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Abstract 

The main objective of this work was the in vitro bioactivity 
evaluation of novel manganese-modified calcium silicate 
ceramics designed for bone regeneration. Manganese is known to 
stimulate the formation of connective tissue and bone. Hence, the 
application of manganese modified calcium silicate ceramics in 
the field of bone engineering is considered promising. The 
samples were prepared using the sol-gel method and doped with 
0.25 and 0.5 mol. % of manganese. They are subjected to heat 
treatment at temperature 1250 ⁰C. In vitro bioactivity study 
indicates that manganese addition did not affect hydroxyapatite 
layer formation on materials surfaces. The obtained results of 
present work reinforce the utilization of manganese modified 
calcium silicate ceramics for localized bone regeneration and 
treatment. 

Keyword: calcium silicate ceramic, manganese, in vitro 
bioactivity. 

1. Introduction 

The main disadvantages of calcium silicate ceramics are 
the insufficient bioactivity and the brittleness of materials. 
To improve these shortcomings, the most recent approach 
is focused on the addition of a third element, such as zinc 
(Zn), strontium (Sr) zirconium (Zr), etc. (1-12) This 
approach enable calcium silicate ceramics to release 
bioactive essential ions, which are needed for bone growth 
and mineralization. Hence, improve their bioactivity as 
well as mechanical strength. Recently, calcium silicate 
ceramics have been modified with therapeutic ions that 
can increase osteogenesis and stimulate bone development. 
Wu, et al. (9) incorporated different percentages of 
strontium (0, 1, 2.5, 5 and 10 mol. %) into the structure of 
calcium silicate ceramic using chemical co-precipitation 
method. They added the metal at the expense of calcium. 
Strontium was chosen in the study due to its ability to 
stimulate osteoblast activity, improve bone formation and 
diminish bone re-sorption (13-15). Also it was commonly 
used to treat osteoporosis (14). They showed that 
strontium addition had decreased the degradation rate of 
calcium silicate ceramic, and led to the transformation of 
β-CaSiO3 into α-CaSiO3. Additionally, they noticed that 
strontium containing ceramics were able to promote 
Human bone-derived cells (HBDC) proliferation relative 

to un-doped calcium silicate ceramic (9). Also, the ability 
of calcium silicate ceramic to induce hydroxyapatite layer 
in the simulated body fluid was not altered or inhibited by 
strontium addition (9). Zhu, et al. (10) prepared strontium 
doped calcium silicate ceramic using the sol-gel method 
and a structure directing agent (triblock copolymer P123), 
which served as a template. They were able to synthesize 
Sr-modified calcium silicate ceramics with well-ordered 
mesoporous structure. Various strontium contents (0, 2, 5, 
and 10 mol. %) were added, which replaced calcium in the 
ceramics crystals. They found out that the presence of 
strontium in crystal structure of calcium silicate decreased 
the ionic dissolution rate from ceramic surface into 
simulated body or tissue culture fluids as compared with 
un-doped calcium silicate ceramic (10). However, 
strontium addition was not able to prevent hydroxyapatite 
layer formation on ceramic surface in the simulated body 
fluid. All strontium containing samples were able to 
developed apatite layer over their surfaces. Also, the effect 
of strontium release form ceramics surfaces on the 
viability and differentiation of osteoblast-like cell line 
(MC3T3-E1) was tested and verified.  
Ramaswamy, et al. (11) added zinc into calcium silicate 
ceramic using the sol-gel method. A new phase known as 
Hardystonite (CaR2RZnSiR2ROR7R) was developed by zinc 
addition. They found out that Hardystonite was more 
stable, less degradable and showed lower ionic dissolution 
rate than unmodified calcium silicate ceramic, and hence, 
the pH of surrounding media was controlled, which was 
more appropriated for bone cells viability (human 
osteoblastic-like cell line, HOBs), attachment, 
proliferation, differentiation and production of well 
mineralized nodules on the Hardystonite surface (11). Also 
the modified zinc containing ceramic was able to support 
and stimulate the osteoclasts activity, and hence, induced 
accurate bone remodeling pattern. The study demonstrated 
that Hardystonite (CaR2RZnSiR2ROR7R) could be applied in the 
field of bone and dental tissue engineering (11). 
Additionally, Hardystonite showed higher mechanical 
properties relative to those of hydroxyapatite ceramic (16). 
 
Zhang and Zhu (6) prepared CeOR2R-doped calcium-silicate 
ceramic for bone engineering application. They found out 
that adding different contents of CeOR2R (5 and 10 mol. %) 
into calcium silicate structure, at expense of CaO, was not 
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able to prevent the ability of modified ceramics to induce 
hydroxyapatite layer on their surfaces. X-ray analysis 
revealed the development of CeOR2R nano-crystal in the 
structure of calcium silicate ceramic. Additionally, it was 
shown that cerium modified ceramics had the capacity to 
stimulate and activate the proliferation and differentiation 
of bone cells as compared with the unmodified ceramic 
sample (6).  
 
Wu, et al. (7) incorporated titanium into calcium silicate 
ceramic using the sol-gel technique, and the developed 
crystalline phase due titanium addition was Sphene 
(CaTiSiOR5R). They found out that titanium addition had 
improved the biological properties and chemical stability 
of material. They showed that titanium modified calcium 
silicate ceramic was able to support and improve the 
attachment, proliferation and differentiation of human 
bone derived cells (HBDC) relative to calcium silicate 
ceramic (7). Ramaswamy, et al. (17) prepared zirconium 
modified calcium silicate ceramic via the sol-gel method. 
The addition off zirconium in to the structure of calcium 
silicate ceramic gave rise to a new phase known as 
Baghdadite (CaR3RZrSiR2ROR9R), which is a calcium zirconium 
silicate phase. They found that Baghdadite had the ability 
to form hydroxyapatite layer over its surface after 
immersing into simulated body fluid. Also, they 
demonstrated that Baghdadite was combatable with 
osteoblasts, osteoclasts and endothelial cells. Results 
obtained from cell culture studies had indicated the 
possibility of using Baghdadite for bone defect 
regeneration (17). 
 
Recently, the design, synthesis and characterization of 
novel manganese doped calcium silicate ceramics for bone 
engineering and localized osteomyelitis treatment has been 
carried out (18). Manganese was chosen due to its known 
beneficial effect on bone regeneration (19). However, 
manganese addition to calcium silicate ceramic can 
prevent or delay the ability of material to induce 
hydroxyapatite layer on its surface in simulated body fluid. 
In our previous work, the evaluation of the in vitro 
bioactivity of manganese modified samples was carried 
out for very short time (one week), and showed that the 
materials were able to develop calcium phosphate layer on 
their surfaces. However, the layer was not completely 
covering their surfaces (18). Therefore, the present study 
focused on evaluating the in vitro bioactivity of 
manganese doped calcium silicate ceramics in simulated 
body fluid for longer time period (two weeks). This layer 
is known to affect and improve bone regeneration (20). 
 

2. Materials and methods 
2.1 Materials  

Tetraethyl orthosilicate, 99% [(TEOS), Fluka (Buchs, 
Switzerland)], calcium nitrate tetrahydrate, 99% [Ca 
(NOR3R)R2R·4HR2RO), Fluka (Buchs, Switzerland)], and 
manganese (II) nitrate tetrahydrate, 97% [Mn 
(NOR3R)R2R.4.HR2RO, Riedel-deHaen] are used as silica, calcium 
and manganese sources respectively. Ammonia solution 
(25%) and nitric acid (68%) are also used and delivered 
from Merck, USA. They were diluted by adding distilled 
water upto 2M. 

2.2 Preparation of manganese doped calcium silicate 
ceramics 

Manganese doped calcium silicate ceramics were prepared 
via the sol-gel method (21). Primary, TEOS was added to 
mixture of water and ethanol, which was initially acidified 
by the addition of 2M nitric acid as acid catalyst. The 
molar ratio of TEOS: HR2RO was fixed at 1:16, whereas the 
molar ratio of HR2RO: ethanol was set 1:2. The mixture was 
well stirred using a magnetic stirring for about one hour to 
assure the complete hydrolysis of TEOS. In sequence, Ca 
(NOR3R)R2R·4HR2RO was introduced into the mixture while 
ongoing stirring was carried out for another hour to ensure 
the complete dissolution of Ca (NOR3R)R2R·4HR2RO and the 
formation of a clear sol. Then, Mn (NOR3R)R2R.4.HR2RO was 
added and stirring was carry on for an extra hour. Next, 
ammonia solution (2M) was gradually dropped on the sol, 
which was used as a second catalyst and gelation factor as 
well. Consequently, gelation of sol was achieved in few 
minutes. To prevent the formation of a mass gel of ceramic 
samples, ultra-sonication of produced gel was carried out 
for one hour via an ultrasonic bath (working with a 
frequency of 50–60 kHz, 100/200W). At the same time, 
mechanical stirring was employed. The developed gel was 
dried for 2 days at 60 0C, and then subjected to heat 
treatment up to 700⁰C. The heating rate of 3⁰C/minute was 
used. The resultant powder was compressed into discs. 
Three different samples were produced, the controlled un-
doped sample (S1), and the manganese doped ones (S2 
and S3), the manganese contents in the later samples were 
0.25 and 0.5 mol. %, respectively. Finally, all samples (S1, 
S2 and S3) were subjected to controlled heat treatment at 
certain temperature 1250 P

0
PC, with a soaking time of 3 

hours. 
 
2.3 In vitro bioactivity evaluation 
 
The in vitro bioactivity study was carried out for samples 
(S1, S2 and S3) by immersing them into the simulated 
body fluid (SBF) as reported by previous study (22). The 
Simulated body fluid contained ion concentrations nearly 
similar to those of human body plasma (22). The 
formation of hydroxyapatite layer over the surfaces of 
samples was confirmed via the Scanning Electron 
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Microscope coupled with Energy-Dispersive Spectroscopy, 
SEM/EDXA, (JEOL JXA-840A, Electron probe micro-
analyzer, Japan), and the Fourier transformer infrared 
spectrophotometer (FT-IR) (model FT/IR- 6100 type A). 

3. Results and discussions 

3.1 In vitro bioactivity evaluation in simulated body 
fluid. 
 
Figure 1, 2 and 3 show SEM micrographs taken for 
surfaces of the samples S1, S2 and S3, respectively after 
they were immersed into simulated body fluid for two 
weeks. Massive collections of spherical particles were 
seen completely covering their surfaces. Also, the formed 
particles on the surface of S2 and S3 were larger in size 
than those formed on the surface of S1. Additionally 
particles developed on all samples were consisted mostly 
of calcium and phosphorous as indicated from EDX 
analysis provided in Figure 4. The in vitro bioactivity 
study in simulated body fluid had indicated that all 
samples could induce calcium phosphate layer and imply 
the possibility of applying manganese modified sample for 
bone regeneration. Previously, it was reported that the 
induction of calcium phosphate layer on surfaces of 
different bioactive materials was highly essential for the 
integration of materials with normal bone tissue in animals 
(20). The sequence of apatite layer formation on samples 
in simulated body fluid was summarized by the following 
steps (23); 1) Substitution of calcium ions from ceramic 
surface with H P

+
P or HR3RO P

+
P found in the simulated body 

fluid, 2) Release of soluble silica in the form of Si(OH)R4R 
into the simulated body fluid, and hence, creation of 
several Si– OH groups on the surface of ceramic. 3) 
Growth of hydrated silica rich layer as an outcome of 
condensation and repolymerization of surface silanol 
groups, 4) Precipitation of the Ca P

2+
P ions and the POR4R P

3−
P 

groups  on to the top of silica rich layer, and hence, an 
amorphous layer consist of calcium phosphate particles are 
developed on the ceramic surface, 4) Growth of 
amorphous calcium phosphate rich layer by attracting 
more CaP

2+
P and POR4R P

3−
P groups from simulated body fluid, 

5) Crystallization of amorphous calcium-phosphate rich 
layer by the insertion of OH¯ and COR3R P

2–
P anions from 

simulated body fluid and finally produce hydroxyl 
carbonate apatite layer.  
Figure 5 shows the FTIR spectra of samples after 
immersion in the simulated body fluid for two weeks. The 
spectra present all the characteristic vibrational bands of 
hydroxyapatite as reported elsewhere (24). Those bands 
include; bands around 1035, 955, 602 and 560 cmP

-1
P related 

to the phosphate groups of hydroxyapatite, bands found at 
1450 and 880 cmP

-1
P matching the carbonate groups of 

hydroxyapatite and a band present at the 631 cmP

-1
P ascribed 

to the hydroxyl group of hydroxyapatite. 
 

4. Conclusion 
Preparation and bioactivity evaluation of novel 
manganese-doped calcium silicate ceramics designed for 
bone regeneration was carried out. Three different samples 
were prepared. The content of manganese in samples was 
0, 0.25 and 0.5 mol. %. In vitro bioactivity study indicates 
that all samples were able to form hydroxyapatite layer 
over their surfaces as indicated by the FTIR and the 
SEM/EDX analysis. 
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Figure 1shows SEM micrographs of surface of sample S1after 
immersion in SBF for 2 weeks 
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Figure 2shows SEM micrographs of surface of sample S2 after 
immersion in SBF for 2 weeks 
 
 
 
 
 
 

 
 
Figure 3 shows SEM micrographs of surface of sample S3 after 
immersion in SBF for 2 weeks 
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Figure 4 shows the EDX analysis of surface of S1, S2 and 
S3 after immersion in SBF for two weeks 
 
 

 
 
Figure 5 shows the FTIR spectra of S1, S2 and S3 after 
immersion in the simulated body fluid for two weeks 
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