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Abstract

This study reports for the first time the effect of particle size of bioactive glass 46S6 on the
physico-chemical and mechanical properties of carbonated apatite cement (CPC) composed of
brushite (CaHPO4. H20) and vaterite (CaCOs). Three particle size ranges were investigated:
coarse (BGc: 100-200um), medium (BGm: 40-100um), and fine (BGf<40 pm). For the
composite formulations, three liquid phases were used: distilled water as a simple setting
solution, sodium alginate hydrogel as a cohesion and injectability enhancer, and sodium
alginate solubilized in a setting accelerator (Na;HPO4) solution (Alg-NaP) to control the
setting time.

The changes in the bioglass particle size and the liquid phase lead to clear modifications in the
setting, rheological, and mechanical properties of the prepared cements.

The optimization of the different parameters reveals that the formulation with BGc and Alg-
NaP as a liquid phase provides the best properties: good injectability of 95%, excellent
cohesion, a setting time of 10 minutes that meets the range required by clinicians, and
mechanical strength of 10.5 MPa comparable to that of cancellous bone.

Keywords: Calcium phosphate cement, Bioactive glass, Particle size, Physicochemical

properties, compressive strength.



1. Introduction

Calcium phosphate cements (CPC) are extensively studied owing to their excellent
biocompatibility, osteoconductivity, and their similarity to bone mineral. They were
discovered in the 1980s by Brown and Chow [1] and LeGeros et al., [2] as minimally invasive
biomaterials for bone repair and regeneration. CPCs are classified according to the final
product of the setting reaction, which could be either brushite or apatite [3]. Recently, several
studies have focused on improving the mechanical and rheological properties of CPC bone
cements by adding either (i) inorganic compounds such as calcium carbonates [4,5] calcium
sulfates [7], and bioactive glasses [8-10] or (ii) organic compounds such as biopolymers [12].
To achieve clinical criteria for orthopedic applications, the key properties (i.e.,
physicochemical, structural, microstructural, cohesiveness, injectability, setting features,
mechanical properties) of the paste and hardened cement must be carefully examined while
designing the CPC. The control of these characteristics is impacted by several factors,
including solubility, pH, particle size, nature of liquid phase, and the liquid to powder ratio
(L/P). Several studies investigated the effect of particle size of the initial calcium phosphate
powders on CPC properties. Ginebra et al., investigated the effect of powder phase particle
size on the micro and nanostructure of a-TCP (85%) and B-TCP (15%) based cement [13].
Thus, decreasing powder particle size induced an increase in the specific surface area of the
cement, which strongly accelerated the hydrolysis of o-TCP to calcium deficient
hydroxyapatite. Furthermore, the reduction in particle size induced a significant decrease in
setting time and expedited the hardening of the cement. However, the fine cement's final
saturation compressive strength was only marginally higher than the coarse cement's [14].
Another study investigated the effect of particle size on the curing and handling of a premixed
calcium phosphate cement composed of monocalcium phosphate hydrate (MCPH) and f-
tricalcium phosphate (B-TCP) [15]. The obtained cements with small particle sizes have
higher injection and compressive strength. There was no discernible trend in terms of setting

time. Furthermore, the addition of B-TCP granules resulted in cements that were easier to
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inject, but the setting time and the strength were negatively affected [15]. Further research has
been conducted to improve the properties of CPCs, specifically the addition of bioactive
glasses. Bioactive silicate glass has been mixed with CPCs to overcome their clinical
limitations, namely their poor injectability and mechanical strength [16].

It was found that adding 45S5 bioglass to the matrix of calcium tetraphosphate (TTCP) and
Dicalcium phosphate anhydrous (DCPA)-based CPCs improved injectability and mechanical
strength while delaying setting time [10]. El-Figi et al., investigated the integration of
mesoporous bioactive glass nanoparticles (mBGn) into tricalcium phosphate (a-TCP) and
calcium carbonate (CaCOz3) based CPCs [17]. The addition of mBGn to cements increased the
specific surface area while also hastening the setting reaction of CPCs. The compressive
strength of mBGn-containing cements rose the following immersion in SBF, although the
injectability of CPCs was greatly improved with the addition of mBGn, in contrast to CPCs.

In another approach, the association of polymers with cements (CPC) has attracted much
attention due to the beneficial properties that polymers can bring to cement matrices by
improving their rheological, mechanical, and biological properties. Among the most used
polymers in the orthopedic field and that have successfully associated cements are chitosan
[18], gelatin [19,20], cellulose and its derivatives [21], and alginate [22]. Alginate is the most
abundant marine biopolymer and natural polysaccharide that has been widely used in the
biomedical field (e.g., tissue engineering, drug delivery, cell therapy) (Lee & Mooney, 2012).
Sodium alginate has been incorporated into CaP cement as an additive to improve its
rheological and mechanical properties [22,24]. It has been used as a biomaterial for bone
repair in combination with other mineral matrices, especially calcium phosphates [25,26] and
bioactive glasses [27]. The investigation of the CPC-alginate system demonstrated that the
mechanical strength and the cohesion of the cement increased rapidly with the addition of
sodium alginate up to 0.8% [28]; although, when the amount of sodium alginate introduced
into CPC was greater than 1%wt, the setting has not occurred [28]. Sprio et al. reported that

the combination of strontium-substituted hydroxyapatite (Sr-HA) cement with sodium
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alginate improved the injectability, cohesion, and mechanical strength of the cement [24]. In
recent work, we showed that combining bioactive glass 46S6 (BG) and sodium alginate (Alg)
with DCPD-CaCOs based cement led to the development of composite cement (CPC-BG-
Alg) with enhanced injectability, cohesion, and compressive strength [8]. The setting reaction
and setting time were accelerated by the addition of BG alone; however, these parameters
were delayed when sodium alginate was added to the CPC-BG composite.

Despite numerous studies reported on the association of CPC and BG [10,30,31], the effect of
the bioactive glass particle size on the kinetics of the setting reaction, setting time,
injectability, cohesion, and compressive strength have not been harnessed. Thus, the current
study investigates for the first time the effect of particle size of bioactive glass 46S6 on the
setting, injectability, cohesiveness, and compressive strength of CPC based on dicalcium
phosphate dihydrate (DCPD) and vaterite (CaCOs). The examined formulations were
prepared based on different liquid phases, namely distilled water, alginate hydrogel (Alg), and
alginate hydrogel prepared in a sodium phosphate solution (Alg-NaP). The aim was,
therefore, to optimize the parameters that result in the best compromise between the

properties, allowing for the clinical application of calcium phosphate cement.



2. Materials & Methods

2.1. Materials

2.1.1. Synthesis of DCPD, CaCOs, and Bioactive Glass 46S6

The brushite (Dicalcium phosphate dihydrate, DCPD), vaterite (CaCOs3), and 46S6 bioactive
glass (BG) were used as solid phases in the cement formulations.

The brushite (DCPD) and vaterite (CaCOs) were synthesized by the double decomposition
method as described elsewhere [4,32]. The obtained precipitates were filtered, washed with
deionized water, freeze-dried for 72h, and freeze stored.

The 46S6 bioactive glass (BG) was prepared by the melting process as described previously
[33]. The inorganic reactants (CaSiOs, NasP3Og, and NaSiOz) were mixed using a
mechanical mixer for 20 min. The homogeneous mixture was melted in a Platinum crucible
and poured into a preheated die at 500°C near the glass transition temperature. After cooling
down to room temperature, the resulting bioactive glass was ground in a mechanical agate
mortar and fractionated by vibration sieving to obtain the following particle sizes: the fine
particle size (BGf) in the domain < 40 um, the medium particle size (BGm) in the range of
40-100 pm and the coarse particles between 100 and 200 um (BGc).

2.1.2. Cements and composites formulation

The powder phase used to formulate the materials was investigated in our previous study and
was composed of DCPD, CaCOs, and 46S6 bioactive glass (BG) as reactive powders [8].
CPC-BG cement was obtained by adding 46S6 bioactive glass powders (25% by weight) to
the mixture of DCPD and CaCOa. The pastes were then obtained by mixing reactive powders
with distilled water as a liquid phase at an L/P ratio of 0.7. For the composite cements two
Alginate hydrogel solutions were used, the first consisting of solubilizing the Alginate salts (5
wt%) in distilled water (Alg), and the second (Alg-NaP) was obtained by solubilizing sodium
alginate (5 wt%) in a solution of Na;HPO4 (NaP, 0.25M). CPC-BG-Alg and CPC-BG-Alg-
NaP composites were formulated by mixing reactive powders (DCPD + CaCO3z + 46S6

bioactive glass) with Alg and Alg-NaP hydrogels, respectively.



The pastes of composite cements derived from the powders were placed immediately after
preparation in a polyethylene tube at 37°C and 100% relative humidity environment and
allowed to set for 48 hours. After maturation for 2 days and drying for 5 days at 37 °C, the
hardened and dried cements were characterized.

Table 1 gives an overview of the different prepared composite cements.

Table 1. Various formulations of the composite cements

Solid phase
Samples CaCOs | DCPD BG Liquid phase L/P
(Wt %) | (Wt %) | it o particle size
(um)

CPC-BGf <40
CPC-BGm 40-100 Distilled Water
CPC-BGc* 100-200
CPC-BGf-Alg < 40
CPC-BGm-Alg 37.5 37.5 25 40-100 | 5wt % Algin H,0 | 0.7
CPC-BGc-Alg* 100-200
CPC-BGf-Alg-NaP <40 _
CPC-BGm-Alg-NaP 40-100 Naig"’;gz g'gs'”M)
CPC-BGc-Alg-NaP 100-200

* Formulations used as reference cements from our previous work [8]

2.2. Methods

2.2.1. Physicochemical Characterization

The prepared powders were analyzed by X-ray diffraction (XRD) using Rikagu D/Max-111B
diffractometer with CuKa source at room temperature. Data were collected between 10 and
70° (20) with a precision of 0.02° by steps and a scan speed of 2°min™. The chemical
composition of the prepared materials was analyzed by transmission Fourier Transform
Infrared spectroscopy (FTIR). The acquisition of IR spectra was performed on a Nicolet 5700
spectrometer at room temperature on powdered samples which were embedded in KBr pellets.

The spectra were recorded in the range of 4000 cm™ to 400 cm™ with a resolution of 2 cm™.




Scanning Electron Microscopy (SEM) measurement was performed to evaluate the
microstructure of the formulated cements, using TESCAN VEGA3 coupled with an energy
dispersive spectrometer (CarbonA). All the specimens were coated with a thin conductive
layer of carbon for 30s using a carbonA coater, and the morphologies were observed.

The particle size of the bioactive glass 46S6 powder was determined by a MALVERN
MATERSIZER 2000 wet dispersion granulometer.

2.2.2. Setting properties

The effect of particle size of BG on the setting properties of prepared materials was evaluated
by examining the setting reaction kinetics and setting time. The setting reaction kinetics were
performed to investigate the effect of particle size of BG and the liquid phase nature on the
apatite formation in the prepared composites. The prepared cement pastes were incubated for
various times (2, 4, 6, and 48 hours) in 100% relative humidity conditions at 37 C°, then
freeze-dried to stop the setting reaction of the cements. To compare the setting reaction
kinetics of prepared materials, the freeze-dried samples were analyzed by FTIR spectroscopy
and XRD analysis. An intensity ratio of apatite/vaterite (Ia/lv) was also calculated as an
indicator of apatite formation. The terms la and lv correspond to XRD peak intensities at 26°
and 25.2° (20 degree) of the newly formed apatite and the residual vaterite, respectively.

Due to the direct impact of BG and its particle sizes on the apatite kinetic formation, the
dissolution test of BG was carried out to determine the amount of Ca and Si ions released
after two hours of immersion in distilled water and alginate hydrogel. For this purpose, 100
mg of each bioactive glass (BGc, BGm, and BGf) was soaked in 3 ml of distilled water (DW)
and alginate hydrogel (5 wt%) for 2 hours and, centrifuged at 4000 rpm for 10 minutes. The
amount of Ca and Si released in the solution was determined by ICP-OES using an Optima
7000 DV spectrometer (PerkinElmer).

The setting time was measured according to the ASTM C266-89 standard using a Gillmore

testing apparatus. The initial and final setting times of the specimens were determined.



2.2.3. Cohesion and Injectability testing

The rheological properties of prepared materials were investigated in this work in terms of
cohesion and injectability. To assess the cohesion, the cements paste, with or without Alg,
was injected immediately after preparation (<3 min) into phosphate buffer solution (PBS) and
the cohesion was examined visually after 5 min and 24 hours of emersion. The injectability
was evaluated by extruding a quantity of 2.0 g of as-prepared paste through a 5 mL disposable
syringe, with an opening nozzle of a 2.0 mm diameter while applying a constant force of 12N.

The injectability values (I %) were calculated according to the following Equation:

wt(injected)

I (%) = %100 (1)

wt(initial)
where | is the injectability, Wtinjected, and Wtinitial are the weight of the paste injected 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 the Instron 3369 Universal Testing Machine
(crosshead speed of 1 mm min™?). The cylindrical Specimens were prepared by mixing the
powders and liquid phase, and the resulting pastes were placed in a cylindrical silicone mold
(8 mm x 16 mm: diameter x depth), maturated for 2 days in a humid environment at 37°C,
and then dried for 5 days at 37°C. All values presented in this work are an average of three
samples.

3. Results & Discussion

3.1. Physicochemical Characterization of the prepared materials

3.1.1. Characterization of bioactive glass 46S6 powders

Figurel. illustrates the FTIR spectra in the range between 400 and 1600 cm™ (figure 1.a) and
XRD diffractograms (figure 1.b) of the prepared bioactive glasses 46S6 with three particle
size ranges, coarse (BGc: 100-200 pm), medium (BGm: 40-100 um), and fine (BGf < 40 um).

The FTIR results showed that the spectra of prepared bioactive glass powders (BG) are



similar, and the main peaks are attributed to the SiO bond. The absorption bands at
approximately 1160 and 450 cm™ are assigned to silicon-oxygen bond [8,34]. In the range
between 4000 and 1600 cm™ no band was detected. The XRD diffractograms of BGc, BGm,
and BGf are illustrated in figure 1.b and attested that the three patterns are similar presenting a
halo between 25° and 35° (26 degree) attributed to the amorphous structure. Figure 1.d, 1.e,
and 1.f depicts the SEM images of BGc, BGm, and BGf, respectively showing a block-like
shape morphology for the different particle size ranges.

The particle size distribution of the 46S6 bioactive glass powders, coarse (c), medium (m),
and fine (f), obtained by laser is presented in figure 1.c along with the main parameters that
characterize the particle size distribution (Table 2).

The particle size distribution of the synthesized bioactive glass powders, coarse (BGc),
medium (BGm), and fine (BGf), was determined by laser diffraction (figure 1.c). The
distribution is monomodal for all prepared glasses, and the median particle size for BGf,
BGm, and BGc is 20 £ 1 um, 81 £ 3 um, and 198 £ 8 um, respectively. Table 2 summarizes
the particle-size distribution parameters attesting that for BGf, 10% of particles by volume
were smaller than 15 + 1 um, 50% were smaller than 20 £ 1 um, and 90% were smaller than
47 £ 2 pm.

For the BGm, 10% of particles by volume were smaller than 48 + 2 um, 50% were smaller
than 81 £ 3 um, and 90% were smaller than 172 + 7 um. Also, 10% of particles by volume of
the coarser bioactive glass (BGc) were smaller than 131 + 5 pm, 50% were smaller than 198 +

8 um, and 90% were smaller than 295 + 12 um.
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Figure 1. FTIR (a) and XRD (b), particle size distribution (c), and SEM micrographs of
BGc (d), BGm (e), and BGf (f) of the bioactive glass 46S6 powder.

Table 2. Particle-size distribution parameters of the BG powders

Bioactive D (10) Median Size, D (90) Particle size volume
glass (um) D (50) (um) (um) average, Mv (um)
BGc 131+5 198 + 8 295+ 12 207 +8
BGm 48 £ 2 81+3 172+ 7 90+ 4
BGf 15+1 20t1 47 £ 2 23+1

3.1.2. Characterization of hardened composite cement

Figure 2 illustrated XRD patterns (a) and FTIR spectra (b) of hardened cements (CPC and CPC-

BGm) compared to reactive powders (DCPD and CaCO3). The XRD analysis revealed a similarity

in the diffractograms of the formulated cements showing the presence of two phases: the newly

formed apatite particularly at 25.7° and 32.2° and the residual vaterite at 24.8°, 27°, and 32.7° (2

theta degree). However, no DCPD peak was detected in the diffractogram attesting that this reagent

was completely consumed during the reaction with vaterite. Furthermore, the addition of glass BGm

did not alter the structure of the CPC cement. The effect of BG particle size and the liquid phase on

the cements’ composition will be examined in the reaction kinetics section.
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The FTIR spectra of the CPC and CPC-BGm cements display a similar appearance with a wide and
intense band in the domain 3000-3400 cm™* indicating the presence of water adsorbed, as well as the
presence of phosphate bands in 1000-1150 cm™ and 550-650 cm™ regions attributed to the newly
formed apatite. The spectra were also marked by the existence of residual vaterite in the region of

1400-1500 cm characteristic of the vibration vs of carbonate and the band at 876 cm™ typical of

1

the v2 vibration of carbonate. In addition, a low-intensity band noticed at 470 c¢cm ' and

corresponding to Si-O-Si bending was attributable to the glass BGm incorporated into the

formulated cement CPC-BGm.
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Figure 2. XRD patterns (a) and FTIR spectra (b) of CPC and CPC-BGm compared to the DCPD
and CaCOs phases (A: Apatite, V: Vaterite).
3.1.3. Cements and composites properties

3.1.3.1. Setting reaction

In order to follow the evolution of the composition of the prepared cements over time, during
setting and hardening, the reaction was stopped by freeze-drying cement pastes at different
maturation times (2, 4, 6, and 48 hours) and analyzed using FTIR and XRD techniques. The
setting behavior of the prepared materials was discussed regarding the BG particle size and
the nature of the liquid phase.

The evolution of the XRD peaks of brushite and vaterite as reactants and apatite as a newly
formed phase in the range of 10 - 40° was used to assess the setting Kinetics. Figure 3 depicts

the XRD patterns of all formulated as a function of reaction time. The cements CPC-BGf,
12



CPC-BGm, and CPC-BGc formulated with distilled water (figure 3.a) showed that the typical
peaks of vaterite and DCPD are all indexed in the composite’s patterns after 2 hours with a
decrease in the intensity of the most intense peak of DCPD at 12° by increasing the particle
size of BG. Furthermore, the XRD patterns of CPC-BGc and CPC-BGm revealed the
appearance of apatite peaks at 25.7° and 32.2, while this phase is not noticeable for the
composite CPC-BGf; this observation suggests that the reaction is faster when increasing the
BG particle size.

After 4 hours of reaction, the XRD diffractograms of CPC-BGc and CPC-BGm cements
appear to be similar, indicating the disappearance of peaks characteristic of the DCPD phase
at 12° (2 Theta degree); however, this phase persisted in the pattern of the CPC-BGf cement.
Moreover, the presence of typical apatite and vaterite peaks anchored all three diffractograms.
These diffractograms became similar after 6 up to 48 hours of reaction, showing the presence
of apatite peaks whose intensity varies according to the size of the BG particles. When the BG
size is coarse, the intensity of the two apatite peaks (located at 25.7° and 32.2°) was higher
than those of cements prepared with BGm and BGf. In addition, vaterite peaks were also
indexed which intensity varies inversely to those of apatite.

In the presence of the alginate hydrogel, the trend was reversed compared to distilled water
showing that the reaction was accelerated for the CPC-BGf-Alg and CPC-BGm-Alg
composites and slowed down for the CPC-BGc-Alg composite (Figure 3.b). The CPC-BGc-
Alg composite had a different chemical setting behavior compared to the other two
composites. The XRD patterns of CPC-BGf-Alg and CPC-BGm-Alg are nearly identical,
indicating that the apatite phase began to form after 2 hours of reaction. DCPD and vaterite
peaks were present in all composite patterns, with a decrease in the intensity of DCPD as the
BG particle size decreased. Furthermore, the CPC-BGm-Alg and CPC-BGf-Alg
diffractograms indexed low-intensity peaks of DCPD with the appearance of apatite peaks
located at 25.7° and 32.2°. However, no apatite peaks were identified in the CPC-BGc-Alg

pattern. After 4 hours of reaction, the XRD diffractograms of the CPC-BGf-Alg and CPC-
13



BGm-Alg composites are still similar and showed the total disappearance of the DCPD peaks
as well as the presence of peaks characteristic of apatite and vaterite, with an increase of
apatite intensity peaks. However, the CPC-BGc-Alg composite showed a different setting
behavior than the other two composites, supported by the presence of DCPD peaks as well as
low-intensity peaks that appeared and are attributed to the apatite phase. After 6 hours of
reaction, the DCPD peaks disappeared in CPC-BGc-Alg, and all composite diffractograms
became similar and revealed the presence of typical vaterite and apatite peaks. After 48 hours,
the patterns appeared to be similar, and the intensity of the apatite peaks increased, attesting
the growth of the apatite phase even after the disappearance of the DCPD phase (limiting
reagent), suggesting that the setting reaction is governed by the formation and growth of an
apatite layer on the bioactive glass and vaterite surfaces.

When compared to formulations containing alginate hydrogel as a liquid phase, the addition
of the setting accelerator in alginate hydrogel solution appears to have a significant effect on
the reaction kinetics after 2 hours. Indeed, the XRD diffractograms of CPC-BGf-Alg-NaP and
CPC-BGm-Alg-NaP composites indexed all apatite and vaterite peaks, while the DCPD peaks
completely disappeared (Figure 3.c). For the same reaction period, the XRD diffractogram of
the CPC-BGc-Alg-NaP composite cement revealed the presence of apatite peaks, which were
not present in the composite formulated with alginate hydrogel solution alone. The
diffractogram also indicated the presence of DCPD and vaterite peaks. After 4 hours, the three
XRD patterns for all formulated composites are similar to those obtained with alginate alone,
displaying the presence of peaks attributed to apatite and vaterite for CPC-BGm-Alg-NaP and
CPC-BGf-Alg-NaP. The diffractogram of the CPC-BGc-Alg-NaP composite revealed that the
DCPD phase persisted and indicated the typical peaks of apatite and vaterite. The
diffractograms became similar between 6 and 48 hours of maturation, indicating the
disappearance of the DCPD peaks, and apatite and vaterite peaks were all indexed.

Furthermore, the intensity of the apatite peaks increased when compared to alginate alone

14



attesting the presence of a second reaction between accelerator and vaterite and leading to the

formation of apatite.
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Figure 3. XRD patterns of the formulated materials as a function of reaction time, in distilled
water (a), in alginate hydrogel (b), and alginate with NaP (c);
(D: DCPD, V: CaCOs and A: Apatite)

To evaluate the formation of apatite during the setting reaction of the formulated cements, a

ratio of the XRD peak intensities of apatite at 25.7° and vaterite at 24.8° was calculated using

origin software. Figure 4 showed the variation of the apatite/vaterite intensity ratio (I1a/lv): as

a function of reaction times for all formulated composites. The results of the intensity ratio

assessment (Ia/lv) supported the findings from the XRD analysis, attesting that the setting
15



reaction could be significantly affected by BG particle size as well as the liquid phase. When
distilled water is used as the liquid phase, the cement made with BGc exhibited the highest

intensity ratio for all reaction times, followed by CPC-BGm, and CPC-BGH.

Figure 4. Intensity ratio (1a/lv) obtained from the XRD patterns of prepared materials as a
function of incubation time.

When alginate hydrogel was used as the liquid phase, this trend was reversed, indicating that
the CPC-BGf-Alg composite cement had the highest intensity ratio during the first 6 hours of
reaction. After 48 hours of reaction, the intensity ratio for CPC-BGc-Alg composite increased
significantly, followed by CPC-BGm-Alg composite and CPC-BGf-Alg with the lowest Ia/lv.
Moreover, the intensity ratio of the prepared composite with Alg seemed to be lower than
those formulated with distilled water, and it could be due to the ionic exchange of Na and Ca
to form the calcium alginate. Furthermore, in the presence of Alg-NaP as a liquid phase, the
same trend was observed compared to Alg hydrogel alone, indicating that during the first
hours, CPC-BGf-Alg-NaP has the highest intensity ratio. After 48 hours, the trend appears to
be reversed, and the composite (CPC-BGf-Alg-NaP) has the lowest ratio compared to the

other two composites (CPC-BGm-Alg-NaP and CPC-BGc-Alg-NaP).
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Furthermore, when compared to distilled water and alginate hydrogel, the intensity ratio is the
highest in the presence of NaP.

Focusing the comparison on the end of the reaction (48h), the highest intensity ratio (1a/lv)
was obtained using Alg-NaP as liquid phase, followed by distilled water and alginate gel,
respectively. Indeed, the addition of sodium alginate delayed the apatite formation after 48
hours of reaction due to the viscous aspect of the hydrogel, which slows the diffusion of Ca
and P ions, thereby inhibiting apatite precipitation. The use of NaoHPO4 as a setting liquid
solution for the solubilization of Alg salt has significantly promoted the formation of apatite
and it could be attributed to a secondary reaction between the phosphate ions of NaoHPO4 and
the calcium ions of the residual vaterite. This difference in the intensity ratio (1a/lv) could be
explained by ions supersaturation which is higher in the case of NaoHPO4 and lowest for
distilled water and alginate hydrogel.

Complementary characterization was performed by FTIR analyses to assess the setting
reaction Kinetics of the prepared composite cements. The setting kinetics were evaluated
through the evolution of FTIR bands of brushite as a limiting reactant and apatite as a newly
formed phase. Figure 5 illustrated FTIR spectra of all prepared composites in the range of 450
to 800cm™ after intensity normalization.

The FTIR spectra of the formulated cements using distilled water as a liquid phase after 2
hours of reaction (figures 5.a), are not similar. The FTIR spectrum of CPC-BGf showed the
presence of bands attributed to DCPD compound at 790, 670, 577, and 526 cm™
characterizing phosphate groups. These bands are also observed in the CPC-BGm spectrum
with the appearance of new bands at 560 and 600 cm™ attributed to the newly formed apatite
which are absent in CPC-BGTf spectrum. Compared to CPC-BGf and CPC-BGm spectra, the
spectrum of CPC-BGc is marked by the presence of a DCPD band at 526 cm™ with low
intensity and completely disappeared of the other bands of DCPD. In addition, CPC-BGc
revealed the presence of apatite bands at 560 and 600 cm™ attributed to v4 vibration mode of

phosphate groups. After 4 hours of reaction, the FTIR spectra of CPC-BGc and CPC-BGm
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are similar and showed the total disappearance of brushite and the presence of bands typical to
the reprecipitated apatite at 560 and 604 cm™. The shoulder in the CPC-BGc spectrum at
525cm could be attributed to the Si-O-Si band characteristic of bioactive glass. However, the
CPC-BGf spectrum revealed the presence of all DCPD bands with low intensities compared
to 2h. The characteristic bands of apatite are not observed as shown in the XRD patterns and
this could be due to the overlapping of the DCPD and apatite bands in this domain. From 6
hours to 48 hours of reaction, the FTIR spectra of the cements become similar and are marked
by the presence of apatite (560 and 604 cm™) and vaterite (at 750 cm™) bands and the absence

of all DCPD bands attesting to the total consumption of this reagent.
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Figure 5. FTIR spectra of formulated materials in distilled water (a), alginate hydrogel (b),
and Alg-NaP gel (c).

The assessment of the setting reaction of cements prepared with distilled water as a liquid

phase showed that during the first hours of reaction, the CPC-BGc cement exhibited the fast-

setting reaction resulting in the rapid apatite formation. Figure 5.b depicted the chemical
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setting behavior of the cement formulated in the presence of sodium alginate hydrogel as a
liquid phase. The results revealed that after 2 hours of reaction, the CPC-BGc-Alg composite
spectrum is marked by the presence of all DCPD bands (at 790, 670, 577, and 526 cm™) and
the appearance of low-intensity band attributed to the reprecipitated apatite at 604 cm™. The
vaterite band was also identified in the spectrum at 750 cm™ with low intensity. Besides,
CPC-BGm-Alg and CPC-BGf-Alg possessed similar FTIR spectra, attesting the complete
absence of DCPD bands and the presence of bands typical to the newly formed apatite and the
residual vaterite. After 6 hours of reaction, the FTIR spectra of the three composites showed a
similar chemical setting behavior, revealing the presence of the characteristic bands of apatite
between 550 and 650 cm™.

The use of alginate hydrogel as a liquid phase for the formulation of composite cements
revealed that the setting reaction was slowed down for the composite formulated with a coarse
bioactive glass (CPC-BGc-Alg), while the reaction was accelerated by the addition of this
polymer for the composites CPC-BGm-Alg and CPC-BGf-Alg, attesting to an inverse effect
when using distilled water as a liquid phase. The setting behavior was evaluated when sodium
alginate solubilized in NaoHPO4 (NaP) was used as the liquid solution (Figure 5.c). The
obtained results showed that in the presence of the NaP component, the composites' setting
reaction was not affected compared to the composites formulated with the hydrogel alone.
After 2 hours of reaction, the FTIR spectrum of the CPC-BGc-Alg-NaP composite revealed
the presence of all the characteristic DCPD bands (at 790, 670, 577, and 526 cm™) whose
intensity decreased for the CPC-BGm-Alg-NaP and completely disappeared in the spectrum
of the composite CPC-BGf-Alg-NaP. The two apatite bands are also present in the FTIR
spectrum of CPC-BGm-Alg-NaP, whereas the FTIR spectrum of the composite with a coarse
bioactive glass (CPC-BGc-Alg-NaP) had only one apatite band at 560 cm™. Furthermore, the
typical band of residual vaterite at 750 cm™ is present in all three FTIR spectra. Beyond 4
hours of reaction, the FTIR spectra were similar, showing the presence of bands that

characterize apatite and vaterite.
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The XRD and FTIR analyzes are in agreement and have revealed that the particle size of
bioactive glass and liquid phase affected the setting reaction kinetics and consequently the
apatite formation. Three mechanisms could govern the setting reaction kinetics of brushite,
vaterite, and bioactive glass 46S6 types of cement. The first mechanism is based on an acid-
base reaction between DCPD and CaCOs, which resulted in the formation of carbonate apatite
[35], as illustrated in the reaction below:

4 CaCOz + 6 CaHPO4.2H20 > Caio-xy(PO4)s-x-y(HPO4)x(CO3)y(OH)2-xy (1)

Avec0<x+y<2

The second mechanism could be related to a chemical interaction between calcium and
phosphate ions derived from the dissolution of bioactive glass and brushite phases, resulting
in a second setting reaction and leading to the reprecipitation of the apatite phase.
Furthermore, it is well known that when the silicate-based bioactive glass comes into contact
with an aqueous medium, it forms a calcium phosphate layer on its surface [36,37]. Therefore,
the formation of the apatite layer on the bioactive glass 46S6 surface could be the third
mechanism that may influence the setting reaction kinetics [38]. These competing chemical
mechanisms govern the setting reaction of the cements during the first hours.
Several factors could influence the setting properties of bone cements, including the
liquid/powder ratio, the nature of the liquid phase, the particle size of the initial products, the
solubility of the precursors, the pH...etc [39]. This study evaluated the effect of particle size of
bioactive glass 46S6 and the nature of the liquid phase on the kinetics of cement setting
reaction.
According to the XRD and FTIR results, these two factors influenced the setting reaction,
particularly during the first hours. Indeed, the setting reaction was modified based on the size
of the BG for the composites prepared in the presence of distilled water, demonstrating that
the kinetic was faster for the cement with the coarse bioactive glass (CPC-BGc), followed by
the cement CPC-BGm. However, the cement prepared with fine BGf was the least reactive

during the first hours. This effect brought by increasing the size of BG promotes the
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formation of apatite in the presence of distilled water could be attributed to the lower water
absorption rate for BGc which would facilitate the penetration of water between the particles
and then the dissolution of the reactants, as opposed to cement formulated with BGf, which
absorbed more water. The particle size of the initial reactive powders is known to influence
the amount of water absorbed, the smaller the size of the particle is, the higher the absorption
of water [40]. The solubility of the raw materials is also a crucial parameter that could impact
the dissolution and reprecipitation mechanisms. Indeed, the decrease of BG particle size could
improve its solubility and then its dissolution leading to high ions concentration in terms of
silicate and calcium, as demonstrated by ICP analysis. Table 3 illustrated the results of the
chemical analysis of Ca and Si elements released from the bioactive glasses (BGc, BGm, and
BGf) after 2 hours of immersion in distilled water and alginate hydrogel. The results showed
that after 2 hours of immersion in distilled water, Ca and Si concentrations in the BGf
bioactive glass were found to be high, with values of 2.83 + 0.170 and 0.81 + 0.049 mgl/l.,
respectively. The BGm bioactive glass produced a Ca concentration of 1.42 + 0.080 mg/l and
Si concentrations of 0.26 + 0.016 mg/l. BGc, on the other hand, has the lowest Ca and Si
concentrations with about 0.527 mg/l Ca and 0.049 mg/I (table 3), respectively. In the alginate
hydrogel, the concentrations of released Ca and Si ions released from bioactive glasses, BG,
BGm, and BGT, are higher than in distilled water. The results obtained attested that the BG
particle size did not affect the Ca concentration, and it is around 5.16 + 0.310 mg/l for BGc,
5.18 + 0.311 mg/l for BGm, and 5.54 + 0.330 mg/l for BGf. The highest concentration of Si
released in the alginate hydrogel is that of BGf, with a value of 7.457mg/I, followed by BGm
(5.913mg/l), and BGc had the lowest concentration of Si, which is around 4.152 mg/l. These
results attested that the finer BGf released higher ions amounts than BGm and BGc
respectively. Based on these results the delay in the formation of apatite in the case of CPC-
BGf and CPC-BGm during the first hours of reaction could be explained by the high
concentration of Si known by its inhibitory effect on the formation of apatite. It was reported

in the literature that the incorporation of Si into an a-tricalcium phosphate-based cement
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delayed the conversion of o-TCP to CDHA and a silica gel deposited to the initially
precipitated apatite crystals have limited their growth [41]. A similar effect was attested by
Tanizawa and Suzuki who reported an inhibiting effect of the silicate ions on the
transformation of dicalcium phosphate dihydrate (DCPD) into apatite [42].

Contrary to the trend observed for formulations with distilled water, the composites prepared
in the presence of sodium alginate, showed an acceleration in the setting reaction by
decreasing the size of bioactive glass. This effect can be explained on the one hand by the
increase in the solubility of BG in the presence of Alg as demonstrated by the ICP analysis.
Indeed, the presence of Ca and P ions in high concentrations favors the formation of apatite.
On other hand this effect could be explained by the possibility of a complexation reaction
between silica and carboxylic acid functional groups on the mannuronic and guluronic acids
in alginate [43], resulting in a decrease in the concentration of free Si ions in the medium and
thus eliminating its inhibiting effect on the formation of apatite [43].

To confirm this interaction between sodium alginate and Si, the BGc-Alg powders were
recovered after immersion for 2 hours in an aqueous sodium alginate solution and dried at
37°C in order to evaluate their composition through FTIR analysis (figure 6). The results of
this analysis showed the appearance of new bands located at 1250 cm™ attributed to the
vibration of the Si-O-C bond [43] and at 1470 cm™ which could be typical to Si-C band. The
appearance of these bands attests to the existence of interactions between alginate and silicon

in the bioactive glass.

Table 3. ICP results of solutions containing BGc, BGm, and BGf.

Materials Ca (mg/L) Si (mg/L)
BGc-DW 0.05+0.003  0.53+0.03
BGm-DW 0.26 £0.02 1.42 +0.08
BGf-DW 0.81 £0.05 2.83+0.17
BGc-Alg 5.16+0.31 4.15+0.25
BGm-Alg 518 +0.31 5.91+£0.35
BGf-Alg 5.54 +0.33 746 +£0.44
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Figure 6. FTIR spectrum of BGc-Alg powder compared to Alg and BGc spectra.

3.1.3.2. Setting time

The setting time of the developed materials was investigated as a function of BG particle size
and the nature of the liquid phase (Table 4). The setting time was considerably influenced by
modifying the particle size and the liquid phase. The initial and final setting times of the
formulated cement in the presence of distilled water increased significantly as the size of the
integrated BG particles decreased. Indeed, the initial setting time for CPC-BGc was 50 + 3
minutes, and the final setting time was 71 * 4 minutes, whereas CPC-BGm increased to
values of 75 £ 4 min and 91 + 4 min, respectively, for the initial and final setting times. The
cement prepared with the fine bioactive glass (BGf) had the slowest setting times, with an
initial time of about 92 + 4 min and a final time of 134 £ 5 min. The results obtained showed
that in the presence of distilled water, the cement formulated with the coarse bioactive glass
had the shortest setting times, followed by the CPC-BGm, and then CPC-BGf. This finding
could be directly related to the setting reaction (apatite formation), which demonstrated that
the CPC-BGc had the faster setting reaction. The increase of setting time by the reduction of
BG particle size can be attributed to the slowing effect of Si ion (inhibitor of apatite
formation) which is more abundant in formulations containing BGf as confirmed by ICP

analysis.
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The use of alginate hydrogel as a liquid phase reduced the setting time of composites made
with BGf from 92 minutes to 64 minutes. The addition of alginate hydrogel, on the other
hand, considerably increased the setting time of CPC-BGc from 50 to 82 minutes.
Furthermore, it was demonstrated that the presence of the hydrogel did not affect the setting
time of CPC-BGm, except for a minor decrease in the initial setting time. These findings are
consistent with the trend found in the setting reaction, which indicates an accelerated setting
reaction of CPC-BGm-Alg and CPC-BGf-Alg cements with Alg as the liquid phase. When
the alginate was solubilized in the Na2HPO4 solution, the setting times for all formulated
composite cements decreased significantly. Furthermore, it was found that the setting time
increased as the BG particle size decreased. The values obtained for the initial setting time are
12 £ 2 min, 26 + 4 min, 32 £ 4 min for CPC-BGc-Alg-NaP, CPC-BGm-Alg-NaP, and CPC-
BGf-Alg-NaP composites, respectively. These values are in the range required for clinical

application.

Table 4. Initial and final setting times of the prepared composites.

Materials Initial frititri];]g time Final s(?rt]tllnr;g time
CPC-BGc 50+3 7114
CPC-BGm 754 95+4
CPC-BGf 92+3 134 +£5
CPC-BGc-Alg 82+4 125+5
CPC-BGm-Alg 71+£3 95+3
CPC-BGf-Alg 64 +2 87+3
CPC-BGc-Alg-NaP 10+2 22+4
CPC-BGm-Alg-NaP 26+ 4 40+ 4
CPC-BGf-Alg-NaP 32+4 38+4

3.1.3.3. SEM examination

The morphology of the hardened and dried cements was analyzed at 100 pum, to assess their
surface and, in particular, to evaluate qualitatively their porosity (Figure 7). SEM images

showed that the cements formulated with coarse bioactive glass present the densest structure
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for the three liquid phases used. While materials prepared with medium (BGm) and fine
(BGf) bioactive glass show porous structure and exhibited pores with different sizes. The use
of Alg as a liquid phase in the presence of BG reduces the pores size and this effect becomes

more pronounced in the presence of Alg-NaP as a liquid phase.

100pm

100um x 100pm

Figure 7. SEM micrographs at 100 um of CPC-BGc (A), CPC-BGm (B), CPC-BGm (C),
CPC-BGc-Alg (D), CPC-BGm-Alg (E), CPC-BGf-Alg (F), CPC-BGc-Alg-NaP (G),
CPC-BGm-Alg-NaP (H), and CPC-BGf-Alg-NaP ().

Figure 8 showed surface morphologies of all prepared materials at 2 um. The SEM analysis of

CPC-BGc, CPC-BGc-Alg, and CPC-BGc-Alg-NaP revealed the presence of tiny spherical

particles, as well as blocky particles, respectively attributed to residual vaterite and bioactive

glass surrounded by needle-like crystals of precipitated apatite. However, differences in the
microstructure of the composites can be observed toward the particle size of the incorporated

BG. It appears that the needle-shaped precipitated apatite crystals were more agglomerated,

much larger in composites formulated with coarse BG particles. This observation confirmed
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the high-intensity ratio observed for CPC-BGc, CPC-BGc-Alg, and CPC-BGc-Alg-NaP as
confirmed by XRD diffraction. Moreover, the size of the precipitated crystals was
significantly smaller in composites prepared with BGf. Similarly, Ginebra et al., reported that
decreasing the particle size of a-TCP-based cement induced a decrease in the size of the

formed apatite crystals [14].

peep

CPC-BGe-Alg

X 20.000 2um x 20.000

Figure 8. SEM micrographs at 2um of CPC-BGc (A), CPC-BGm (B), CPC-BGf (C), CPC-
BGc-Alg (D), CPC-BGm-Alg (E), CPC-BGf-Alg (F), CPC-BGc-Alg-NaP (G), and
CPC-BGm-Alg-NaP (H), and CPC-BGm-Alg-NaP (I). (Yellow arrows: vaterite, pink

arrows: bioactive glass, green arrows: apatite).
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3.1.3.4. Cohesion and injectability properties

The cohesion ability of composite pastes was assessed regarding the particle size of BG and
the nature of the liquid phase (figure 9). It should be noted that the cements CPC-BGf-Alg,
CPC-BGf-Alg-NaP, and CPC-BGm-Alg-NaP have been shaped in cylindrical form as they
are not injectable.

The photos were taken at 5 minutes and 24 hours after immersion in PBS solution and showed
that the cohesion behavior depends on the BG particles size and the liquid phase used. In
distilled water, the cement formulated with BGf (CPC-BGf) exhibited poorly cohesion
presenting a total disintegration after 24 hours, while the CPC-BGc retained its shape and
CPC-BGm was slightly affected. When alginate hydrogel is used as a liquid phase, the CPC-
BGc-Alg composite exhibited an excellent cohesion, and the paste could harden without
disintegrating into PBS solution. Moreover, CPC-BGm-Alg paste showed a good cohesion
with the presence of small traces of turbidity when injected into the solution. However, the
CPC-BGf-Alg composite showed a relatively poor cohesion, and the paste was disintegrating
in the solution during the hardening process.

In the case of cements formulated with Alg-NaP as a liquid phase, the CPC-BGc-Alg-NaP
and CPC-BGm-Alg-NaP composite cements showed good cohesion, while the CPC-BGf-Alg-
NaP composite showed very low cohesion revealing that the paste started to disintegrate after
5 minutes of immersion in the PBS solution and complete disintegration after 24 hours.

In summary, the cohesion behavior of the prepared composites is strongly affected by the
particle size of the BG regardless of the liquid phase used, indicating that composites
formulated with coarse BGc particle size exhibited an excellent cohesion. The decrease of the
BG particle size affected negatively the cohesion of the cement pastes. This effect could be
due to the water absorption phenomenon. Indeed, the finer the particle size, the higher the
water absorption, which increases the water demand for the cement with the fine BGf and
consequently decreases the cohesion between the particles making up the cement. This effect

appears to be less pronounced with the use of alginate hydrogel as the liquid phase. In
27



5 min

24 hours

general, using viscous solutions as a liquid phase, such as polymeric gel, proved to be a useful
method for improving CPC cohesion. Tanaka et al. investigated the anti-washout properties of
Biopex® cement by adding sodium alginate into its liquid phase, and results revealed an
improvement of the cohesion property due to the inhibition of water penetration in the cement
pastes by the viscous gel of sodium alginate [44]. Furthermore, the use of the setting
accelerator in the liquid phase of the CPC-BGf-Alg-NaP, on the other hand, affects its
cohesiveness, and the paste disintegrates after 5 minutes of immersion. Regarding the effect
of particle sizes, the results obtained in this work are not in agreement with findings reported
in the literature [40,45]. It is known that generally, reducing the particle size of the bioactive
glass powder is used as an approach to improve the cohesion of cement pastes. Bohner et al,
conducted a theoretical and experimental investigation to assess the impact of various factors
on the cohesion of calcium phosphate cement paste [46]. The findings of this study revealed
that reducing the particle size of the reactive powders and using viscous solutions are the most

effective methods for improving the cohesion of cement pastes.

CPC-BG CPC-BGc-Alg CPC-BGm-Alg CPC-BGf-Alg CPC-BGc-Alg-NaP CPC-BGm/f-Alg-NaP

N Q\\\j

Figure 9. Photos of formulated pastes taken after 5 minutes and 24 hours of immersion in

PBS solution (c: coarse, m: medium, and f: fine).

It is known that injectability is one of the most important properties of calcium phosphate
cements and promotes their use for clinical application for minimally invasive surgery. This
property is affected through parameters, such as the particle size of powders, liquid to powder

ratio, nature of the liquid phase, compositions, etc. In the current study, the injectability
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behavior is evaluated regarding the particle size of the bioactive glass 46S6 as a function of
the liquid phase nature (Figure 10).

The results showed that the injectability of composites formulated was strongly affected by
the BG particle size and the liquid phase. Indeed, it has been noted that the injectability
decreased when the particle size of the bioactive glass is reduced. An injectability value of
62% was measured for the CPC-BGc cement, followed by CPC-BGm with a value of 48%,
and the CPC-BGf cement that exhibited the lower value of approximately 26%. The decrease
in BG particle size reduced the injectability of cement pastes prepared in distilled water which
could be explained by particle agglomeration as well as increased water absorption by fine
BG particles, causing an increase in frictional contact between particles [47]. These results are
in accordance with those reported by Aberg et al. which evaluated the effect of particle size
on hardening and handling of a premixed calcium phosphate cement-based on monocalcium
phosphate hydrate (MCPH) with various particle size ranges (<100, 100-200, 200-400, and
400-600um) and B-tricalcium phosphate (B-TCP) granules of particle size in the range of
150-500um [15]. The obtained results attested that smaller particle sizes resulted in cements
that exhibit higher extrusion forces and therefore a decrease of injectability[15]. Contrary to
this tendency, other studies demonstrated that a decrease in the particle sizes of the
constituents of calcium phosphate cements induces an increase in their injectability. Tadier et
al. found that the injectability of pastes and putties, loaded with millimeter-sized glass beads,
decreased with the increasing size of beads resulting in the formation of a percolation network
that completely blocked the movement of the plunger and hindered further the extrusion [48].

Furthermore, the use of alginate hydrogel as a liquid phase increased the injectability of the
CPC-BGc-Alg and CPC-BGm-Alg reaching injectability values of 98% and 76%,
respectively. However, the addition of Alg to the CPC-BGf matrix decreased the injectability
from a value of 26% down to 16%. Generally, the addition of polymers especially hydrogels
in the CPC liquid phase resulted in an enhancement of the injectability of CPC pastes [49].

The increase in injectability with the use of hydrogel as the liquid phase for composites
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prepared with coarse and medium glass could be due to the lubricating effect which could
facilitate the sliding of the particles on each other and consequently facilitate their injection
through the syringe. However, the decrease of injectability observed for the cement
formulated with BGf in the presence of alginate hydrogel can be attributed to the increase of
viscosity in the paste cement. Although, samples formulated with BGm and BGf in the
presence of Alg-NaP hydrogel as the liquid phase (CPC-BGm-Alg-NaP and CPC-BGf-Alg-
NaP) revealed a change in their injectability behavior. While the injectability of the composite
formulated with BGc (CPC-BGc-Alg-NaP) was not affected. Indeed, the injectability
percentage of CPC-BGc-Alg-NaP composite cement showed a value of 95 %, while the
injectability critically decreased for CPC-BGm-Alg-NaP from a value of 76% down to 18%,
and the CPC-BGf-Alg-NaP from a value of 16% down to 0%, and the composite cement
became non-injectable. The drastic decrease in the injectability in the case of CPC-BGm-Alg-
NaP and CPC-BGf-Alg-NaP could be attributed to the accelerated setting and hardening
processes of composite cements by the addition of the setting solution (NaP) and water
absorption phenomenon, which is more evident as the BG particle size decreased.
Furthermore, the drop in injectability to 0% for the CPC-BGf-Alg-NaP composite could be
due to the particles’ agglomeration phenomenon, and consequently the increase of the friction

contact.
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Figure 10. Injectability values of prepared materials regarding the BG particle size and the

nature of the liquid phase.
3.1.3.5. Compressive strength

The compressive strength values of all prepared specimens were measured and illustrated in
figure 11. The obtained results showed that the compressive strength depends on the liquid
phase used and the particle size. Indeed, as the particle size of BG is coarse, the compressive
strength reached its maximum for all liquid phases used. In distilled water, the compressive
strength of CPC-BGc cement was 5.8MPa and decreased with reducing the BG particle size
down to a value of 3.5MPa and 3.1MPa for CPC-BGm and CPC-BGf cements, respectively.
The same trend was observed when the sodium alginate is used as a liquid phase, showing a
decrease of the compressive strength from a value of 7.4MPa for CPC-BGc-Alg composite
down to 4.6MPa and 4.1MPa for CPC-BGm-Alg and CPC-BGf-Alg composites, respectively.
For the formulations in the presence of Alg-NaP hydrogel as a liquid phase, the compressive
strength reached a maximum value of 10.5MPa for CPC-BGc-Alg-NaP which decreased
down to 5.2MPa and 3.3 for CPC-BGm-Alg-NaP and CPC-BGf-Alg-NaP composites,

respectively.
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The results showed that as the size of the bioactive glass was reduced, the compressive
strength decreased significantly. This could be explained by the reduced cohesion of cement
pastes using fine glass (BGf), as well as the lower apatite content compared to the other
composites as confirmed by XRD analysis. Indeed, the lack of cohesion between the particles
in cements produced with BGf would preclude intimate contact between them, eliminating the
binding action of the alginate, thus, lowering compressive strength. Furthermore, the intensity
ratio (1a/lv) dropped when the size of the BG was reduced. In fact, for formulations including
BGc, the cements have superior intensity ratios than formulations containing BGm and BGf.
This drop could influence the production of apatite crystals, which filled voids and reduced
the inter-particle distance, resulting in a denser and compact network. Contrary to the results
obtained, Ginebra et al, investigated the effect of the particle size of the powder phase on the
mechanical resistance of the a-tricalcium phosphate (a-TCP) system [40]. The obtained
results revealed the increase in the compressive strength at the early stage with decreasing the
particle size of starting powders. Otsuka et al. investigated a system for delivering antibiotics
using a self-setting CPC comprising DCPD/TTCP, concluding that the particle sizes of DCPD
and TTCP impacted the compressive strength, the smaller the particle size was, the higher the
cement strength was, this effect was related to the nucleation and crystal growth processes
during the setting phase [50].

Concerning the effect of the liquid phase, it was found that the use of sodium alginate
increased the compressive strength of the materials prepared with the three BG particle sizes
(BGc, BGm, and BGf) compared to that prepared with distilled water. This effect could be
related to the decrease of porosity as shown in SEM examination and also the formation of
calcium alginate compound which acted as a reinforcing agent for cements matrix. Indeed,
several studies have shown that the use of biopolymers in the liquid phase increases the
mechanical properties of calcium phosphate cements [12]. Sprio et al., showed that the
addition of sodium alginate to the cement-based on the Sr-substituted a-TCP led to an

increase in the compressive strength and this was attributed to a crack-bridging effect
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provided by alginate [24]. It has been reported by Jacquart et al, that the use of
carboxymethylcellulose with DCPD-CaCOs cement significantly enhanced the compressive
strength of formulated composites [51]. The use of sodium phosphate solution for the
preparation of alginate gel resulted in an increase of compressive strength of cements
formulated with BGc and BGm (CPC-BGc-Alg-NaP and CPC-BGm-Alg-NaP). This effect
could be attributed to the reaction between Ca of residual vaterite and P of the NaP, which
may promote the formation and growth of apatite crystals that fill the pores observed when
used distilled water and alginate solution. This allows the densification of the cement
structure as confirmed by SEM examination. As a conclusion, the values of compressive
strength for all formulated composite cements are in the range of 3 to 10.5 MPa, which are

similar to that of cancellous bone [52].
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Figure 11. Compressive strength of prepared cement composites, as a function of BG particle

size and the liquid phase nature.

3. Conclusion

In this study, the effect of BG particle size and the nature of the liquid phase on calcium

phosphate properties was investigated in terms of setting reaction, microstructure, setting
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time, injectability, cohesion, and compressive strength. The modification of the particle size
of the bioactive glass altered the kinetics of the setting, handling, and mechanical properties
of the prepared cements. The setting reaction was critically modified during the first hours
depending on the BG particle size and liquid phase. The cement prepared with coarse particle
size demonstrated the best characteristics in terms of setting time, which is around 12min,
thus fulfilling clinician requirement. Furthermore, the injectability of these types of cements is
almost 95%, showing good cohesion and enhanced mechanical strength (10.5 MPa). The final
material elaborated in the presence of BGc, and alginate solubilized in the setting accelerator
(CPC-BGc-Alg-NaP) could be a potentially composite cement for no-load bearing
applications and minimally invasive surgery. The poor injectability and cohesion of CPC-
BGm-Alg-NaP and CPC-BGf-Alg-NaP composite cements hinder their application as
injectable pastes; nevertheless, they could be exploited as hardened cements in the form of

implantable blocks for orthopedic applications.
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Lists of tables and figures

Table 1. Various formulations of the composite cements

Solid phase
Samples CaCcO: | DCPD BG Liquid phase L/P
(Wt %) | (wt %) wt % particle size
(um)

CPC-BGf <40
CPC-BGm 40-100 Distilled Water
CPC-BGc 100-200
CPC-BGf-Alg <40
CPC-BGm-Alg 37.5 | 375 25 40-100 | 5wt% AlginH.0 | 0.7
CPC-BGc-Alg 100-200
CPC-BGf-Alg-NaP <40
CPC-BGM-Alg-NaP 40-100 Nai;‘ggj g'_g;”M)
CPC-BGc-Alg-NaP 100-200
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Table 2. Particle-size distribution parameters of the BG powders.

Bioactive D (10) Median Size, D (90) Particle size volume
glass (um) D (50) (um) (um) average, Mv (um)
BGc 131+5 198+ 8 295+ 12 207 +8
BGm 48 + 2 81+3 172+ 7 90+4
BGf 15+1 201 47 £ 2 23+1
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Table 3. ICP results of solutions containing BGc, BGm, and BGH.

Materials Ca (mg/L) Si (mg/L)
BGc-DW 0.05+0.003 0.53+0.03
BGm-DW 0.26 £ 0.02 1.42 +0.08
BGf-DW 0.81£0.05 2.83+£0.17
BGc-Alg 5.16 £ 0.31 4.15+0.25
BGm-Alg 5.18+£0.31 5.91+0.35
BGf-Alg 5.54 +£0.33 746 +£0.44
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Table 4. Initial and final setting times of the prepared composites.

Materials Initial setting time Final setting time
(min) (min)
CPC-BGc 50+3 71+4
CPC-BGm 75+4 9% +4
CPC-BGf 92+3 134 +5
CPC-BGc-Alg 82+4 125+5
CPC-BGm-Alg 71+3 95 +3
CPC-BGf-Alg 64 +2 87+3
CPC-BGc-Alg-NaP 10+ 2 22+4
CPC-BGm-Alg-NaP 26+ 4  40+4

CPC-BGf-Alg-NaP 32+4 38+4
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Figure 1. FTIR (a) and XRD (b), particle size distribution (c), and SEM micrographs of

BGc (d), BGm (e), and BGf (f) of the bioactive glass 46S6 powder.
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Figure 4. Intensity ratio (1a/lv) obtained from the XRD patterns of prepared materials as a

function of incubation time.
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Figure 7. SEM micrographs at 100 pm of CPC-BGc (A), CPC-BGm (B), CPC-BGm (C),

CPC-BGc-Alg (D), CPC-BGm-Alg (E), CPC-BGf-Alg (F), CPC-BGc-Alg-NaP (G),

CPC-BGm-Alg-NaP (H), and CPC-BGf-Alg-NaP (I).

53



DCPD

x 20.000

CPC-BGm

CPC-BGI

X 20.000

CPC-BGe-Alg

X 20.000

Figure 8. SEM micrographs at 2um of CPC-BGc (A), CPC-BGm (B), CPC-BGf (C), CPC-
BGc-Alg (D), CPC-BGm-Alg (E), CPC-BGf-Alg (F), CPC-BGc-Alg-NaP (G), and
CPC-BGm-Alg-NaP (H), and CPC-BGm-Alg-NaP (I). (Yellow arrows: vaterite, pink

arrows: bioactive glass, green arrows: apatite).
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Figure 9. Photos of formulated pastes taken after 5 minutes and 24 hours of immersion in

PBS solution (c: coarse, m: medium, and f: fine).
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Figure 10. Injectability values of prepared materials regarding the BG particle size and the

nature of the liquid phase.
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Figure 11. Compressive strength of prepared cement composites, as a function of BG particle

size and the liquid phase nature.
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