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Abstract: Incorporating Sr element in biomaterials for bone implants is an effective way to improve
their biological performance, as Sr element has been proved to enhance bone regeneration and depress
bone resorption activity. In the present study, we developed a Sr-incorporated dicalcium silicate
(C2S) bone cement as a potential candidate for bioactive self-setting bone cement in orthopaedics
and stomatology. The Sr-C2S powders containing 0.3–6.8% Sr in molar ratio were prepared by
means of chemical co-precipitation, and the results of XRD analysis indicated the incorporation of
Sr element into the lattice of C2S. Sr-C2S bone cements, as prepared by mixing the powders with
water, have a final setting time of 570 to 594 min, and compressive strength higher than that of C2S
bone cement within certain incorporation range. The Sr-C2S bone cements possessed good in vitro
bioactivity by inducing apatite formation in simulated body fluid (SBF) within 7 days. Moreover,
the proliferation activity of human bone marrow mesenchymal stem cells (hBMSCs) with Sr-C2S bone
cements was significantly higher than that with C2S bone cement, and the alkaline phosphatase (ALP)
activity of hBMSCs was also enhanced with addition of Sr element in Sr-C2S groups. The Sr-C2S
might therefore be a bioactive self-setting material with enhanced biological performance and holds
the prospect for application in the bone regeneration area.
Keywords: dicalcium silicate; strontium; bone cement; orthopaedics; stomatology; bone regeneration

1. Introduction
Dicalcium silicate (Ca2 SiO4 , C2S) cement has been developed as a new type of bone cement for
the restoration of osseous and dental defect [1,2]. As an important constituent of Portland cement,
C2S possesses hydraulic property and can react with water or aqueous solution to form calcium
silicate hydrate (C-S-H) as main hydration product, which contributes to the self-setting property
and spontaneously increasing strength of the material. The C2S paste can be implanted at the defect
site through injection, thus avoiding large surgery openings. Similar to other silicate-based bioactive
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materials, e.g., calcium silicate and bioactive glass, C2S can induce bone-like apatite mineralization in
simulated body fluid [1,2]. Moreover, several studies have demonstrated that C2S could support the
proliferation and differentiation of osteo-related cells, due to the release of Ca and Si [3–7]. However,
it may be not enough to repair bone tissues with large defect size and poor osteogenic ability through
C2S alone, as previous studies indicated that calcium silicate show limited effect on restoration of
osteoporotic bone tissue [8]. Thus, it is necessary to find solutions to improve the osteogenic ability of
C2S, especially on occasions of repairing bone tissue with poor osteogenic ability.
Sr is the second main group element in the periodic table, and is well-known for its important
role in bone regeneration. It has been well established both in research and clinical application
that Sr element could significantly promote bone regeneration and inhibit bone resorption [9–12].
The favorable effect of Sr on bone metabolism leads to a great interest in the study of Sr-incorporated
materials, such as Sr-substituted hydroxyapatite (Sr-HA) [13,14], bioactive glass (Sr-BG) [15,16] and
calcium silicate (Sr-CS) [8,17]. Previous studies suggested that silicate bioceramics incorporated with
Sr element possessed better performance by enhancing bone regeneration and suppressing bone
resorption, which indicated that Sr could improve osteogenic activity of silicate bioceramics. However,
to our knowledge, the effect of Sr in silicate-based bone cement has not been well investigated.
C2S powder can be synthesized by different methods according to literature report, including
solid state sintering [18] and the sol-gel method [2,7]. Solid state sintering with CaO and SiO2 as
raw materials tends to leave CaO residues, and its sintering temperature is higher than that of the
so-gel method. The sol-gel method can also cause CaO impurities. In the present study, we propose
a chemical co-precipitation method for the preparation of C2S, which is expected to produce fine and
pure C2S powders at relatively low sintering temperature.
Considering the self-setting and biological properties of C2S and the osteo-stimulation properties
of Sr element, the incorporation of Sr into C2S may lead to the development of self-setting bone
cement with enhanced bone regeneration ability. Therefore, the aim of this study is to synthesize
Sr-incorporated C2S (Sr-C2S) and investigate the effect of Sr incorporation on the self-setting and
biological properties of the bone cements. The self-setting properties of Sr-C2S bone cements were
evaluated in terms of their setting times and compressive strength after hydration. The apatite
mineralization ability, cytocompatibility and ALP differentiation activity of Sr-C2S bone cements were
investigated and compared with those of C2S bone cement in order to confirm the biological benefit
of Sr-incorporation.
2. Materials and Methods
2.1. Preparation and Characterization of C2S and Sr-C2S Powders
C2S powder was prepared by the chemical co-precipitation method. To prepare 0.1 mol C2S
powder, 1 mol·L−1 Ca(NO3 )2 ·4H2 O (200 mL), Na2 SiO3 ·9H2 O (100 mL) and Na2 CO3 (100 mL) solutions
were prepared. Among the raw materials, Na2 CO3 was used as a co-precipitate reagent to make half the
amount of Ca(NO3 )2 ·4H2 O precipitate, and the CO3 2− was removed during sintering. Na2 SiO3 ·9H2 O
and Na2 CO3 solutions were added drop by drop into Ca(NO3 )2 ·4H2 O solution with stirring. During
dropping, the pH of the mixture solution was adjusted to 12 with ammonia solution. Subsequently,
the mixture was continuously stirred for 24 h, and was then filtered. The precipitant was collected and
washed with de-ionized water and ethanol for three times, respectively. After washing, the precipitant
was dried in an oven (60 ◦ C) for 24 h and then sintered at 1000 ◦ C for 3 h. The sintered powder was
then ground and sieved through a 200-mesh sift.
The preparation of Sr-C2S powder was similar to that of C2S powder as described above, except
that the raw reagent of Ca(NO3 )2 ·4H2 O was partly substituted by Sr(NO3 )2 . A series of Sr-C2S with
different amounts of Sr was prepared by substitution of 1, 5 and 10 mol.% Ca(NO3 )2 ·4H2 O by Sr(NO3 )2 .
The amounts required for the preparation of 0.1 mol C2S or Sr-C2S powder are represented in Table 1.
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Table 1. Volume of 1 mol·L−1 raw reagent solutions (Ca(NO3 )2 ·4H2 O, Sr(NO3 )2 , Na2 SiO3 ·9H2 O and
Na2 CO3 ) for preparation of 0.1 mol C2S, Sr1-C2S, Sr5-C2S and Sr10-C2S.
Unit: mL

C2S

Sr1-C2S

Sr5-C2S

Sr10-C2S

Ca(NO3 )2 ·4H2 O
Sr(NO3 )2
Na2 SiO3 ·9H2 O
Na2 CO3

200
0
100
100

198
2
100
100

190
10
100
100

180
20
100
100

The phase composition and morphology of C2S and Sr-C2S powders were characterized by X-ray
diffractometer (XRD, Geigerflex, Rigaku Co., Tokyo, Japan) with Cu (Kα) radiation and scanning
electron microscope (SEM, Hitachi S4800, Hitachi Ltd., Tokyo, Japan), respectively. To investigate the
element distribution of Sr-C2S powders, EDS element mapping analysis (Ultim® Extreme, Oxford
Instruments, Abingdon, Oxfordshire, England) was conducted on Sr10-C2S powder as a representative
sample. The content of each element in C2S and Sr-C2S powders was tested by X-ray fluorescence
spectrometer (XRF, AXIOS, PANalytical B. V., Almelo, the Netherlands).
2.2. Characterization of the C2S and Sr-C2S Bone Cement
2.2.1. Phase Compositions and Microstructure of Hydrated Cements
The C2S and Sr-C2S bone cements were prepared by mixing the powders with de-ionized water,
and the liquid to powder ratio (LPR) was set to 0.5 mL·g−1 . The mixture was stirred to homogeneous
paste and filled into a mold with cylindrical hole (ϕ = 6 mm, h = 12 mm). Then, the cylindrical
sample was cured in a constant-temperature shaking water bath at 37 ◦ C, de-molded after 1 day and
kept curing for 13 days. The phase compositions of different cements were characterized by XRD,
and morphology of the cross-section of the cements were observed by SEM (JSM-6380LV, JEOL, Ltd.,
Akishima, Tokyo, Japan).
2.2.2. Setting Time
The setting time of C2S and Sr-C2S bone cements was tested according to ISO-9597-1989E [19].
The cement powder and deionized water were mixed homogeneously to cement paste, and the
liquid-to-powder ratio (LPR) was 0.5 mL·g−1 . Then, the paste was poured into a cylindroid container,
cured in a constant-temperature shaking water bath at 37 ◦ C, and then the setting time was tested
using a Vicat apparatus. The initial setting time of the cement was defined as the time from de-ionized
water was added into the cement powder, to the time when the light needle kept 5 mm distance to the
bottom of the container, and final setting time was defined as the time when the heavy needle failed to
make evident indentations on the surface of the paste. Three parallel samples were used for each test.
2.2.3. Compressive Strength of the Bone Cements
The cement paste of C2S and Sr-C2S was poured into a cylindroid mold 12 mm in height and
6 mm in internal diameter, and demolded after 24 h of reservation. The demolded cement samples
were then further cured in a constant-temperature shaking water bath for 13 days in a water bath at
37 ◦ C, and then tested on a universal testing machine (AG-I, SHIMADZU Corporation, Kyoto, Japan),
at a loading speed of 0.5 mm·min−1 . Three parallel samples were used for each test.
2.3. Apatite Mineralization
To evaluate apatite mineralization ability, C2S and Sr-C2S cements were made into disks (ϕ = 6 mm,
h = 2 mm), and each disc was soaked in 9.4 mL simulated body fluid (SBF, See Table 2 for composition)
solution, in a polyethylene bottle placed in a constant-temperature water bath at 37 ◦ C for 7 days.
SBF solution was prepared according to the method reported by Kokubo [20], and was refreshed every
2 days. After soaking for 7 days, the samples were taken out and gently rinsed with de-ionized water
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and dried in the air for 24 h. The as-prepared samples were analyzed by Fourier Transform Infrared
Spectroscopy (FTIR; Thermo Nicolet nexus-IR spectrometer; Thermo Fisher Scientific, Waltham, MA,
USA), XRD and SEM, respectively. For FTIR test, KBr discs with sample powder were prepared and
tested in the range of 4000–400 cm−1 , and the spectroscopy was subtracted by that of the blank KBr disk.
Table 2. Composition of SBF (1000 mL) used in the apatite mineralization test.
Items

NaCl

NaHCO3

KCl

K2 HPO4 ·3H2 O

MgCl2 ·6H2 O

Amount
Purity (%)

8.035 g
99.5

0.355 g
99.5

0.255 g
99.5

0.231 g
99.0

0.311 g
98.0

Items

1.0M-HCl

CaCl2

Na2 SO4

Tris

1.0M-HCl

Amount
Purity (%)

39 mL
–

0.292 g
95.0

0.072 g
99.0

6.118 g
99.0

0–5 mL
–

2.4. In Vitro Cytocompatibility Test
The effect of C2S and Sr-C2S cements on the proliferation of human bone marrow mesenchymal
stem cells (hBMSCs, Cyagen Biosciences Co. Ltd., Taicang, Jiangsu, China, passage 5) was evaluated
by Cell Counting Kit (CCK)-8 assay (CCK-8, Beyotime technology Co. Ltd., Shanghai, China ) [21].
C2S and Sr-C2S cements were made into discs (ϕ = 6 mm, h = 2 mm), and each disc was combined
with 2 mL culture medium. After immersion in the medium for 24 h, the extracts were collected
and centrifugated at 4000 rpm for 10 min. The obtained extract was diluted with culture medium
to different concentrations from 100 mg·mL−1 to 3.125 mg·mL−1 . The hBMSCs (1 × 103 cells/well)
were seeded on the 96-well plates and cultured in a humidified incubator containing 5% CO2 at 37 ◦ C.
After 12 h, the culture medium was replaced by C2S and Sr-C2S extract at different concentrations.
Then, after cultured for 1 and 5 days, the cells in different groups were tested with a Cell Counting Kit
(CCK)-8 assay (Beyotime) according to the manufacturer’s instructions. Briefly, after culturing for 1
and 5 days, the culture medium was removed and replaced with fresh medium containing CCK-8
(10:1), and the cells were further cultured at 37 ◦ C in an incubator for 2 h. The absorbance of the
reaction product was measured with an enzyme-linked immunoadsorbent assay microplate reader
(Synergy 2, Bio-TEK Co. Ltd., Winooski, VT, USA) at 450 nm wavelength. The optical density (OD)
values were used to represent the number and metabolic activity of hBMSCs. Three parallel samples
were used for each test.
2.5. ALP Activity Assay
The ALP activity assay was conducted according to previous studies [21]. The hBMSCs were
cultured in medium containing C2S and Sr-C2S extracts at 100 mg·mL−1 , and medium without extracts,
respectively. ALP activity was tested after culturing for 10 days and pNPP substrates (p-nitrophenyl
phosphate substrates, Sigma-Aldrich, St. Louis, MO, USA) was used according to the manufacturer’s
protocol. Briefly, the cells were washed three times with PBS to remove the residual medium, and then
lysed in 200 mL of 10 mM Tris–HCl buffer containing 0.1% TritonX-100 for 10 min at 20 ◦ C. The cell
lysates were then transferred into Eppendorfs microcentrifuge tube and centrifuged (10000 rpm,
10 min) at 4 ◦ C. The obtained supernatant (100 mL) was transferred to 96-well plates and mixed with
200 mL pNPP solution. The mixture was kept in darkness for 30 min at room temperature and then
tested to obtain absorbance at 405 nm with a micro-plate reader. Data were normalized to the total cell
protein content as measured by a Pierce® BCA Protein Assay Kit (Thermo scientific, Waltham, MA,
USA). The relative ALP activity was denoted by absorbance (OD value) per milligram of total cellular
proteins. Three parallel samples were used for each test.
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2.6. Statistical Analysis
The data were denoted as mean ± standard deviation (SD), and analyzed using one-way
ANOVA with Post Hoc analysis. If the obtained p < 0.05, the two groups of data were considered
significantly different.
3. Results and discussion
3.1. Characterization of C2S and Sr-C2S Powders
The XRD patterns of C2S and Sr-C2S powders, as shown in Figure 1, suggest that both C2S and
Sr-C2S powders with different Sr content can be identified as pure C2S phase (ICDD PDF no. 33-0302).
There was no new diffraction peak appearing in the XRD patterns of Sr-C2S as compared with that of
C2S. The similarity between the XRD patterns of C2S and Sr-C2S powders indicates that the phase
and crystal structure of Sr-C2S is identical with C2S, and the Sr element may enter the crystal lattice
of C2S by substituting part of Ca. Compared with those of C2S, the diffraction peaks of Sr-C2S shift
to lower degrees as shown in Table 3. Moreover, with the increase of Sr content, the degree of the
shift becomes greater. The strong double peaks around 32◦ gradually overlap and merge into a single
peak. It is known that the radius of Sr2+ (1.12 Å) is significantly larger than that of Ca2+ (0.99 Å) [22],
resulting in a larger inter-planar distance in Sr-C2S crystal lattice; thus, the diffraction peaks of Sr-C2S
shift to lower degrees in their XRD patterns. The larger lattice parameters caused by dropping of Sr
were reported by an early study by Fukuda et al., in which they found lattice parameters as well as the
volume of unit cell increased with the incremental content of Sr [23]. Previous studies on Sr-substituted
hydroxyapatite and calcium phosphate cement also demonstrated that the substitution of Ca by Sr
led to left-shift of diffraction peaks [24,25]. Therefore, it can be inferred that the Sr-C2S are formed
by in situ Sr-substitution in the site of Ca after calcination. The in situ Sr-substitution of Ca can be
interpreted as the formation of C2S and strontium silicate solid solution, and thus can be explained by
the theory regarding solid solutions. The difference between radius of Ca2+ (114 pm) and radius of
Sr2+ (132 pm) is 13.64%, below the critical value (15%) for formation of replacement solid solution.
Therefore, Sr is merged in the lattice structure of C2S rather than forming its own crystalline structure
of strontium silicate, which is favorable for decreasing the Gibbs free energy of the system. Although
many studies have been conducted to introduce Sr element in bone regeneration materials, they are
Materials 2018, 12, x FOR PEER REVIEW
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Table 3. 2θ (deg.) values for (−1, 2, 1), (3, 0, 1) and (1, 3, 0) crystallographic plane of C2S and Sr-C2S.

Unit: °
C2S
Sr1-C2S

2θ for (−1, 2, 1) 1
32.112
32.112

2θ for (3, 0, 1) 1
34.305
34.302

2θ for (1, 3, 0) 1
41.173
41.169
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Table 3. 2θ (deg.) values for (−1, 2, 1), (3, 0, 1) and (1, 3, 0) crystallographic plane of C2S and Sr-C2S.
Unit:

◦

C2S
Sr1-C2S
Sr5-C2S
Sr10-C2S
1

2θ for (−1, 2, 1) 1

2θ for (3, 0, 1) 1

2θ for (1, 3, 0) 1

32.112
32.112
32.074
32.034

34.305
34.302
34.227
34.148

41.173
41.169
41.094
40.993

(−1, 2, 1), (3, 0, 1) and (1, 3, 0) are crystal plane indices corresponding to diffraction angles (2θ) listed below them.

Recently, Huang et al. reported a Sr-incorporated calcium silicate bone cement [18]. However,
the synthesis method and the final sintering products are quite different in the present study, compared
with the literature report. The chemical precipitation method with a lower sintering temperature
(1000 ◦ C) was used in the present study, compared with the solid-state sintering method with
a sintering temperature of 1400 ◦ C in Huang’s study. Moreover, the different sintering method leads to
significant difference in the phases of final products. The cement powders in the present study are one
homogeneous phase, compared with a mixture of different compounds in the article. These differences
also lead to different properties of the cements, for example, the setting time, which will be discussed
in the corresponding section. To the best of our knowledge, the present study is the first report on in
situ doping of Sr in to C2S as bone cement by the chemical co-precipitation method.
To quantify the amount of Sr element in Sr-C2S powders, XRF analysis was conducted on the
powders and the result are shown in Table 4. It can be seen that Sr exists in each group of the Sr-C2S
powders and its content increases in the order of Sr1-C2S, Sr5-C2S and Sr10-C2S. However, it was
noted that the actual content (both the molar and weight percentage) of Sr element in all samples was
lower than the theoretical content. These results may be caused by the loss of Sr during the procedures
of washing and filtration. The adjustable Sr content provides a broad option for the composition
of materials.
The SEM images of the C2S and Sr-C2S powders are shown in Figure 2. The particles of C2S
and Sr-C2S by chemical co-precipitation method in the present study are around 1~4 micrometers
and aggregate together to form larger agglomerations, which are comparable with those made by the
sol-gel method [7]. The incorporation of Sr into C2S has no obvious influence on the morphology and
size of the particles. The EDS element mapping images of Ca, Sr, Si, O in Sr-C2S as demonstrated in
Figure 32018,
show
Sr REVIEW
element is homogenously distributed within Sr-C2S particles.
Materials
12, that
x FORthe
PEER
7 of 16

Figure
Figure 2.
2. SEM
SEM images
images of
of C2S
C2S and
and Sr-C2S
Sr-C2S powders:
powders: (a)
(a) C2S;
C2S; (b)
(b) Sr1-C2S;
Sr1-C2S; (c)
(c) Sr5-C2S;
Sr5-C2S; (d)
(d) Sr10-C2S.
Sr10-C2S.
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Figure 2. SEM images of C2S and Sr-C2S powders: (a) C2S; (b) Sr1-C2S; (c) Sr5-C2S; (d) Sr10-C2S.

Figure 3. SEM images of Sr10-C2S particles and corresponding EDS element mapping images.
Table 4. Content of Sr element in Sr-C2S tested by XRF.
3.2. Composition and Microstructure
of the Bone Cements
Content
Sr bone cements
Sr1-C2S
The XRD patterns of C2S
and of
Sr-C2S
are shownSr5-C2S
in Figure 4.Sr10-C2S
The hydration product
mol.%
10 patterns [26]. The
of C2S is CSH, which is a poorly crystalline
phase and 1not distinct5 in the XRD
Theoretical content of Sr
wt.%
1.012 content4.950
9.642
microstructure of the hydrated bone cements
with various
of Sr incorporation
were shown
0.300
1.700 surface
6.300
in Figure 5. It can be seen that, regardless mol.%
of Sr incorporation,
a fibrillar
was formed on the
Actual content of Sr
wt.%surface 0.330
1.860
6.427
cement particles after hydration. The fibrillar
is typical morphology
of CSH, as the main
reason for the self-setting process [26]. The present study suggests that Sr-C2S with the Sr-content up
3.2.
Composition
and Microstructure
the Bone of
Cements
to 6.427
wt.% keeps
the self-settingofproperty
C2S bone cement, which meets our expectation for a
Sr-containing C2S self-setting material.
The XRD patterns of C2S and Sr-C2S bone cements are shown in Figure 4. The hydration
product of C2S is CSH, which is a poorly crystalline phase and not distinct in the XRD patterns [26].
The microstructure of the hydrated bone cements with various content of Sr incorporation were shown
in Figure 5. It can be seen that, regardless of Sr incorporation, a fibrillar surface was formed on the
cement particles after hydration. The fibrillar surface is typical morphology of CSH, as the main
reason for the self-setting process [26]. The present study suggests that Sr-C2S with the Sr-content up
to 6.427 wt.% keeps the self-setting property of C2S bone cement, which meets our expectation for
a Sr-containing C2S self-setting material.

3.3. Setting Time and Compressive Strength of the Bone Cements
The initial setting time of the bone cement increases with the incremental addition of Sr element,
ranging from 242 min for C2S to 464 min for Sr10-C2S, as shown in Figure 6. The final setting time
shows no obvious difference between C2S and Sr-C2S bone cements. The setting process of C2S
involves a hydraulic reaction and the establishment of a gel network by the hydration product, CSH.
The speed for hydration process of C2S is relatively slow, resulting in a longer setting time compared
with that of C3S. Previous studies on sol-gel synthesized C2S bone cement show that its initial setting
time ranged from 60 to 180 min, and final setting time ranged from 220 to 370 min. The recent study on
Sr-substituted calcium silicate bone cement by Huang et al. demonstrated a quite fast setting process
with setting time between 11–19 min [18]. Our results show obvious longer initial and final setting
times compared with previous studies, which could be caused by different preparation methods and
sintering temperature. Sr element in Sr-C2S cements may have interfered with the formation of CSH
gel and lead to prolonged initial setting time. Setting time is a key consideration in the application of
bone cement. The Sr-C2S bone cements in the present study hold an adjustable setting time via altering
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their Sr content. Setting time is an important consideration in clinical application of bone cements and
its ideal range can be referred to the setting time of widely used PMMA (Poly(methyl methacrylate))
bone cements, which is between approximately 7.5 and 26.5 min. The Sr-C2S bone cements in the
present study have much longer setting time than clinical demands; thus, it is a problem that remains
to be solved in future investigations.
The compressive strength of the C2S and Sr-C2S bone cements after hydration are shown in
Figure 7. As compared with C2S bone cement, Sr1-C2S and Sr5-C2S bone cements show obvious
decrease in compressive strength. However, it can be seen that the compressive strength of Sr10-C2S
cement significantly increases as compared with that of C2S bone cement. The compressive strength
of different Sr-C2S bone cements presents an irregular change with the content of Sr, which may be
Materials
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8 of 16
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3.3. Setting Time and Compressive Strength of the Bone Cements
The initial setting time of the bone cement increases with the incremental addition of Sr element,
ranging from 242 min for C2S to 464 min for Sr10-C2S, as shown in Figure 6. The final setting time
shows no obvious difference between C2S and Sr-C2S bone cements. The setting process of C2S
involves a hydraulic reaction and the establishment of a gel network by the hydration product, CSH.
The speed for hydration process of C2S is relatively slow, resulting in a longer setting time compared
with that of C3S. Previous studies on sol-gel synthesized C2S bone cement show that its initial setting
time ranged from 60 to 180 min, and final setting time ranged from 220 to 370 min. The recent study
on Sr-substituted calcium silicate bone cement by Huang et al. demonstrated a quite fast setting
process with setting time between 11–19 min [18]. Our results show obvious longer initial and final
setting times compared with previous studies, which could be caused by different preparation
methods and sintering temperature. Sr element in Sr-C2S cements may have interfered with the
formation of CSH gel and lead to prolonged initial setting time. Setting time is a key consideration in
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cement significantly increases as compared with that of C2S bone cement. The compressive strength
of different Sr-C2S bone cements presents an irregular change with the content of Sr, which may be
attributed to the changes of crystal lattice caused by Sr.

Figure 7. As compared with C2S bone cement, Sr1-C2S and Sr5-C2S bone cements show obvious
decrease in compressive strength. However, it can be seen that the compressive strength of Sr10-C2S
cement significantly increases as compared with that of C2S bone cement. The compressive strength
of different Sr-C2S bone cements presents an irregular change with the content of Sr, which may be
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2019,to
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2276changes of crystal lattice caused by Sr.
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content. SEM images demonstrated the morphology of apatite formed on C2S and Sr-C2S bone
(Figure 10). The mineralized apatite appears to be sphere-like, with differences in sphere size and
morphology among the different samples. The discrepancy in apatite morphology may be caused
by the different content of Sr as well as the particle sizes. Huang et al. found that the addition of Sr
could delay the speed of hydration and apatite formation, and then put forward that Sr affects the
apatite formation kinetics by competitive electrostatic adsorption at the nucleation site of apatite [18].
Although in the present study the formation rate of apatite was not reflected directly, the difference in
morphology and XRD peaks suggested that Sr content can affect the size, shape and crystallinity of the
apatite. The apatite formed on the interface between the implanted material and bone tissue lead to
firm chemical binding between them, which is favorable for bone integration and regeneration [27].
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Figure 9. XRD patterns of C2S and Sr-C2S bone cements after immersion in SBF solution for 7 days:
(a) C2S; (b) Sr1-C2S; (c) Sr5-C2S; (d) Sr10-C2S. The results suggest apatite formation on all C2S and
Sr-C2S bone cements.
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3.5. In Vitro Cytocompatibility
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effect control
of C2S group,
and Sr-C2S
cements
on proliferation
of hBMSCs
shown in Figure
with The
the blank
both C2S
and Sr-C2S
bone cements
showed isa stimulatory
effect 11.
on
Compared
with
the
blank
control
group,
both
C2S
and
Sr-C2S
bone
cements
showed
a
stimulatory
−1
hBMSC proliferation at certain concentrations of the extracts, which were 25 to 3.125 mg·mL for
effectbone
on hBMSC
at certain
concentrations
of cement,
the extracts,
which
weremg·mL
25 to −1
3.125
−1 for
C2S
cement, proliferation
12.5 to 3.125 mg·mL
Sr10-C2S bone
and 100
to 3.125
for
−1
−1
mg·mL
for
C2S
bone
cement,
12.5
to
3.125
mg·mL
for
Sr10-C2S
bone
cement,
and
100
to
3.125
Sr1-C2S and Sr5-C2S bone cement, respectively. Furthermore, the cells in Sr-C2S groups showed higher
mg·mL−1 for Sr1-C2S
Sr5-C2S bone
respectively.
the cells
in Sr-C2S
groups
−1 for Sr1-C2S
proliferation
activity, and
as compared
with cement,
that of C2S
cement, atFurthermore,
100, 50, and 12.5
mg·mL
showed
higher
proliferation
activity,
as
compared
with
that
of
C2S
cement,
at
100,
50,
and
12.5
−1
−1
bone cement, 100, 50, and 6.25 mg·mL for Sr5-C2S bone cement and 6.25 mg·mL for Sr10-C2S
−1
−1
mg·mL
for Sr1-C2S
bonePrevious
cement,studies
100, 50,have
andshown
6.25 mg·mL
for Sr5-C2S
bone cement
and 6.25
bone
cement,
respectively.
that Si-containing
bioceramics,
scaffolds
and
−1 for Sr10-C2S bone cement, respectively. Previous studies have shown that Si-containing
mg·mL
coatings could improve proliferation and differentiation of osteo-related cells, such as hBMSC, due to
bioceramics,
scaffolds
and
coatings could
improve
differentiation
ofSiosteo-related
promotion
effect
of Si on
osteogenesis
[28–31].
Xing proliferation
et al. further and
studied
the effects of
and Sr ions
cells,
such
as
hBMSC,
due
to
promotion
effect
of
Si
on
osteogenesis
[28–31].
Xing
et
al.
further
on the proliferation and osteogenic differentiation of hBMSCs and found that Si and Sr ionsstudied
could
the effects of Si stimulate
and Sr ions
onproliferation
the proliferation
and osteogenic
differentiation
of hBMSCs
andcertain
found
synergistically
cell
and osteogenic
differentiation
of hBMSCs
within
that Si and Sr ions
stimulate
and
osteogenic
concentrations
[21].could
The synergistically
Sr-C2S bone cements
incell
the proliferation
present study
contain
both differentiation
Si and Sr, and of
it
hBMSCs
within
certainto
concentrations
The Sr-C2S
bone cements
in theinpresent
is
therefore
reasonable
infer that the [21].
promoted
cell proliferation
activity
Sr-C2S study
groupcontain
can be
bothtoSithe
andsynergetic
Sr, and itrelease
is therefore
infer
the promoted
cell proliferation
activity of
in
due
of Sr reasonable
and Si ions to
from
thethat
materials.
The higher
viability of hBMSCs
Sr-C2S group
group suggests
can be due
to the
synergetic
of Sr and Siofions
from cements
the materials.
The lead
higher
Sr-C2S
pretty
good
in vitro release
cytocompatibility
the bone
and may
to
viability
of
hBMSCs
of
Sr-C2S
group
suggests
pretty
good
in
vitro
cytocompatibility
of
the
bone
an improved osteogenesis ability.
cements and may lead to an improved osteogenesis ability.
3.6. ALP Activity Assay
The ALP activity of the cells in C2S and Sr-C2S groups have a significant (p < 0.05) increase
compared with the blank control group, which are demonstrated in Figure 12. Moreover, Sr 5-C2S and
Sr 10-C2S groups possessed significantly (p < 0.05) higher ALP activity than C2S group. Osteogenic
differentiation is an important process during bone regeneration and ALP is considered to be an early
marker of osteogenic differentiation, which can be used as an indication for evaluating the level of the
viability of osteogenic differentiation. In the present study, we found that C2S bone cement can promote
osteogenic differentiation of hBMSCs in vitro compared with that of blank group. The combination
of Sr element and C2S bone cement can further improve this promotion effect. These results are in
good correspondence with those in previous studies, in which it was showed that Si and Sr ions have
a synergistic stimulatory effect on the bone-related differentiation of hBMSCs [21]. In the process
of bone defects repairing, it is desirable that bone cements could actively induce regeneration of
living bone tissues, especially in restoration of sites with large defects and where the bone tissues
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lack osteogenic capacity, such as osteoporotic bones. The Sr-C2S bone cements in the present study
displayed good in vitro ALP activity and might be a potential biomaterial for in situ restoration of bone
tissues with poor osteogenesis. Nevertheless, more comprehensive evaluations for different biomarkers
in the osteogenic differentiation process, as well as in vivo osteogenesis, should be conducted in future
investigation
work.
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3.6. ALP Activity Assay
The ALP activity of the cells in C2S and Sr-C2S groups have a significant (p < 0.05) increase
compared with the blank control group, which are demonstrated in Figure 12. Moreover, Sr 5-C2S
and Sr 10-C2S groups possessed significantly (p < 0.05) higher ALP activity than C2S group.
Osteogenic differentiation is an important process during bone regeneration and ALP is considered
to be an early marker of osteogenic differentiation, which can be used as an indication for evaluating
the level of the viability of osteogenic differentiation. In the present study, we found that C2S bone
cement can promote osteogenic differentiation of hBMSCs in vitro compared with that of blank
group. The combination of Sr element and C2S bone cement can further improve this promotion
effect. These results are in good correspondence with those in previous studies, in which it was
showed that Si and Sr ions have a synergistic stimulatory effect on the bone-related differentiation of
hBMSCs [21]. In the process of bone defects repairing, it is desirable that bone cements could actively
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4. Conclusions
In the present study, Sr-C2S bone cements with in situ Sr-substitution and homogeneously Srdistribution was developed for orthopaedic applications for the first time. The Sr-C2S bone cements
demonstrated self-setting property and good apatite mineralization ability that are similar to those
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4. Conclusions
In the present study, Sr-C2S bone cements with in situ Sr-substitution and homogeneously
Sr-distribution was developed for orthopaedic applications for the first time. The Sr-C2S bone cements
demonstrated self-setting property and good apatite mineralization ability that are similar to those of
C2S bone cements. In addition, Sr-C2S bone cements showed great potential in promoting osteogenesis
in a preliminary study on the effects of Sr-C2S bone cements on proliferation and ALP activity of
hBMSCs. These results suggest that the Sr-C2S bone cements might be new self-setting materials
for osteoporotic bone regeneration and it is worth conduct more intensive studies on their biological
performance both in vitro and in vivo.
Author Contributions: W.L. carried out the design, participated all the experiments, finished the data collections
and prepared the manuscript; Z.H. coordinately analyzed experimental data and prepared the manuscript;
M.X. coordinately analyzed experimental data and carried out the revision of the manuscript in the section of
cell experiment; T.T. coordinately analyzed experimental data and carried out the revision of the manuscript in
characterization of physicochemical properies; W.X. coordinately analyzed experimental data and Carried out the
revision of the manuscript prior to the submission; C.W. coordinately analyzed experimental data and carried
out the revision of the manuscript prior to the submission; Z.Z. coordinately analyzed experimental data and
carried out the revision of the manuscript prior to the submission, provided the conditions of experiments and
funding for this study; J.C. proposed the study, reviewed the experimental data and the manuscript and carried
out the revision of the manuscript prior to the submission, provided the conditions of experiments and funding
for this study.
Funding: This work was supported by the National Key Research and Development Program of China (No.
2018YFB1105602), the National Natural Science Foundation of China (Grant No. 81701837, 81671830 and 51773057),
China Scholar Councilship, Natural Science Foundation of Hunan Province (Grant No. 2019JJ50191), Research
Foundation of Education Department of Hunan Province (Grant No. 17C0623) and Hunan Provincial Key
Laboratory of Controllable Preparation and Functional Application of Fine Polymers, Hunan University of Science
and Technology (Grant No. E21736).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.

4.
5.
6.

7.

8.

Gou, Z.G.; Chang, J. Synthesis and in vitro bioactivity of dicalcium silicate powders. J. Eur. Ceram. Soc. 2004,
24, 93–99. [CrossRef]
Gou, Z.G.; Chang, J.; Zhai, W.Y.; Wang, J.Y. Study on the self-setting property and the in vitro bioactivity of
beta-Ca2 SiO4 . J. Biomed. Mater. Res. B 2005, 73, 244–251. [CrossRef] [PubMed]
Chiang, T.-Y.; Ding, S.-J. Comparative Physicochemical and Biocompatible Properties of Radiopaque
Dicalcium Silicate Cement and Mineral Trioxide Aggregate. J. Endod. 2010, 36, 1683–1687. [CrossRef]
[PubMed]
Chen, C.-C.; Ho, C.-C.; Chen, C.-H.D.; Wang, W.-C.; Ding, S.-J. In Vitro Bioactivity and Biocompatibility of
Dicalcium Silicate Cements for Endodontic Use. J. Endod. 2009, 35, 1554–1557. [CrossRef] [PubMed]
Chen, C.C.; Shie, M.Y.; Ding, S.J. Human dental pulp cell responses to new calcium silicate-based endodontic
materials. Int. Endod. J. 2011, 44, 836–842. [CrossRef] [PubMed]
Gandolfi, M.G.; Ciapetti, G.; Taddei, P.; Perut, F.; Tinti, A.; Cardoso, M.V.; Van Meerbeek, B.; Prati, C. Apatite
formation on bioactive calcium-silicate cements for dentistry affects surface topography and human marrow
stromal cells proliferation. Dent. Mater. 2010, 26, 974–992. [CrossRef] [PubMed]
Correa, D.; Almirall, A.; Garcia-Carrodeguas, R.; dos Santos, L.A.; De Aza, A.H.; Parra, J.; Delgado, J.A.
beta-Dicalcium silicate-based cement: Synthesis, characterization and in vitro bioactivity and biocompatibility
studies. J. Biomed. Mater. Res. Part A 2014, 102, 3693–3703. [CrossRef]
Lin, K.; Xia, L.; Li, H.; Jiang, X.; Pan, H.; Xu, Y.; Lu, W.W.; Zhang, Z.; Chang, J. Enhanced osteoporotic bone
regeneration by strontium-substituted calcium silicate bioactive ceramics. Biomaterials 2013, 34, 10028–10042.
[CrossRef]

Materials 2019, 12, 2276

9.
10.
11.
12.
13.
14.
15.

16.

17.
18.

19.
20.
21.
22.

23.
24.

25.
26.
27.
28.

29.

15 of 16

Pors Nielsen, S. The biological role of strontium. Bone 2004, 35, 583–588. [CrossRef]
Takahashi, N.; Sasaki, T.; Tsouderos, Y.; Suda, T. S 12911-2 inhibits osteoclastic bone resorption in vitro. J.
Bone Miner. Res. 2003, 18, 1082–1087. [CrossRef]
Baron, R.; Tsouderos, Y. In vitro effects of S12911-2 on osteoclast function and bone marrow macrophage
differentiation. Eur. J. Pharmacol. 2002, 450, 11–17. [CrossRef]
Marie, P.J. Strontium ranelate: A physiological approach for optimizing bone formation and resorption. Bone
2006, 38, 10–14. [CrossRef] [PubMed]
Abert, J.; Bergmann, C.; Fischer, H. Wet chemical synthesis of strontium-substituted hydroxyapatite and its
influence on the mechanical and biological properties. Ceram. Int. 2014, 40, 9195–9203. [CrossRef]
Huang, Z.; Cui, F.; Feng, Q.; Guo, X. Incorporation of strontium into hydroxyapatite via biomineralization of
collagen fibrils. Ceram. Int. 2015, 41, 8773–8778. [CrossRef]
Zhang, J.; Zhao, S.; Zhu, Y.; Huang, Y.; Zhu, M.; Tao, C.; Zhang, C. Three-dimensional printing of
strontium-containing mesoporous bioactive glass scaffolds for bone regeneration. Acta Biomater. 2014, 10,
2269–2281. [CrossRef] [PubMed]
Zhao, S.; Zhang, J.; Zhu, M.; Zhang, Y.; Liu, Z.; Tao, C.; Zhu, Y.; Zhang, C. Three-dimensional printed
strontium-containing mesoporous bioactive glass scaffolds for repairing rat critical-sized calvarial defects.
Acta Biomater. 2015, 12, 270–280. [CrossRef] [PubMed]
Zhu, Y.F.; Zhu, M.; He, X.; Zhang, J.H.; Tao, C.L. Substitutions of strontium in mesoporous calcium silicate
and their physicochemical and biological properties. Acta Biomater. 2013, 9, 6723–6731. [CrossRef] [PubMed]
Huang, T.H.; Kao, C.T.; Shen, Y.F.; Lin, Y.T.; Liu, Y.T.; Yen, S.Y.; Ho, C.C. Substitutions of strontium in
bioactive calcium silicate bone cements stimulate osteogenic differentiation in human mesenchymal stem
cells. J. Mater. Sci. Mater. Med. 2019, 30, 68. [CrossRef] [PubMed]
ISO 9597-1989. Cements Test Methods—Determination of Setting Time and Soundness; ISO: Geneva, Switzerland,
1989.
Kokubo, T.; Takadama, H. How useful is SBF in predicting in vivo bone bioactivity? Biomaterials 2006, 27,
2907–2915. [CrossRef] [PubMed]
Xing, M.; Wang, X.; Wang, E.; Gao, L.; Chang, J. Bone tissue engineering strategy based on the synergistic
effects of silicon and strontium ions. Acta Biomater. 2018, 72, 381–395. [CrossRef]
Li, Z.Y.; Lam, W.M.; Yang, C.; Xu, B.; Ni, G.X.; Abbah, S.A.; Cheung, K.M.C.; Luk, K.D.K.; Lu, W.W. Chemical
composition, crystal size and lattice structural changes after incorporation of strontium into biomimetic
apatite. Biomaterials 2007, 28, 1452–1460. [CrossRef] [PubMed]
Fukuda, K.; Maki, I.; Ito, S.; Ikeda, S. Structure change in strontium oxide-doped dicalcium silicates. J. Am.
Ceram. Soc. 1996, 79, 2577–2581. [CrossRef]
Lin, K.; Liu, P.; Wei, L.; Zou, Z.; Zhang, W.; Qian, Y.; Shen, Y.; Chang, J. Strontium substituted hydroxyapatite
porous microspheres: Surfactant-free hydrothermal synthesis, enhanced biological response and sustained
drug release. Chem. Eng. J. 2013, 222, 49–59. [CrossRef]
Pina, S.; Torres, P.M.; Goetz-Neunhoeffer, F.; Neubauer, J.; Ferreira, J.M.F. Newly developed Sr-substituted
alpha-TCP bone cements. Acta Biomater. 2010, 6, 928–935. [CrossRef]
HFW, T. Cement Chemistry, 2nd ed.; Thomas Telford: London, UK, 1997.
Wu, C.T.; Chang, J. A review of bioactive silicate ceramics. Biomed. Mater. 2013, 8, 032001. [CrossRef]
[PubMed]
Sun, H.; Wu, C.; Dai, K.; Chang, J.; Tang, T. Proliferation and osteoblastic differentiation of human bone
marrow-derived stromal cells on akermanite-bioactive ceramics. Biomaterials 2006, 27, 5651–5657. [CrossRef]
[PubMed]
Wu, C.; Ramaswamy, Y.; Boughton, P.; Zreiqat, H. Improvement of mechanical and biological properties of
porous CaSiO3 scaffolds by poly (D, L-lactic acid) modification. Acta Biomater. 2008, 4, 343–353. [CrossRef]
[PubMed]

Materials 2019, 12, 2276

30.

31.

16 of 16

Wu, C.; Ramaswamy, Y.; Liu, X.; Wang, G.; Zreiqat, H. Plasma-sprayed CaTiSiO5 ceramic coating on
Ti-6Al-4V with excellent bonding strength, stability and cellular bioactivity. J. R. Soc. Interface 2009, 6, 159–168.
[CrossRef] [PubMed]
Zhang, M.L.; Wu, C.T.; Lin, K.L.; Fan, W.; Chen, L.; Xiao, Y.; Chang, J. Biological responses of human bone
marrow mesenchymal stem cells to Sr-M-Si (M = Zn, Mg) silicate bioceramics. J. Biomed. Mater. Res. Part A
2012, 100, 2979–2990. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

