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Abstract
Calcium phosphate cements (CPC) are successfully used as bone substitutes in dentistry and
orthopaedic applications. Doped amorphous CPC cements with various ions Mg, Zn and F were
investigated in an attempt to improve their physicochemical and biological properties. The
cement samples were composed of a settable matrix and biphasic calcium phosphates (BCP)
granules. X-ray diffraction data of the cement matrices after 24 H setting revealed apatite with
poor crystallinity, whereas BCP granules did not react. Samples doped with F showed shorter
setting times and greater compressive strength in comparison to those doped with Mg or Zn. In
contrast, porosity data showed that the total porosity of Mg doped samples was greater compared
to samples doped with Zn and F. Scanning electron microscopy (SEM) revealed that the crystals
produced after setting reaction were poorly crystalline consisting of petal-like crystals. Those of
Mg doped samples look smaller and finer. SEM observations and measurement of mitochondrial
activity (MTS assay) indicated that the MC3T3-E1 cells remained viable in contact with the
various materials. In addition, the results indicate that MC3T3-E1 cells maintained their
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capability to express ALP on the various materials. These overall results indicate that these
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materials are good candidates for bone substitutions.
Keywords: Calcium phosphate cements; Dopant; Osteoblasts; Biocompatibility

1. Introduction
The principal advantages of calcium phosphate materials include: similarity in composition to the
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bone mineral, bioactivity, osteoconductivity and ability to form a uniquely strong interface with
bone (1). Calcium phosphate materials are available as granules, blocks, coatings on dental and
medical implants, and as cements.
The concept of apatitic calcium phosphate cements (CPC) was first introduced by LeGeros in
1982 (2) and the first patent on self-setting CPC was obtained by Brown and Chow in 1983 (3).
Currently, several CPC with varying compositions of the powder and liquid components are
commercially available and many more are in experimental stages (4-10).Unlike the calcium
phosphate bioceramics in granules or pre-shaped form, CPC has the major advantage of being
able to readily adapt to the shape of the bone defect, rapidly integrate into the bone structure and
be transformed into new bone (8-10) by the cellular action of bone cells (osteoclasts and
osteoblasts) responsible for the local bone remodelling (11-14). However, in spite of these
optimal properties, CPCs have limitations due to their poor mechanical properties and low in vivo
biodegradation. Because of the absence of macroporosity that will allow cell colonisation and
tissue ingrowth, the current commercial CPCs remain dense after implantation. To overcome
these problems we sought to decipher whether doping amorphous based CPC with small amounts
of ions like Mg, Zn or F may improve their physico chemical and biological properties.

2

A CPC formulation incorporating stabilised amorphous calcium phosphate (ACP) and biphasic
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calcium phosphate (BCP) ceramic was therefore recently developed (15). The BCP consisted of
hydroxyapatite (HA) and beta-tricalcium phosphate (β-TCP).
ACP can be made more or less stable (i.e., more or less soluble or more or less susceptible to
convert into other calcium phosphates) depending on the amount and ions incorporated. In order
to stabilise ACP we incorporated ions. The prevention of ACP transformation will increase its in
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vivo dissolution properties which in turn will provide macroporosity in the cement matrix
allowing cell colonization and tissue ingrowth.

In view of the above mentioned data, the main objectives of the present study were i) to
synthesise and determine the physico-chemical properties of Mg, Zn and F doped ACP based
cements and ii) to assess the effect of such calcium phosphate cements on in vitro osteoblastic
behaviour. In this attempt we synthesised Mg, Zn and F doped ACP based cements, and we
evaluated their chemical properties (XRD and FTIR), setting times, porosity and compressive
strength. Then the cytocompatibility of such materials was evaluated by examining the
morphology, viability and alkaline phosphatase (ALP) activity of osteoblastic MC3T3-E1 cells
cultured in contact with doped materials.

3

2. Materials and methods
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2.1. Cement preparation
The powder components of the cement included: BCP ceramic granules, α–TCP, monocalcium
phosphate monohydrate (MCPM) and ACP incorporating carbonate (ACCP), with magnesium
(Mg-ACCP), with zinc (Zn-ACCP) or with fluoride (F-ACCP) ions. The BCP consisted of an
intimate mixture of 60 % HA and 40 % β-TCP. A sieved fraction of BCP granules with diameters
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ranging from 80 to 200 µm was selected. α-TCP was prepared by heating an appropriate mixture
of dicalcium phosphate CaHPO4 and CaCO3 for 6 hours at 1300 ºC, and quenching it in air down
to room temperature. The amorphous calcium phosphate salts (ACP) were prepared by double
decomposition of mixed aqueous solutions of soluble calcium and phosphate salts as previously
described (Ref. 15). The precipitate formed was immediately filtered and lyophilised during 24h.
The molar ratio of Mg/Ca, Zn/Ca and F/PO4 was the same for all ACP preparations. The
chemical composition of the cement powder consisted in a settable matrix (α–TCP, MCPM,
ACP) with a main diameter of 15 µm and BCP granules. The cement consisted of 70 wt % matrix
and 30 wt % BCP. Samples of the three materials tested were denoted as follows: Mg-BCP for
the formulation mixed with Mg-ACCP, Zn-BCP for the formulation mixed with Zn-ACCP, and
F-BCP for the formulation mixed with F-ACCP. Powder and liquid were mixed in a mortar for
about 1 min. The cement samples were prepared at a liquid/powder ratio (L/P) of 0.36 ml/g and
the liquid used was 3 wt % Na2HPO4 in distilled water. For cell culture experiments, cement
powders were pressed into discs with a diameter of 13 mm. The discs were then sterilised by
steam for 30 min at 121 °C.
2.2. Chemical analysis
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The set samples and raw materials were manually crushed to a fine powder in an agate mortar for
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x-ray diffraction (XRD) analysis. The XRD patterns were recorded by step scanning using a
microprocessor-controlled diffractometer system (Philips PW 1830) with Ni-filtered copper Kα
generated at 40 kV and 30 mA. The data were collected in a continuous scan mode. The step
scanning was performed with an integration time of 3 sec at intervals of 0.05º (2θ).

inserm-00170245, version 1

Fourier transform infrared (FTIR) spectroscopy (Magna IR 500; Nicolet) was used to characterise
the lyophilised ACP. Samples were ground in KBr to ensure homogeneity and pressed to form a
sample pellet.
The study of the morphology evolution of the crystalline structures that are formed during the
process of cement setting was carried out by examining the fractured surfaces of samples by
scanning electron microscopy (LEO 1450 VP).

2.3. Setting times
Initial (I) and final (F) setting times were determined according to the C266-ASTM standard.
The light and thick needle is used to measure the initial setting time, the heavy and thin needle for
the final setting time.
2.4. Compressive strength and porosity
Cylindrical specimens, 12 mm high and 6 mm in diameter, were prepared and stored for 24h in
saline solution at 37°C. The hardened specimens were removed from the moulds prior to
determination of the compressive strength and porosity measurements. The compressive strength
was determined using a TA.HDplus Texture Analyser. Mercury porosimetry has been used as the
main method for porosity measurements, the experiments were carried out in a Porosimeter
AutoPore III 9420.

5

2.5. Cell culture
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MC3T3-E1 cells are a non-transformed cell line established from newborn mouse calvaria and
exhibit an osteoblastic phenotype (16). Cells were routinely grown in α-MEM medium
supplemented with 10 % FCS, 1 % penicillin/streptomycin and 1 % L-Glutamine. Cells were
subcultured once a week using Trypsin/EDTA and maintained at 37 °C in a humidified
atmosphere of 5 % CO2 in air. Fresh medium was added every two days.
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2.6. Cell morphology
MC3T3-E1 cell morphology was studied in contact with the various material discs by Scanning
Electron Microscopy (SEM). Cells were seeded either onto Mg-BCP, Zn-BCP and F-BCP discs
or onto glass coverslips (positive control) in 24-mutiwell plates at a final density of 10 000
cells/cm2. After indicated times, media were removed and specimens were fixed with 4 %
glutaraldehyde in PBS (pH 7.2) for 1h30 min at 4 °C. After dehydratation in graded alcohols,
specimens were treated with graded mixture of ethanol/trichlorotrifluoroethane (75/25, 50/50,
25/75 and 0/100). They were then sputter-coated with gold palladium. The surface of the
specimens was finally examined with backscattered (BSE) and secondary electrons in SEM under
15 kV (17).

2.7. Cell viability
Cell viability was measured as mitochondrial NADH/NADPH-dependent dehydrogenase activity,
resulting in the cellular conversion of the tetrazolium salt MTS into a soluble formazan dye (18,
19) with the CellTiter 96 Aqueous non-radioactive cell proliferation assay (Promega). MC3T3E1 cells were cultured either onto Mg-BCP, Zn-BCP and F-BCP discs or in the absence of
material (Plastic) in 24 multiwell plates at a density of 10 000 cells/cm2. After indicated times,
6

culture media were removed and 100 µl of MTS solution was added in each well for 2-3 h
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according to the manufacturer’s instructions. Finally, colorimetric measurement of formazan dye
was performed on a spectrophotometer with an optical density reading at 490 nm. Results were
expressed as a relative MTS activity as compared to control conditions (Plastic).

2.8. Alkaline phosphatase (ALP) activity
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ALP activity was evaluated, as previously described (Ref.20) in MC3T3-E1 cells cultured either
onto Mg-BCP, Zn-BCP and F-BCP discs or in the absence of material (Plastic) in 24 multiwell
plates (10 000 cells/cm2). After indicated times, cells were washed twice with ice-cold PBS and
scraped in a 0.2 % aqueous solution of Nonidet P-40. Cell suspension was then sonicated on ice
for 30 s and centrifuged for 5 min at 4°C. Aliquots of supernatants were subjected to protein
assay with the Pierce Coomassie Plus assay reagent and to ALP activity measurement. ALP
activity was assessed at pH 10.3 in 0.1 M 2-amino-2-methyl-1-propanol containing 1 mM MgCl2.
P-NPP (10 mM) was used as a chromogenic substrate for an optical density reading at 405 nm.
Results were expressed as relative ALP activity compared with control conditions (Plastic).

2.9. Statistical analysis
Each experiment was conducted in triplicate and repeated at least twice with similar results.
Results are expressed as mean +/- SEM of triplicate determinations. Comparative studies of
means were performed using one-way ANOVA followed by a post hoc test (Fisher projected
least significant difference) with a statistical significance at p<0.05.

7

3. Results
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3.1. Chemical characterisation
The XRD patterns of the various ACP preparations containing Mg, Zn and F showed a high
background and absence of any diffraction peaks (Fig. 1a). FTIR spectra (Fig. 1b) of the freezedried ACP preparations showed the absorption bands for CO3 groups (at 1420 to1450 cm-1; 970
to 980 cm-1) and for PO4 groups (at 950 to 1200 cm-1 and 450 to 650 cm-1). The lack of resolution
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of the PO4 absorption bands is characteristic of ACP salts. These data unequivocally indicate that
our ACP preparations were amorphous whatever the ion used.
The XRD data give similar results for the three cement samples. As a representative pattern, the
evolution of the cement samples containing Mg during its setting is reported. XRD patterns of the
cements obtained after 24h ageing were similar and revealed that the BCP granules did not react
when the matrix fully transformed to apatite with poor crystallinity (Fig. 2).
As shown in SEM pictures (Fig. 3), the three cement samples after 24h ageing in saline solution
at 37°C displayed a typical fine apatite microstructure. It is observed that the crystals produced
by the setting reaction are poorly crystalline consisting of petal-like crystals. The Mg-BCP
formed crystals look smaller and finer than Zn-BCP or F-BCP.

3.2. Setting times
The values obtained for the initial setting time (I) and the final setting time (F) for the cement
samples prepared at room temperature are given in Table 1. Samples doped with F ions set faster
than those doped with Zn or Mg. It appears that for all samples, the setting times remain
clinically reasonable.

3.3. Compressive strength and porosity
8

The data of compressive strength and total porosity of cement samples after 24 H setting in saline
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solution at 37 °C are given in Table 2. Samples doped with F ions show a significant increase in
comparison with those doped with Mg or Zn. The CS values are slightly different between MgBCP and Zn-BCP samples. In contrast, porosity data showed that the total porosity of Mg-BCP
samples is greater compared to Zn-BCP and F-BCP samples, in addition not only the porosity is
greater, but also the percentage of macrospores is greater. The cement samples doped with Mg,
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Zn and F showed respectively a total porosity of 66 %, 60 % and 51 % where presence of
macroporosity was evident. Pore size distribution revealed that Mg-BCP samples contained about
22% macrospores, 14 % for Zn-BCP and 8 % for F-BCP samples.

3.4. Cell morphology
Scanning electron microscopic examinations of osteoblastic MC3T3-E1 cells on materials show
that cells cultured for 48h were capable of adhering onto Mg-BCP, Zn-BCP and F-BCP discs
(Figure 4). Qualitative comparison of the three materials to the positive control reveals a higher
cell density on the surface of glass cover slips than onto cement materials doped with Mg, Zn or
F ions. Equivalent amount of cells however, was observed on the surface of the three materials
(Fig. 4 and low magnification on the left panels). Cell morphology was also examined at higher
magnification (Figure 3 and right panels). MC3T3-E1 cells displayed flattened and elongated
morphology whatever the material. In addition, cells exhibited numerous cytoplasmic extensions
and lamellopodia. These results suggest no adverse cellular response to materials doped with Mg,
Zn or F ions.

3.5. Cell viability
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To examine the viability of osteoblastic cells we aimed at determining whether the MTS activity
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was influenced by the various materials in MC3T3-E1 cells. Cells were cultured either onto MgBCP, Zn-BCP and F-BCP discs or directly on plastic (control). MTS activity was measured at 7,
14 and 21 days following initiation of the cell/materials interactions. Results show that cell
viability was decreased after 7 days in culture (Figure 4). The MTS activity of osteoblasts
cultured onto the various materials discs was significantly reduced (p<0.05) by about 73 % for
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Mg-BCP and 64 % for Zn-BCP and F-BCP as compared to plastic conditions (Figure 4). After 14
days in culture, MC3T3-E1 cells showed an increase in cell viability. Indeed, the reduction of
MTS activity was about 45 % for Mg-BCP and F-BCP as compared to control conditions. Cell
viability of MC3T3-E1 cells grown on Zn-BCP was no more statistically different from cells
grown on plastic after 14 days in culture. After three weeks in culture, cell viability of osteoblasts
cultured onto the various cement discs was not statistically different from that observed in control
conditions (Fig. 4).
These results reveal that osteoblast viability decreased the first two weeks in culture onto MgBCP and F-BCP discs. This reduction was however completely abolished after three weeks in
culture. Zn-BCP cement seems to have less influence on cell viability since a reduction was
observed the first week only.

3.6. ALP activity
To further analyze the osteoblastic behaviour we performed a measurement of ALP activity in
MC3T3-E1 cells cultured onto the various cements discs for 21 days. ALP activity was evaluated
in osteoblasts seeded in direct contact with Mg-BCP, Zn-BCP and F-BCP. The results indicated
no significant decrease in ALP activity of osteoblasts interacting with cement discs as compared
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to plastic conditions (Fig. 5). These results indicate that MC3T3-E1 cells maintained their
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capability to express ALP on the various cement discs.
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4. Discussion
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Calcium phosphate cements consist of a powder and an aqueous solution. They are prepared by
dissolution and precipitation phenomenon. The precipitate is a conglomerate of crystals. After
setting they remain dense and do not provide a rapid bone repair. The purpose of our work was
to improve their physico chemical and biological properties by doping with small amounts of
ions like Mg, Zn or F.
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In this study, the three materials investigated consisted in a settable matrix (α-TCP, MCPM,
doped ACP) and BCP granules. The ACP’s used in these experimental materials were
synthesized with Mg, Zn, or F ions to stabilise them for the purpose to prevent their conversion
upon mixing with aqueous solution (20) and to investigate their combination with other calcium
phosphate salts like α-TCP or BCP on the physicochemical and biological properties of these
materials. Early studies showed that some ions inhibit the crystallization of apatite and promote
the formation of ACP. These ions include: Mg, Zn, CO3 and P2O5 (21, 22). Studies have also
shown that the transformation of ACP to other types of calcium phosphates (e.g., to apatite or
dicalcium phosphate dehydrate) could be inhibited by the presence of some ions or molecules,
e.g. Mg and P2O7 (22).
Previous studies (23, 24) dealing with the process of hydration of a cement based on α-TCPCaHPO4 and a cement consisted of α-TCP, β-TCP and 2 % HA, reported that the β-TCP and
CaHPO4 did not react and concluded that the responsible of the setting reaction is the α-TCP.
Apatite is the final product of the setting reaction in several α-TCP based cement systems (5) and
the mechanism of setting is an entanglement of precipitated crystals as described for gypsum
(25). In our case, the cement matrix setting was the result of the α-TCP hydrolysis giving as a
product apatite plus traces of ACP depending on the doping ion (Mg, Zn or F). This phenomenon
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could be evidenced by the presence of the different crystalline networks which are evolved in the
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setting reaction.
SEM pictures of samples doped with Mg indicated that the crystallites are much smaller than
those of Zn or F. This may indicate that the end product is apatite containing larger amounts of
ACP. Conversely, the crystallites observed with samples doped with F were larger suggesting
that the cement matrix was transformed to apatite.
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In addition, in an attempt to determine whether our cements are in compliance with clinical
requirements or not, we proposed to determine the setting times according to the C266-ASTM
standard, the compressive strength according to F451-86 ASTM standard and the porosity.
F-BCP samples showed reduced setting times, greater compressive strength and lower porosity
compared to Zn-BCP and Mg-BCP samples. In a previous study (26), the CPC containing more
apatite seeds appeared to enhance the setting reaction thereby reducing the setting times and
increase compressive strength. Lower compressive strength at the initial stages of the setting, as a
result of ACP content in the end product, is compatible with a finer crystalline microstructure
(case of Mg-BCP) and with a reduced interfacial strength of the contact points developed
between crystals. Porosity data are correlated with compressive strength values. When the
porosity increases, the compressive strength decreases as a result of the pore percentage present
in the cement structure. Mg-BCP samples had greater total porosity and lower compressive
strength. Taken together, data obtained in the present study show that the F ions stabilise less the
ACP than Zn and Mg ions providing a full transformation of matrix to apatite.

Calcium phosphate biomaterials are biocompatible because the main mineral component of bone
carbonated hydroxyapatite (27), is composed principally of calcium and phosphate ions. Reported
biocompatibility of various calcium phosphate cements (28, 29) is attributed to either the
13

biocompatibility of their individual ingredients (α-TCP, β-TCP, HA, brushite, monetite, ACP) or
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the biocompatibility of the setting reaction product (generally calcium-deficient apatite or
carbonated hydroxyapatite).
In an attempt to determine the in vitro biological properties of our novel doped amorphous
calcium phosphate-based cements, we were interested in determining the cytocompatibility of our
materials according to standards (ISO 10993-5: Biological evaluation of medical devices - Part
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5: Tests for in vitro cytotoxicity). We focused on morphology, cell viability and cell activity
assays by direct contact with osteoblasts as target cells for any medical device intended for
implantation in bony site. Among the cellular models of osteoblastic differentiation, MC3T3-E1
cell line is a non-transformed model derived from mouse calvaria that exhibit high sensitivity to
cytotoxic signal (16). In a first set of experiments, we examined the morphology of MC3T3-E1
cells cultured in contact with discs of the various materials. Cells on the surface of materials were
largely spread out and exhibited large cytoplasmic extensions suggesting an active cell migration.
In addition, osteoblasts expanded on materials exhibit large pseudopodia thus strongly suggesting
quite adhesion capabilities. For all tested materials, the chemical nature of the surface is likely to
provide specific sites for focal adhesion molecules, thus allowing the cells to adhere (30). The
molecules present at the focal adhesion contacts have recently been identified. These molecules
have been shown to interact with transcription factors thereby controlling the expression of
specific genes in target cells (31). Whether the surface of doped ACP-based cements may be able
to activate the transcription of specific osteoblastic genes remains however to be further
investigated.
To assess the effect of Mg, Zn and F ions in CPC on cellular viability, we sought to evaluate the
mitochondrial activity of osteoblasts. When the cells were cultured for short period of time, MTS
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activity was down-regulated, strongly suggesting alteration in cellular viability. Interestingly, this
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alteration remains transient and was totally recovered when cells were cultured in longer-term
culture. One explanation to this temporary alteration could be the osteoblastic sensitivity to the
material surface morphology or composition (32). To distinguish between both hypotheses, the
specific effects of Mg, Zn and F ions on osteoblastic viability and proliferation will deserve
major consideration.
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While the effects of surface materials remain a large matter of debate particularly with respect to
the expression of osteoblastic phenotype (33, 34), we investigated whether MC3T3-E1 cells
conserved their phenotype when cultured in contact with our various cements. Numerous
osteoblastic markers have been described including transcription factors (osterix, Osf2/cbfa-1)
and mineralization-regulatory proteins (osteocalcin, osteopontin, alkaline phosphatase…) (35).
Since MC3T3-E1 cells express all these major osteoblastic hallmarks and particularly exhibit a
high ALP activity in the confluent state, we analysed the enzymatic activity of ALP. Osteoblasts
cultured onto the various cements showed lower but not significant ALP activity in comparison
to control conditions. Despite the absence of effects for the various doped cements, it could be
interesting to study the influence of Mg, Zn, and F ions on the activation of osteoblastic
transcription factors.

In conclusion, doping CPC cements with Mg, Zn or F ions was found to influence the dissolution
of matrix, not only retarding or accelerating the setting process, but also influencing the
precipitation of the apatite crystallites. Cement samples doped with F had shorter setting times,
greater compressive strength and lower porosity than those doped with Mg or Zn. In addition,
these doped cement failed to affect the osteoblastic morphology, viability and activity. Today, to
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decipher the efficacy of such materials in bone repair, implantations in appropriate animal models
HAL author manuscript

of critical size defects are under investigation.
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Table 1
Setting times (min)

Mg-BCP
Zn-BCP
F-BCP

I (min)

F (min)

18 ± 1
15 ± 2
9±1

41 ± 2
32 ± 3
26 ± 2
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Table 2.
Samples
24 h setting
Mg-BCP
Zn-BCP
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F-BCP

Total porosity
(%)

Compressive strength
(MPa)

66,02 ± 2
(22,78 % > 100µm)
60.86 ± 3
(14,23 % > 100µm)
51,23 ± 3
(8,89 % > 100µm)

10 ± 2
13 ± 2
20 ± 2
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Figure 1(a) X-ray diffraction pattern of different amorphous calcium phosphate salts
Figure 1(b) FTIR spectra of different amorphous calcium phosphate salts
Figure 2(b) X-ray diffraction pattern of cement (matrix + BCP) after 24 H setting
Fig. 3 SEM pictures of the three cement samples after 24 H setting. (a) Mg-BCP, (b) Zn-BCP, (c)
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F-BCP
Table 1 Setting times of cement samples prepared with a L/P = 0.36 ml/g
Table 2 Compressive strength and porosity of cements after 24 H setting

Figure 4 SEM observations of MC3T3-E1 cell morphology after 48h culture either in direct
contact on Mg-BCP, Zn-BCP or F-BCP surface or on glass coverslips (control). Samples were
observed using back-scattered electrons. Original magnification ×50, BAR=100 µm (right
panels). Samples were observed using secondary electrons. Original magnification ×500;
BAR=10 µm (left panels).

Figure 5 MTS activity of MC3T3-E1 cells cultured in direct contact either on Mg-BCP, Zn-BCP
or F-BCP surface or on plastic (control) for 7, 14 and 21 days. MTS activity was determined as
indicated in materials and methods section. Results are expressed in relative MTS activity
compared with control conditions.* #p<0.05 and as compared to plastic

Figure 6 ALP activity of MC3T3-E1 cells cultured in direct contact either on Mg-BCP, Zn-BCP
or F-BCP surface or on plastic (control) for 21 days. ALP activity was measured as described in
materials and methods section. Results are expressed in relative ALP activity compared with
control conditions.
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