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Abstract

A composite cement made of strontium containing tricalcium silicate and hydroxyapatite (SrC;S/HAp) was prepared and
studied through a two-stage sol-gel method. The elemental components are 75 wt% of strontium-doped tricalcium silicate
(SrC;S) and 25 wt% of hydroxyapatite (HAp). According to previous studies, the SrC,;S has good mechanical properties
and hydraulic conductivity, and the HAp has good biocompatibility. Therefore, the 75SrC;S-25HAp powder with 10 wt%
of NaH,PO, solution was mixed to prepare the slurry material. This slurry was measured for the working time and setting
time at 37 °C under saturated vapor pressure. The material properties were evaluated in terms of crystal structures, surface
morphologies, and mechanical properties. The in vitro testing was conducted to determine the ion release rate and curing
behavior under a simulated body fluid environment. Finally, the L.929 murine fibroblast cells were cultured to study the bio-
compatibility of the material. The results indicated that the operating time was 15.2 min, and the setting time was 43.6 min.
After being soaked into simulated body fluid for14 days of the experiment, the compressive strength of 75SrC;S-25HAp
remained 22.1 MPa, and the release of calcium and strontium ions was 501.4 ppm and 49.5 ppm, respectively. The cell
viabilities were higher than 70% in various concentrations. These results suggest the 75SrC;S-25HAp has excellent potential
for bone cement application.
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Introduction

For defect restoration and implant fixation in orthopedics,
bone cement has been popularly applied in clinical. Sev-
eral types of material have been developed for bone cement
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applications, including polymethylmethacrylate (PMMA)
[1], bioactive glass (BG) [2, 3], and calcium phosphate
cement. PMMA is an inert polymer-based material and lacks
osteoconductivity. Although BG has excellent bioactive to
form hydroxyapatite (HAp), a key component of bone, the
BG demonstrates insufficient mechanical strength and brit-
tleness [4-6]. On the other hand, bone cement based on
calcium phosphate has caused extensive attention for the
well self-setting property, good plasticity, biocompatibility,
and bone conductivity [7-10]. However, the new composite
material is still needed.

Tricalcium silicate is the main component of Portland
cement. This material can provide sufficient mechanical
strength after hydrolyzation [11] and excellent biocompat-
ibility for bone cement application [12-15]. Furthermore, it
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can induce bone-like apatite formation, which can stimulate
cell proliferation. It is also the leading resource of mineral
trioxide aggregate (MTA), which is used in root canal ther-
apy [15—17]. Strontium has been reported to benefit bone
regeneration which can stimulate the activity of the osteo-
blasts on differentiation and inhibit osteoclast function from
reducing bone resorption [18-20].

The strontium contained tricalcium silicate has shown the
potential to serve as bone cement in our previous report; the
previous report also suggested that 75 wt% of tricalcium sili-
cate+25 wt% of HAp has better compressive strength and
higher cell viability [21]. To synthesize a novel bone cement
to further improve the function compared with traditional
bone cement. The strontium contained tricalcium silicate
and HAp has been synthesized by a two-stage sol-gel pro-
cess. The 75 wt% (1.75% SrC,S) of tricalcium silicate +25
wt% of HAp is chosen in this study. The tricalcium phos-
phate can improve the mechanical properties of the com-
posite and water absorption; the strontium can provide a
function for bone healing and regeneration. Although, HAp
can provide a similar function to strontium. The amount of
HAp added to the cement can suppress water absorption,
consequently changing hydraulic conductivity of tricalcium
phosphate [22].

Materials and methods
Fabrication of SrC;S/HAp ceramics

All chemicals used in this study were purchased from
Sigma-Aldrich®. This experiment aims to prepare stron-
tium containing tricalcium silicate with HAp composite
prepared through a sol—gel. The calcium nitrate tetrahydrate
(Ca(NO;),-4H,0, 98%) was used as a calcium precursor;
triethyl phosphate ((C,Hs);PO,, TEP, 2 99%) as a phos-
phorus precursor; strontium nitrate (Sr(NO3)2, 98%) as a
strontium precursor; tetraethyl silicate (Si(OC,Hs),,= 99%)
as silica precursor). The 2.86 mL of TEP and 0.11 mL of
nitric acid (HNO;, 65%) (according to the molar ratio of
1:1.197:0.08) were well mixed in 5 mL of ethanol (99.9%)
to hydrolyze for 30 min to get phosphate sol. And then
mixed with 4.723 g calcium nitrate tetrahydrate and 6.027 g
of as prepared St (5,5Ca, 94755105 powder into the phos-
phate sol at 80 °C for 24 h. After 24 h of mixing, the mate-
rial was placed in the 120 °C silicone oil bath for a few
hours to get a viscous gel. The gel was moved to a plati-
num crucible and calcined in a high temperature furnace
at 700 °C for 4 h. The calcined sample was ground and
sieved through a screen of 400 mesh to control the particle
size of the powder below 37 pm. This powder was com-
posited by 75wt% St 4525Ca; 94755105 +25wt% HAp which
named 75SrC;S-25HAp powder. The crystal structure and
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functional groups of material were evaluated by XRD (Shi-
madzu XRD-6000, Japan) and FTIR (Spectrum GX, Perkin
Elmer Application, USA).

Preparation of the paste

Ten weight percent of NaH,PO,,q, and 755rC;S-25HAp
were mixed with water in a volume ratio of 2:1 (powder:
water) for two minutes (sample 0.5 g, solution 0.25 mL) to
prepare a slurry.

The slurry material was filled in a stainless-steel mold
with an internal diameter of 12 mm and applied 10 kg/
cm? of pressure to make it into a compressed cylinder
tablet by manual oil hydraulic press. The cylindrical
materials were placed in the incubator at 37 °C for vari-
ous days. The incubated samples were dried at 60 °C,
then using XRD and SEM (S-3000H, Hitachi, Japan) to
analyze the crystallization and surface morphologies of
the material.

The self-setting properties of the paste

The slurry material was filled into a PMMA mold with a
diameter of 10 mm and a height of 5 mm. The working time
and setting time were measured using a Gilmore needle at
room temperature and atmosphere. The working time was
determined by placing the needle (with a diameter of 1/12 in
and weight of 1/4 1b) on the surface of the test piece without
dents. The setting time was determined by placing a needle
(with a diameter of 1/24 in and weighing 1 1b on the surface)
on the test piece without dents.

In vitro bioactive test

The simulated body fluid (SBF) was prepared according
to KoKubo’s study, whose ion concentration is similar to
human plasma [23]. The compressed tablet was wrapped by
1.5 wt% of ager and soaked into 45 mL of SBF at 37 °C for
days to simulate the situation of material in the organization.
The soaked samples were removed from the SBF and placed
in a 60 °C oven to dry the material and removed ager.

We used XRD and SEM to analyze the crystallization and
surface morphology of the material, ICP-AES (SPS 7800
Plasma Spectrometer, Japan) to investigate the concentra-
tions of Ca, Sr, and P ions in the simulated body fluid, and
pH meter (Eutech Instruments pH 510, UK) to measure the
pH value.

Mechanical test
In order to understand the mechanical strength of the set

material, the compressed tablet was made with 1 g of
composite power and 0.5 mL of water in a stainless-steel
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mold. The mold had an internal diameter of 10 mm and
applied 10 kg/cm? pressure to manufacture the 10 mm
high cylindrical tablet using a manual hydraulic press.
After the compression stress was stable, the compressed
tablet was placed in a specific environment at 37 °C with
100% of saturated water vapor pressure for different
days. MTS (858 Mini Bionix II, USA) with a loading
ratio of 0.5 mm/min was used to measure the compressive
strength until it was broken, then we could get the maxi-
mum load (kgf) of the material. Dividing the maximum
load by the material cross-sectional area could get the
compressive strength (MPa).

Biocompatibility test

To evaluate the biocompatibility of the material, the cel-
lular viability was evaluated using a murine fibroblast
cell line (L929) which was cultured at the 37 °C and 5%
of CO, environment. Different weight of set material
was immersed in the cell culture medium for 24 h. And
1 mL of the soaking solution was co-cultured with the
cell for 24 h. Then, the MTT test was carried out using
an Elisa reader (Sunrise remote F039300, Austria) to
measure the optical density. The value of the control
group with normal culture conditions was set as 100%
cellular viability.

Results and discussion
Characterization of SrC;S + HAp ceramics

The crystal structure of synthesized 75SrC;S-25HAp pow-
der has been studied by XRD as shown in Fig. 1. The char-
acteristic peaks of SrC;S fall at 20=32°, 34° and 46.7°,
while the HAp peaks are located at 26 =25.7°, 32.4°,
46.7°. Meanwhile, the FTIR result is shown in Fig. 2. The
functional groups SiO44_, PO43_, OH™ and can be found
at 873~997 cm™', 500~700 cm™" also 1040 cm™', and
3640 cm™!, respectively. These groups are commonly used
to identify as HAp groups. Also, the functional group of
CO05~ can be found at 1450 cm™'. The results of XRD and
FTIR show that the 7551C;S-25HAp composite has been
successfully synthesized using a two-stage sol-gel process.

Working time and setting time

The working time and setting time of SrC;S and
75SrC;S-25HAp are listed in Table 1. The working time
of SrC;S is 8.8 min and the setting time is 69.0 min, while
the working time of 75SrC;S-25HAp is 15.2 min, and the
setting time is 43.6 min. The 75SrC;S-25HAp composite
material provides a longer working time and shorter setting
time than SrC;S. This improvement can bring benefits while
practical application.

Fig. 1 XRD patterns of ]
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Fig.2 FTIR spectra of
75SrC;S-25HAp powders
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Table 1 Working time and setting time of the Sr,Ca; ,SiOs and
75SrC;S-25HAp paste with liquid/powder ratio of 0.5 g/mL

Sample Working time (min) Setting time (min)
SrCs;S 8.8+0.8 69.0+5.4
75SrC;S-25HAp 152+2.3 43.6+£4.0

XRD patterns

The 75SrC;S-25HAp samples have been preserved at 37 °C
with saturation vapor pressure for 1-14 days. The XRD
results are shown in Fig. 3. We can find that the characteris-
tic peaks of HAp are at 20 =25.7° and 39.3°. The character-
istic peak of SrC;S is at 20 =32°. The characteristic peak of
Ca(OH), is at 20 =34°. During the 14 days, the intensity of
the characteristic peak at 20 =32° has gradually weakened
due to the hydration reaction of SrC;S. Thus, the strength of
the characteristic peak is decreased as the preservation time
increases. Due to the hydration reaction, the SrC,S crystal
structure will transfer from the low Ca/Si ratio of Tober-
morite to the high Ca/Si ratio of Jennite. Therefore, the char-
acteristic peak of the crystal surface of 20 =29.2° is Jennite
which indicates composite material of 75SrC;S-25HAp has
a certain level of hydration after 7 days of the experiment.
The 75SrC;S-25HApD has been soaked in the simulated
body fluid for 1-14 days. The XRD technique has been
used to evaluate crystal structure, as shown in Fig. 4. The

@ Springer
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result indicates that the characteristic peaks of HAp are
at 20=25.7°, 39.3°. The characteristic peak of SrC;S is
20=32°. The characteristic peak of Ca(OH), is 20 =32°.
The intensity of the characteristic peak at 20 =32° does not
weaken over time due to 755rC;S-25HAp being covered by
a layer of HAp precipitation. The mass transfer in the water
is slower than placed under a saturated steam environment.
Therefore, the slower hydration does not transfer the crys-
tal structure from the low Ca/Si ratio of the Tobermorite
phase to the high Ca/Si ratio of the Jennite phase. The results
suggested an incomplete hydration reaction of SrC;S and
showed that hydration speed is slower than in the saturated
steam environment.

SEM image

The surface morphologies of 7551C;S-25HAp under satu-
rated steam and simulated body fluid for days are shown
in Fig. 5A-D and E-H, respectively. Figure 5A-D demon-
strate particles aggregated during the initial experiment.
The porous structure gets denser as the time increases in
saturated steam. The porous structure is hardly found on
the surface after 14 days of the investigation. The hydration
reaction happened on 75SrC;S-25HAp and the C-S—H began
to form a larger piece of hydration structure. Consequently,
the reaction leads the pore to become smaller and fewer.
The hydraulic ability of 75SrC;S-25HAp also demonstrates
the phenomenon. Figure SE-H suggest a similar result as
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Fig.3 XRD patterns of the J
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the XRD pattern. The hydration reaction is lower, resulting
in an incompletely densification porous structure, as shown
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in Fig. 5H. Although there are some HAp precipitations on
the surface.
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Fig.5 SEM micrographs of

the 75S1C;S-25HAp paste after
setting at 37 °C, 100% humidity
forA1,B3,C7,and D 14 days
and soaking in SBF at 37 °C for
E 1,F3,G7,and H 14 days

Mechanical property have been shown in Fig. 6. The compressive strength

results are 18.8+0.8, and 22.1 +2.6 MPa for the 7 and
The compressive strength of SrC;S and 75SrC;S-25HAp 14 days experiment, respectively. By comparing to SrC,;S
have been evaluated after soaking in SBF for 7 and  results, the compressive strengths of SrC;S are 17.9+4.7
14 days, respectively. The compressive strength results — and 42.9+ 1.3 MPa for 7 and 14 days, respectively. The
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Fig.6 Compressive strength of

the SrC;S and 75SrC;S-25HAp 50

pastes after setting at 37 °C,

100% humidity for 7 and

14 days 1
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compressive strength of 75SrC;S-25HAp was increased by
increasing hydration time; the hydration process gradually
changed the crystal structure of 75SrC;S-25HAp from a low
Ca/Si ratio of Tobermorite to a high Ca/Si ratio of hexahy-
drate phase (Jennite) as shown in Fig. 3 XRD result. Mean-
while, the SEM images in Fig. 5 suggested the densification
of 755rC;S-25HAp after 14 days of hydration experiment.
This result indicates that the 75SrC;S-25HAp composite has
weakened the strength of SrC;S.

lon release in SBF

From the results of Fig. 7, the amount of ion changed of
75SrC;S-25HAp for 14 days in the SBF. The ion release
results suggest that the concentration of Ca’**, Sr* and
PO43_ at day 14 are 501.4, 49.5, and 107.4 ppm, respectively.
The concentration of PO,>~ at day 1 is 79.2 ppm, which is
higher than the concentration of PO,*>~ in the SBF about
40.6 ppm. On day 3, the concentration of PO,>~ slightly
decreased to 74.5 ppm and then rose again after day 14
of the experiment. The concentration of PO,*~ is up to
107.4 ppm. The ion release results demonstrate that the
concentration of PO,>~ on day 1 is higher than the initial
concentration of PO,*~ in the SBF. The higher PO,*>~ con-
centration is based on 75SrC;S-25HAp released PO,*™ in
the SBF. Furthermore, the concentration of PO,* decreased

14
Time (day)

on day 3; because of the apatite precipitation on the sur-
face of 75S5rC;S-25HAp. For the day 3 to day 14 experi-
ment, the concentration of PO,>~ rises again, explaining the
ion-exchanged reaction on the surface of 75SrC;S-25HAp,
which leads to the concentration of PO,*“increased.

The pH value of the SBF solution

The pH value of the 7551rC;S-25HAp composite soaked
in the simulated body fluid for 14 days is shown in Fig. 8.
The pH value of 755rC;S-25HAp composite is lower than
9 during the experiment. By comparing the pH of SrC;S,
the values suggest that the pH of different amounts of
SrC;S at the range from 11 and 12 on day 14. However,
the 75SrC;S-25HAp composite changed the SrC;S from
a highly alkaline material to a low-alkaline composite
material. The reason for this change is that the initial pH
value of SBF is 7.4. When the pH value of tricalcium
phosphate is pH > 4.2, the most stable phase is HAp. So
the OH™ will react with lots of Ca>* and PO,>~, gradually
depositing on the surface of the 75SrC;S-25HAp. Thus,
the HAp precipitation on the surface of the composite
consequently leads to the concentration of PO,>~ getting
higher while 75SrC;S-25HAp is soaked in 37 °C SBF.
Therefore, the pH value of the 755rC;S-25HAp com-
posite was lower than 9 in this experiment. Finally, the
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Fig.7 Changes in Ca, Sr, and
P concentrations of the SBF
solution after soaking with the
75SrC,;S-25HAp paste with a
liquid/powder ratio of 0.5 g/mL
for various time

Fig.8 Changes the pH value of
the SBF solution after soaking
with the 75SrC;S-25HAp paste
with a Liquid/Powder ratio of
0.5 g/mL for various time
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Fig.9 The effect of SrC,S and
75SrC;S-25HAp pastes setting

at 37 °C, 100% humidity for 140
1-day extracts with different |
extract concentrations on L.929
cell proliferation 120
100 +
S J
N—"
és 80 —
o) 4
o
> 60 -
o
O
40 -
20
0

SrC,S

overall composite pH value can be reduced by doping
strontium and HAp in tricalcium silicate, which is a great
advantage of this material.

Biocompatibility

The cellular viability of set material co-culture with
L929 cell for a day is shown in Fig. 9. The cell survival
rates of both samples are higher than 100% at 5 mg/mL
concentration. The cell viability remained more than 90%
at a 10 mg/mL concentration. However, the cell viability
started to decrease while the concentration was above
25 mg/mL in the SrC;S sample. The hydrolysis reac-
tion in the SrC;S sample contributes to a highly alka-
line environment with a pH value of up to 11, which is
cytotoxic. The 75SrC;S-25HAp sample’s cell viability
results suggest higher survival rates, accounting for up
to 100% within 25 mg/mL concentration; the survival
rate 75SrC;S-25HAp sample remained for more than 70%
after the concentration of the material is up to 50 mg/mL.
Note that the survival rate of 75SrC;S-25HAp is higher
than SrC;S. The reason is that 75SrC;S-25HAp compos-
ite is less alkaline than high alkaline SrC;S. This lower
pH value can provide the most suitable environment for
cells (6 <pH <9), so the cells have a better survival rate.

[ ] 5mg/ml
B 10 mg/mi
B 25 mg/mi
B 50 mg/ml

758rC3S-25HAp

Conclusions

The 75SrC;S-25HAp composite has been success-
fully synthesized through a sol-gel process. The Hap-
doped St 505Ca, 94755105 can increase working from
8.8 to 15.2 min and reduce the setting time from 69 to
43.7 min, providing more working time and fast setting
during the operation. Although, the compressive strength
of 75SrC;S-25HAp under a saturated steam environ-
ment is lower than SrC,;S. The compressive strength of
75SrC;S-25HAp remained at 22.1 MPa for 14 days experi-
ment. The 755rC;S-25HAp demonstrates good biocompat-
ibility in the cell viability test. The cell viability stays more
than 100% at the concentration of 75SrC;S-25HAp compos-
ite up to 25 mg/mL. This high survival rate is based on low-
alkaline composite providing a proper environment for cells.
Thus, the 75SrC;S-25HAp composite has great potential for
bone cement application.
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