than the other methods [141-143]. However, the effect of substitution of 

Mg2+, Ba2+, Sr2+, Ag+ and Cu2+ions at Ca2+ site in CaSiO3 has been reported by number of 

studies [114, 124, 144-148]. Sun et al. [41] synthesized Mg-doped CaSiO3 i.e., Ca(1-

x)MgxSiO3, (x = 0.1 to 0.9) using sol-gel method which was calcined and sintered at 1100°C 

(4h) and 1290°C - 1300 °C (2h), respectively. In this method, the pure phases of CaSiO3, 

CaMgSi2O6 and MgSiO3 were observed at, x = 0.1, 0.5 and 0.9, respectively.  

In addition, the coexistence of secondary phases such as, Ca3MgSi2O8, CaSiO3, Ca2SiO4 were 

observed at 0.2 > x < 0.4 and 0.6 > x < 0.8. The lattice contraction takes place in CaSiO3 

ceramics due to the substitution of small sized Mg2+ (0.76A°) at the site of Ca2+ (1.06A°) 

[41]. In another study, Sr (0 -10 mol.%) doped CaSiO3 was synthesized with chemical 
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precipitation method and sintered at 1100°C. The lower content of Sr (< 2.5 %) doping leads 

to the formation of β-CaSiO3. However, doping with of higher Sr (> 2.5%) content results in 

the formation of α- CaSiO3. Also, the coexistence of two phases (β-CaSiO3 and α- CaSiO3) 

was observed at Sr content of 2.5% [147, 149]. Earlier, it was reported that the Sr ions can be 

used as sintering additive to enhance the densification of ceramic materials [150, 151]. 

Kagomhiya et al. [118] synthesized the Sr (0 to 1 mol. %) doped CaSiO3 using solid-state 

method. The prepared powder was calcined at 1200 °C for 2h and sintered at higher 

temperature ranges from 1450 °C - 1540 °C for 2h, where the pure α - CaSiO3 and SrSiO3 

phases were formed at Sr content of (0-0.4%) and (0.6-1.0%), respectively. Also, 0.5% Sr 

content showed the coexistence of two phases. In addition, the lattice parameters were also 

increased with increase in the Sr content, except for 0.5 % Sr. Kong et al.[148] synthesized 

Cu (2.5 %) doped CaSiO3 using chemical precipitation route, followed by the calcination at 

900°C for 2h. It has been observed that the incorporation of Cu results in the reduction of 

crystallite size of CaSiO3 ceramic and thereby, increases the lattice distortion. 

It has also been reported that CaSiO3 shows higher densification (> 90%) at lower sintering 

temperature (such as, 1050 °C and 1070 °C) with the use of some additives like, Li2CO3 and 

B2O3  [133, 144]. Such additives consolidate CaSiO3 through liquid phase sintering. From the 

above discussion, we concluded that it is very difficult to achieve higher densification of 

CaSiO3 ceramics using conventional processing methods. Therefore, number of attempts 

have been made to obtain dense CaSiO3 using advanced processing techniques, e.g., spark 

plasma sintering.  

Such processing techniques can provide quite high densification (95 - 99%), even at lower 

sintering temperature (700 °C - 1200 °C /5 min with heating rate 100 - 200 °C/min). In 

another study, β-TCP/CaSiO3 composite was prepared using different methods such as, two-
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step chemical precipitation and in situ chemical co-precipitation methods at sintering 

temperature of 1150°C for 5h [152].  

Recently, Mei et al. [130] fabricated flower-like nanostructured surface of biodegradable 

CaSiO3 bioceramics after sintering (1100 °C), followed by hydrothermal incubation of disc in 

aqueous solution (pH: 7) at 180 °C for 72 h. The CaSiO3/HA nanocomposite bioceramics 

were synthesize using two step chemical precipitation method with varying CaSiO3 (10 – 90 

wt. %) and calcined at 900 °C for 2 h. The formation of pure crystalline HA and β-CaSiO3 

was observed at sintering temperature of 1100 °C for 3h [153]. Lin et al. [154] synthesized 

CaSiO3 nanowire (diameter 20-30 nm) with cetyltrimethyl ammonium bromide (CTAB, 

surfactant), n pentanol (Co-surfactant), Ca(NO3)2 and Na2SiO4 precursors using hydrothermal 

(pH: 10.8) microemulsion method, at the calcination temperature of 800 °C for 2 h. In 

another study, the single crystalline β-CaSiO3 nanowires were developed using hydrothermal 

method with Ca(NO3)2 and Na2SiO4 precursors. The hydrothermal treatment, at 200°C for 24 

h, results in the formation of Ca6(Si6O17)(OH)2 (xonotlite) which completely transformed into 

β-CaSiO3 (diameter 10-30 nm) after the calcination temperature of  800°C for 2h [155].  

The sol-gel and microwave assisted methods are used to synthesize the nano sized CaSiO3. 

Also, the wet chemical route is suitable for obtaining the nano - sized CaSiO3. Table 2.3 

summarizes various synthesis routes for the development of Ca- based silicates bioceramics 

[119, 122, 125, 132, 133, 138, 139, 143, 144, 149, 156-163]. 
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Table 2.3. Processing parameters for Ca - based silicate bioceramics 

S.N. 
Synthesis 

route 

Undoped/ 

doped 

CaSiO3 

Calcination 

temperature 

(°C) 

Sintering 

temperature 

(°C) 

% ρth 
Particle 

size 
Ref. 

1 
Co-

precipitation 
CaSiO3 1000/2h 1400/ 1h 90 % 1 µm 119 

2 
Co-

precipitation 
CaSiO3 900/ 2h 1400/ 2h 89 % 1.3 µm 121 

3 
Chemical 

precipitation 
CaSiO3 900/2h 1200/ 2h 70 % 1.15 µm 158 

4 

Wet-

chemical 

technique 

CaSiO3 

nanoparticle 
1250 -  40 nm 159 

5 
Sol-gel 

method 
CaSiO3 

800- 1150 / 

1h 
1320/2h 

86.37 

% 

50-60 

nm 
126 

6 

Sol-gel 

combustion 

method 

CaSiO3 900/5h - - 51.7 nm 138 

7 

Citrate- 

nitrate 

combustion 

method 

α- CaSiO3 650/ 2h   
356-524 

nm 
139 

8 

Precipitatio

n 

method 

CaSiO3  1150/5 min 
97.3 

% 
- 160 

9 
Chemical 

precipitation 

Macro 

porous 

CaSiO3 

800 1100/3h   143 

10 
Solid-state 

method 
α-CaSiO3  1450/4h 

97.73 

% 
 132 
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11 
Solid-state 

method 

CaSiO3 with 

3 to 5 wt.% 

B2O3 

 1050/2h 97 %  133 

12 
Solid- state 

method 

Ca0.9Mg0.1Si

O3 

with 4wt. % 

Li2CO3 

additive 

1130/6h 

200 °C/h 
1070/4h 

92.54 

% 
 144 

13 
Chemical 

precipitation 

Sr (1-10 

mol. %) 

doped 

CaSiO3 

- 1100 / 3h   147 

14 
Sol- gel 

method 

Ca1-

xMgxSiO3 

 (0.1-0.5)  

1000 
1260-

1320/2h 

50.16

-

88.99

% 

 161 

15 

Sol-gel 

combustion 

method 

Ca1-

xAgxSiO3 

 (x = 0.00-

0.05)  

 800/3h   156 

16 

Solution 

combustion 

method 

Cr (1-5 mol. 

%) doped 

CaSiO3 

950/3h   
45-32 

nm 
162 

17 
Chemical 

precipitation 
CaSiO3 800 /2h 

900-970 /5 

min 

92 - 

99 % 
0.5 µm 163 

 

2.3.3.  Biocompatibility  

2.3.3.1.  In vitro response  

The CaSiO3 ceramics are well known for their excellent bioactivity [158, 164]. Both of the 

polymorphs of CaSiO3, i.e., α-CaSiO3 and - CaSiO3, support the formation of bone-like 

apatite layer on their surfaces, while soaked in SBF solution [38, 163, 165-167].  
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Ni et al. [24] demonstrated that both, α-CaSiO3 and β-CaSiO3 induce the rapid apatite layer 

formation in SBF and demonstrate good biodegradability (weight loss ~ 27.5 % and 27.8 %) 

as compared to Mg2SiO4 (2.5 %) and -TCP (1.2 %) specimens, after 28 days of immersion 

in Tris-HCL solution. In another study, it has also been reported that the formation of HA 

layer on the surface of α-CaSiO3 takes place within 7 days of soaking in SBF. It also shows 

higher weight loss (6.3 %) as compared to β-TCP (4.6 %) after immersion in ringer solution 

for 28 days. It has also been observed that α-CaSiO3 shows higher cell proliferation and ALP 

activity with osteoblast cells [168]. Siriphannon et al. [120] demonstrated the higher rate of 

apatite formation on the surface of amorphous CaSiO3 than crystalline ( and α)-CaSiO3, 

after soaking in SBF solution. This is due to the rapid release of Ca2+ ions by the amorphous 

phase. It has been reported that the apatite formation ability of CaSiO3 is influenced by the 

dissolution of Ca and Si ions. However, the crystalline phases allow the formation of 

comparatively dense HA layer than amorphous CaSiO3 [169].  

Figure 2.6 schematically illustrates the mechanism of formation of apatite layer on surface of 

CaSiO3 in SBF. Here, H+ and OH- ions from SBF solution are exchanged with the Ca2+ and 

Si4+ ions on the surface of ceramics and consequently, the pH level of the body fluid 

increases. Therefore, silanols (Si-OH) rich layer develops on the surface of bioceramics. Ca2+ 

ions, in the SBF, are electrostatically attracted towards the negatively charged silica-rich 

layer, on the surface of bioceramics. Consequently, negatively charged PO4
3-/ HPO4

2- ions 

from the body fluid adsorbed on the previously formed Ca2+ rich layer which results in the 

formation of bone-like apatite layer onto the CaSiO3 bioceramic surface [170, 171].  
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Figure 2.6. Schematic illustrating the mechanism of apatite formation on CaSiO3 surface in 

SBF. Reproduced with permission from reference [58]. Copyright [2020, John Wiley and 

Sons]. 

Ni et al. [23] demonstrated that CaSiO3 (α-CaSiO3 and β-CaSiO3) shows higher cell (rat 

osteoblast) attachment, proliferation and differentiation as compared to β-TCP (control) after 

7 days, due to the higher release of Si ions. It has been reported earlier that the higher 

concentration of Si ions in solution promotes the metabolic activities of bone cells [172]. Lin 

et al. [128] reported that CaSiO3 bioceramics, cultured with BMSCs show earlier cell 

adhesion (just after 1 day) on the surface of CaSiO3 and higher cell proliferation after 5 days. 

In vitro cytotoxicity tests were performed on CaSiO3 bioceramics using cord blood 

mesenchymal stem (CBMSCs) and BMSCs cells. It has been observed that the viability of 

both the cells increases with increasing the concentration of CaSiO3 nano powder (20 to 80 

µg/ml) [Table 2.4] [159]. The CaSiO3 bioceramics also facilitates the proliferation of MG-63 

cells [173]. In another study, it has been observed that the addition of CaSiO3 (0 to 20 wt. %) 

in Mg2SiO4 (i.e., MgO-CaO-SiO2) bioceramics improved its biological response [Table 2.4] 

[174]. CaSiO3 shows earlier apatite formation i.e., just after 3 days of immersion in SBF, due 

to the release of Ca2+ ions [175]. However, the formation of apatite layer on the surface of 

Mg2SiO4 was observed after 35 days of immersion in SBF, as the Mg2+ ions do not play any 
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significant role in apatite formation. Overall, the bioactive ability depends on the dissolution 

behavior as well as chemical composition of the immersed samples. Peng et al.  [176] 

examined the migration, mineralization, proliferation, and odontogenic differentiation of 

human dental pulp cells (hDPCs), while cultured in CaSiO3 extract whereas, calcium 

hydroxide and culture medium without any extract were used as a control. The CaSiO3 

extract showed enhanced proliferation of dentine cells and upregulation of dentine genes than 

that of control samples, which has been suggested to be attributed to the release of Si ions 

from CaSiO3 extract. It has also been demonstrated that the ionic products (preferably Si 

ions) of CaSiO3 remarkably promote the immunoregulatory response of HBMSCs through 

activating the NF-kB pathway which further promote the differentiation of HBMSCs [177].  

Recent studies reported that Sr containing calcium silicate-based compounds promote the 

angiogenesis of human umbilical vein endothelial cells (HUVECs) by regulating the 

angiogenic proteins [178, 179].  

Apart from CaSiO3, various studies demonstrated in vitro bioactivity and biocompatibility of 

Ca2SiO4 and Ca3SiO5 bioceramics [180-184]. Gou et al. [180] demonstrated that β-Ca2SiO4 

surfaces result in rapid formation of carbonated hydroxyapatite layer (CHA) due to the 

stronger hydration, while soaked in SBF. In addition, the stronger hydration of β-Ca2SiO4 in 

SBF increases the initial stage pH values which favor faster HA layer formation. However, γ-

Ca2SiO4 surfaces show relatively slower formation of CHA layer as compared to β-Ca2SiO4, 

due to weaker hydration [182]. Ca2SiO4 coating also improves the bioactivity of the surface 

of Ti- alloy [185].Venkatraman et al. [186] observed that Ca2SiO4 and Ca3Si2O7 scaffolds 

demonstrate excellent differentiation and proliferation of hBMSCs cells due to the dissolution 

of Ca2+ and Si4+ ions. Zhong et al. [187] fabricated β-Ca2SiO4 by spark plasma sintering at 

sintering temperature of 1150 °C for 5 min. The prepared β-Ca2SiO4 showed comparatively 

higher relative density (98 %), fracture toughness (3.0 MPa m1/2), Vickers hardness (5.8 
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GPa) and bending strength (293 MPa) than the β-Ca2SiO4, prepared by conventional pressure 

less sintering [187].  In another study, the Ca3SiO5 was prepared using spark plasma sintering 

at the temperature of 1200 °C for 5 min which exhibited good Vickers hardness (5.8 GPa), 

fracture toughness (2.1 MPa m1/2) and bending strength (168 MPa) [188]. The prepared 

Ca3SiO5 also revealed much higher bending strength than that of prepared by conventional 

sintering (bending strength: 98 MPa) [189]. The spark plasma sintered Ca3SiO5 ceramic has 

also shown good adhesion and proliferation of BMMMC cells [188, 189]. In another study, 

Sr doped Ca3Si2O5 found to promote the proliferation of L929 cells [190].  

Furthermore, few studies reported that the bioactivity of binary oxide silicate-based 

bioceramics (e.g., CaO-SiO2, MgO-SiO2 and SrO-SiO2) decreases with  the incorporation of 

metal ions like, Mg, Zn, and Zr  due to reduction  in dissolution rate [38, 191]. However, the 

doping of Sr (0-10 mol.%) into the CaSiO3 results in decreased dissolution rate of CaSiO3, 

without affecting the apatite formation ability in SBF [149]. Also, Sr doped CaSiO3 

stimulates the proliferation of HBDCs, even at lower extract concentration range (12.5 to 50 

mg/ml) as compared to CaSiO3 (100 to 200 mg/ml) [149]. Sr ions can easily replace Ca ions 

which affect the osteoblast activity due to their similarity in size and charge [192]. Therefore, 

Sr ions doped CaSiO3 bioceramics can enhance bone regeneration, when consolidated into the 

synthetic bone graft material. In another study, it has also been reported that Sr substituted 

CaSiO3 scaffold promotes the proliferation and osteogenic differentiation of rBMSCs, due to 

release of Sr and Si ions from the scaffold [193]. Lin et al. [194] fabricated 5 % 45S5 

bioglass containing macroporous CaSiO3 scaffold of reasonable compressive strength (112.5 

MPa) and porosity (50 %) with controlled degradation (one third of pure macroporous 

CaSiO3) rate [122, 157, 195]. Lin et al. [152] prepared β-TCP/CaSiO3 nanocomposites 

powders using two-step chemical precipitation method, in situ chemical co-precipitation and 

mechanical milling methods, followed by the sintering at 1150 °C.  
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The bending strength was comparatively higher for β-TCP/CaSiO3 nanocomposite, prepared 

via two-step chemical precipitation method (125 MPa) than those prepared by in situ 

chemical co-precipitation (82.3 MPa) and mechanical milling methods (33.9 MPa). In 

addition, the degradation rate of the nanocomposite, prepared using two-step chemical 

precipitation method has shown comparatively less degradation rate i.e., 9.5 %, as compared 

to the nanocomposites prepared by in situ chemical co-precipitation (11.6 %) and mechanical 

milling methods (18.5 %) [196]. It has been previously reported that the synthesis method, 

porosity and sintering parameters affect the degradation behavior of bioceramics [197, 198]. 

In another study, it has been demonstrated that with increasing the wt. % (10 – 90) of CaSiO3 

in CaSiO3/HA composite, the porosity increases from 0.41 to 3.66 %, linear shrinkage 

decrease from 18.89 to 11.85 %, bending strength increases from 98.1 to 221.3 MPa and 

elastic modulus decreases from 18.95 to 14.91 GPa [153]. The elastic modulus of CaSiO3 

(10-90 wt. %) / HA is suitable for human cortical bone and comparatively less than that of 

monolithic HA. It has been reported that the bone graft material with elastic modulus equal to 

bone reduces the bone absorption [128, 196, 199]. The bone- like apatite layer on the surface 

of 90 wt. % CaSiO3/HA was higher (> 30%) after one day immersion in SBF solution as 

compared to other CaSiO3/HA composite. CaSiO3/HA (30-90 wt%) shows higher cell 

proliferation as compared to 10 wt. % CaSiO3/HA and pure HAP after 4 days, while cultured 

with MSC cells [153]. Ramaswamy et al.[200] demonstrated that Zr doped CaSiO3 (i.e. 

Ca3ZrSi2O9 or baghdadite) bioceramics favor the proliferation and differentiation of human 

osteoblast, osteoclast, and endothelial cells. The enhanced osteoclastic activity results the 

bone regeneration ability of Ca3ZrSi2O9 [145]. In another study, it has also been suggested 

that Ca3ZrSi2O9 coated Ti6A14V substrate shows enhanced proliferation and attachment of 

human osteoblast cells [201]. Gou et al.[180] reported that β-Ca2SiO4  and γ-Ca2SiO4 

bioceramics promote the adhesion and proliferation of MSCs.  
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Sun et al. [202] demonstrated that the plasma sprayed coating of Ca2SiO4 on Ti substrate 

support the regulation of osteoclastogenic gene expression as well as proliferation and 

differentiation of osteoblast- like (MG-63) cells. Sun et al. [57] suggested that - Ca2SiO4  - 

based cement (- Ca2SiO4 /CSH- calcium sulfate hemihydrate) shows faster degradation and 

higher release of Ca and Si ions than calcium phosphate cement (CPC) and consequently, 

higher proliferation and differentiation of MC3T3 cells. Zhang et al.[42] examined the effect 

of crystal structure and time dependent release of ions from CaSiO3 on the adhesion, 

proliferation and differentiation of hMSCs with two polymorphic forms i.e., α-CaSiO3 and β-

CaSiO3. Initially, β-CaSiO3 shows higher release of toxic Si ions (> 100 ppm) due to a three-

ring silicate structure as compared α-CaSiO3 ceramics with chain silicate structure 

(approximately 25 ppm) in both the culture media (i.e., growth and osteogenic induction 

media). Therefore, initially β-CaSiO3 shows significantly lower viability and adhesion of 

hMSCs as compared to α-CaSiO3.  

However, the cellular response of β-CaSiO3 increases with increasing the incubation time due 

to decrease in the concentration of Si ions as compared to α-CaSiO3 (80 ppm for β-Ca2SiO4 

and 100 ppm for α-CaSiO3). It has been previously reported that Si and Ca ions, with the 

concentration of 19 and 200-600 ppm, respectively, are favorable for the osteoblastic 

differentiation [172, 203-206]. In β-CaSiO3, three-ring silicate tetrahedra is covalently 

bonded with corner sharing oxygen however, the crystal structure of α-CaSiO3 consists of 

corner sharing silicate tetrahedra which form chain [Figure. 2.7 (a)]. The Si-O-Si bonds are 

more stable in α-CaSiO3 as compared to β-CaSiO3 and consequently, β-CaSiO3 shows higher 

solubility and dissolution rate as compared to α- CaSiO3 [207]. These results confirm that the 

crystal structure of CaSiO3 can control the release of Si and Ca ions and consequently, 

modulate the adhesion, proliferation and differentiation of hMSCs [Figure. 2.7 (b, c)]. 

CaSiO3 -based polymer composite such as, poly (lactic co glycolic acid) or PLGA and poly 
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(ethylene terephthalate-co-caprolactone) or PETC, enhances the chemical stability and 

induces the apatite nanocrystal forming ability [208, 209]. Ni et al. [210] examined the in 

vitro response of β-CaSiO3/β-Ca3(PO4)2 composites, where β-Ca3(PO4)2 was taken as control 

sample. The results reveal that the dissolution rate of β-CaSiO3/β-Ca3(PO4)2 composites 

enhance with increasing the amount of β-CaSiO3 in composites. In addition, higher amount of 

β-CaSiO3 in composites favors the differentiation and proliferation of osteoblast-like cells. In 

another study, it has been reported that CaSiO3/β-Ca3(PO4)2 composites augment the 

expression of osteogenic markers like, OCN and ALP activity after 10 days of culture with 

increasing the amount of CaSiO3 (50, 80, 100 wt. %) CaSiO3/β-Ca3(PO4)2 in composites 

[211]. Here, the ionic concentrations of Ca and Si ions increase from 54.9- 99.7 ppm and 0-

69.2 ppm, respectively, with increasing the amount of CaSiO3 in composites. At the same 

time, the amount of P ions decreases. The dissimilar concentrations of Ca and Si ions in the 

composites containing lower amount of CaSiO3, affect the growth of osteoblast cells which 

may be the reason for lower cellular response in such composites [203, 210-212]. In another 

study, it has been observed that the ions, dissolved from porous β-CaSiO3/β-Ca3(PO4)2, 

enhance the viability and differentiation of rBMSCs [213]. In addition, the soluble ions from 

the porous composite promote the deposition of Ca ions and ERK1/2 phosphorylation of 

rMBSCs. These key findings suggest that the ions, extracted from β-CaSiO3/β-Ca3(PO4)2 

composite, encourage the osteogenic differentiation of rBMSCs by activating AMPK-Erk1/2 

pathway [213]. Recently, Zhang et al. [214] investigated the biocompatibility and degradation 

properties of CaSiO3/HA coated porous zirconia scaffold, fabricated by 3D printing 

techniques. The results showed  that CaSiO3/HA coated porous zirconia scaffold reveals 

comparatively higher compressive strength (by 55 %) with increased cell proliferation 

(MC3T3-E1 cell) and degradation rate as compared to uncoated porous zirconia scaffold  
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[211]. Ma et al. [215] studied in vitro bioactivity and biodegradation behavior of Mg doped 

(Ca2MgSi2O7) and Zn doped (Ca2ZnSi2O7) Ca-based silicate ceramics.  

It has been observed that the apatite layer formation ability was higher in Ca2MgSi2O7 as 

compared to Ca2ZnSi2O7 after immersion in SBF solution. In addition, the weight loss was 

comparatively lower for Ca2ZnSi2O7 (8.4 %) than Ca2MgSi2O7 (12.1 %) and CaSiO3 (24.8 %) 

ceramics, after 4 weeks of immersion in Tris-HCL solution. The higher bond energy of Zn-O 

as compared to Mg-O is responsible for the lower release of Zn ions than Mg ions which 

results in higher apatite layer formation in Mg doped calcium silicate. Recently, He et 

al.[216] examined the osteoclastic and osteoblastic effects on the bioceramic composite, 

prepared by the incorporation of Ga (2.5 mol. % gallium) and CaSiO3 (5, 10 mol. %) in TCP 

bioceramics. In this study, it was revealed that 10 mol. % CS / 2.5 mol. % Ga - TCP 

composite shows higher ALP activity and mRNA gene expression such as RunX, OPN, and 

BSP as compared to 5 mol. % CS / 2.5 mol. % Ga - TCP and 2.5 mol. % Ga - TCP ceramics. 

Since, Si is well reported as excellent ions to stimulate the proliferation of osteoblasts and 

enhance the bone regeneration [23, 217-220]. Therefore, 10 mol. % CS / 2.5 mol. % Ga - 

TCP composite ceramic, due to higher amount of Si ions, prevents the osteoclastic activity 

and reveals the higher osteoblastic activity [216]. Recently, it has been demonstrated that the 

flower-like nano-structured surface of CaSiO3 enhances the adhesion and osteogenic 

differentiation of BMSCs by activating the FAK/p38 signaling pathway [130]. In addition, 

the release of Ca and Si ions from the nano-structured CaSiO3 was higher as compared to the 

micron sized CaSiO3, because of reduced crystallization of grains on the surface of nano-

structured CaSiO3 in hydrothermal treatment. Furthermore, the nano-structured CaSiO3 

shows good hydrophilicity as compared to micro sized CaSiO3 [221, 222]. In addition, 

CaSiO3 nanowires, prepared using hydrothermal method, promote the osteogenesis of 

BMSCs [223, 224]. In another study, it has been reported that the gelatin-methacryloyl and Sr 
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doped xonotlite nanowire (CSH, Ca6(Si6O17)(OH)2), (GelMA/Sr-CSH) composite  hydrogels 

enhance the osteogenesis as well as angiogenesis of related cells through the activation of the 

ERK/p38 signaling pathway [225].   

Tobermorite (Ca5(Si6O16)(OH)4H2O2) is another calcium silicate-based nanofibers which 

show excellent biodegradability and bioactivity and therefore has been suggested as a 

potential reinforcement material for biomedical applications [226]. 

Huang et al. [227] performed in vitro biocompatibility study and investigated the surface 

chemistry of microscale (µ-CaSiO3) and nanoscale (n-CaSiO3) particles. The release of Ca 

ions from both, µ-CaSiO3 and n-CaSiO3 were comparable (2.8-5.6 mM and 2.4-5.4 mM) 

after 28 days of immersion in Tris-Buffer solution. In the similar period of immersion, the 

release of Si ions was higher from n-CaSiO3 (0.9-3.0 mM) as compared to µ-CaSiO3 (1.8-3.4 

mM). The higher release of Si ions from n-CaSiO3 takes place due to their smaller grain size 

and lower crystallinity. In addition, n-CaSiO3 showed higher adhesion of hMSCs which may 

be attributed to the higher release of Si ions [228].  

Overall, CaSiO3 - based bioceramics reveal excellent bone forming ability and accelerate the 

population growth and differentiation of mesenchymal stem cells, MG-63 and human 

osteoblast cells. 
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Figure 2.7.  In vitro cellular response of hMSCs on β-CaSiO3 and α-CaSiO3. (a) Three- ring 

silicate and chain silicate structures of β-CaSiO3 and α-CaSiO3 (O-red, Si- blue and Ca- 

green). (b) Crystal structure dependent solubility and dissolution rate. (c) Cellular response 

of hMSCs, cultured on both, β-CaSiO3 and α-CaSiO3. Reproduced with permission from 

reference [42]. Copyright [2013, Royal Society of Chemistry].  

2.3.3.2. In vivo response   

Number of in vivo studies has also been performed for the CaSiO3-based silicate bioceramics 

such as, CaSiO3, Ca2SiO4 and Ca3SiO5. Aza et al. [229] demonstrated that the implantation of 
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α-CaSiO3 in rat tibia for 12 weeks favors neo - bone formation on it’s surface. Also, the 

implant-host interface embarks to serve as physical support. In another study, in vivo 

response of plasma- sprayed CaSiO3 coated titanium alloy (Ti-6Al-4V) was studied by the 

implanting in dog’s cortical bone, marrow, and muscle. After one month of implantation, 

apatite layer formation was observed on the surface of CaSiO3 coated Ti alloy. In addition, 

CaSiO3 coating induced new bone formation when implanted in the bone marrow. Also, the 

bone implant contact area on the CaSiO3 coating (60 %) was found to be higher than the 

titanium coating (55%), after 12 weeks of implantation [230]. Xu et al. [231] examined the 

resorption and bone regenerative ability of porous -CaSiO3, while implanted in rabbit 

calvaria defect’s site. The - CaSiO3 shows faster degradation (lower volume of residual 

material from 29.5 - 15.15%) as compared to -TCP [higher volume of residual material 

(62.5 - 29.61%)] with increasing the implantation period (4 to 16 weeks), which suggests the 

faster degradation of - CaSiO3, in vivo. The formation of neo - bone was found to be higher 

on - CaSiO3 (28.36%) as compared to - TCP bioceramics (18.80%), after 16 weeks of 

implantation [Figure. 2.8 (e, f)].  

The -CaSiO3 shows 2 times higher resorption rate and higher bone regenerative ability as 

compared to - TCP. Recently, Du et al. [232] investigated that Mg2+ (10 mol. %) doped 

CaSiO3 enhances newly formed bone volume and bone mineral density by about 1.5 times 

than undoped CaSiO3 while implanted in rabbit calvarial defect. Lin et al.[233] investigated 

the degradation and in vivo bone regeneration properties of CaSiO3 and β-TCP scaffolds, 

while implantation in rabbit femur defect model, for 4, 8 and 12 weeks. Histomorphometric 

analyses revealed higher neo-bone formation on the surface of CaSiO3 scaffold (7, 19, 29 %) 

as compared to β-TCP scaffold (1, 12, 11%) after 4, 8 and 12 weeks of implantation. 

Moreover, concentration of Si ions observed to be higher in CaSiO3 (112, 104, 119 ppm) at 4, 

8 and 12 weeks as compared to β-TCP scaffold (65, 57, 50 ppm) after operation, which may 
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be the prime cause of augmented bone formation on the surface of CaSiO3 ceramics. It has 

also been suggested that at the time of degradation, CaSiO3 and β-TCP ceramics produce the 

calcium, silicon and phosphate ions, which promote the growth in bone tissue [214].  

Liu et al. [234] examined the effect of CaSiO3 addition on the porous β-TCP i.e., 10, 50, 80 

wt. % CaSiO3 / β-TCP, while implanted in rabbit femoral condyle for 4, 12 and 26 weeks. 

Significant increase in the neo bone formation was observed on the surface of 80 % CaSiO3 / 

β-TCP (25 %) and 50 % CaSiO3 / β-TCP (30 %) as compared to pure β-TCP (15 %) and pure 

CaSiO3 (5.67 %), after 26 weeks of implantation. Mirkhalaf et al.[235] examined in vivo 

biocompatibility of cylindrical scaffold of Mg doped Ca3ZrSi2O9 (Ca3Mg0.1Zr1-xSi2O8.9) 

ceramics by the implantation in rat’s hind limb muscle pouch for 4 weeks. Micro-CT 

scanning histomorphometry analyses demonstrated that Mg-doped Ca3ZrSi2O9 exhibits 

considerable neo bone volume (135 % of monolithic Ca3ZrSi2O9). Currently, various 

techniques for the development of bone scaffolds such as rapid prototype, electrospinning, 

filament winding, thermally induced phase separation etc. are being used [236-239]. 3D 

printing is a very new technique for making a bone scaffold, this technique facilitates 

controlled pore size, void distribution and thereby, reduces the wastage of raw materials 

[240]. Zhang et al.[241] synthesized porous CaSiO3 scaffold using 3D printing technique. The 

porosity of the sintered scaffold was measured to be 62 %, which is favorable for bone 

growth.  

Moreover, the prepared scaffold exhibited the compressive strength (16.52 MPa) similar to 

that of cancellous bone [210]. The fabrication of bi-lineage scaffold is difficult due to 

different biological properties of specific tissues (such as articular cartilage) composed of 

different lineage [242]. Wang et al. [242] prepared Sr doped CaSiO3 bi- lineage scaffold for 

osteochondral regeneration. The Sr doped CaSiO3 scaffold significantly enhances the 
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regeneration of subchondral and cartilage bone, as compared to pure CaSiO3, after 12 weeks 

of implantation in osteochondral defect of rabbit.  

It was also examined that Sr doped CaSiO3 scaffold showed higher (19.87 %) neo bone 

volume as compare to CaSiO3 (15 %). It has been suggested that Sr ions positively influence 

the subchondral bone regeneration by inhibiting the receptor, activator responsible for human 

osteoarthritic such as, nuclear factor-B ligand (RANKL) and proteolytic enzymes (MMP-2 

and MMP-9) [243]. In another study, it has been demonstrated that CaSiO3 exhibits higher 

bone mineral density (800 mg/cm3) and higher neo bone area (85 %) as compared to β-TCP 

(400 mg/cc, 50 %) [244]. It has been previously reported that CaSiO3 shows better 

osteoconductive properties due to higher release of Si ions. In addition, Si ions exhibit anti-

inflammatory and antioxidant properties [245]. Mei et al.[130] demonstrated that nano-

structured surface of CaSiO3 show higher bone volume ratio ((BV/TV) 30.98 %) and higher 

new bone area 4.83 mm2 as compared to microstructured surface of CaSiO3 (11.2 % and 3.5 

mm2), while implanted in critical sized defect in rats.   

The biocompatibility of CaSiO3-based composite and metal ion doped CaSiO3 have also been 

examined, in vivo [193, 218]. Wang et al.[218] demonstrated the bone regeneration and in 

vivo degradation of - CaSiO3 and - TCP (50 and 80 wt. % in - TCP) composite scaffold 

after the implantation in rabbit femur’s defect. It has been observed that the composite shows 

excellent osteoconductive properties and promote the rapid rate of bone formation as 

compared to pure - CaSiO3 and - TCP bioceramics. Sun et al. [34] reported that β-Ca2SiO4 

and calcium sulfate hemihydrate (CSH), i.e., (β-Ca2SiO4/CSH) composite shows higher neo 

bone formation as compared to CPC, after 12 weeks of implantation in  rabbit skull defect. 

Also, the composite promotes the expression of osteogenic (collegen1, OCN and RUNX2) 

genes. These results confirm the excellent osteoconductive ability of calcium silicate-based 

ceramics which can promote the hard tissue regeneration. Table 2.4 summarizes the in vitro 
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and in vivo response of bioactive Ca silicate-based bioceramics [57, 58, 128, 158, 159, 168, 

174, 193, 231, 246-249]. 

Overall, in vitro and in vivo results indicated that CaSiO3 ceramics show excellent cellular 

response and favorable bone forming ability, when implanted in small and large animal 

models. However, prior to realizing the clinical implications, the issue of controlled 

biodegradability has to be addressed by means of various fabrication / substitution methods. 

 

Figure 2.8. In vivo response of  - CaSiO3 and - TCP scaffolds, while implanted in rabbit 

calvarial defect site. Histological images of bone - tissue interface, after 16 weeks of 

implantation with - CaSiO3 (A, B) and - TCP (c, d). The degradation and neo bone 

formation ability of - CaSiO3 and - TCP (e, f).  (NB- Neo bone) [231].  Reproduced with 

permission from reference [231]. Copyright [2008, Elsevier]. 
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Table 2.4.  In vitro and in vivo biocompatibility of Ca - based silicate bioceramics 

S.

N. 

Ca - 

based 

silicates 

Preparation 

methods 

In vitro/ in vivo 

response 
Key assessments Ref. 

1 

Nanostruc

tured 

CaSiO3 

Wet chemical, 

Sessile drop 

technique 

In vitro 

cytocompatibility 

with BMMSCs 

and CBMSCs 

Nanostructured CaSiO3 shows 

higher cell adhesion and 

proliferation for both the cells; 

Superhydrophobic in nature 

188 

2 

Ca3Al2O6/

Ca2SiO4 

composite 

Solution-

polymerizatio

n 

route, sol -gel 

Bioactivity, 

cytocompatibility 

with L929 cells 

Promoted apatite layer 

formation after 7 days of 

immersion in SBF; Enhanced 

proliferation with 10 wt. % 

addition in Ca3Al2O6. 

275 

3 CaSiO3 
Chemical 

precipitation 

In vitro 

bioactivity 

Enhanced apatite layer 

formation 

187 

4 

CaSiO3-

Mgx (x = 

6, 10, 14 

mol. %) 

Conventional 

chemical 

precipitation 

route 

In vitro 

biocompatibility, 

ALP activity with 

MC3T3-E1 cells, 

implantation in 

rabbit calvarial 

defects 

Higher Mg-doped CaSiO3 

shows more proliferation and 

differentiation; 14 wt. % Mg-

CaSiO3 demonstrate 

significantly higher neo bone 

regeneration (22%) as 

compared to pure CaSiO3 

(14%), after 12 weeks of 

implantation 

58 

5 CaSiO3 Precipitation 
In vitro 

bioactivity 

Formation of HA layer on the 

surface of CaSiO3 after 5 days 

of immersion in SBF solution. 

276 

6 

Sr (0-10 

mol. %) 

doped 

CaSiO3 

Chemical 

precipitation 

In vitro 

bioactivity, 

Cytocompatibilty 

with HBDC cells 

Sr - doped CaSiO3 shows the 

excellent apatite formation 

ability and decreased the 

dissolution rate; Stimulated 

adhesion and proliferation   

59 
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7 

CaSiO3/ 

rGO (0-

1.5 wt.%) 

composite 

Hydrothermal 

In vitro 

bioactivity, ALP 

activity, cell 

adhesion and 

proliferation of 

human osteoblast 

cells 

Dense HA layer formation on 

the surface of composites with 

increasing the rGO % as 

compared to pure CaSiO3; 

Higher adhesion and 

proliferation of cells as 

compared to pure CaSiO3 

277 

8 CaSiO3 
Pressureless 

sintering 

In vitro cellular 

response with 

MMSC cells 

Superior adhesion and 

proliferation 

157 

9 

β-

CaSiO3/β-

Ca3(PO4)2 

composite 

scaffold 

 

Implantation in 

rabbit femur 

defect site 

50 and 80 wt. % β-CaSiO3 

consisted β-TCP shows rapid 

bone formation; Higher neo 

bone formation (23.55 and 

21.9%), after 26 weeks of 

implantation. 

278 

10 

Sr doped 

(10 

mol.%) 

CaSiO3 

scaffold 

Chemical 

precipitation 

In vitro 

cytocompatibility 

with rBMSCs, 

Implantation in  

OVX calvarial 

defect model 

Sr doped CaSiO3 shows higher 

ALP activity; Neo bone 

formation is higher in Sr-

CaSiO3 (11.77 ± 1.60%) as 

compared to pure CaSiO3 

(8.07 ± 2.34%) after 4 weeks 

of implantation. 

220 

11 β-CaSiO3 - 

Implantation in 

rabbit calvarial 

defects for (4, 8 

and 16 weeks) 

Higher neo bone formation 

 (33 %) as compared to β-TCP 

(18 %) after 16 weeks of 

implantation 

260 

12 
CaSiO3 

scaffolds 

Chemical 

precipitation 

In vitro 

bioactivity, ALP 

activity, cellular 

response human 

osteoblast cells 

Enhanced adhesion, 

proliferation and ALP activity 

197 
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13 

CaSiO3 (0, 

10, 20  

wt. %) 

addition in 

Mg2SiO4 

 

 

 

 

In vitro 

bioactivity, 

degradability and 

cytocompatibilty 

with MG-63 cells 

 

 

20 wt. % CaSiO3- Mg2SiO4 

scaffold shows higher 

degradability (3.64 %); dense 

apatite layer formation and 

higher adhesion and 

proliferation of MG-63 cells 

than scaffolds without CaSiO3 

201 

 

2.4. Mg-Ca silicate-based ceramics 

 2.4.1. Crystal structure  

Number of studies illustrated the structure of Mg-Ca silicate-based perovskite ceramics. 

Akermanite (Ca2MgSi2O7) belongs to the melilite family with the general formula A2B(C)2D7. 

Here, A represents the large cation (such as, Ca, Na, Sr, Pb), B is the tetrahedrally coordinated 

atom  (such as, Mg, Cu, Co ), C is smaller cation in tetrahedral coordination ( such as, Si, Ge, 

Al), and D is an anion (O, S) [250]. Ca2MgSi2O7 possesses tetragonal structure with P421m 

space group and lattice parameters as, a = 7.7300 Å, c = 5.0152 Å [Figure. 2.9] [77, 251]. In 

another study, it has been reported that the lattice parameter of Ca2MgSi2O7 decreases (a = 

7.833 - 7.7341 Å, c = 5.0082 - 4.9215 Å ) with increasing pressure upto 4.28 GPa [252]. 

Diopside (CaMgSi2O6) is another type of Mg-Ca based silicate bioceramics. The CaMgSi2O6 

is a member of the pyroxene group with the general formula as XY(T1)2O6, where X and Y 

represent the large (such as, Ca, Na, Mg) and small cations (such as Mg, Co, Mn), 

respectively. T1 represents the Si ions (tetrahedral site) and X shows distorted cations shared 

with six to eight oxygen atoms,  depending on the atom size and Y denotes the  cation 

coordinates with six oxygen atoms at the octahedral site [78, 253]. The crystal structure of 

CaMgSi2O6 is monoclinic with C2/c space group [77, 78, 254, 255]. Monticellite (CaMgSiO4) 
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and merwinite (Ca3MgSi2O8) are also Mg-Ca silicate - based ceramics exhibiting the 

orthorhombic and monoclinic structure, respectively [80, 256].  

Moore et al.[80] reported that the crystal structure of Ca3MgSi2O8 is monoclinic with space 

group P21/a and lattice parameters as, a = 13.254 Å, b =  5.293 Å, C = 9.328 Å and β = 91.90°. 

In merwinite structure, MgO6 octahedra linked with each corner of SiO4 tetrahedra. 

CaMgSiO4 belongs to the olivine group. The crystal structure of CaMgSiO4 is orthorhombic 

with Pnma space group and lattice parameters as, a = 11.1098 Å, b = 6.3894 Å, c = 4.821 Å 

[256]. Also, CaMgSiO4 and Ca3MgSi2O8 possess the hexagonal close packed structure where, 

the Si atom is coordinated with four oxygen atoms and both, Ca and Mg atoms are coordinated 

with six oxygen atoms [79, 256, 257]. The crystal structures of akermanite, diopside, 

monticellite and merwinite are shown in Figure. 2.9. Generally, CaMgSi2O6, Ca2MgSi2O7, 

CaMgSiO4 and Ca3MgSi2O8 possess tetragonal, monoclinic and octahedral structures [20]. 

The crystal structure and unit cell parameters of Ca2MgSi2O7, CaMgSi2O6, CaMgSiO4 and 

Ca3MgSi2O8 are presented in Table 2.1.  
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Figure 2.9. Crystal structures of akermanite, diopside, monticellite and merwinite [Data are 

taken from refs. 112, 113, 114, 115]. 

2.4.2. Synthesis  

CaMgSi2O6, Ca2MgSi2O7, Ca7MgSi4O16, CaMgSiO4 and Ca3MgSi2O8 are single phase 

ceramics in the Ca-Mg-Si system. Number of studies reported the formation of Ca2MgSi2O7 

ceramic at the sintering temperature ranging from 1350 °C- 1370 °C (for 6 h) with the 

densification of about 89.57%-91.1% [258-263].  Sol-gel is the most common synthesis 

method to prepare Ca2MgSi2O7 ceramics. However, it requires more expensive precursor [37, 
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258, 264, 265]. Therefore, Sharafabadi et al. [266] suggested new economical way to 

synthesize Ca2MgSi2O7 using high energy ball milling of eggshell (calcium source), MgO 

and SiO2. It has been demonstrated that pure dense CaMgSi2O6 is obtained at lower sintering 

(900 °C) temperature (ball milled for 6 h). In contrast, pure Ca2MgSi2O7 phase was not 

obtained after sintering at 1220 °C (6 h), while processed using sol - gel method [263]. In 

addition, doping of Ba2+ (0.5 mol%) and Sr2+ (0.1 mol%) in Ca2-xMgSi2O7  bioceramics 

increases the densification by 62.67 to 94.25% and 93.64 to 95.61%, respectively [171, 267]. 

Bredigite (Ca7MgSi4O16) is also Mg and Ca containing silicate bioceramics. Various 

synthesis methods such as, combustion [268], mechanical activation – annealing [269], and 

sol-gel[264] have been adopted for the development of pure Ca7MgSi4O16 ceramic. Wu et 

al.[270] prepared Ca7MgSi4O16 ceramic by sol-gel method and obtain its pure and dense 

(94% of ρth) form at calcination and sintering temperature of 1150 °C (3 h) and 1350 °C (3 

h), respectively. In another study, it has been reported that the pure nanocrystalline 

Ca7MgSi4O16 phase can be obtained at lower calcination temperature (650 °C /4h) using 

solution combustion method [263]. In addition, doping of Ba2+ (0.5 mol%) and Sr2+ (0.1 

mol%) in Ca2-xMgSi2O7  bioceramics increases the densification by 62.67 to 94.25% and 

93.64 to 95.61%, respectively [267, 271]. 

In another study, it has been reported that the pure nanocrystalline Ca7MgSi4O16 phase can be 

obtained at lower calcination temperature (650 °C /4h) using solution combustion method 

[268]. Tavangarian et al.[269] synthesized the nanostructured Ca7MgSi4O16 using mechanical 

activation - annealing process, while annealed at 1200 °C for 1 h. Various processing 

techniques such as, sol-gel, [272, 273], coprecipitation [274, 275] and solid-state [276] 

methods were used to develop the diopside (CaMgSi2O6) bioceramics. Nonami et al.[273] 

synthesized CaMgSi2O6 powders by sol-gel method using alkoxides [such as, Ca(OEt)2, 

Mg(OC2H4OEt)2 and Si(OEt)2] which reveal the crystallization temperature to be 840 °C.  
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Iwata et al.[277] fabricated CaMgSi2O6 by sol-gel method using metal alkoxide 

[Ca(NO3)2.4H2O] and metal salts (MgCl2.6H2O) with calcination at 700 °C. After sintering 

(1100 °C for 2h), single phase CaMgSi2O6 was observed. The crystallization temperature of 

CaMgSi2O6 has lowered (751.40C) using metal alkoxide and metal salts. However, 

CaMgSi2O6 were prepared using similar method, without metal salts, which shows higher 

crystallization temperature (840 °C) [273]. Recently, Srinath et al.[255] prepared CaMgSi2O6 

using natural waste (rice husk ash and eggshell) via sol-gel method and demonstrated the 

lower crystallization temperature (776°C) than other synthesis methods for CaMgSi2O6. In 

another study, it has been reported that the pure phase of CaMgSi2O6 can be prepared by 

coprecipitation method using metal alkoxide and metal salts at lower calcination (700 °C for 

2h) and sintering temperatures (1000 °C for 2h) [274].  

Recently, Mg-Ca silicate - based ceramics such as, Ca2MgSi2O7, Ca7MgSi4O16, CaMgSi2O6, 

CaMgSiO4 and Ca3MgSi2O8 were prepared by sol - gel route. It has been observed that single 

phase Ca2MgSi2O7, CaMgSiO4 and Ca3MgSi2O8 can be obtained at higher sintering 

temperatures of 1350 °C, 1450 °C and 1400 °C (for 6 h), respectively [20, 262]. Also, the 

single phase merwinite ceramic was obtained using sol-gel route with different calcination 

(700, 1000, 1100, 1300 and 400 °C) and sintering (1300 °C for 2 h) temperatures [278-280].  

In another study, dense (93.7%) merwinite ceramic was obtained at calcination and  sintering 

temperatures of 1100 °C (2 h) and 1400 °C (5 h), respectively [281]. Monticellite is another 

Mg-Ca based bioceramics, which was synthesized using sol-gel method [282-284]. Chen et al. 

[282] reported that the single phase monticellite was obtained at sintering temperature of 1480 

°C (6 h) using sol-gel method.  
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2.4.3. Biocompatibility 

2.4.3.1. In vitro response  

The ceramics, enriched with Ca, Mg, and Si ions, show excellent mechanical response and 

manageable degradation rate, even better than - TCP, which is quite important for bone tissue 

engineering applications [261, 285].  

Recently, it has been recognized that Mg-Ca containing bioceramics such as, akermanite 

(Ca2MgSi2O7), bredigite (Ca7MgSi4O16), diopside (CaMgSi2O6), monticellite (CaMgSiO4) and 

merwinite (Ca3MgSi2O8) possess reasonably higher mechanical properties (e.g. bending 

strength, fracture toughness), biodegradability and apatite forming ability as compared to HA 

and CaSiO3 ceramics [209, 257-260, 264, 277, 286, 287]. Wu et al.[261] examined in vitro 

bioactivity, degradation, and cytocompatibility of CaMgSi2O6, Ca7MgSi4O16, and Ca2MgSi2O7 

ceramics. It has been observed that diopside ceramics show higher degradation and excellent 

bioactivity as compared to bredigite and akermanite. Also, ceramics containing Ca, Mg, and Si 

ions can potentially stimulate osteoblast cell proliferation at lower extract concentration (1.25 

and 12.5 mg/ml) and prohibit cell proliferation at higher extract concentration (100 mg/ml). 

Mg plays an important role in degradation and bioactivity of bioceramics [261]. CaMgSi2O6, 

Ca7MgSi4O16, and Ca2MgSi2O7 ceramics have different crystal structures, such as monoclinic, 

tetragonal and orthorhombic. The degradation rate is also dependent on the crystal structures 

of these ceramics, which affect the release of various ions (Ca, Mg, and Si) [20, 288-290]. 

Mg-Ca silicate ceramics show comparatively slower dissolution rate and higher mechanical 

strength than CaSiO3. The primary reason for the slow dissolution rate of Ca-Mg-Si ceramics 

is associated with the lower bond energy of Ca-O than the Mg-O bond energy, which inhibits 

the rapid dissolution rate and makes the crystal structure more stable [291]. Therefore, such 

ceramics can be treated as a potential alternative for prosthetic orthopedic implants.  
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Wu et al.[292] reported that in contrast to Ca2MgSi2O7, CaSiO3 shows apatite layer formation 

after 5 days of immersion in SBF. However, after 20 days, the thickness of apatite layer, 

formed on Ca2MgSi2O7 (130 µm) was similar to that of CaSiO3 (110 µm) [292]. Therefore, 

such ceramics can be treated as a potential alternative for prosthetic orthopedic implants. Wu 

et al.[259] reported that in contrast to Ca2MgSi2O7, CaSiO3 shows apatite layer formation after 

5 days of immersion in SBF. However, after 20 days, the thickness of apatite layer, formed on 

Ca2MgSi2O7 (130 µm) was similar to that of CaSiO3 (110 µm) [259]. The compositional 

difference between the Ca2MgSi2O7 and CaSiO3 ceramics is the presence of Mg. Earlier, it has 

been reported that the release of Mg ions inhibit the crystallization and growth of apatite at 

initial stage [291, 293].   

However, with increasing the soaking period, the concentration of Ca increases at higher rate 

as compared to that of Mg, which favors apatite formation [170]. In another study, it has also 

been reported that the doping of Ba2+ (x = 0.1, 0.3, 0.5%) in Ca2-xMgSi2O7 shows better 

apatite formation ability when immersed in SBF solution than Ca2MgSi2O7 [267]. 

Ca2MgSi2O7 ceramic, cultured with osteoblast and fibroblast (L929) cells, considerably 

enhances cell proliferation due to release of Ca, Mg and Si ions at a certain concentration. 

Therefore, the proliferation rate of osteoblast cells increases with increasing the culture 

duration for Ca2MgSi2O7 ceramics [259]. Wu et al.[286] prepared 90% porous Ca2MgSi2O7 

scaffold which promotes the formation of HA layer after immersion in SBF for 10 days. In 

addition, significantly higher weight loss (17 %) was observed after 28 days of immersion in 

Ringer’s solution. Also, the dissolution of Si, Mg and Ca ions from Ca2MgSi2O7 ceramic, 

stimulates the proliferation and differentiation of BMSCs. In another study, it has been 

reported that human adipose-derived stem cells (hASCs) adhered and well proliferated on 

Ca2MgSi2O7 ceramics. Also, after 10 days, the osteogenic differentiation of hASCs increases 

in both, growth and osteogenic media [294]. Likewise, Huang et al.[88] demonstrated that 
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Ca2MgSi2O7 ceramic shows significantly higher proliferation and ALP activity as compared to 

- TCP, when cultured with hBMSCs for 20 days. Ca2MgSi2O7 extract upregulate the 

expression of osteogenic gene (osteopontin, bone sialoprotein and osteocalcin) as compared to 

-TCP [88] [295]. It has been suggested that the proliferation and differentiation of bone 

marrow stem cells also increase due to the release of Si and Mg ions. The doping of Mg in -

TCP has been reported to stimulate the adhesion and proliferation of osteoblast cells [295, 

296]. Lunguo et al.[28] illustrated that the Ca2MgSi2O7 ceramic, cultured with human 

periodontal ligament cells (hPDLCs) shows significant enchantment in osteogenic 

differentiation and proliferation as compared to - TCP. In addition, doping of Sr (x=0.1%) in 

Ca2-xMgSi2O7 shows the enhancement in the cell viability of human fetal osteoblast (hFOB) 

cells which was attributed due to the dissolution of Sr2+ ions [271].  

In another study, it has been observed that porous Ca2MgSiO7/Ca3MgSi2O8 scaffold shows 

higher cell proliferation and ALP activity, while cultured with BMSCs cells. The porous 

structure facilitates the tissue growth, cell attachment and vascularization [297]. Ca7MgSi4O16 

is also Mg, Ca containing silicate bioceramic which has the ability to form the bone-like 

apatite after immersion in SBF [264]. In another study, Wu et al.[270] reported that 

Ca7MgSi4O16 disc develops compact HA crystals on its surface, with length and diameter of 

200-300 nm and 100 nm, respectively, after 10 days of immersion in SBF. It has also been 

suggested that the ionic products (Ca, Mg and Si), released from Ca7MgSi4O16 ceramics, 

enhance the proliferation of L929 cells at lower concentrations (6.25 to 50 mg/ml) and inhibit 

the proliferation at higher concentrations (100 to 200 mg/ml) [270]. Huang et al.[268] 

demonstrated that Ca7MgSi4O16 ceramic, prepared using combustion method, shows the faster 

rate of apatite layer formation in SBF, as compared to Ca2MgSi2O7 ceramic, prepared by sol-

gel method. The CaMgSi2O6 is the first recognized Mg containing bioactive silicate 

bioceramics, which shows the excellent bioactivity [298, 299].  
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Iwata et al.[274] demonstrated the apatite layer formation on the surface of sintered 

CaMgSi2O6 when soaked in SBF where, the concentration of Mg2+ ions initially increased 

rapidly and then remain constant as the soaking period increases. These studies confirm that 

the apatite formation ability of CaMgSi2O6 does not depend on Mg2+ ions. Kobayashi et 

al.[298] examined the cytocompatibility of CaMgSi2O6 using osteogenic MC3T3-E1 cells 

where, the reasonably good ALP activity was observed [30, 298, 300]. Srinath et al.[255] 

reported that CaMgSi2O6 bioceramic, prepared using rice husk ash and eggshell, shows 

excellent apatite formation ability in SBF and enhanced proliferation for MG-63 cells. Also, 

the doping of Ce and Sr in CaMgSi2O6 improves the apatite formation ability [266, 301].  

Later on, Zhai et al.[31] demonstrated that the ionic dissolution of Ca2MgSi2O7, Ca7MgSi4O16 

and CaMgSi2O6 ceramics stimulate the proliferation and osteogenic differentiation of 

hBMSCs and angiogenesis of hAECs. Among Ca7MgSi4O16 and CaMgSi2O6 ceramics, 

Ca7MgSi4O16 shows higher osteogenesis and angiogenesis, as compared to diopside due to the 

higher extract concentration of Si in Ca7MgSi4O16 [31].These results confirm that the extract 

concentration of Si (> 0.034 mmol-1) stimulates osteogenic differentiation and angiogenesis as 

compared to β-TCP. Bakhsheshi et al.[302] examined that the CaMgSiO4 – (3%) ciprofloxacin 

scaffold exhibits good apatite formation ability, additionally, composite scaffold shows 

excellent attachment and proliferation of MG-63 cells.  It has been suggested that Si ions play 

an important role in the stimulation of osteogenic differentiation, proliferation, and 

angiogenesis.  

Other Mg-Ca silicate-based bioceramics such as Ca3MgSi2O8 and CaMgSiO4 also show 

excellent bioactivity and biocompatibility [278, 279, 282, 303]. Also, the concentration of 

ions, released from Ca3MgSi2O8 and CaMgSiO4 appreciably stimulate the adhesion and 

proliferation of osteoblast cells [264, 281].  
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Recently, Mg, Si- and Ca-containing bioceramics gained significant attention due to their 

tunable degradation rate and bone mimicking mechanical properties [25]. Overall, it can be 

suggested that the release of different ions (Mg, Ca and Si) from Mg-Ca silicate-based 

bioceramics stimulates the adhesion, proliferation and differentiation of various cell types. 

2.4.3.2. In vivo response   

Several studies examined in vivo biocompatibility of Mg- Ca silicate-based bioceramics. 

Huang et al.[88] reported that the Ca2MgSi2O7 scaffold shows higher neo bone formation as 

compared to -TCP, after 16 weeks of implantation in femur defect site of rabbit. The Van 

Gieson’s picric-fuchsine staining confirms that the degradation and neo bone formation are 

more obvious on Ca2MgSi2O7 as compared to -TCP [Figure. 2.10 (a, b, c and d)]. 

Furthermore, Ca2MgSi2O7 shows the faster neo bone formation as compared to -TCP, 

preferably due to their degradation behavior [Figure. 2.10 (e)]. Also, the Ca2MgSi2O7 have 

faster degradation rate (lower volume of residual material) as compared to -TCP (higher 

volume of residual material) after 8 and 16 weeks, which suggest the rapid degradation of 

Ca2MgSi2O7 implant [Figure. 2.10 (f)]. In another study, the osteogenic performance of the 

Ca2MgSi2O7 ceramics has been observed after implantation in OVX rat defect [304].The Van 

Gieson’s picric-fuchsine staining confirms that the degradation and neo bone formation are 

more evident on Ca2MgSi2O7 as compared to -TCP [Figure 2.10 (a1, a2, b1 and b2)]. After 8 

weeks of implantation, the neo bone formation was higher (24 ± 3.8%) on Ca2MgSi2O7 

ceramic as compared to -TCP (14.29 ± 2.98%), which was used as control [Figure. 2.10 

(c1)]. Also, the newly developed blood vessel area was higher in Ca2MgSi2O7 (1.93 ± 0.35%) 

as compared to -TCP (1.08 ± 0.19%) [Figure. 2.10 (d1)]. In addition, the degradation rate of 

Ca2MgSi2O7 was faster (lower volume of residual material) as compared to -TCP (higher 

volume of residual material) [Figure. 2.10 (e1)]. 
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It can be suggested that the release of Mg and Si ions from the Ca2MgSi2O7 ceramics 

promotes the biodegradability and consequently, the biocompatibility of Ca2MgSi2O7 

ceramics. In a recent study, the nano-structured Ca2MgSi2O7 coated Ti-6Al-4V implant 

showed higher neo bone formation (40 % ) as compared to microstructured Ca2MgSi2O7 (35 

%) and HA (20 %) coated implant, after 12 weeks of implantation in rabbit bone defect of 

tibiae [305]. The histomorphometric analyses reveal that the bone-implant contact ratio (%) 

was higher on the nano-structured Ca2MgSi2O7 coated Ti-6Al-4V (~ 36 %) as compared to 

Ca2MgSi2O7 (~ 26 %) and HA coated (~ 14 %) implant. Therefore, it can be realized that the 

nanostructured surface and the release of bioactive ions synergistically promote the neo bone 

formation. Hafezi et al. [35] implanted the merwinite ceramics in rat femoral defect site and 

observed that the degradation rate and new bone formation was higher in Ca3MgSi2O8 ceramic 

as compared to HA, after 8 weeks of implantation. The Ca3MgSi2O8 ceramic shows higher 

degradation and induces osteogenesis [35].  

CaMgSi2O6 has been demonstrated as a potential material which induces the neo bone 

formation after implantation in rabbits, monkey and greater trochanter of rabbits [30, 31, 298, 

306]. Also, Ca3MgSi2O8 and CaMgSiO4 bioceramics enhance the proliferation and cell growth 

of osteoblast cells. The in vivo studies confirm that Ca3MgSi2O8 ceramic shows enhanced bone 

regeneration due to their superior degradation [35, 281, 282]. Few studies also reported 

increased apatite layer formation on the surface of CaMgSi2O6 ceramics, while implanted in 

monkeys and rabbits [30]. From the above results, it can be concluded that akermanite, 

bredigite and diopside bioceramics stimulate the angiogenesis and osteogenesis both, in vitro 

and in vivo. Figure. 2.11 illustrates a glimpse of in vivo studies on Mg-Ca silicate - based 

bioceramics on small, medium and large animal models. Table 2.5 summarizes the in vitro and 

vivo response of Mg-Ca silicate - based bioceramics [88, 213, 246, 258, 259, 286, 294, 307-

310]. 
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Figure 2.10. In vivo response of akermanite ceramic, while implanted in rabbit femur and 

ovx rat defect site. Van Gieson’s picric-fuchsine staining images demonstrating new bone 

formation area around akermanite (a, b) and -TCP (c, d). The histomorphometric analyses 

illustrate the neo bone volume and volume of residual material (e, f) on akermanite and -

TCP ceramics, while implanted in rabbit femur defect for 8 and 16 weeks. Reproduced with 

permission from reference [88]. Copyright [2009, Elsevier]. Histological images 

representing the neo bone formation area on akermanite (a1, a2) and -TCP (b1, b2), 

implanted in calvarial defect area for 8 weeks. (c1), (d1) and (e1) represent the neo bone 

area, vessel area as well as residual material area of akermanite and -TCP ceramics. 

Reproduced with permission from reference [304]. Copyright [2016, Springer Nature]. 
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Figure 2.11 A glimpse of in vivo studies, performed on Mg-Ca- based biomaterials using small, 

medium and large animal models.  
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Table 2.5. In vitro and in vivo biocompatibility of Mg-Ca silicate- based bioceramics 

S.

N. 

Mg-Ca based 

materials 

Prepara

tion 

methods 

In vitro/ in vivo 

response 
Key assessments Ref. 

1 Ca2MgSi2O7 Sol-gel In vitro bioactivity 
HA layer formation after 

10 days soaking in SBF 
250 

2 Ca2MgSi2O7 
Polymer 

spongy 

In vitro bioactivity, 

biodegradability and 

cytocompatibility 

with BMSC cells 

Higher weight loss (18 %) 

after 28 days of 

immersion; formation of 

HA layer (100 nm) after 

10 days; Higher adhesion, 

proliferation and ALP 

activity as compared to 

control, after 7 days. 

288 

3 Ca2MgSi2O7 Sol- gel 

In vitro bioactivity, 

proliferation, ALP 

activity with L929 

fibroblast cells 

Apatite layer formation  

after 20 days; Significantly 

higher adhesion and   

proliferation  as compared 

to CaSiO3, after 7 days of 

culture 

259 

4 

Poly(lactide-co-

glycolide) (PLGA) 

/ Ca2MgSi2O7 

composite 

Sol-gel 

 

In vitro bioactivity, 

cytocompatibility 

with hBMSCs 

PLGA/ Ca2MgSi2O7 

composite shows higher 

ALP activity; Higher cell 

proliferation as compared 

to PLGA after 14 days. 

246 

5 Ca2MgSi2O7 Sol-gel 

Bioactivity and 

cellular response 

with hASCs 

Ca2MgSi2O7 increases the 

cell proliferation and 

differentiation; Ca, Mg 

and Si ions induce the 

differentiation of hASCs. 

213 

6 
Ca2MgSi2O7 glass 

sphere 
Sol -gel 

In vitro bioactivity, 

proliferation and 

Excellent bioactivity after 

soaking for 7 days; 
307 
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ALP activity with 

MC3T3- E1 cells 

Ca2MgSi2O7 sphere reveal 

higher proliferation and 

differentiation after 7 

days. 

7 Ca2MgSi2O7  

In vitro 

cytocompatibility 

with hASCs 

Higher cell proliferation 

and higher ALP activity in 

both, osteogenic (121 %) 

and growth (128 %) media 

as compared to -TCP, 

after 10 days. 

294 

8 Ca2MgSi2O7  

Cellular response 

and ALP activity 

with hBMSCs. 

Implantation in 

rabbit femur defect 

model 

Enhanced osteogenic 

differentiation and higher 

proliferation of hBMSCs, 

than on -TCP; 

Significantly higher new 

bone formation (3.5%) as 

compared to -TCP (3%), 

after 16 weeks. 

88 

9 Ca7MgSi4O16 Sol-gel 

Bioactivity, cellular 

response with L929 

cell 

Extract concentration 

(6.25-25 m/ml) of 

Ca7MgSi4O16 increases 

the attachment and 

proliferation of L929 cells 

after 6 days; HA layer 

formation (80-100 nm) 

after 20 days 

270 

10 

Ca7MgSi4O16 

scaffold with 

biometric apatite 

layer (BATP) 

Polymer 

sponge 

In vitro bioactivity, 

biodegradability, 

cell proliferation and 

differentiation, ALP 

activity with 

osteoblast cells 

Ca7MgSi4O16 ceramic 

shows higher weight loss 

(18 %) after 30 days; 

Apatite layer formation 

after 10 days; Enhance the 

cell adhesion, 

proliferation and ALP 

308 
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activity after 7 days. 

11 Ca7MgSi4O16 Sol- gel In vitro bioactivity 
HA layer formation after 

10 days 
264 

12 CaMgSi2O6  

Cellular response 

with MC3T3-E1 

cells. Implantation in 

rabbits defect model  

for 12 weeks 

CaMgSi2O6 shows higher 

ALP activity as compared 

to control; Significant neo 

bone formation after 20 

weeks 

28 

13 CaMgSi2O6  

Implantation in jaw 

bone of rabbits and 

Japanese monkey for 

12 weeks 

CaMgSi2O6 forms a 

uniform junction with 

newly grown bone 

30 

14 CaMgSi2O6 

Coprecip

itation 

method 

In vitro bioactivity 

Leaf-like apatite particle 

formation on the surface 

of CaMgSi2O6  after 3 and 

7 days of immersion 

277 

15 CaMgSi2O6  

Implantation in 

greater 

trochanter of rabbits 

CaMgSi2O6 coating on 

AZ91 Mg alloy enhance 

the new bone formation 

306 

17 

Mg doped 

Ca3ZrSi2O9 

(Ca3Mg0.1Zr0.9Si2O

8.9) 

 

Implantation in the 

rat hind limb muscle 

pouch 

of Wistar rats 

Ca3ZrSi2O9 shows higher 

new bone volume (35%) 

as compared to 

CaMgSi2O6 after 4 weeks 

of implantation 

235 

17 CaMgSi2O6  

Implantation in the 

femur 

of Wistar rats 

Higher amount of new 

bone formation as 

compared to -TCP after 

4 weeks of implantation 

310 

18 Ca3MgSi2O8  
Implantation in rat 

femoral defect site 

Higher osteogenesis and 

higher new bone 

formation as compared to 

HA 

35 
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2.5. Influence of surface charge and electrodynamic stimulation on cellular response 

Recently, polarization induced enhanced biocompatibility of piezoelectric bioceramics has 

been recognized as a potential strategy for the creation of electroactive prosthetic orthopaedic 

implants [47, 311-314]. It has been demonstrated that the combined effect of electrostatic and 

electrodynamic simulation remarkably enhances the functionality of osteoblast-like cells as 

well as human bone marrow mesenchymal stem cells (MSC) [315-319]. Negatively charged 

surfaces enhanced the adhesion of osteoblast cells through electrostatic interactions, where 

the negative charges attract Ca2+ ions, promoting cellular adhesion [320]. Dubey et al.[316] 

reported that,  after 48 h of cell culture on the negatively polarized HA-x BT (with x = 20 and 

40 wt. %), composites the density of L929 cells rises significantly by 40% and 62%, 

respectively. Verma et al.[317] reported that,  electrostatically and electrodynamically treated 

HA-Na0.5K0.5NbO3 (NKN) composites bioceramics show the significant enhancement in  

viability of MG-63  cells, after 5 and 7 days of incubation. 

In another study, it has been reported that polarized HA (negatively charged) has been shown 

to promote the proliferation of MC3T3-E1 osteoblast cells, after 7 days of incubation period 

[321]. Bodhak et al. [322] reported that the proliferation of hFOB cells is significantly higher 

on negatively polarized HA as compared to positively polarized HA after 11 days of 

incubation period, with negatively polarized HA showing an almost twofold increase in cell 

growth [322]. Verma et al.[323] demonstrated that electrostatic and electrodynamic 

stimulation enhances the proliferation and adhesion of MG-63 cells, while cultured on the 

surface of NKN in 1393 bioglass (1393 BG) composite. It has been reported that, the charged 

surfaces of HA doubles the rate of apatite layer development in HA, in comparison to 

uncharged HA [324]. It has been revealed that the application of external stimuli and surface 

polarization has been established to significantly enhance the proliferation of osteoblast cells. 
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2.6. Influence of surface charge on antibacterial response  

It is known that the stress-induced surface charges in our bone help in regulating its 

metabolic activities [325, 326]. The nature and amount of these stress-induced charges 

depend on the type of load applied to the bone, i.e, compressive or tensile. Compressive loads 

produce negative charges on the bone surface, whereas tensile loads produce positive 

charges. The amount of charge depends on the extent of the applied load [327, 328]. 

Therefore, the development of polarizable prosthetic implants has attracted significant 

attention in recent years [311, 317, 329-331]. 

In orthopedic implants, the predominant portion (65%) of bacterial infections is attributed to 

GP bacteria, specially, Staphylococcus epidermidis (S. epidermidis) and Staphylococcus 

aureus (S. aureus). However, GN bacteria, such as Escherichia coli (E. coli) and 

Pseudomonas aeruginosa (P. aeruginosa) are responsible for approximately 11% of total 

bacterial infections in prosthetic implants [6, 332-335]. GN bacteria possess a dual-layered 

architecture comprising a slim peptidoglycan layer (~ 5-10 nm) encased by a 

lipopolysaccharide layer. In contrast, the cell wall of GP bacteria is primarily constituted by a 

substantial peptidoglycan layer (~ 20-80 nm) without any additional outer layers [336-338]. 

While both types of bacterial cells exhibit a negative charge, the transmembrane potential of 

GN bacteria is approximately 1.5 times more than that of GP bacteria [339, 340]. Bacteria 

respond to external electric or magnetic fields due to their surface potentials, which triggers 

the production of reactive oxygen species (ROS) Figure [333]. The production of ROS 

damages to the bacterial cell wall [341-343]. In addition, bacteria communicate with electret 

surfaces through their electrical potential and micro electric field of charged surface of 

bacterial membrane [344-346]. Also, the application of external electric field (1 V/cm) 
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improves the antibacterial response by preventing the development of biofilm on the implant 

site [344, 347]. 

Recently, Deepak et al. [338] demonstrated the antibacterial efficacy of charged piezoelectric 

Na0.5K0.5NbO3 bioceramics. It has been observed that the population of both, E. coli and S. 

aureus bacteria are reduced on the negatively and positively charged surfaces, respectively. 

Also, the charged (polarized at 4.5 KV/cm) surfaces of BaTiO3 – HA bioceramics 

demonstrate the antibacterial response for the P. aeruginosa, S. aureus and E. coli, bacteria in 

comparison to their uncharged surfaces.  Swin et al. [346] examined the antibacterial 

response of the positively charged HA- (40/60 wt%) BaTiO3 composite against S. aureus, E. 

coli and P. aeruginosa bacteria. The results suggested that the population of these bacterial 

cell decreases on the positive surface of HA- BaTiO3 composite. It has been suggested that 

the papulation of both, S. aureus and E. coli  bacterial cells decreased by 53 % and 40 %, 

respectively, on negative surfaces of 7.5 wt% ZnO-HA bioceramics composite  [348]. The 

adherence and proliferation of bacterial infections are largely determined by the surface 

characteristics and composition of biomaterials [349].  

Typically, bacteria colonize on the implant surface by traveling through blood vessels, often 

enclosed within a capsule composed of extracellular matrix (ECM) proteins. This protective 

capsule aids in the initial colonization of bacteria, leading to the formation of a three-

dimensional bacterial biofilm on the surface of the implant [350-352]. 

2.7. Closure 

Mg and Ca - based silicate bioceramics such as MgSiO3, Mg2SiO4, CaSiO3, Ca2SiO4, 

Ca3SiO5, CaMgSi2O6, Ca2MgSi2O7, Ca7MgSi4O16, CaMgSiO4 and Ca3MgSi2O8, Zn and Sr 

doped MgSiO3 and MgSiO3 and CaSiO3-based polymer composites are the appealing choices 

for bone tissue engineering applications. However, despite of notable potential as prosthetic 

implants, the underlying mechanisms, associated with the processing and surface chemistry 
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that stimulate the formation of new bone as well as healing process in the vicinity of such 

implant, are still need to be well established.  

The biocompatibility of these ceramics can be tuned by tailoring the release rate of Ca, Mg 

and Si etc. ions, adapting specific synthesis routes as well as elemental doping at A and B 

sites of these perovskites. In addition, the crystal structure of these perovskites also plays an 

important role in deciding their biocompatibility. The dissolution rate of ions can be 

controlled by the compositional modifications as well as advanced processing techniques. 

Also, the wide spectra of in vivo degradation behavior of Ca, Mg etc. ions for these silicate 

bioceramics need to be established.  

Recently, the development of piezoelectric biomaterials gained significant attention, owing to 

the piezoelectric nature of living bone. Piezoelectricity plays a critical role in 

controlling/regulating number of bone metabolic activities. There are number of reports 

which suggested that the tailored piezoelectricity can potentially improve the 

biocompatibility. Some of the above discussed perovskites such as MgSiO3, NKN, CaSiO3 

etc. are piezoelectric in nature. However, the piezoelectricity dependent biocompatibility of 

these perovskite bioceramics systems has to be explored.  

The surface charge has been demonstrated to augment biocompatibility as well as induce the 

antibacterial response. In this perspective, the potentiality of piezoelectric silicate perovskites 

can be realized as a new generation prosthetic implant. However, nature and amount of 

surface charge and consequently, the polarization parameters need to be optimized which can 

accelerate the osteogenesis with the desired antibacterial response. Further, the effect of 

combined action of electrostatic (surface charge) and electrodynamic electrical stimulation on 

osteogenesis and other related activities need to be explored.  

This study attempted to understand the synergistic impact of electrostatic surface polarization 

and electrodynamic stimulation, combined with compositional modification towards 
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augmenting the osteogenic response of Ca and Zr doped MgSiO3 bioceramics (Mg1-xCaxSi1-

xZrxO3; MCSZO-X).  

These MCSZO-X ceramics were fabricated using solid state synthesis route via cold isostatic 

pressing at a pressure of 330 MPa. Furthermore, the study explores how the combined 

influence of surface charge and variations in Ca and Zr contents (ranging from x = 0.0 to 0.4) 

in biocompatible MCSZO-X ceramics contributes to enhancing their antibacterial properties. 

In addition, vivo investigation to evaluate the local and systemic toxicity of MCSZO-X 

nanoparticulate using a rat model. 
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