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Abstract 

Calcium phosphate cements (CPC) have been widely investigated as bone substitutes, 

owing to their attractive features in terms of physicochemical and biocompatibility 

properties. However, the clinical applicability of this group of biomaterials is still 

critically limited by its poor strength and rheological properties in terms of injectability 

and cohesion. The present work aims to develop novel composite cement based on 

calcium phosphate cement (CPC) and bioactive glass (BG), associated with sodium 

alginate hydrogel (Alg). The composition, microstructure, setting, rheological, and 

mechanical properties of this composite cement were further investigated. Evaluation of 

setting properties showed that BG participates crucially in the setting reaction as a 

calcium and phosphate provider and serves as a setting accelerator. Thus, the setting 

time appears lower in these cements than in the reference CPC cement: it decreases 

from 75 to 42 min as the BG content increases from 10 to 25 wt% and is delayed from 

42 to 73 min while the Alg amount augmented from 1 to 5 wt%. The rheological 

evaluation revealed that injectability was slightly improved with increasing BG content 

compared to the injectability of CPC, reaching a value close to 100% when combined 

with Alg hydrogel. The anti-washout property appeared to be weak for the CPC with or 

without BG, which are disintegrated in solution. The cohesiveness was significantly 

improved by introducing Alg hydrogel; furthermore, the addition of 5 wt% of alginate 

hydrogel induced an increase in the compressive strength about twice (7.2 MPa) higher 

than that of the reference CPC (4.0 MPa). According to the above findings, the addition 

of BG acts as a setting accelerator leading to a fast apatite formation, while the 

introduction of Alg hydrogel as a rheological promoting agent improves the injectability 

and cohesion. The combination of BG and Alg as additives increased the compressive 

strength compared to the reference cement.  
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1. Introduction 

Several bone diseases affect millions of people all over the world. The search for 

new synthetic bone grafts to treat musculoskeletal infirmities and, in particular, bone 

loss due to cancer, osteoporosis, or trauma, has aroused a large interest in several 

scientific investigations [1]. Bone autografts are regarded as the perfect standard for 

bone replacement due to their bone healing efficacy in terms of osteoinductive, 

osteoconductive, and osteogenic properties [2]. However, their use is conditioned by 

their limited availability and the requirement of additional surgical procedures, which 

increase the risk of infections and blood loss [3]. To solve these drawbacks, more 

research efforts have been carried to develop new bone grafts substitutes presenting 

improved properties to replace natural bone grafts [2]. Calcium Phosphate Cements 

(CPCs) are a family of bone substitutes that have proved a considerable clinical success 

in many dental and orthopedic applications [4]. They are used as a moldable paste to fill 

bone cavities, defects, or discontinuities [5]. Moreover, from the biological point of 

view, CPCs show excellent properties. They are biocompatible, bioresorbable, and 

osteoconductive [6]. However, CPCs present some limitations related to their 

brittleness, low injectability, and degradability [7]. Consequently, several approaches 

have been explored to overcome these limitations, and this was accomplished in some 

studies by introducing many additives such as polymers [8,9], Carbon fibers [10], 

Calcium sulfate [11], and Bioactive glass [12, 13]. The incorporation of polymers in the 

CPC matrix has proven to be an excellent strategy for the improvement of the CPC 

properties such as injectability, cohesion, and mechanical strength [14, 15]. Polymeric 

materials, including natural biopolymers, such as chitosan [16], gelatin [17], collagen 
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[18], carboxymethyl-cellulose [19], and alginate [20], were combined with calcium 

phosphate cements. Synthetic polymers in specific forms, e.g. poly (lactic-co-glycolic 

acid) (PLGA), have been widely used to mainly improve the ductility of the brittle 

cement [21, 22]. Particularly, sodium alginate has been incorporated in the cement as an 

additive to enhance CPC rheological, and mechanical properties [23, 24]. Moreover, the 

effect of glassy compounds as additive materials on the properties of CPCs was also 

investigated. Bioactive glasses constitute a group of synthetic silica-based materials, 

with the unique ability to directly bond to bone tissue due to the formation of a calcium 

phosphate layer on the glass surface [25, 26]. The association of these materials with 

calcium phosphate has attracted interest due to the possibility to integrate their high 

bioactivity rate to the cement, thus, increasing the osteogenic potential of the material 

[27]. Yu et al. have reported that the incorporation of bioactive glass in the CPC matrix-

induced better injectability and mechanical strength, but delayed the setting time [28].   

In this light, a novel injectable apatite composite cement was developed by combining 

46S6 bioactive glass (BG) and alginate hydrogel (Alg), with a reference cement CPC 

based on calcium carbonate (Vaterite) and calcium phosphate (Brushite). To the best of 

our knowledge, this work reports for the first time on the effect of the bioactive glass 

and sodium alginate on the CPC cement’s properties, in terms of composition, 

microstructure, setting properties, injectability, cohesion, and compressive strength. 

.  
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2. Materials & Methods 

2.1 Materials 

Calcium nitrate tetrahydrate (Ca(NO3)2, 4H2O,  99%), ammonium dihydrogen 

phosphate (NH4H2PO4), calcium chloride dihydrate (CaCl2, 2H2O,  99%), sodium 

carbonate decahydrate (Na2CO3∙10H2O,  99%), and sodium alginate (C6H7NaO6,) 

were purchased from Sigma-Aldrich. 

Calcium metasilicate (CaSiO3, 97%), trisodium tri-metaphosphate (Na3P3O9, 95%), 

were purchased from Alfa Aesar, and sodium metasilicate pentahydrate (Na2SiO3, 97%) 

from Fisher chemical.  

All chemical reactants used in this study were of analytical grade and used as received. 

2.1.1 Synthesis of DCPD, CaCO3 and Bioactive Glass 

The brushite (dicalcium phosphate dihydrate - DCPD) was synthesized [29] by double 

decomposition from an aqueous equimolar mixture of calcium nitrate tetrahydrate 

(Ca(NO3)2, 4H2O) and ammonium dihydrogen phosphate (NH4H2PO4). Then the pH of 

the mixture was adjusted to a value of 5.5 by adding ammonia. The obtained precipitate 

was left to mature (5 hours), then filtered, washed with deionized water, and freeze-

dried. The vaterite was also synthesized by double decomposition [30] from an aqueous 

equimolar mixture of calcium chloride dihydrate (CaCl2, 2H2O) and sodium carbonate 

decahydrate (Na2CO3∙10H2O,). The precipitate formed was filtered, washed with 

deionized water, and freeze-dried. 

The 46S6 bioactive glass (BG) was prepared by the melting process using calcium 

metasilicate (CaSiO3), trisodium tri-metaphosphate (Na3P3O9), and sodium metasilicate 

pentahydrate (Na2SiO3) as inorganic precursors [31]. The reactants were mixed using a 

mechanical mixer for 20 min. The homogeneous mixture was melted in a platinum Pt 

crucible and poured into a preheated die at 500 °C. After cooling to room temperature, 

the resulting bioactive glass was ground in a mechanical agate mortar and sieved to 
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obtain a particle size in the range of 100 – 200 µm. The final composition of the 46S6 

bioactive glass is about 46 wt% SiO2, 24 wt% CaO, 24 wt% Na2O, and 6 wt% P2O5. 

2.1.2 Cements and composites formulation 

The composite cements investigated in this work consist of DCPD, CaCO3, BG as 

reactive powders, and distilled water or sodium alginate hydrogel (Alg) as a liquid 

phase. The reference material is a mixed cement (CPC) prepared by mixing DCPD and 

CaCO3 in a 1:1 weight ratio with distilled water at a Liquid to Powder ratio (L/P) of 0.7 

[29]. Cements combined with different amounts (x = 10, 15, and 25 wt%) of MB, then 

named as CPC-BGx, were formulated by homogeneously mixing the reactive powders 

(DCPD, CaCO3, and BG) with distilled water using the same L/P ratio (Table 1). 

Additionally, CPC-BGx-Algy composites were obtained by mixing reactive powders 

with sodium alginate (Alg) hydrogel prepared by solubilizing Alg salts (y = 1, 3, and 5 

wt%) in distilled water. The samples were named CPC-BGx-Algy, where x and y are 

the amounts of BG and Alg respectively (Table 1). 

The pastes of composite cements derived from the powders were stored immediately 

after preparation in a polyethylene tube at 37°C and 100% relative humidity and 

allowed to set for 48 hours. The hardened cements were dried for 5 days at 37 °C and 

then analyzed. Table 1 presents the different prepared composite cements. 

The alginate content was only varied for the composition of CPC-BG25 as this cement 

showed the best characteristics in terms of chemical reaction, setting time, injectability, 

cohesion, and compressive strength. 

Table 1. Different formulations of the composite cements and their composition. 

Samples 

Solid-phase 

Liquid 

phase 

L/P CaCO3 

(% wt) 

DCPD 

(% wt) 

BG 

(% wt) 

CPC 50.0 50.0 0 Distilled 0.7 
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water 

CPC-BG10 45.0 45.0 10 

Distilled 

water 

0.7 CPC-BG15 42.5 42.5 15 

CPC-BG25 37.5 37.5 25.0 

CPC-BG25-Alg1 37.5 37.5 25.0 Alg 1wt% 

0.7 CPC-BG25-Alg3 37.5 37.5 25.0 Alg 3 wt % 

CPC-BG25-Alg5 37.5 37.5 25.0 Alg 5 wt % 

 

2.2 Methods  

2.2.1 Physicochemical Characterization 

The chemical composition of the prepared materials was analyzed in transmission mode 

by Fourier transform infrared spectroscopy. The FTIR spectra were obtained at room 

temperature on a VORTEX spectrometer, using powdered samples embedded in KBr 

pellets. The spectral range extended from 4000 cm
-1

 to 400 cm
-1 

with a resolution of 4 

cm
-1

.  

The analyses of the crystalline phases present in the samples were performed using X-

ray diffraction (XRD). The diffractograms were recorded at room temperature using 

Rikagu D/Max-IIIB diffractometer with CuKα source (λ = 1.540593 Å). Data were 

collected between 10 and 70° (2θ) with a step of 0.02° and a scan speed of 2°.min
-1

. 

Scanning Electron Microscopy (SEM) (TESCAN VEGA3) coupled with an energy 

dispersive spectrometer (EDAX analyzer) was performed to evaluate the microstructure 

and elemental compositions of the formulated cements. All the specimens were coated 

with a thin conductive layer of carbon using a carbon coater (CRESSINGTON 

CARBON COATER – 108carbon/A); the morphologies were then observed.  
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Porosity measurements were carried out using a mercury porosimeter (Poresizer 

Micromeritics Pore Sizer 9310). 

2.2.2 Setting properties  

Both setting times and setting reaction kinetics were evaluated. The initial and final 

setting times of the specimens were measured according to the ASTM C266-89 

standard using a Gillmore testing apparatus.  

To evaluate the setting reaction kinetics, the reference material (CPC) and composite 

cements were prepared as described above. The paste obtained by mixing the solid and 

liquid phases was subdivided into several samples which were then incubated in a 

humid environment at 37 °C for different times (2 h, 4 h, 6 h, 24 h, and 48 h) and then 

freeze-dried to stop the setting reaction of the cement. The advancement of the setting 

reactions in the samples was assessed by XRD and FTIR analysis, through monitoring 

the evolution of reactive powders (brushite and vaterite) and the formation of apatite in 

the formulated materials. To compare the setting reaction of prepared cements at 

different incubation periods, an intensity ratio of apatite/vaterite (IAp/IVat) was calculated 

as an indicator of apatite formation. The terms IAp and IVat correspond to XRD peak 

intensities at 26° and 25.2° (2θ degree) of the newly formed apatite and the residual 

vaterite, respectively. 

2.2.3 Cohesion and Injectability testing  

To evaluate the cohesion, the cements paste, with or without polymer (CPC; CPC-BG25 

and CPC-BG25-Alg), were injected immediately after preparation (< 3 min) into a 

saline solution (NaCl (0.9 wt%). Photographs were recorded by a camera after 5 min 

and 24 hours of immersion in the solution. 

The injectability of CPC, CPC-BGx, and CPC-BGx-Algy cements was evaluated by 

extruding a quantity of 2.0 g of as-prepared paste through a 5 mL disposable syringe, 
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with an opening nozzle with a 2.0 mm diameter, according to the protocol described 

elsewhere [32,33]. 

The protocol consists of fitting a syringe to the programmable pumping device and 

insert 2.0 g of composite paste and then apply a constant force of 12 N. 

The injectability (I %) is calculated according to the following Equation (1): 

  ( )  
 (        )

 (       )
                ( ) 

where I, is the injectability, while m(injected), and m(initial) are, respectively, the 

weight of the paste extruded through the syringe and the paste initially contained in the 

syringe. All values were the average of three tests performed for each composite. 

2.2.4 Compressive strength  

The compressive strength was determined using an Instron 3369 Universal Testing 

Machine (crosshead speed of 1 mm min
-1

). Specimens were prepared by mixing the 

powders and liquid phase in a ratio L/P of 0.7, and the resulting pastes were placed in 

cylindrical silicone molds (8 mm x 16 mm: diameter x height). All values presented in 

this work are an average of three samples. 

3. Results & Discussion  

3.1 Physicochemical characterization of BG and prepared composite cements 

Figure1.a illustrates the FTIR spectrum of the prepared bioactive glass powder (BG) 

which is mainly dominated by bands attributed to the Si-O-Si bending at 525 cm
-1

 and 

bands of Si-O-Si stretching between 900 – 1200 cm
-1 

[34]. The band at 753 cm
-1

 is 

assigned to P-O bending. The band of P-O stretching which may appear in the range 

between 1000-1100 cm
-1

 is overlapped by the Si-O-Si stretching band [35]. The 

broadband observed around 3460cm
-1

 is characteristic of Si-OH. The XRD 

diffractogram of BG depicted in Fig. 1.B indicates a halo between 25° and 35° (2θ 

degree) typical of the amorphous structure. The bioactive glass morphology examined 

using SEM (Fig. 1.c) consists of large particles in a block-like shape. The elemental 
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composition of BG powder evaluated using EDS (Fig. 1.D) includes peaks of Si, Na, 

Ca, and P, attributed to the elements present in BG powder. 

 

Fig. 1  

 

Fig. 2 gathers for comparison the XRD patterns of the starting materials (BG, DCPD, 

Vaterite, and Alg), the reference cement CPC, and the composites (CPC-BG25 and 

CPC-BG25-Alg5).  

The XRD diffractogram of DCPD shows the presence of a fine and intense peak at 12° 

which corresponds to the diffracting planes (020), and other peaks of weaker intensity at 

22°, 24°, and 29° attributed to (12 ̅), (040), and (14 ̅) diffracting planes. The absence of 

additional peaks on the diagram attests to the purity of the synthesized DCPD (JCPDS 

datafile #72-0713). The XRD pattern of the prepared vaterite shows well-defined peaks 

characteristic of a pure phase (JCPDS datafile # No. 01-072-0506). The main peaks 

were found for 2 values around 21°, 24.9°, 27°, and 32.8° and are attributable, 

respectively, to the diffracting planes (004), (110), (112), and (114) of vaterite. The 

XRD diagram of sodium alginate (Alg) showed two weak peaks at 14.1 and 22.2° 

revealing the presence of an amorphous structure [36].  

The reference cement (CPC) X-ray diffractogram (Fig. 2) exhibits peaks that are 

characteristic of a poorly crystallized apatite and residual vaterite [37]. Maximum peak 

intensities of a poorly crystallized apatite sample were located in 2θ values around 25.1 

and 32.2. The peaks of vaterite were found for 2 values around 21°, 24.9°, 27°, and 

32.8. However, brushite peaks did not appear on the XRD pattern, attesting that the 

DCPD has entirely reacted during the setting reaction. The XRD patterns obtained for 

the composites CPC-BG25 and CPC-BG25-Alg5 perfectly matched with that of the 

reference compound (CPC); thus, the main peaks of the nanocrystalline apatite and 
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residual vaterite were indexed and no additional phases were detected after the 

incorporation of bioglass and association with alginate. Moreover, the amorphous halo 

characterizing the BG structure did not appear in the XRD patterns of formulated 

cements, and it could be present under the wide peak of the nanocrystallized apatite. 

It is obvious that by the introduction of BG into the CPC matrix, a relatively higher 

intensity of apatite lines at 32.2 and 25.9 is noticed taking the vaterite residue lines as 

reference. A reverse trend was detected by introducing alginate; the relative intensity of 

apatite decreased compared to CPC-BG25. This could be due to the inhibition of ionic 

diffusion, delaying the apatite formation because of the viscosity of the pastes in the 

presence of alginate hydrogel. The possible formation of calcium alginate, which 

consumes a part of calcium ions, could also account for the lowering of apatite relative 

intensity. It has been reported that the association of sodium alginate with TTCP-

DCPA-based cement, and a CPC based on -TCP, leads to a possible formation of 

calcium alginate through the ionic exchange of sodium by calcium following the 

equation 3 [38,39] :  

2Na-Alg + Ca
2+

  Ca-Alg2 + 2Na
+
     (3) 

 

Fig. 2  

 

FTIR spectra of reactive powders and formulated materials are depicted in Fig. 3. The 

spectra are normalized and the v3 PO4 band (around 1050 cm
1
) was used as the 

reference band when available.  

The FTIR spectrum of DCPD displayed all the bands characteristic of phosphates at 

526, 577, 790, 872, 984, 1060, 1132 and 1215 cm
-1

 as well as water molecules at 1650, 

1727, 3166, 3280, 3490, and 3543 cm
-1 

[40]. The vaterite FTIR spectrum exhibited a 

symmetric carbonate stretching vibration (ν1) at 1080 cm
-1

, a carbonate out-of-plane 
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bending vibration (ν2) at 860 cm
-1

, an asymmetric carbonate stretching vibration (ν3) 

between 1403 and 1492 cm
-1

, and a carbonate deformation vibration (ν4) at 745 cm
-1

 

[29]. The sodium alginate revealed characteristic bands assigned to OH, COO 

antisymmetric, COO symmetric, C-O(H), and C-O-C vibrational modes, respectively, at 

3300, 1598, 1410, 1300, and 1084 cm
-1

 [41]. 

The FTIR spectrum of CPC used as reference cement showed a wide and intense band 

in the domain 3000-3400 cm
-1

 indicating the presence of adsorbed water (Fig. 3). The 

bands in 1000-1150 cm
-1

 and 550-650 cm
-1

 regions are assigned, respectively, to the ν3 

and ν4 vibration modes of the phosphate groups [42]. Furthermore, bands corresponding 

to residual vaterite and attributed to the ν3 and ν2 vibrations of carbonate species were 

observed in the region of 1400-1500 cm
-1

 and at 876 cm
-1

, respectively. The typical 

bands of carbonates with low intensity appear also in this domain for the apatite cement. 

It can also be noted that the brushite bands are no longer apparent in the CPC spectrum, 

indicating that DCPD has been completely consumed during the setting reaction. 

The spectra of CPC-BG25 and CPC-BG25-Alg5 display a similar feature to the CPC 

spectrum, in agreement with the XRD data (Fig. 3). In addition to the bands of 

carbonate apatite and residual vaterite, new bands and spectral modifications occurred 

in the spectra of the composites. For instance, a low-intensity band attributed to the 

bending of Si-O-Si of the bioactive glass (BG) was identified at 470 cm
-1 

with a slight 

displacement from 525 cm
-1

 for pure BG, suggesting the existence of interactions 

between the components of glass, brushite, and vaterite.  

The presence of bioactive glass in the composites CPC-BG25 and CPC-BG25-Alg5 led 

to a decrease in the intensity and an increase in the CO3 bandwidth located in the range 

800 – 850 cm
-1

, compared to the reference cement CPC. This modification could be due 

to the overlap between the CO3 band and the Si-O-Si wide band of glass material. The 

bands typical of sodium alginate were not detected in the spectrum of CPC-BG25-Alg5; 
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this could be due to the low amount of product used and/or the overlapping with the 

bands of vaterite and apatite.  

 

Fig. 3 

 

3.2 Morphological examination 

Fig. 4 regroups SEM images of the starting materials (vaterite, DCPD, bioactive glass, 

and sodium alginate), as well as the SEM micrographs and elemental compositions of 

the formulated cements (CPC, CPC-BG25, and CPC-BG25-Alg5). The vaterite particles 

appear as agglomerated polycrystalline spheres (between 0.5 - 3µm) (Fig. 4A). The 

SEM image of the brushite crystals depicts platelet-shaped aggregates (Fig. 4B), 

whereas the bioactive glass consists of large, block-shaped particles (Fig. 4C). The CPC 

SEM image (Fig. 4E) reveals the presence of macropores distributed non-

homogeneously, probably originating from the formation of carbon dioxide (CO2) 

bubbles during the setting chemical reaction, resulting in the formation of apatite from 

brushite and vaterite, as shown in the following reaction (2):   

4 CaCO3 + 6 CaHPO4.2H2O        Ca10(PO4)6(OH)2 + 4 CO2 + 14 H2O    (2) 

The given formula corresponds to the stoichiometric apatite, but this is far from being 

the case for the prepared cements.  

The micrographs of CPC (Fig. 4F and Fig. 4G) show densely agglomerated spherical 

particles having lentil-like shapes with an average particle size of 2-3 µm attributed to 

the residual vaterite, which are enclosed by small crystals of fine plate-like morphology 

characteristic of nanocrystalline apatite. The absence of thin platelets specific to DCPD 

in the micrographs implies its total reaction with vaterite after 48 h. The morphology of 

the hardened CPC-BG25 cement appeared to be more compact than the CPC surface 

(Fig. 4H). Moreover, the SEM micrographs of CPC-BG25 indicated the presence of 
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glass material characterized by large block-like shapes (pink arrows) in intimate contact 

with residual vaterite (blue arrows) (Fig. 4J). The formation of the tiny needle-like 

crystals (yellow arrows) surrounding residual vaterite and bioactive glass (Fig. 4J) is 

attributed to the newly formed nanocrystalline apatite.  

The surface morphology of CPC-BG25-Alg5 (Fig. 4K, 4L, and 4M) indicated the 

presence of glass blocks, residual vaterite, and the formed apatite. The composite CPC-

BG25-Alg5 exhibited the densest microstructure with the almost total disappearance of 

pores on the surface. However, the polymeric phase is not distinguished, possibly due to 

the smaller content of alginate hydrogel compared to the powder phase of cement.  

The EDS analysis of the reference cement (CPC) shows the presence of Ca, P, O 

element peaks attributed to the presence of apatite and vaterite phases. The EDS 

spectrum of CPC-BG25 states the presence of additional elements, such as Na and Si, 

characterizing the presence of bioactive glass in the CPC matrix as noticed in the SEM 

micrographs. The elements Ca, P, O, Na, and Si are also present in the spectrum of 

CPC-BG25-Alg5 composite evidencing the presence of the apatite, vaterite, and 

bioactive glass phases. Moreover, the peak intensity of Na and C slightly increased due 

to the presence of alginate polymer (C6H7NaO6). 

3.3 Porosity measurements 

The porosity of hardened samples was determined through Mercury Intrusion 

Porosimetry (MIP). The pore volume values of the composites CPC, CPC-BG25, and 

CPC-BG25-Alg5 as representative samples are summarized in Table 1. The CPC 

sample presented a porosity of 856 mm
3
/g, which decreased by approximately 41% for 

CPC-BG25 cement to reach a value of 504 mm
3
/g. The addition of 5% of sodium 

alginate to the CPC-BG25 matrix induced a significant decrease of the porosity volume 

to a value of 362 mm
3
/g, in agreement with the densest microstructure noticed by SEM 

for the composite CPC-BG25-Alg5. The decrease of the porosity of the CPC-BG25 
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composite could be explained by the cross-linked network between the bioactive glass 

and the formed apatite, providing a dense structure of the cements. The coexistence of 

glass and alginate leads to a decrease in porosity, which could be explained by the 

viscosity of the hydrogel enriching the liquid phase with sodium and consequently 

forming a more rigid and compact network with silica.  

 

Fig. 4 

 

Table 2. Porosity values for CPC, CPC-BG25, and CPC-BG25-Alg5. 

Materials CPC CPC-BG25 CPC-BG25-Alg5 

Porosity volume 

(mm
3
/g) 

856 504 362 

 

3.4 Self-setting properties 

3.4.1 Kinetics of setting 

The setting reaction of prepared materials was assessed by XRD (10-55°) and FTIR 

spectroscopy (in the range of 900-1270 cm
-1

) after several times of reaction to monitor 

the apatite formation in the formulated composites. The setting kinetics were evaluated 

through the evolution of FTIR bands and XRD peaks of the brushite as the limiting 

reagent, and apatite as the newly formed phase. The evolution of XRD patterns of CPC-

BG25, CPC-BG25-Alg5, and the reference cement (CPC), as a function of time (2, 4, 6, 

24, and 48h), is illustrated in Fig. 5. After 2 hours of contact, only peaks of DCPD and 

vaterite were observed for the examined materials. As the reaction proceeds, the DCPD 

and vaterite peak intensities diminished, while apatite peaks appeared and increased in 

intensity. The CPC XRD pattern revealed that the DCPD intense peaks noticed around 

11.7°, 23.5°, and 29.3°disappeared after 48 h of reaction, leading to the formation of the 
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apatitic phase. However, significant differences occurred for the composites only 4 

hours after the setting reaction began. Thus, the XRD pattern of CPC-BG25 exhibited 

new peaks mainly at 26.0° and 32.7° assigned to the apatite phase, while no peak 

characteristics of DCPD were recorded. Besides, the XRD pattern of CPC-BG25-Alg5 

does not display peaks typical of brushite after 6h of reaction, suggesting that the 

presence of sodium alginate (5%) affected the setting kinetics.  

The obtained results by FTIR analysis are consistent with the XRD data (Fig. 5). As can 

be seen from the FTIR spectrum of CPC, the setting reaction is incomplete after 24 h as 

confirmed by the presence of hydrogenophosphate groups (at 985 and 1132 cm
-1

)
 

typical of DCPD and the total disappearance of brushite for 48h. However, these species 

disappeared from the FTIR spectrum of composites CPC-BG25 and CPC-BG25-Alg5 

after 4h and 6h of reaction, respectively.  

The XRD and FTIR results are in accordance and prove that the incorporation of 

bioactive glass within CPC matrix accelerates the apatite formation, implying that 

bioglass contributes to the setting reaction of the CPC-BG25 cement. This could be 

related to the supersaturation of the liquid phase caused by the rapid dissolution of the 

glass, resulting in a high content of active electrolyte species (typically calcium and 

phosphate ions from the glass as well as ions released from brushite and vaterite 

dissolution), favorable to the nucleation of apatite crystals [43].  

To monitor the apatite formation during the setting reaction for the prepared cements, 

the XRD peak intensity ratio between apatite (26°) and vaterite (25.2°) has been 

determined. The apatite/vaterite intensity ratio (IAp/IVat) increased as a function of 

incubation time for all formulated compounds (Fig. 6). The CPC-BG25 cement 

exhibited the highest IAp/IVat ratio during the first hours of incubation in comparison 

with CPC and CPC-BG25-Alg5 compounds, suggesting a faster setting reaction and 

thus a rapid formation of apatite.  
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Fig. 5 

 

Fig.  6 

 

The significant increase of the intensity ratio for the CPC-BG25 specimen during the 

first incubation time revealed that the reaction still occurs after 4 hours of contact, 

which is manifested in XRD patterns by the growth of the apatite peaks even after 4h. 

This could be attributed to the presence of bioactive glass, which serves as a source of 

phosphate and calcium. However, the addition of sodium alginate (5 wt%) slowed down 

the setting kinetics compared to CPC-BG25 cement, but it still remains faster compared 

to the reference cement (CPC). After 48h of contact, the CPC-BG25-Alg5 exhibits the 

lowest intensity ratio attesting that the amount of the newly formed apatite is the lowest 

compared to CPC and CPC-BG25 cements. This result could be explained by the 

reduction of the dissolution rate of reactive powders because of the viscosity of the 

alginate solution. The formation of calcium alginate as a competitive reaction in the 

immobilization of calcium ions has also to be considered to explain the delay of the 

apatite formation.  

3.4.2 Setting time measurement  

Table 3 illustrates the evolution of initial and final setting times for the reference cement 

CPC compared to the cement containing various amounts of bioactive glass CPC-BGx 

(x = 10, 15, and 25%) and the cement CPC-BG25 associated with alginate at different 

rates CPC-BG25-Algy (y = 1, 3, and 5%). The addition of BG to the reference cement 

CPC reduced the setting times and this effect is BG dose-dependent. The initial setting 

time decreased from 75 ± 3 min to 42 ± 3 min when the weight ratio of BG varied from 

0% up to 25%. Moreover, the final setting time diminished from a value of 119 ± 5 min 
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for CPC to 65 ± 3 min for CPC-BG25 (Table 3). This effect could be attributed to the 

increase of Ca
2+

released from the bioactive glass matrix, which could be involved in the 

reprecipitation process, leading to a rapid setting reaction. Similar observations have 

been reported for a silicate-based nano-bioactive glass associated with CPC cement 

[44]. In contrast to the obtained results, it has been reported that the incorporation of 

bioactive glass 45S5 increases the setting time for CPC composed of ⍺-tricalcium 

phosphate (⍺-TCP), dicalcium phosphate anhydrous (DCPA), and hydroxyapatite (HA) 

[45], and for CPC based on tetracalcium phosphate (TTCP) and dicalcium phosphate 

anhydrous (DCPA) [28].  

On the other hand, the increase of the polymeric phase (Alg) in the range 0-5% delayed 

the initial setting time from 42 ± 3 min for CPC-BG25 to 73 ± 3 min for CPC-BG25-

Alg5. For the final setting time, the duration was extended from 65 ± 3 min for the 

reference compound CPC-BG25 up to 124 ± 3 min for the specimen CPC-BG25-Alg5 

containing the highest amount of polymer (5 wt%). The final setting time was also 

affected by the increase of Alg content from 1 wt% to 5 wt% from a value of 83 to 121 

min. The association of CPC-BG25 with sodium alginate polymer involved a delaying 

effect of the setting time. This effect can be related to the formation of calcium alginate 

which affects the primary nucleation, interfering with the precipitation of apatite and 

delaying the setting reaction. Such effect has been reported for CPC based on 

monocalcium phosphate monohydrate (MCPM) – calcium carbonate (CaCO3) for which 

an increase of the initial setting time from 8 ± 1 min to 12 ± 1 min occurred in the 

presence of sodium alginate [46]. However, an opposite tendency was noticed when 

alginate was combined with chitosan and then associated with a calcium phosphate 

cement-based on β-TCP and MCPM powders [47].  

The analysis of setting properties of the formulated materials in the present work stated 

that the association of glassy material with calcium phosphate cement remarkably 
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decreased the setting reaction. The effect could be mainly attributed to the fast kinetics 

regarding the nucleation/formation of apatite in the presence of bioglass. 

 

Table 3: Initial (ti) and final (tf) setting times of prepared cements and composites. 

Sample ti (min) tf (min) 

CPC 75 ± 3 119 ± 5 

CPC-BG10 61 ± 2 88 ± 4 

CPC-BG15 53 ± 3 82 ± 3 

CPC-BG25 42 ± 3 65 ± 3 

CPC-BG25-Alg1 50 ± 3 83 ± 4 

CPC-BG25-Alg3 62 ± 3 105 ± 2 

CPC-BG25-Alg5 73 ± 3 121 ± 4 

 

3.5 Injectability and cohesion tests 

The cohesion property was assessed for the reference cement (CPC) and the 

composites cements (CPC-BG25, and CPC-BG25-Alg5) through a visual examination 

of the aspect of the injected pastes into NaCl solution (0.9 %w/w) over different periods 

of time (Fig. 7). As can be seen, CPC and CPC-BG25 samples disintegrated when 

injected into the solution because of the extrusion of a liquid-rich paste, thus facilitating 

the penetration of NaCl solution in the paste and then its fragmentation. However, the 

composite paste loaded with 5% alginate retains its shape even after 24 hours of 

immersion, and no segregation was noticed. This attests that the association of alginate 

with the cement significantly enhanced the cohesion property. This could be attributed 

to the penetration of the alginate hydrogel between the particles, leading to the rise of 

the viscosity of the pastes, which prevents their demixing and promotes their cohesion. 

These observations are in line with the amelioration of rheological properties of CPC 
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formulated with the polymers-containing liquid phase, such as hydroxypropyl 

methylcellulose (HPMC), chitosan, sodium alginate; due to the increase of the CPC 

paste viscosity, which could prevent penetration of the fluid between the CPC powder 

components [48].  

Injectability measurements performed on the formulated self-setting materials are 

presented in Figure 8. The results obtained attested that the extrusion behavior of the 

reference material is enhanced when mixed with the glass component. Thus, the 

injectability rate of CPC raised from 34% to the values of 44, 50, and 62% as the 

amount of glass incorporated was 10, 15, and 25 wt%, respectively. The improvement 

of the injectability by the addition of BG could be attributed to the calcium silica 

hydrate gel formed by the reaction of BG with water, which increased the viscosity of 

the setting liquid. Moreover, particle size is a key parameter for the improvement of 

rheological properties. Indeed, the smaller particle sizes of brushite and vaterite 

compared to bioglass, absorb a higher volume of water, leading to a reduction in particle 

spacing requiring higher extrusion forces and thus reduced injection power. However, 

the addition of BG with a coarse particle size (between 100-200 µm) compared to 

DCPD (in the range of 5-20 µm) and CaCO3 (between 0.5-3 µm) decreased the amount 

of water absorbed and thus decreased the extrusion force and then enhanced the 

injectability of the paste. A similar result was found and attested that the addition of 

glass beads with a diameter of 156 µm to a -TCP-based paste improved the 

injectability [49]. The same was observed for calcium phosphate cement-based on 

monocalcium phosphate hydrate and β-tricalcium phosphate (MCPM- β-TCP), showing 

that the pastes extrusion behavior was strongly affected by the particle size of MCPH 

[50]. The addition of bioglass (BG) enhanced the injectability of CPC but it is not yet 

fully injectable due to the blocking of part of the cement paste in the syringe 

(characteristic of the presence of a filter pressing phenomenon during paste extrusion). 
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The lower injectability observed for CPC and CPC-BG may be related to the low 

cohesion of their corresponding pastes causing the phase-separation. This phenomenon 

is characterized by the migration of the liquid phase through the paste to regions of 

lower pressure, i.e., out of the extruder, resulting in the injection of a liquid-rich paste; 

thus, limiting the injectability. 

To remedy this phenomenon, the combination of sodium alginate hydrogel with the 

CPC-BG25 matrix has been explored. Thus, the addition of different amounts of sodium 

alginate, up to 5%, to the CPC-BG25, significantly enhanced the injectability with a 

maximum value of 98% related to CPC-BG25-Alg5 composite. The improvement of 

injectability could be linked to the lubricating nature of the hydrogel, where solid 

particles slide on each other making the paste easier to extrude and therefore improving 

the injection of cement pastes. Moreover, this improvement is probably also due to the 

good cohesion between the cement components in the presence of Alg. The presence of 

the Alg hydrogel prevents the migration of the liquid phase through the paste and 

consequently, it eliminates the phase separation phenomenon which is responsible for 

the low injectability of the CPC and CPC-BG cement. Similarly, the strontium-

substituted α-TCP cement enriched with alginate exhibited improved rheological 

properties, without cement fragmentation [51]. 

 

Fig. 7  

 

3.6 Compressive strength  

The compressive strength measured for the prepared composites with different content 

of bioglass and alginate is presented in Figure 9. On one hand, the increase of BG 

amount from 10 to 25 wt% enhanced the compressive strength from a value of 4.0 MPa 

for CPC to 5.5 MPa for CPC-BG25; as a consequence of the decrease of porosity upon 
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addition of bioglass to the CPC matrix as shown in Table 2. On the other hand, the 

addition of sodium alginate (1, 3, and 5 wt%) increased the compressive strength and 

reached a maximum value of 7.2 MPa for the CPC-BG25-Alg5 composite. The increase 

of the mechanical strength through the combination of both BG and Alg with CPC is in 

good agreement with the decrease of pore volume as measured by Hg porosimetry 

(Table 2) from 856  mm
3
/g for CPC cement to 504 and 362 mm

3
/g for CPC-BG25 and 

CPC-BG25-Alg5, respectively. The effect of the alginate hydrogel in the case of CPC-

BG25-Alg5 could be related to the enhancement of the cohesion property of the cement 

leading to a dense structure as observed by SEM micrographs (Fig. 4K) and attested by 

porosity values.  

 

Fig. 8  

 

These findings are consistent with those reported in the literature. In general, the 

compressive strength of CPCs depends on the amount of glassy materials and polymers. 

For instance, the association of 30% of bioactive glass 45S5 with CPC composed of 

TTCP-DCPA caused an increase of the compressive strength from 11 MPa for CPC to 

15 MPa [28]. Zhou et al. have suggested that the bioactive glass cement structure can be 

cross-linked by the formed apatite to provide a compact structure, enhancing the 

compressive strength of cement[52]. Regarding the polymer addition, it has been 

reported that the incorporation of carboxymethylcellulose with DCPD-CaCO3 cement 

significantly improved the compressive strength of formulated composites [19]. Bigi et 

al. stated that the addition of gelatin in an α-TCP cement increases the compressive 

strength, due to the decrease in sample porosity [53]. Moreover, sodium alginate 

notably improved the mechanical strength of the cement-based on the Sr-substituted 

αTCP phase and this was attributed to a crack-bridging effect provided by alginate [24].  
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The compressive strength values of the prepared specimens showed clear enhancement 

with the increased amount of BG and Alg, going from a value of 4.0 MPa for CPC to 

5.5 MPa for CPC-MB25 cement, and reaching a value of 7.2 MPa for the CPC-MB25-

Alg5 composite. These results are consistent with the porosity measurements, and 

microstructure examination.  

Overall, the synergistic effect of combining bioactive glass and sodium alginate 

hydrogel on the physical properties of calcium phosphate cement (CPC) led to the 

design of a novel composite cement CPC-BG-Alg with promising properties in terms of 

setting reaction, injectability, cohesion, and compressive strength, for use as a 

biomaterial. However, the extended setting time of the elaborated composite in the 

presence of alginate can be regulated by the addition of an appropriate setting 

accelerator. This will be the purpose of the forthcoming research work for publication. 

 

Fig. 9  

 

4. Conclusion 

A novel composite cement was developed by combining bioactive glass 46S6 and 

sodium alginate hydrogel with CPC cement to improve its physical features. The 

incorporation of 25 wt% of bioactive glass into the CPC matrix has significantly 

accelerated the setting reaction and time, and slightly increased the injectability of the 

resulting cement. Moreover, a cement with higher mechanical strength, better cohesion, 

and injectability properties was obtained by the addition of only 5 wt% of sodium 

alginate. However, the setting time was prolonged as a trade-off. The results highlight 

the effective role of the bioactive glass 46S6 in the improvement of CPC properties, 

proving that the BG participates in the setting reaction as a reactive material. 
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Furthermore, alginate hydrogel plays a key role as an additive for the improvement of 

rheological and mechanical properties of CPC.  

Future studies will focus on understanding the mechanism by which the CPC matrix is 

associated with 46S6 bioactive glass, as well as improving the setting time and 

enhancing the composite system's mechanical strength. 
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Legend Figures 

 

Figure 1. Characteristics of the bioactive glass powder (MB): FTIR spectra (a), XRD 

diffractogram (b), SEM micrograph (c), and its EDS profile (d). 

 

Figure 2. XRD patterns of MB, Vaterite, DCPD, Alg, CPC, CPC-MB 25, and CPC-

MB25-Alg5 (A: Apatite, V: Vaterite). 

 

Figure 3. FTIR spectra of MB, Vaterite, DCPD, Alg, CPC, CPC-MB25, and CPC-

MB25-Alg 5. 

 

Figure 4. SEM micrographs of Vaterite (a), DCPD (b), MB (c), Alg (d), CPC (e, f, and 

g), CPC-MB25 (h, i, and j), CPC-MB25-Alg5 (k, l, and m) and the EDS spectra of 

Vaterite (V), Apatite (A), Bioactive glass (MB). P refers to Pore. 

 

Figure 5. XRD patterns and FTIR spectra of CPC, CPC-MB25, and CPC-MB25-Alg5 

at 2, 4, 6, 24, and 48-hour of setting reaction (D: DCPD, V: Vaterite, and A: Apatite). 

 

Figure 6. Intensity ratio (IAp / IVat) obtained from the XRD patterns of CPC, CPC-

MB25, and CPC-MB25-Alg5 materials as a function of incubation time.  

 

Figure 7. Photos of CPC, CPC-MB25, and CM-MB25-Alg5 cements injected into NaCl 

solution. Photos were taken after 5 minutes and 24 hours of immersion in NaCl 

solution. 

 

Figure 8. Injectability of formulated cement pastes. 

 

Figure 9. Compressive strength of prepared materials. 
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Tables 

 

Table 1. Different formulations of the composite cements and their composition. 

 

Table 2. Porosity values for CPC, CPC-BG25, and CPC-BG25-Alg5. 

 

Table 3: Initial (ti) and final (tf) setting times of prepared cements and composites. 
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Tables 

 

Table 1. Different formulations of the composite cements and their composition. 

 

Samples 

Solid-phase 
Liquid 

phase 
L/P CaCO3 

(% wt) 

DCPD 

(% wt) 

BG 

(% wt) 

CPC 50.0 50.0 0 
Distilled 

water 
0.7 

CPC-BG10 45.0 45.0 10 
Distilled 

water 
0.7 CPC-BG15 42.5 42.5 15 

CPC-BG25 37.5 37.5 25.0 

CPC-BG25-Alg1 37.5 37.5 25.0 Alg 1wt% 

0.7 CPC-BG25-Alg3 37.5 37.5 25.0 Alg 3 wt % 

CPC-BG25-Alg5 37.5 37.5 25.0 Alg 5 wt % 

 

Table 2. Porosity values for CPC, CPC-BG25, and CPC-BG25-Alg5. 

Materials CPC CPC-BG25 CPC-BG25-Alg5 

Porosity volume 

(mm
3
/g) 

856 504 362 
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Table 3: Initial (ti) and final (tf) setting times of prepared cements and composites. 

 

Sample ti (min) tf (min) 

CPC 75 ± 3 119 ± 5 

CPC-BG10 61 ± 2 88 ± 4 

CPC-BG15 53 ± 3 82 ± 3 

CPC-BG25 42 ± 3 65 ± 3 

CPC-BG25-Alg1 50 ± 3 83 ± 4 

CPC-BG25-Alg3 62 ± 3 105 ± 2 

CPC-BG25-Alg5 73 ± 3 121 ± 4 
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Fig.7. 
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