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Abstract This work describes the evaluation of three

ceramic materials as potential osteogenic substrate for bone

tissue engineering. The capacity of adult human mesenchymal

stem cells cultured under experimental conditions known to

adhere, proliferate and differentiate into osteoblasts was

studied. Two types of culture medium: growth medium and

osteogenic medium were evaluated. The materials were pure

a-tricalcium phosphate and alsoaTCP doped with either 1.5 or

3 wt% of dicalcium silicate. The results showed that the

hMSCs cultured adhered, spread, proliferated and produced

mineralized extracellular matrix on all the ceramics studied.

They showed an osteoblastic phenotype, especially in the

aTCP doped with 1.5 wt% C2S, indicating osteoblastic dif-

ferentiation as a result of the increased concentration of silicon

in solid solution in TCP. Ceramics evaluated in this work are

bioactive, cytocompatible and capable of promoting the dif-

ferentiation of hMSCs into osteoblast.

1 Introduction

Calcium phosphates (CaP) with clinical applications are

used in reconstructive surgery. When dealing with the

repairing of a skeletal section, two extremely diverse routes

could be initially considered: to replace the damaged part

or to substitute it regenerating the bone. This second option

is in fact the role played by CaP, which can be classified

among the bioactive ceramics group. Bioceramics, and

therefore, CaP, exhibit very good biocompatibility and

bone integration qualities, and constitute the materials

showing closest similarity to the mineral component of

bone; this fact, together with their bioactivity, make them

very good candidates for bone regeneration.

A lot of interest has been generated in silicon (Si) since

the studies of Carlisle [1–3] showed that ‘‘Si may be allied

to the initiation of mineralization of preosseous tissues’’.

Silicon is essential for the growth and development of

certain biological tissues, such as bone, teeth and some

invertebrate skeletons. A recent investigation showed that

dietary Si intake is positively associated with cortical

mineral density subject to availability of estrogens in

humans [4]. On the other hand, several authors [5, 6], have

not been able to fully reproduce the work reported by

Carlisle [1–3] although various moderate effects on bone

metabolism have been observed. The exact mechanisms of

action of Si on bone are still unclear, and both a structural

and metabolic role has been proposed [7–10].

As a consequence, Si-substituted silicon-doped CaP

have attracted the interest of many scientists because Si

incorporation is considered to be a promising way to
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improve the bioactivity of CaP-based biomaterials. [11–15].

These materials exhibited excellent ability to assist in bone-

like carbonated hydroxyapatite (CHA) formation ‘‘in vitro’’

and ‘‘in vivo’’. Furthermore, the Si-containing ionic products

from bioactive glass possessed the capacity to activate bone-

related gene expression as well as to stimulate osteoblast

proliferation and differentiation [16, 17]. Therefore, the

silicon-containing bioactive materials may open up new

possibilities in the field of medical application.

Nowadays, tricalcium phosphate (TCP) is one of the

most important calcium phosphate based biomaterials for

clinical use because of its biocompatibility, in vivo bio-

activity, bioresorbability and osteoconductivity. There are

three polymorphs of TCP [18–20] the low temperature,

b-TCP, and the two high temperature forms, a-and a0-TCP.

The last one lacks of practical interest because it only

exists at temperatures above *1,465 ± 5 �C and reverts to

a-TCP by cooling below the transition temperature. How-

ever, b-TCP is stable at room temperature and transforms

reconstructively at *1,115 ± 10 �C to a-TCP, which can

be retained during cooling to room temperature. Some

authors suggest that small amounts of Si in TCP lowers the

temperature of phase transition from b-TCP to a-TCP

stabilize the phase a-TCP at room temperature [11, 14].

To take advantage of the beneficial effect of Si, novel

materials with compositions derived from the Dicalcium

Silicate—Tricalcium Phosphate phase diagram (C2S–TCP)

were developed [21–23] in this study for biomedical

application, as Si can be released from the ceramics in situ

under ‘‘in vitro’’ conditions. The effect of the aTCP solid

solution (TCPss) phase composition in terms of C2S con-

tent, which introduced Si element into the structure of the

ceramics, on the ‘‘in vitro’’ adult mesenchymal stem cells

of human origin (hMSCs) attachment, proliferation, and

differentiation was therefore investigated.

2 Materials and methods

2.1 Materials and characterization

The starting materials for the present study were TCP and

C2S previously synthesized [23]. Tricalcium phosphate was

synthesized by solid state reaction from a stoichiometric

mixture of calcium hydrogen phosphate anhydrous (CaH-

PO4, Panreac), and calcium carbonate (CaCO3, Fluka) with

an average particle size of \15 lm. The mixture of CaH-

PO4 and CaCO3 was heated in a platinum crucible at

1,500 �C for 3 h. Then was liquid-nitrogen quenched by

rapid removal from the furnace. The obtained material was

ground and characterized by X-ray diffraction (XRD).

Dicalcium silicate was obtained by solid state reaction-

sintering, starting from an appropriate mixture of calcium

carbonate, (CaCO3 [99.0 wt% Fluka) with an average

particle size of \15 lm, and Si oxide (SiO2 [99.7 wt%,

Strem Chemicals), with an average particle size \50 lm.

As a preliminary step, SiO2 was wet ground in a laboratory

mixing miller (MM301-Retsch) by using PSZ-zirconia

balls and isopropyl alcohol as suspension media. The

powder was then dried and sieved to\50 lm. The average

particle size of the final SiO2 used was 40 lm as measured

by laser diffraction (Mastersizer2000E device-Malvern).

Next, the desired proportions of the constituents were

weighed out and thoroughly wet mixed in a mixing miller

with the same ZrO2 balls mentioned above as a grinding

media. After the milling process, the mixture was dried and

burned at 1,000 �C for 24 h to remove the CO2. Then, this

powder was cold isostatically pressed at 200 MPa and heat

treated at 1,525 �C for 12 h, at a heating rate of 8.3 �C/min

followed by cooling rate of 5 �C/min. The reaction-sin-

tering temperature was selected bearing in mind the

information provided by the SiO2–CaO phase equilibria

diagram evaluated and reported by Eriksson et al. [24]. The

obtained material was ground and characterized by XRD.

aTCP ceramic and aTCP compositions doped with 1.5

and 3.0 wt% of C2S (TCPss) were prepared in this study.

The desired proportions of each component were weighed

out in an analytical balance, dispersed in acetone, and

thoroughly mixed in a manual agate mortar. The mixture

was isostatically pressed into bars at 200 MPa and the bars

were heated up to 1,500 �C for 2 h followed by liquid-

nitrogen quenching after rapid removal from the furnace. In

order to homogenize the compositions, the bars were

ground, pressed and reheated again. This procedure was

repeated three times. The final powders with an average

particle size of 23 lm were pressed into bars at 200 MPa.

The next step involved heating the bars up to 1,500 �C for

4 h, followed by cooling inside the furnace to 1,120 �C,

where the bars remained for 16 h before cooling down to

room temperature. The heat treatment temperatures were

carefully selected bearing in mind the information provided

by the aTCPss-Silicocarnotite sub-system from within the

binary system of TCP–C2S [Ca3(PO4)2–Ca2SiO4] [23]. The

final samples were cut from the bars obtained, which

measured 7 mm in diameter and 1.5 mm in thickness.

To evaluate the phase’s composition, XRD patterns

were obtained in a Bruker-AXS D8Advance automated

diffractometer using CuKa1,2 radiation (1.54056 Å) and a

secondary curved graphite monochromator. Data were

collected in the Bragg–Brentano (h/2h) vertical geometry

(flat reflection mode) between 10� and 40� (2h) at 0.05�
steps, counting 6 s per step. Samples were rotated at

30 rpm during acquisition of patterns in order to improve

averaging. The diffractometer optic was a system of pri-

mary Soller foils between the X-ray tube and the fixed

aperture slit. One scattered radiation slit of 1 mm was
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placed after the sample, followed by a system of secondary

Soller slits and a detector slit of 0.1 mm. The X-ray tube

was operated at 40 kV at 30 mA. Diffractograms of sam-

ples were compared with the data provided by the Joint

Committee on Powder Diffraction Standards (JCPDS)

database.

For the microstructural examination, the samples were

embedded in an epoxy resin under vacuum and progres-

sively polished to final surface finish of 0.1 lm size using

diamond paste, followed by gentle cleaning and etching

with acetic acid (1.0 %v/v) for 6 s. Palladium coating was

applied to the specimens for observations on SEM-Hitachi

S-3500 N. The chemical composition of the specimens was

determined with a wavelength dispersive X-ray spectrom-

eter (WDS), coupled to the electron microscope.

2.2 Preparation and culture of adult hMSCs

2.2.1 Isolation and culture of hMSCs

For testing biocompatibility, adhesion and induction of the

proliferation and osteogenic differentiation, adult hMSCs

(provided by Dr. L. Meseguer-Olmo) were isolated from bone

marrow (20–25 ml volumes) obtained by percutaneous direct

aspiration from iliac crest of four hematologic healthy vol-

unteers (three men, one women), ranging from 27 to 35 years

old (mean = 30.2 years), who underwent elective surgery for

slipped disc and a vascular necrosis of the femoral head as a

result of traumatic hip dislocation. The volunteers signed

previously a consent form. The study was approved by the

institutional ethics and clinical trials committee of the Uni-

versity Hospital V. Arrixaca (Murcia, Spain).

For the isolation, whole bone marrow aspirated was sus-

pended in a tube containing sodium heparin (20 U ml-1 of

aspirated material). Mononuclear cell were obtained from

buffy coat by ficoll gradient through an automated device

closed SEPAXTM System (Biosafe, Eysines, Switzerland),

then the count was performed with a Neubauer chamber.

After estimating the viability with vital staining (Trypan

blue), the mononuclear cells were plated at 5.0 9 103 cells/

cm2 in 75 cm2 culture flasks (Sarsted) with 10 ml of basal

growth medium (GM) and they were incubated at 37 �C, in a

5 % CO2 and 95 % of relative humidity atmosphere and

remained, to attach, undisturbed for 7 days. The basal GM

consisting of a-modified Eagle0s medium (aMEM) supple-

mented with 10 % heat inactivated fetal bovine serum (FBS)

and penicillin/streptomycin 100 U ml-1 and 100 lg ml-1,

respectively.

2.2.2 Subcultures of hMSCs

After 7 days, the culture medium was renewed removing

thus the non-adherent hematopoietic cells and selecting the

hMSCs given their proved capacity of attaching to the

plastic of culture flasks [25]. When cells reached 80–90 %

confluence, they were subcultured in a 1:3 ratio treating the

culture flask with trypsin/EDTA (0.25/0.25 %) in phos-

phate-buffered saline (PBS, pH 7.4) for 5 min. To obtain

the homogeneity of the sample and reduce inter-individual

variability among donors, and the amount of donors

needed, all the cells from the first subculture (passage 1,

P1) were pooled and replated in 175 cm2 flasks

(5.0 9 103 cells/cm2) for growing and to obtain a sufficient

number of cells until use in the study in passage 3 (P3). The

culture medium was changed twice every week.

2.2.3 Cell characterization

In order to confirm the identity of isolated cells, the

adherent isolated cells, considered as hMSCs, were tested

for the expression of the membrane antigen markers

[cluster of differentiation (CD)] CD73, CD90 and CD105

markers and the negative expression markers CD34 and

CD45 hematopoietic markers using specific mouse anti-

human monoclonal antibodies (CD34-PE, CD45-FITC,

CD73-PE, CD90-APC, CD105-FITC). Isotype controls for

each fluorochrome (FITC, PE and APC) were anti-mouse

immunoglobulin (IgG1, k) (all from BD Biosciences. San

Diego, CA, USA). Samples were acquired by a flow

cytometer from Beckman Coulter Navios Ships type and

analyzed with FCS Express V3 program (data not inclu-

ded). After that, the cells were identified as undifferentiated

hMSCs.

2.3 Behaviour of hMSCs on the ceramics

and characterization

For the study of the biocompatibility and behaviour of

isolated hMSCs on ceramics, two culture media were used:

(1) Growth medium (GM). This medium was used for cell

isolation and expansion. It consists of aMEM supple-

mented with 10 % of heat-inactivated FBS and penicil-

lin/streptomycin (100 U ml-1 and 100 lg ml-1,

respectively).

(2) Osteogenic medium (OM; differentiation medium).

This medium consists of GM with an osteogenic

supplement (OS) composed of L-ascorbic acid-2-

phosphate (0.2 mM; Sigma), dexamethasone (10 nM;

Sigma) and b-glycerolphosphate (10 mM; Merck).

Initially, the ceramic discs were cleaned with pressured

air, rinsed several times with PBS (pH 7.4), dried at 37 �C

and sterilized at low temperature by gas plasma (Sterrad-

100STM, ASP Irvine, Ca). Discs were pre-wetted in GM for

2 h prior seeding. Then, they were placed inside the wells

of a 96-well culture plate. One series of 96-well plates was
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seeded in GM and another one was seeded in OM. A total

of 1.0 9 104 cells were statically seeded onto each disc for

all assays. The incubation was carried out in standard

conditions mentioned before (37 �C, 5 % CO2 and 95 %

humidity). Cell biocompatibility and behaviour were ana-

lysed at 24 h and 7, 15, 21 and 28 days by means of a

proliferation assay, scanning electron microscopy (SEM)

and osteoblastic phenotype expression.

2.3.1 Proliferation assay

The increment in the cells’ number on materials surfaces

using both media (GM and OM) was quantified spectro-

photometrically through with a tetrazolium salts assay

(XTT), using the method described by Scudiero et al. [26].

Briefly, XTT with PMS was added to each well and after

4 h of incubation, absorbance of the culture medium of the

cells growing on the ceramic pellets was measured at

450 nm in a plate reader Multiskan MCC 340 (Labsystem,

CO, USA). Another series of hMSCs were seeded onto

plastic in order to be used as a quality control of the cells

seeded onto the bioceramics. The proliferation of hMSCs

was analysed at 24 h and at days 7, 15, 21 and 28 days. The

results are reported as optical density (OD) values. All

assays were performed in triplicate (n = 3).

2.3.2 Morphological evaluation. Scanning electron

microscopy

Before cell culture studies, and in order to recognize the

surface of the ceramic seeded, one of the faces of the

samples was carefully impressed with an electrical marked.

Qualitative analysis of hMSCs morphology along the

materials surface was performed at 24 h, and 7, 21, and

28 days of culture. Samples were prepared according to

previously reported SEM protocols [15]. Briefly, samples

removed from the culture wells were rinsed with PBS and

fixed with 3 % glutaraldehyde in 0.1 M cacodylate buffer

for 1.5 h at 4� C. Then they were again rinsed and post-

fixed in osmium tetroxide for 1 h, before being dehydrated

in a series of graded ethanol solutions (30, 50, 70, 90

vol%). Final drying was performed by a critical-point

method (CPDO2 Balzers Union) and then sputter coated

with gold. Gold coated specimens were examined in the

SEM operating at 15 kV, while for WDS analysis the

samples were palladium coated.

2.3.3 Osteoblastic phenotype expression

Seeded materials and cultured in both media were assayed,

qualitatively or quantitatively, for the presence of osteoblast

differentiation markers. Osteocalcine production is a bio-

chemical marker characteristic exclusively of osteoblasts.

For that reason, it was used in this work, together with

alkaline phosphatase activity, collagen type I expression and

mineralization, in order to evaluate if any differentiating

effect of hMSCs cell into osteoblasts (OBs) had taken place

by effect of the materials in both culture conditions (GM and

OM). So, the ability of hMSCs to differentiate into OBs was

studied by determining the production of: ALP (alkaline

phosphatase detection kit, Millipore), collagen type I (Col-I

immunohistochemical staining. Millipore), osteocalcin

(Gla-type osteocalcin EIA kit, Reactive) and nodules of

mineralization (osteogenesis Quantitation kit, Millipore),

following the manufacturer’s instructions. All determina-

tions were performed in triplicate.

2.4 Si, Ca and P analyses in culture media

Changes in the ionic concentrations of the culture media

were also recorded at 12, 24 h, 3 days, 1 and 2 week

periods. After media collection solutions (three samples per

period) were stored at 4 �C until analysis. The changes in

ionic concentration were measured using inductively

plasma optical emission spectroscopy (ICP-OES, Perkin-

Elmer Optima 2000TM).

2.5 Statistical analysis

A repeated measures analysis of variance (ANOVA) was

carried out with a level of statistical significance of

P \ 0.05. This was possible because, after applying a

natural logarithm transformation to the data, they fulfilled

the conditions of homoscedasticity and sphericity required

for the analysis.

3 Results

3.1 Characterization of the ceramics

Figure 1 shows the XRD patterns of the synthesized

powder of TCP and C2S as well as the 1.5 and 3.0 wt% C2S

compositions. It can be seen that the polymorphic form

obtained is a-TCP corresponding to JCPDS Card No.

9-348. On the other hand, the C2S correspond to JCPDS

Card No. 87-1257 that belongs to the polymorphic form

c-C2S. The peaks’ intensities depended on the C2S content

in aTCP. A review of the X-ray powder diffraction spectra

of pure calcium phosphate and silica-doped calcium

phosphate, presented by the JCPDS, suggested that only a

significant amount of a crystalline phase can give rise to the

diffraction pattern. A progressive shift of the main peaks

occurred in the XRD spectra obtained for the C2S-aTCP

compounds in this study, as the Si content increased. For

aTCP, the position of the peak was at 30.8 (2h) degrees,
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while for the 1.5 wt% C2S-aTCP and 3.0 wt% C2S-aTCP

compositions, the peak position occurred at 31.0 (2h)

degrees and 31.2 (2h) degrees respectively, which is in

accordance with the JCPDS card 00-058-0897 for the

Si-TCP compound. It was also found that the peaks at

about 35 (2h) degrees appeared separated for the 1.5 wt%

C2S-aTCP and 3.0 wt%-aC2S compositions, because of the

the Si presence in their structure. Intensities of the other

peaks at 12.09 (2h) and 24.10 (2h) degrees, which are

solely characteristic of the aTCP composition increased

significantly with an increase in the C2S content in the solid

solution of aTCP. These results confirmed that the 1.5 wt%

C2S-aTCP and 3.0 wt% C2S-aTCP ceramics were com-

posed of a single phase of the solid solution of C2S in

aTCP (named in this study aTCPss).

Based on XRD patterns, the grain size decreased with

the increasing Si content from 207 nm for the pure a-TCP

to 194 and 129 nm for 1.5 and 3.0 wt% C2S respectively.

This finding agreed with the data reported in the literature

for Si doped ceramics, prepared by other chemical methods

[14, 27].

The bioceramic surfaces of the as manufactured speci-

mens showed a rough topography, as observed in the SEM

prior to the ‘‘in vitro’’ and ‘‘in vivo’’ studies. Figure 2

displays a SEM micrograph of the 3.0 wt% C2S-aTCP

ceramic, as representative of all the compositions. Open

surface pores progressing into the material were very

characteristic with the grain structure clearly visible within

the larger pores.

3.2 Behaviour of the hMSCs on TCPss

Figures 3 and 4 shows the morphology of hMSCs adhering

and spreading on the all tested ceramic surfaces after cul-

turing for 24 h, 7, 21 and 28 days in GM y OM. When

compared with the original surface, before exposure to cell

culture medium (Fig. 2), it became evident that the surface

morphology was altered for both media.

In the first 24 h of culture in GM (Fig. 3a) the ceramics

exhibited a granular layer covering some parts of the sur-

face which is not an obstacle for cell adhesion or prolif-

eration. This layer was composed of uniform *1 lm size,

globular structures with spicules and small nodules which

were both composed of Ca–P elements, according to the

WDS elemental microanalysis. Later (7 days), the hMSCs

growing on the ceramic surfaces (Fig. 3b) showed some

cells adhering either individually or in small groups dis-

persed across the granular surface of the material. At this

point, hMSCs displayed a flattened shape. The adhesion

was enhanced by means of multiple cytoplasmic filopodia

that spread across the surface of the material, increasing the

contact area with the surface material.

After the 21 days exposure period, a fast and progres-

sive growth of the cells was observed on the surfaces

(Fig. 3c). The cells formed a monolayer covering partially

the material surfaces, and also produced a dense extracel-

lular matrix (ExM) by way of a fibrillar network occupying

the intercellular gaps. Some mineralized nodules were also

found on the cells’ surfaces.

After the period of 28 days (Fig. 3d), the hMSCs cells

began to organize into a monolayer on all tested materials

but in a slightly different manner. On the 1.5 % C2S-aTCP

and 3.0 % C2S-aTCP surfaces, the cell monolayer

appeared almost continuous with the cells presenting a

flattened and spread morphology. On the Si free aTCP

surface, the cell to cell contacts were frequent, with

numerous intercellular gaps present. In the interaction

regions, numerous short filopodia anchored onto the peaks

protruding from the surface were clearly observed.

When culture condition were in OM, the behaviour of

the cells at 24 h (Fig. 4a) were very similar than in GM

(Fig. 3a) due to the formation of a calcium phosphate

globular deposit on the surface and inside the pores of each

Fig. 1 XRD patterns of the synthesized powder of aTCP and C2S as

well as the 1.5 wt% C2S-aTCP and 3.0 wt% C2S-aTCP compositions

Fig. 2 SEM micrograph of the unpolished 3.0 wt% C2S-aTCP

ceramic surface
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ceramic that according to WDS microanalysis indicated

mainly Ca and P elements. After 7 days, (Fig. 4b), the cells

shows a flattened appearance with spreading cytoplasmatic

extensions (filopodia) and presented a close contact with

the material. Figure 4c shows a good cell development and

proliferation on every ceramic after 21 days of culture. It is

also possible to see several mineralization nodules on the

cells and in their surroundings. Cells increased in number

and formed aggregates, partially coating the surface of the

ceramics. After 28 days (Fig. 4d), cell proliferation con-

tinued on every ceramic, but the original ceramic could

also be seen between the cells and noticeable amounts of

calcium phosphate deposits on the ExM was present.

3.2.1 Proliferation assay

The XTT cell proliferation assay confirmed the SEM

observations, showing faster and better hMSCs cells’

Fig. 3 SEM images of the hMSCs stem cells growing on the ceramics’ surfaces after a 24 h, b 7, c 21 and d 28 days in GM
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proliferation on the 1.5 wt% C2S-aTCP material right from

the start of the culture study, than in case of the other two

materials (P \ 0.05). Figure 5 shows the proliferation of

the cells on the surfaces of the specimens over the culture

time on GM. After 15 days of the culture, there was a clear

exponential increase in the absorbance results for the

1.5 wt% C2S-aTCP sample. At the end of the experiment,

after 28 days of the culture, the number of cells growing

onto the 1.5 wt% C2S-aTCP material was twice as much as

in case of aTCP. The proliferation of the cells on the

3 wt% C2S-aTCP material remained almost constant over

the whole culture time.

Respect to the hMSCs cultured in OM and in contrast

with the results above described, cells cultured in OM

didn’t increase their absorbance values over time, indicat-

ing the absence of cell proliferation in this medium with

any of the ceramics assayed. Only at the end of the study it

could be detected a slight increase in cell number of

hMSCs growing in 3.0 wt% C2S and 1.5 wt% C2S-aTCP

ceramics.

Fig. 4 SEM images of the hMSCs stem cells growing on the ceramics’ surfaces after a 24 h, b 7, c 21 and d 28 days in OM
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3.2.2 Osteoblastic phenotype expression

hMSCs cultured on any of the materials studied produced

detectable amounts of osteocalcin, nodules of mineraliza-

tion, alkaline phosphatase activity and collagen type I

expression, independently of the culture medium employed,

confirming the differentiation of these cells into OBs by

means of the expression of the most characteristic features of

this cell type. Histochemical ALP staining, Alizarin Red

staining and collagen type I of 1.5 wt% C2S-aTCP ceramic

as a representative of all the ceramics is shown in Fig. 6.

hMSCs growing in OM showed a stronger stain for

collagen-I and alkaline phosphatase as well as more min-

eralization nodules at the end of the study respect to the

cells growing in GM, in spite of the smaller number of cell

detected by XTT assay. Only in the case of the osteocalcine

(Fig. 7) the expression was higher in GM, probably due to

the higher final number of cells in this medium, that in this

case influence the results because of this assay is a quan-

titative assay.

3.2.3 ExM synthesis

At 14 days, the hMSCs cultured in both culture media were

able to produce ExM, which formed a fibrillar network

occupying the intercellular gaps. This was more evident in

cultures with GM, where deposits of granular material with

a whitish appearance were also identified within the

fibrillar network (Figs. 3c, 4c).

On the other hand, the ExM developed on the discs

apparently had identical morphological characteristics. To

determine the nature of these nodules, microanalysis by

SEM-WDS was carried out. This analysis proved that it

was a calcium phosphate based material and therefore

showed a spectrum mainly composed of P and Ca, similar

to the one observed in the cytoplasmatic membrane nod-

ules previously described (Figs. 3c, 4c). It is worth noting

that these WDS spectra are different to that of the TCPss

surface, which showed a big peak corresponding to Si, in

addition to Ca and P.

3.3 Si, Ca and P analyses in culture media

The effect of culture medium on dissolution rates and

release of soluble Si, Ca, P are shown in Table 1. A faster

Fig. 5 XTT assay. hMSCs proliferation on materials under study.

Results at different times of study. Values obtained for the material

1.5 wt% C2S are significant (P \ 0.05) compared to the other two

materials studied

Fig. 6 Histochemical ALP staining, Alizarin Red staining and

collagen-I images of hMSCs growing in GM and OM media on

1.5 wt% C2S ceramic as a representative of all the ceramics a hMSCs

were positive for alkaline phosphatase staining, acquiring a reddish
tint (9120 magnification), b Mineral deposits are stained bright red
by the Alizarin Red solution (9120 magnification) and c collagen-I

(9125 magnification) (Color figure online)

Fig. 7 Osteocalcine production by hMSCs in GM after 28 days of

growing on the a aTCP, b 1.5 wt% C2S-aTCP and c 3.0 wt% C2S-

aTCP ceramic disks surface
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dissolution rate with respect to Si was seen for 3.0 wt%

C2S-aTCP compared to 1.5 wt% C2S-aTCP, which we

ascribed to the greater specific surface area of the finer-

grain size (129–194 nm respectively).

Growth and osteogenic media appeared to have similar

effects in terms of faster dissolution rate of the TCPss

ceramics and Si levels (Table 1-OM-Si vs. Table 1-GM-

Si). Some differences were evident, however, in Ca and P

concentration profiles between GM and OM media. Cal-

cium concentrations reached steady state earlier (1.5 wt%

C2S-aTCP = 3 days; 3.0 wt% C2S-aTCP = 1 week) in

GM than in OM where steady state had not been achieved

even at 2 weeks (Table 1-OM-Ca vs. Table 1-GM-Ca).

Concentration of the P element changed slightly for the

aTCP and 1.5 wt% C2S-aTCP ceramics, meaning that

the consumption rate of the P ions due to the precipitation of the

Ca–P layer remained the same as the P ion release rate from the

ceramics. The lower initial P in GM also limited CaP precipi-

tation so that less Ca is removed from solution. Therefore, final

Ca levels were higher for TCPss in GM than in OM.

The initially higher content of Si and lower Ca levels

observed in both media for 3.0 wt% C2S-aTCP in com-

parison to 1.5 wt% C2S-aTCP indicated a faster dissolution

rate of the 3.0 wt% C2S-aTCP material, hence faster pre-

cipitation rate of the Ca–P on the surface of the ceramic.

The 3.0 wt% C2S-aTCP ceramic was composed of the

smallest grain size, in comparison with the other two

materials, hence presented a faster dissolution rate of Ca, P,

Si elements. These differences in the dissolution rates

between the ceramics during the immersion in the culture

medium could potentially influence the cells’ activities.

4 Discussion

Surgeons dedicated to reconstructive surgery of bone tissue

are often faced with the challenge of repairing large bone

defects. The traditional procedures involving the use of

autologous cancellous bone tissue, a technique that has

major drawbacks (pain in donor site, hematoma, infection,

bleeding, hernia, etc.). To avoid such disadvantages the

tissue engineering offers new strategies to enhance the

utility of biomaterials for the development of new treat-

ment in bone replacement technology. The association of

osteogenic precursor cells (hMSCs) to biomaterials with

the ability to initiate osteoblastic differentiation ‘‘in vitro’’

before implantation can accelerate the bone formation

process after being implanted into the bone defect.

The present work study the biological responses of the

aTCP ceramic free from Si, and aTCP doped with either

1.5 wt% C2S or 3.0 wt% C2S in view of the beneficial

effect of the Si element presence in osseointegration of the

bone substitute materials and as a pre-osteoblastic inducer,

without any addition of other osteogenic inducers com-

monly used, such as, vit C, dexamethasone, etc. The study

used adult mesenchymal stem cells of human origin, which

have frequently been used to elucidate the responses of

bone cells to biomaterials [28–31].

The TCPss ceramics obtained present a bioactive sur-

face that shows formation of a calcium phosphate layer

after exposure for 24 h to OM and GM (Figs. 3a, 4a). This

layer will play an essential role in the primary chemical

bonding of the material after implantation into the receptor

osseous tissue.

Table 1 ICP-OES assay. Concentrations of Si4?, Ca??, HPO4
= in GM and OM over different immersion times, [n.d. = not detected]

GM OM

ppm Ca P Si Ca P Si

aTCP 12 h 240.97 127.30 n.d 244.50 37.36 n.d

24 h 229.28 123.37 n.d 241.80 314.02 n.d

3 days 236.77 121.48 n.d 238.20 269.30 n.d

1 week 257.00 127.01 n.d 240.90 270.03 n.d

2 weeks 241.50 127.34 n.d 244.80 273.01 n.d

1.5 wt% C2S-aTCP 12 h 256.40 129.81 0.95 263.80 278.00 1.73

24 h 285.50 122.95 1.20 260.00 255.01 1.96

3 days 318.81 133.42 1.93 262.00 227.06 2.16

1 week 320.00 128.87 2.41 256.60 209.00 2.91

2 weeks 314.00 129.06 2.42 260.50 209.02 3.06

3.0 wt% C2S-aTCP 12 h 188.00 134.08 2.20 200.80 303.00 2.64

24 h 197.00 127.29 2.44 208.80 270.00 3.03

3 days 212.00 141.43 2.95 215.70 246.00 3.26

1 week 236.84 140.87 4.62 228.20 236.00 5.15

2 weeks 230.96 141.10 4.74 224.00 224.00 5.20

J Mater Sci: Mater Med (2012) 23:3003–3014 3011

123



Regarding the morphology of the cells growing on the

ceramics studied initially showed a spreading habit, with

cytoplasmatic digitations and a smooth, homogeneous cell

membrane. The cells showed good adhesion to the materials

surface according to their spreading. Furthermore, the cells

presented abundant filopodia and intercellular connections

(Figs. 3b, 4d). The material 1.5 wt% C2S-aTCP is the one that

present more and better grown and proliferation of cell shows,

followed by pure a-TCP and 3 wt% C2S-aTCP ceramics.

Several studies [32–34] have shown that surface roughness

of a bioactive implant is an important factor in basic cell

biological responses, improving cells’ attachment and pro-

liferation. Other studies found that the hMSCs stem cells

demonstrate significantly higher levels of the cells’ attach-

ment on rough sandblasted surfaces with irregular morphol-

ogies than on smooth surfaces [23]. The ceramic samples

developed in this study exhibited an uneven surface topog-

raphy, as shown in Fig. 2, hence the surface properties of the

material can help to promote the hMSCs cells’ attachment.

The capacity of cells to produce mineralized matrix and

mineralization nodules is taken into account in the design

and development of materials for bone regeneration. The

cells growing in the presence of the ceramics were able to

produce small mineral deposits showing a WDS spectrum

composed of Ca and P both in the ExM core and in the

proximities of the cells (Figs. 3b–c, 4c–d) This effect was

also observed with other types of bioactive ceramic [35–38].

hMSCs cultured on any of the materials studied were

able to differentiate to OBs independently of the addition

of supplements to the medium like L-ascorbic acid-2-

phosphate, dexamethasone and b-glycerolphosphate (OM).

It has been reported that this supplements are necessaries in

order to the differentiation into OBs took place. Despite of

it was evident a stronger stain for ALP, col-I an mineral-

ization nodules when these supplements were in the culture

medium, the differentiation also happened in GM, probably

due, to their presence in the foetal bovine serum, though it

also could be taken in account a possible effect of the

ceramics, which should be demonstrated in a serum free

medium. According our results it should be advisable to

supplement the culture medium with a osteogenic supple-

ment in order to get a better and stronger differentiation of

hMSCs into OBs, but not for achieving their proliferation.

At this point it is important to note that the inductive effect

of TCPss materials on hMSCs differentiation into OBs could

be favoured by the Si in solid solution in the TCP ceramics as

well as the release of Si and Ca ions into the culture medium

and the formation of the previously mentioned Ca–P layer

(Figs. 3a, 4a; Table 1) These phenomena agree with previ-

ous studies of bioactivity in SBF [39] The TCPss ceramic

exposed to SBF releases Ca and Si ions to the medium and

finally shows the formation on its surface of a carbohydr-

oxyapatite layer 24.5 % greater than pure aTCP.

Furthermore, different studies have found similar behaviour

of materials in SBF and culture medium [28, 40, 41]. Hence,

formation of the CaP layer by release of Ca and Si ions into

the culture medium stimulates OBs proliferation.

It is believed that Si ions play an important role in

mineralization and nodule formation. An appropriate con-

centration of Si in the biomaterial acts as a stimulant for

bone matrix integration because of the ion exchange

mechanism with the surrounding environment [16, 42–46].

However, higher Si concentrations appeared to cause cells’

death. Our extensive literature review on soluble factor

effects showed that Si concentrations \19 ppm or Ca

concentrations *250–600 ppm favour osteoblastic differ-

entiation and viability [16, 42–46]. There appears, thus, an

optimal concentration range for these soluble factors to

stimulate the cell’s differentiation.

The Si concentrations from the 1.5 wt% C2S-aTCP

increased from*0.95 to 2.42 ppm by 2 weeks (Table 1-GM)

and 1.73 to 306 ppm by 2 weeks (Table 1-OM), and Ca

concentration increased to 314 ppm (Table 1-GM) and

260 ppm (Table 1-OM). The initial Si and Ca concentrations

from the 3 wt% C2S-aTCP were very different, with much

higher initial Si concentration (*2.20 ppm-GM and

2.64 ppm OM) and lower Ca concentration (\250 ppm GM

and OM). Subsequent Ca concentration continued to be lower

for the 3 wt% C2S-aTCP, but P concentration increased

compared to the 1.5 wt% C2S-aTCP (GM and OM).

The effect of Ca concentrations [250 ppm on promot-

ing the cell viability in presence of the 1.5 wt% C2S-aTCP

ceramic was matched by the pro-osteogenic effect of the

higher P concentration present in media during exposure of

the 3 wt% C2S-aTCP at the end of the 2 week study. These

changes in the soluble factor concentrations may affect the

cells’ proliferation and OC production, which was lower

during the 3.0 wt% C2S-aTCP exposure than in case of the

1.5 wt% C2S-aTCP. The results showed that an optimal

concentration range of the soluble elements may be needed

in the media, in order to secure the cells’ growth and

proliferation during the exposure.

The concept of an optimal concentration range is sup-

ported by a previous in vivo study in New Zealand rabbits

[47] showing that 1.5 wt% C2S-aTCP ceramics supported

significantly more bone in-growth than 3 wt% C2S-aTCP

ceramics. Also, as we concluded for cell growth and pro-

liferation, different soluble factors may have different

influences and may act cooperatively or in opposition.

Some authors have been proposed several mechanisms,

either active or passive to explain that the addition of Si to

CaP modifies the ‘‘in vitro’’ and ‘‘in vivo’’ behaviour of Si-

substituted CaP. When active mechanisms are involved, Si

ions are released and are ‘‘seen’’ by cells, hence affecting

their metabolism. It has been documented that bioactive

glasses and ceramics exert a genetic control over osteoblastic
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cell cycle and a rapid expression of genes that regulate

osteogenesis and the production of growth factor [48–50].

Silicon has been identified as the major contributor to the

mineralization of bone and gene activation [48–50]. When

passive mechanisms are involved, the presence of Si in the

CaP structure causes change of grain size [51–53], a change

of protein conformation at the material surface [45] or a

change of surface topography, since surface topography

affects the cellular behaviour [44, 54], and since a decrease of

grain size was observed with an increase in Si-substitution

degree [14, 46, 47]. The mechanism by which the TCPss

evaluated in this work induces the differentiation of hMSCs

into OBs will be investigated in future works.

The present results verify that features such as compo-

sition and roughness can modulate cells responses ‘‘in

vitro’’. Both the steady adhesion of cells on the substrate

surface and the osteocalcine production are data that should

be considered in the evaluation of the material cytocom-

patibility. In our study, excellent cell adhesion and prolif-

eration were observed, as well as an increase in the

osteocalcine production.

5 Conclusion

The powder metallurgy method combined with the appro-

priate homogenisation and heat treatment procedures was

successful in obtaining pure aTCP composition and also Si

doped compositions containing either 1.5 or 3.0 wt% of C2S

in aTCP ceramics. All materials were composed of a single

phase, which was stable at room temperature. C2S formed a

solid solution with aTCP, called in the paper aTCPss.

The aTCPss ceramic evaluated in this work provided a

favourable microenvironment for the adhesion, spread and

proliferation of hMSCs, and it was improved with culture

time. The hMSCs expressed markers of the osteoblastic

phenotype (ALP activity, Col I expression, OC production

and mineralization) in the a-TCPss materials indicating

osteoblastic differentiation as a result of the increased

concentration of Si in solid solution in a-TCP. These

findings are consistent with the importance of ‘‘in vitro’’

osteoblastic hMSCs pre-orientation for, later, to initiate

bone formation in vivo. Respect to the two culture medi-

ums employed, GM should be used for proliferation of

hMSCs and OM only for differentiation studies or for

detecting osteoblastic phenotype.

The TCPss ceramics behaves as a cytocompatible and

bioactive materials able to induce ‘‘per se’’ osteoblastic

differentiation of hMSCs which would contribute to the

quick bonding of the materials to the receptor bone in vivo.

So, TCPss ceramics should be an effective substrate pro-

moter of bone tissue regeneration suitable for bone tissue

bioengineering.
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