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ABSTRACT

The development of injectable bone cement has been recognized as a promising strategy to fulfill
the complex requirements of biomaterials for micro-invasive surgeries. The purpose of this study was to
develop a novel injectable bioactive bone cement based on tricalcium silicate (TCS)-a-tricalcium phosphate
(a-TCP) composites. Different bone cement formulations were prepared by varying the TCS contents (0,
3.2, 9.9 and 11.8% mole of TCS). The hydration experiments were carried out at 37°C. Injectabilities,
setting times and mechanical properties of the final composites were determined. The results indicate that
TCS delays the conversion of a-TCP into calcium-deficient hydroxyapatite (CDHAP). The produced
CDHAP in the presence of TCS was modified by partial substitution silicate ion in place of phosphate. Also,
Ca(OH), produced from TCS hydration inter CDHAP and increases the Ca/(P+Si) molar ratio.

Key words: Tricalcium phosphate, Bone cement, Tricalcium silicate, Physico-mechanical properties,
Injectability.

INTRODUCTION

Minimally invasive technique is a newly emerging surgical technique'?, which
includes micro-invasive bone grafting. Micro-invasive bone grafting means that the bone is
taken out and bone graft materials are delivered to the desired site through a small incision
or even local percutaneous puncture and injection®. So the grafts used in this procedure may
be viscous suspension of fine particulate materials®. It has many advantages such as little
injury, simple procedures and fast recovery. Limited sources of graft materials with suitable
injectability and mechanical properties are the main factors affecting the development of the
technique’. Therefore, to prepare a stable, economical, efficient and easy-to-use injectable
graft material is crucial for the development of the technique.
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Calcium phosphate cements (CPC) are clinically valuable due to their bio-
compatibility, ease of handling, moldability, and ability to set or harden at body temperature®.
Generally, they consist of a mixture of an aqueous solution and one or several calcium
phosphate powders’. Many CPC formulations have been proposed, in particular those based
on the use of a-tricalcium phosphate (a-Caz(POy),; o-TCP)®. Tricalcium phosphate exists in
two crystalline forms; a-TCP and B-TCP, whereas B-TCP is the low temperature stable form.
Thus, preparation of a-TCP form involves rapid cooling from high temperatures (> 1200°C)
to room temperature. The hydrolysis of a-TCP involves the dissolution of a-TCP and the
formation of calcium-deficient hydroxyapatite (CDHAP) according to the following

equation’:

3a-Ca3(PO4)2 + H2O — Cag(HPO4)(PO4)5OH

a-TCP powders used in CPCs are generally obtained by a combination of sintering
and milling procedures®'® and start reacting within seconds after contacting an aqueous
solution'*". The drawbacks of CPC, including low strength and poor injectability'**’, have
limited its clinical use. To be used clinically, a-TCP reactivity has to appropriately adjusted
to control hardening and setting rate’'. Ideally the cement should hardly react during mixing
and application, and then rapidly harden. Some researchers used additives such as phosphate
ions or hydroxyapatite (HAP) to control setting and hardening'®*:. Another approach is to
prolong the milling duration of the raw materials to make them more reactive’**,
Unfortunately, these approaches are not good enough for some applications such as
injectable bone cement, for which the viscosity during application should be in a defined
range, and hardening should then proceed fast™. In a recent study?®, the injectability of the
CPC paste was dramatically improved using hydroxypropyl methylcellulose.

Zhao et al.””*® have shown that tricalcium silicate (Ca3;SiOs; TCS) had good
hydraulic properties and excellent bioactivity. However, there are many complications in
using tricalcium silicate cement in clinical bone filling application. One of this complications
is the long setting time of tricalcium silicate cement’’?’. Another complication associated
with the large amount of calcium hydroxide [Ca(OH),] formed during hydration reaction,
which cause a high rise of the pH upto 12.>” This could have adverse impact on the
biocompatibility. Recentaly, Sprio et al.** developed load-bearing bone composites, made of
hydroxyapatite (HAP) and bioactive calcium silicate as a reinforcing phase.

The combination of combustion and a reactive solution approaches leads to the so-
called solution combustion synthesis (SCS) method®*'**. SCS synthesis using metal nitrates
as oxidants and different organic compounds such as citric acid, a-alanine, glycine and urea
are used as fuel, is a useful technique for synthesis of high purity nanomaterials®>~*. Particle
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size and powder morphology of the product can be optimized by varying the different
process parameters during the synthesis.

This work is aimed at developing novel fully synthetic injectable bone cement based
on tricalcium silicate and tricalcium phosphate. The expected hydration products after
injection and in situ setting, is nanohydroxyapatite with silicon substitution and with no or
minmum amount of Ca(OH),.

EXPERIMENTAL
Materials and methods

Combustion synthesis of a-TCP

a-TCP powders of nanoparticle size were synthesized using solution combustion
synthesis (SCS). Calcium nitrate (Ca(NOs),.4H,0) and dibasic ammonium phosphate
(NH4)(HPO,4) were used as a reactants and citric acid (C¢HgO7.H,O) was used as a fuel.
Combinations of both salt reactants and the fuels was tailored to give the reducing/oxidation
power of unity’®. The formation of tricalcium phosphate by SCS assuming complete
combustion can be represented by the following reaction:

3 Ca(NO3)2 (aq) + 2 (NH4)HPO4 (aq) + CsHsO7.H,O (aq) = Cas(POa): (s)
+6CO2(g) +5Na(g) + 14 HrO (g)

Stoichiometric composition of the redox mixture was dissolved in the minimum
amount of water. The white priciptate was dissolved using the minumim amount of nitric
acid with stirring. The aqueous solution containing the redox mixture in a Pyrex container
introduced in a muffle furnace preheated to 750°C, until undergoes flameless combustion.
The ignition product was calcinated at 1400°C for 5 hrs. Rapid cooling of the products using
chilled flat steel pan produces a-TCP as confirmed by XRD as shown in Fig. 1. The resultant
powders were grounded and sieved to 300-mesh for further experiments.

Tricalcium silicate (TCS) preparation

Tricalcium silicate (TCS) was synthesized by conventional solid state route as
previously stated®. The stoichiometric mixture of pure grade calcium carbonate and 5 um
Min-U-Sil silica was ball milled in hexane with zirconia balls for 20 hrs. The mixture was
heated at 1350°C for 5 hrs and air quenched. XRD analysis shows the sample to be
completely converted to pure monoclinic TCS as shown in Fig. 2. The resultant powders
were grounded and sieved to 300-mesh for further experiments.
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T=TCS

Fig. 1: XRD pattern of pure monoclinic TCS
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Fig. 2: XRD of a-TCP prepared by combustion synthesis method using
citric acid as a fuel

Bone cement formulations

The relative proportion of a-TCP and TCS in each mix was selected according to
Table 1. Mix TCPS0.33 expected to give near stoichiometric hydroxyapatite with silicon
substitution [Ca/(P+Si) = 1.67] and no free Ca(OH),. Assuming that, the produced Ca(OH),
rapidly reacts with CDHAP to produce hydroxyapatite and silicate ions substituted in HAP
crystal structure. The a-TCP-TCS pre-composite were prepared by mixing the solid powders
in absolute ethanol, then ethanol was evaporated under vacuum. Pastes were prepared by
mixing the pre-composites with deionized water at liquid to powder ratio (L/P ratio) of 0.60.
After mixing for 2 min, the pastes were moved into Teflon molds (10 mm diameter 18 mm
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high and 6 mm diameter 2 mm high) and stored at 37°C and 100% relative humidity (RH)
for 7 days.

Table 1: Composition of injectable bone cements

Mix a-TCP TCS % TCS % TCS
[Ca3(POy),] [Ca3SiOs] (mole) (weight)
TCP 3 0.0 0.0 0.0
TCPS0.10 3 0.1 3.2 24
TCPS0.33 3 0.33 9.9 7.6
TCPS0.40 3 0.4 11.8 8.9
TCS - 1 100 100

Injectability and setting times

The injectability of the cements was tested by a 5 mL syringe, which was fitted with
a needle of 1.6 mm inner diameter. After mixing the mixture of cement with liquid for two
minutes, the as-prepared paste was poured into the syringe. Then a 5 Kg compressive load
was mounted vertically on the top of the plunger for 2 min. The mass of the paste before and
after injecting was measured. Each test was repeated for 3 times and the average value was
calculated. The injectability was calculated according to the following equation:

Injectability (%) = [Paste wt. expelled form the syringe/Total paste wt.] x 100

The initial (IS) and the final (FS) setting times were measured with the Vicat needle
according to ISO9597-1989E. The initial setting time is defined as the time necessary so that
the light needle (280 g, 1.13 mm) plunges into the paste and has a span of 5 = 1 mm to the
tube bottom. The final setting time is defined as the time necessary so that the heavy needle
(350 g, 2.0 mm) no longer leaves a visible print on the surface of the paste.

Characterization of the composites

After the composites were set for 7 days, they were transferred into acetone (100%)
to stop hydration and vacuum-dried. X-ray diffraction (XRD) analysis was performed using
an automated diffractometer (Philips type: PW1840), at a step size of 0.02°, scanning rate of
2° in 20/min, and a 26 range from 4° to 80°. All samples were coated with gold. FTIR
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spectroscopic measurements were carried out using a spectrometer (FTIR, JASCO 470). The
samples were mixed with KBr with a sample/KBr weight ratio of 1/100 and compressed to
give self-supporting pellets. The compressive strength was measured on the samples with
diameter of 10 mm and height of 18 mm at a loading rate of 0.5 mm min ' using a universal
testing machine (Instron-1195). Three replicates were carried out for each sample.

In vitro degradation of cement pastes

The 7-day-set paste disks were soaked in phosphate buffered (pH = 7.3-7.4) at 37°C
in shaking water bath for 1, 3, 7 and 28 days with cement paste/buffer ratio of 1.50 mg/mL.
The solution was refreshed every 2 days. After the set soaking time, the disks were dried
under vacuum for 24 hr and the final weight of each sample was measured accurately. The
degradation rate was calculated as the percent weight loss. The weight loss (WL) was
calculated as follows:

WL % = [(W-W)/W;] x 100

Where, W; is the initial weight of the specimen and W is the weight of the specimen
dried after different degradation time. Each measurement was performed three times and the
average value was calculated.

RESULTS AND DISCUSSION

Setting times and injectability

Experiments were performed to evaluate the influence of TCS contents on a-TCP
cement setting, at L/P ratio of 0.60. The results in Table 2 indicated that the TCS contents
greatly affected both the initial setting (IS) and the final setting (FS) times. Pure TCP paste
has initial (IS) and final (FS) setting time of 38 min and 77 min, respectively. An increase in
setting times were observed with the increase of the TCS contents. Increasing TCS content
to 11.8% mole (mix TCPS0.4) resulted in an increase in initial setting (IS) from 38 to 85 min
and final setting (FS) from 77 to 124 min, respectively. The hydration of TCS produce
amorphous CSH-gel, which cover the unhydrated TCP grains and delay the hydration
reaction. Pure TCS paste has initial (I) and final (F) setting time of 115 min and 195 min,
respectively.

The effect of TCS contents on the injectability of the a-TCP pastes, prepared at
L/P = 0.60, is given in Table 2. Increasing the TCS contents significantly improved the paste
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injectability. Generally, cement injectability increased with increasing the TCS contents. The
injectability of the paste without TCS (mix TCP) was 85%, and it increased to 100% at a
TCS contents of 11.8% mole (mix TCPS0.4). Pure TCS paste could be nearly completely
extruded (100% injectable), as shown in Table 1. This can be explained by the fact that the
setting time of TCS is longer than that of TCP.

Table 2: Initial setting (IS) time, final setting (FS) time and injectability of the a-TCP
paste with various amounts of TCS

Mix TCP TCPS0.1 TCPS0.33  TCPS0.4 TCS

IS (min.) 38 45 63 85 115

FS (min.) 77 85 94 124 195
Injectability (%) 82 90 96 100 100

Compressive strength

Figure 3 shows the compressive strength of different pastes after setting for 7 days in
a 100% humidity water bath at 37°C. The result indicated that the compressive strength of
TCP + TCS composite pastes were lower than that of pure TCP paste and much lower than
of that of pure TCS paste. Among the TCP + TCS composite pastes with different TCS
contents, the one with 11.8 % mole (TCPS0.4) had the highest compressive strength, which
was slightly lower than that of pure TCP paste (mix TCP).

254
204
154

104

Compressive strength (Mpa)

TCP TCPS TCPS TCPS TCS
0.1 0.33 0.4

Mix

Fig. 3: The compressive strength of the cement pastes with different TCS contents
after 7 days at 37 °C and 100% humidity
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XRD analysis

Fig. 4, shows the XRD patterns of TCP, TCS and TCPS0.33 pastes hydrated for
7 days at 37°C and 100% relative humidity. In TCP paste, all the identified peaks were
corresponding to calcium deficient hydroxyapatite (CDHAP) and the intensity of a-TCP
peaks were almost negligible (Fig. 4 (a)). When the a-TCP powder is mixed with water,
a-TCP hydrolyses to CDHAP according to the equation®":

3 Ca;3(POy4), + H;O — Cag(HPO,)(PO4)sOH
This transformation is responsible for the hardening of the cement paste.

Fig. 4 (b), shows the XRD pattern of TCS paste hydrated for 7 days. There was a
remarkable change in XRD pattern of TCS paste than that of the unhydrated TCS powder
(Fig. 2). A new broad peak centered at 20 = 29.04° appeared due to the formation of
semicrystalline calcium silicate hydrate gel (CSH), and the intensity of TCS peaks was
almost negligible. In addition, calcium hydroxide appeared due to the hydration of TCS*
according to the following equation:

2 Ca3Si0s + 6 H,O — 3 Ca0-2S10,-3H,0 + 3 Ca (OH),

The XRD spectra of the a-TCP cements containing 9.9% mole TCS (mix TCPS0.33)
is illustrated in Fig. 4 (c). The XRD spectra indicated that the addition of TCS up to mix
TCPSO0.33 did not change the hydration reaction of a-TCP and that the reaction product were
mainly silicon substituted hydroxyapatite and no free Ca(OH), peaks was observed. The
peaks of unreacted a-TCP are higher than those present in TCP mix (Fig. 4 (a)). This clearly
demonstrate that TCS retards the hydration of a-TCP.

10 20 30 40 50 60 70
Cont...
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Fig. 4: XRD of cement pastes hydrated for 7 days at 37°C; (a) TCP, (b) TCPS0.33 and
(¢) TCS (H= hydroxyapatite, A= a-TCP, T=TCS, CSH = calcium silicate hydrate
and C= Ca(OH),)

FTIR spectra

The vibrational spectra of different cement pastes hydrated for 7 dyas at 37°C are
shown in Fig. 5. The vibrational spectra of all samples can be divided into three groups of
bands. The first group is due to stretching and bending vibrations of water molecules and
O-H groups. The second group is due to CO5> vibration. The third group is those due to the
phosphate and silicate tetrahedra vibrations. Since the vibrations in these groups are not
usually coupled to each other, we shall discuss them separately.

Water molecules and hydroxyl bands

All the spectra have a broad band at 3400-3200 cm™', due to stretching vibrations of
O-H groups of adsorbed H,O. This broadening is because of the formation of hydrogen
bonding with a wide range of strengths***'. It is well known that as hydrogen bonding
strength increases, the stretching vibrations frequency of O-H group decreases”. The
bending vibration band of molecular H,O appears at 1641 cm™.
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The bands correspond to stretching and bending modes of the hydroxyl groups in
hexagonal channels of hydroxyapatite structure appears at 3571 and 631 cm™, respectively™.
Fig. 5, shows that these bands appear as shoulders in samples TCP and TCPS0.1. However,
they completely disappears in sample TCPS0.33. This is in agreement with our previous
results®’. These bands decrease with increasing silicate substitution level and both bands
nearly disappear at certain substitution level. Many investigators*®*** have accounted for
the decrease of O-H bands by the charge compensation mechanism in which HAP unit cell
loses one OH group for the substitution of the phosphate group by silicate group. The
stretching mode of O-H in Ca(OH), gives rise to a sharp signal at 3644 cm™ * in samples
TCS and TCPS0.4.

Transmation

4000 3000 2000 1000

cm’!

Fig. 5: FTIR spectra of hydration products of different mixes of a-TCP + TCS
mixes at 7 days

Carbonate bands

Although no carbonates are detected by XRD analysis, CO;* bands appears in the
FTIR spectra of all samples. This is due to contamination with CO, during samples
preparations and drying. The samples contains Ca(OH), have high amounts of carbonate,
because Ca(OH), reacts with CO, gas. The carbonate bands appear in all hydroxyapatite
samples at 14861418 cm™ and 875 cm™. These correspond to the COs> groups substitute
for phosphate groups in the apatite. This substitution is named a B-type, similar to biological
carbonate-HAP*.

In TCS and TCPS0.4 pastes, the partially resolved doublet peak at 1423 and 1487 cm’!
is attributed to carbonate species for the reaction of atmospheric CO, with Ca(OH),. The weak
band at ~878 cm™, in TCS and TCPS0.4, is due to the out-of-plane bending of CO;™.
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Phosphate and silicate bands

The strong bands in the range 900-1200 cm™ correspond to P-O stretching vibration
modes of the phosphate groups. The doublet at 605-563 cm™ corresponds to the O-P-O
bending mode. The infrared P-O stretching bands and O-P-O bending bands decrease and
become less resolved as the silicate contents increase, as shown in Fig. 5. However, the
positions of both stretching and bending bands are obviously unaffected by the silicate
substitution.

In TCS paste the asymmetrical stretching vibrations of SiO, tetrahedra appear as a
complex group of bands in the range of 900-1100 cm™. The second most intense silicate
bands are broadly characterized as O-Si-O deformation or bending modes, which occur in
the 556-400 cm™ region and the band at ~687 cm™ is due to Si-O-Si bending vibrations.
Yu et al.*” was able to assign different stretching bands of Si-O in calcium silicate hydrates
by comparing results from* Si MAS NMR and FTIR for the same set of samples. They
assigned band at 811 cm™ to Si-O stretching of Q' sites (end chain silicate tetrahedra). Bands
corresponding to Si-O stretching of Q” sites appears at 987 m™' and 1028 cm™. Yu et al.*’
were able to assign band at 811 cm™ to Si-O stretching of dimer silicate chains. This band
appears very week in mix TCPS0.4, which indicates the start of calcium silicate hydrate
(CSH) formation.

Fig. 5, clearly shows that, in sample TCPS0.4, the stretching vibration bands of
silicate interfere with phosphate stretching vibration bands that result in the observed
broadening of the latter.

In vitro degradation of cement pastes

The 7-day hydrated cement pastes were soaked in phosphate buffered (pH = 7.3-7.4)
at 37°C in shaking water bath for 1, 3, 7 and 28 days. Table 3 shows the weight loss (wt. %)
at versus soaking time for the cements with different TCS contents. The weight loss of the
cement pastes were declined as the TCS contents increase in the initial cement mix. It was
clear to see that, with the addition of TCS, the degradation rate of the composite paste was
significantly lower than that of pure TCP paste and the degradation rate of the composite
decreased with the increase of TCS contents.

The self-setting properties, such as injectability and setting times, are the most
important factors that control the applicability of self-setting injectable cemnt. In this paper,
composite cements were designed and prepared by mixing the a-TCP with tricalcium silicate.
The setting time, injectability, mechanical properties and in vitro degreadation in phosphate
buffer were evaluated and compared with those of the pure a-TCP and pure TCS cements.
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Table 3: Weight loss (wt. %) at different soaking time for cements with different TCS

contents
Sample TCP TCPS0.1 TCPS0.33 TCPS0.4 TCS
1 day 20.2 18.8 17.2 16.5 1.1
3 days 22.8 19.1 17.6 17.1 1.2
7 days 253 21.4 17.8 17.6 2.1
28 days 25.8 22.5 18.3 18.1 9.6

The self-setting property of TCS paste is due to the progressive dissolution of Ca**
and SiO,"” ions from TCS and the deposition of a nanoporous, semicrystalline CSH gel. The
amorphous CSH gel is deposited on the original Ca;SiOs, while Ca(OH), crystals nucleate
and grow in the available capillary pore space in pure TCS paste. As time proceeds, the CSH
gels polymerize and harden. This phenomenon suggests that the self-setting progress is
mainly attributed to the formation of a solid network, which is also associated with the
densification and increase of the mechanical strength.

In pastes contain TCP and TCS, the hydration of TCS produces amorphous CSH gel
that deposited on o-TCP surface and delays its hydration reaction. Meanwhile, calcium
hydroxide produced from TCS hydration reacts with CDHAP to change it to close to the
stoichometeric HAP. The compressive strength of the a-TCP cement pastes decreases with
increasing TCS contents. Whereas the compressive strength of the pure TCS paste reached
23 MPa after 7 days hydration time.

As the TCS contents increased, the spectra did not alter except the appearance
of Ca(OH), was clearly detected when the TCS content increased to 11.8% mole (mix
TCPS0.4).

CONCLUSION

In this investigation, novel bioactive composite cements were prepared by mixing
tricalcium silicate with a-TCP. The a-TCP/TCS composite cements showed a longer setting
times and improved injectability. However, the mechanical strength decreased with TCS
addition up to 11.0% compared with both pure TCP and pure TCS cements.

In the present investigation, addition of TCS to a-TCP bone cements improve the
injectability of the cement pastes and increases setting time. The combined hydration of the
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TCP and TCS yielded a bioactive silicon-substituted HAP. Furthermore, the released
Ca(OH), reacts with CDHAP to drive it to more stoichimery.

The addition of TCS to a-TCP cement system had deaccelerating effect on the
precipitation of CDHAP crystals. Moreover, it improved injectability without damaging
significantly its mechanical properties. Combining, injectability, self-setting and expected
superior bioactivity of the produced silicon-substituted hydroxyapatite in a single bone
cement material represents a step forward in the design of new materials for bone
regeneration compatible with minimally invasive surgical techniques. However, further
in vivo studies are required to confirm the possible application.
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