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Abstract This study demonstrates a new biomaterial

system composed of Sr-containing hydroxyapatite (Sr-HA)

and Sr-containing tricalcium phosphate (Sr-TCP), termed

herein Sr-containing biphasic calcium phosphate (Sr-BCP).

Furthermore, a series of new Sr-BCP porous scaffolds with

tunable structure and properties has also been developed.

These Sr-BCP scaffolds were obtained by in situ sintering

of a series of composites formed by casting various

Sr-containing calcium phosphate cement (Sr-CPC) into

different rapid prototyping (RP) porous phenol formalde-

hyde resins, which acted as the negative moulds for con-

trolling pore structures of the final scaffolds. Results show

that the porous Sr-BCP scaffolds are composed of Sr-HA

and Sr-TCP. The phase composition and the macro-struc-

ture of the Sr-BCP scaffold could be adjusted by control-

ling the processing parameters of the Sr-CPC pastes and

the structure parameters of the RP negative mould,

respectively. It is also found that both the compressive

strength (CS) and the dissolving rate of the Sr-BCP scaf-

fold significantly vary with their phase composition and

macropore percentage. In particular, the compressive

strength achieves a maximum CS level of 9.20 ± 1.30

MPa for the Sr-BCP scaffold with a Sr-HA/Sr-TCP

weight ratio of 78:22, a macropore percentage of 30%

(400–550 lm in size) and a total-porosity of 63.70%,

significantly higher than that of the Sr-free BCP scaffold

with similar porosity. All the extracts of the Sr-BCP scaf-

fold exhibit no cytotoxicity. The current study shows that

the incorporation of Sr plays an important role in positively

improving the physicochemical properties of the BCP

scaffold without introducing obvious cytotoxicity. It also

reveals a potential clinical application for this material

system as bone tissue engineering (BTE) scaffold.

1 Introduction

Due to source limitation of the autogenetic bone graft and

immunologic rejection problem of the allergenic bone graft

[1], bone tissue engineering (BTE) technique has become a

crucial strategy to permanently repair bone defects. How-

ever, from the material point of view, no existing scaffold

possesses excellent synergistic properties of high mechani-

cal strength, suitable degradation rate, high porosity with

well-connected macro-pores and excellent bioactivity [2–4],

which constitutes the main challenge to the use of traditional

biomaterials in BTE. Thus, the invention of new scaffolding

material systems as well as new fabricating techniques are

the most important demands in the BTE field.

Biphasic calcium phosphate (BCP) ceramics composed

of hydroxyapatite (HA) and b-tricalcium phosphate

(b-TCP) have been extensively studied in the past two

decades [5–10]. By combination of the advantages of HA

(e.g. excellent biocompatibility and bioactivity, and can be

directly bonded to the host bone [11, 12]) and b-TCP

(e.g. suitable degradation rate that matches the growth

rate of newly formed bone [13]), BCP ceramics have

been recently developed as an excellent starting mate-

rial to prepare the BTE scaffold. Moreover, BCP ceram-

ics showed excellent osteoinductivity, osteoconductivity,
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bioactivity and biodegradability [14–17] according to in

vitro physiochemical property examinations and in vivo

biological evaluations. In the previous study [18], we

developed a series of porous BCP scaffolds with controllable

phase compositions, controllable macropore structures, and

adjustable properties by sintering a series of mixtures con-

sisted of calcium phosphate cement (CPC) and rapid pro-

totyping (RP) porous negative mold. Although some

improvements to the structure and properties of the BCP

scaffold made in this study, the potential in further

enhancing the biodegradation rate and the mechanical

strength was limited by simply tuning the HA/TCP ratio and

controlling the porosity of the BCP scaffold. Therefore, it is

critical to significantly improve the degradation rate and the

mechanical strength of the BCP scaffold in synergy in order

to further enlarge their application potentials.

Several years ago, we reported a new Sr-containing CPC

(Sr-CPC) system with a major product of nonstoichiometic

Sr-containing HA (Sr-HA) (Ca10-m-xSrxhm(HPO4)y (PO4)6-y

(OH)2-2mh2m, 0 \ x \ 1, nSr-HA) [19]. Both the in vitro

and in vivo experiments showed that the incorporation of

Sr2? not only improved the biocompatibility and bioac-

tivity of the HA bone cement, but also increased its com-

pressive strength (CS) and biodegradation rate [19–21].

Following our previous work, in the present study, we

proposed and demonstrated a new Sr-containing (or

Sr-incorporated) BCP system composed of Sr-HA and

Sr-containing tricalcium phosphate (Sr-TCP). We used the

nonstoichiometic Sr-CPC as the starting material instead of

pure CPC and obtained a new functionalized Sr-containing

BCP (Sr-BCP) scaffold with an easily controlled degra-

dation rate and a higher mechanical strength. To our

knowledge, so far, such a Sr-BCP material and BTE

scaffold system have not yet been reported elsewhere. The

major work herein was to firstly characterize the phase

composition, pore structure and in vitro physicochemical

properties and cytotoxicity of the newly fabricated Sr-BCP

scaffolds, as well as to intensively investigate the variations

of in vitro mechanical strength and the dissolving rate as

functions of major processing parameters.

2 Materials and methods

2.1 Cement and RP negative mould

The starting materials were as-prepared Sr-CPC with dif-

ferent (Ca ? Sr)/P molar ratios. The Sr-free CPC with

different Ca/P molar ratios were also used as a control. The

cement powder mixture of Sr-CPC was composed of tetr-

acalcium phosphate monoxide (Ca4(PO4)2O, TTCP),

strontium hydrogen phosphate (SrHPO4, DSPA) and

dicalcium phosphate anhydrous (CaHPO4, DCPA) with a

fixed molar ratio of 2:1:1, while that of the Sr-free CPC

was composed of TTCP and DCPA with a fixed molar ratio

of 1:1. TTCP was prepared by heating a mixture of DCPA

and calcium carbonate (CaCO3, CC) in a Ca/P ratio of 2.0,

followed by a sintering step at 1500�C for 15 h in a furnace

[22], where the heating units were silicomolybdic rods.

Subsequently, the heated mixture was quenched to room

temperature in a desiccator. The as-prepared product,

determined by X-ray Diffraction (XRD) analysis, was pure

TTCP with a high crystallinity. The TTCP particles were

crushed by using mortar and pestle and then wetly ball-

milled for 10 h with absolute ethyl alcohol as liquid

medium. The mean size of the ground TTCP particles is

13 ± 2.4 lm. The apparatus was planet ball-milling

machine (Nanjing University instrument corp., China). The

milling conditions were as follows: balls (100 smaller balls

in U5 and 15 larger balls in U10 used for each milling) and

vial (200 ml in volume capacity) were made of alundum

(Al2O3) and nylon, respectively; the total mass and average

granularity of the raw powders were 50 g and 30–50 lm,

respectively; the rotation speed was set at 400 rpm. DCPA

was prepared by baking commercial dicalcium phosphate

dihydrate (CaHPO4�2H2O, DCPD) in oven at 120�C

beyond 10 h. The baked DCPA was grounded with a wet

ball-milling process similar to the one described above,

except for a longer milling time (30 h) in order to obtain a

finer powder (1 ± 0.2 lm). The SrHPO4 powder was

synthesized with a precipitation method, in which the

precursors, Sr(NO3)2 and (NH4)HPO4, were mixed at

pH = 7.0 [23]. The deposit sediments were washed by

centrifuging with deioned water at least thrice and absolute

ethyl alcohol at least twice, and then dried in oven at 80�C

for at least 10 h. The obtained block of DSPA was crushed

first by mortar and pestle and further ground for 30 h. The

mean size of the obtained DSPA powders was 6.3 ±

1.2 lm. The liquid phase in the cement paste was deion-

ized water or diluted phosphate acid. The concentrations of

the latter were in the range of 0.40–0.75 M. Since the

molar ratio of various phosphate salts in the cement powder

mixture of Sr-CPC or Sr-free CPC was fixed, the (Ca ?

Sr)/P or Ca/P ratio that determines the phase composite of

the final product could be adjusted by controlling the

concentration of diluted phosphate acid and the weight

ratio of powder to liquid (P/L). The details of the designed

(Ca ? Sr)/P or Ca/P ratio are summarized in Table 1.

Rapid prototyping is an advanced manufacturing tech-

nique and is advantageous for making complex prototypes

[18, 24]. The RP technique is a modeling process used in

product design in which a computer-aided design (CAD)

drawing of a component is processed to create a file of the

component in slices, and then the slices are used to direct the

layer-by-layer construction of the component through vari-

ous material deposition steps; including stereolithography,
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selective laser sintering, or fused deposition modeling. In

this experiment, we used the RP technique to make the

structure-controlled 3D porous negative moulds from a raw

material of phenol formaldehyde resins [18]. Figure 1a and b

shows two as-prepared negative moulds with designed

macroporosity percentages of 100 and 70%, respectively.

The inner-diameter, height and macropore wall diame-

ter (or mesh-rod diameter) of the negative moulds were

U10.5 mm, 17 mm and U600 lm, respectively.

2.2 Casting and hydration of cement pastes

After mixing the cement powder mixture with the liquid

phase for 30 s, the obtained cement pastes were cast into the

negative mould. The paste-containing mould was shaken

frequently but lightly to release the air bubbles that had been

mixed into the pastes during the casting process. For more a

convenient description, we term the negative mould filled

with the cement pastes the ‘‘mould/cement composite’’.

2.3 Negative mould removing and scaffold sintering

routes

The establishment of an appropriate negative mould

removing and scaffold sintering route is quite critical to the

final phase composition, crystallinity and physicochemical

properties of the obtained ceramics. Based on the results

from thermo-gravimetric analysis (TGA) and differential

scanning calorimetry (DSC) obtained on the negative mould

resin reported previously [18], we chose a similar route to

remove the negative mould and further sinter the initially

formed scaffold: firstly, the samples were heated from room

temperature to 400�C at an increment of 0.5�C/min and then

held constant at 400�C for 2 h for complete removal of the

negative mould; secondly, the initially formed scaffolds

were heated to 1200�C at an increment of 1.0�C/min and

again held constant for 4 h at 1200�C to achieve effective

sintering; finally, the scaffolds were in situ cooled from

1200�C to a temperature below 100�C in the furnace.

2.4 CS measurements

All samples prepared for mechanical property character-

ization were slightly polished with fine abrasive paper (1200

no.). To keep depths of both parallelism and verticality of the

samples, a special self-designed clamping fixture was used

to fix the sample during polishing. CS values were measured

by using a computer-controlled Universal Testing Machine

(WDW-1000, Hua-Long Corp., China). The cross-head

speed was controlled at 0.5 mm/min with a special consid-

eration for the dimension of the tested samples and the

loading-displacement curve was recorded by the computer.

A mean CS value was determined using at least five parallel

samples prepared under the same conditions.

Table 1 Designed and actually obtained phase compositions of Sr-BCP scaffolds

Sample Designed composition

((Sr-)HA: (Sr-TCP, wt%)

Theoretical Ca/P or

(Ca ? Sr)/P molar ratio

Concentration of H3PO4

solution (mol/l)

Actual composition ((Sr-)HA:

(Sr-)TCP, wt%)

Sr-BCP1 25:75 1.5393 0.75 30:70

Sr-BCP2 75:25 1.6226 0.40 78:22

Sr-BCP3 100:0 1.6667 0a 99.5:0.5

BCP1b 25:75 1.5393 0.75 32:68

BCP2b 75:25 1.6226 0.40 83:17

BCP3b 100:0 1.6667 0a 99:1

a The deioned water
b Sr-free BCP samples reported previously [18] were listed here as controls

Fig. 1 The RP phenol formaldehyde resin negative moulds

(RP mould) and the obtained scaffolds with different macropore

percentages (Pmacro): a RP mould, Pmacro = 100%; b RP mould,

Pmacro = 70%; c Scaffolds, Pmacro = 0%; d Scaffolds, Pmacro = 30%
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2.5 In vitro evaluation on the degradation rate

A series of static immersion experiments were preformed

in physiological saline (0.9% NaCl solution) for evaluating

the degradation (or dissolving) rates of various samples.

Each sample was immersed in the physiological saline

strictly according to a reference of 50 ml solution per gram

sample. The immersion time of the samples was 4w, 6w,

8w, 10w, 12w, 14w and 16w, respectively and the

immersion temperature was kept at 37�C. Every 3 days, the

immersion solution was renewed. After the preset immer-

sion time was reached, the immersed samples were taken

out of the physiological saline and dried according to the

following steps: firstly, the immersed samples were pre-

dried in a regular oven at 80�C for 5 h; secondly, the

samples were placed into an ultra-vacuum chamber cou-

pled with JGP560C magnetron sputtering device and

maintained for 5 h under the conditions of 90 ± 1�C and

1.0–1.2 9 10-3 Pa. The dried samples were weighed by an

electronic balance (CP214, America Ohaus, Shanghai,

China) with a precision of 0.1 mg.

2.6 Porosity determination

The porosity of the Sr-BCP scaffolds was indirectly eval-

uated by a method similar to one proposed by Takagi and

Chow [25]. In this method, the total porosity (Ptotal) of a

specimen was calculated according to the following

equation:

Ptotal ¼ 1� dapparent=dSr�BCP

� �
� 100% ð1Þ

where dapparent is the apparent density of the dried

specimen, calculated by immersion in Hg with the

Archimedes principle, and dSr-BCP is the theoretical

density of the Sr-BCP ceramic calculated from the mixture

rule [18] using the corresponding density data of different

phases with the assumption of volume conservation (see

Eq. 2):

dSr�BCP ¼ dSr�HA � dSr�TCPð Þ= d � dSr�TCP þ 1� dð Þð
� dSr�HAÞ

ð2Þ

where d is the weight percentage of Sr-HA in the

Sr-BCP ceramic, and the theoretical densities of Sr-HA

and Sr-TCP were dSr-HA = 3.247 g/cm3 and dSr-TCP =

3.222 g/cm3, respectively, calculated by immersion in Hg

with the Archimedes principle for each pure fine powder

phase.

The microporosity (Pmicro) of the Sr-BCP ceramic

without any macro-pore is just the Ptotal calculated by

Eq. 1, and the Pmicro of the Sr-BCP ceramic with a

designed macroporosity (Pmacro) is calculated according

to the following equation:

Pmicro ¼ Ptotal � Pmacro ð3Þ

It should be noted that the Eq. 3 was based on an

assumption that volume variation of the resin mould during

the sintering was negligible.

2.7 Characterization methods

Phase compositions of the samples in the form of powders

were determined via XRD with Cu-Ka radiation and Ni

filter. The electrical voltage and current settings were

35 kV and 30 mA, respectively. Fractured surfaces of the

samples were observed with scanning electron microscopy

(SEM, JSM6460, Japan). Energy dispersive X-ray spec-

troscopy (EDXS) coupled with the SEM device was used to

characterize chemical elements in the various samples.

2.8 Cytotoxicity procedure

Cytotoxicity tests were performed by adding different

dilutions of powder sample extract to a L929 cell culture on

a 96-well plate. In this experiment, the L929 cells isolated

from mice were provided by the Fourth Military Medical

University, China. The powder samples were obtained via

a grinding process described as follows: the scaffold

samples had firstly been dried at 50�C for 1 h, and then the

dried samples were crushed in a porcelain mortar and

sieved through a no. 100 mesh ASTM sieve with a pore

size of 150 lm. A total six sample groups including BCP1,

BCP2, BCP3, Sr-BCP1, Sr-BCP2 and Sr-CP3 were com-

pared in the cytotoxicity test. The positive and negative

controls used were 6.4 M phenol solution and free-culture,

respectively. In each group, five samples under the same

conditions were tested to obtain a mean value.

2.8.1 Preparation of extracts

1.5 g of each sample, sterilized by gamma radiation

(25 kGy), was added to its own corresponding 100 ml glass

flasks loaded with 15 ml DMEM-BFS culture medium

containing 10% (vol/vol) of bovine fetal serum (pH = 7.2).

A total of six flasks were simultaneously incubated in a

humid atmosphere of 5% CO2 at 37�C for 7 days. After

incubation, the supernatant was filtered through a mem-

brane and then serial dilutions of 100, 50, 10, and 5%

(vol/vol) pure extract were prepared, respectively.

2.8.2 Preparation of cell strain

The L929 cells were cultivated with DMEM-BFS medium

in an incubator at 37�C with a humid atmosphere of 5% CO2.

Before starting the experiment, the cells were washed

with a calcium and magnesium free saline phosphate buffer
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(PBS-CMF). Subsequently, cells were detached using a

2.5 g/l trypsin solution and then re-suspended in DMEM-

BFS. Finally, the suspension was adjusted to 1 9 104 cells/ml

and inoculated on a 96-well plate and the plate was incubated

for cell adhesion with 200 lm of suspension per well.

2.8.3 Cytotoxicity testing-MTT assay

After seeding in 96-well plate and incubating for 24 h, the

culture medium was removed and the dilutions and controls

previously prepared were added into the wells for inocu-

lating L929 cells. Each concentration of tested extracts was

made in six duplicates. The plate was incubated in a humid

incubator with 5% CO2 at 37�C for 72 h, after which 20 ll

methyl thiazoly tetrazolium (MTT) solution of 5 g/l was

added into each well in the plate and incubation was con-

tinued for 4 h under the same condition. Thereafter, the

supernatant of each well was carefully aspirated and

replaced with 150 ll dimethyl sulfoxide (DMSO), followed

by 10 min shaking. A DG3022 Enzyme Linked Immuno-

sorbent Machine with a wavelength of 490 nm was used to

determine the optical absorption data (OD) of each well,

which was used to calculate the relative growth rate (RGR)

of L929 cells using the following equation.

RGR ð%Þ ¼ OD of tested sample=OD of negative control

ð4Þ

2.9 Statistical analysis

The present study made an analysis of variance in dis-

cussing the influences of some parameters on physico-

chemical properties and cytotoxicity of the scaffold samples

by using the Procanova Procedure in SAS system. The

family confidence coefficient (cc) was given to be 0.95.

3 Results

Figure 2 shows the XRD patterns of various samples with

different (Ca ? Sr)/P ratios after sintering at 1200�C for

4 h. Both the relative intensity and angle corresponding to

each diffraction peak of Sr-BCP3 (see Fig. 2a) matches

very well with those in the standard JCPDS card of

SrCa9(PO4)62OH (10% Sr-HA). As the (Ca ? Sr)/P molar

ratio in the starting materials (see Table 1) decreases, the

relative intensity corresponding to each diffraction peak of

10% Sr-HA gradually decreases, but the new diffraction

peaks (mainly located at 27.73�, 30.98�, 34.27�, etc.) cor-

responding to the diffraction patterns of Sr-b-TCP [26]

increases (see Fig. 2b, c). Through a further quantitative

XRD analysis with an equipped analysis program, weight

ratios of Sr-HA-like phase to Sr-b-TCP-like phase in all the

tested samples were obtained (the last column of Table 1,

which shows that the actual phase composites of the sin-

tered products are consistent to those of the designed ones).

In general, the results obtained here indicate that the final

composition of the sintered products could be easily

adjusted by changing the (Ca ? Sr)/P molar ratio of the

starting materials (Sr-CPC). It also suggests a potential

easily controlled industrialization process.

The typical digital images of the Sr-BCP samples con-

taining with 0 and 30% macroporosity were shown in

Fig. 1c and d, respectively. One can see that the porous

scaffold containing 30% macroporosity displayed an intact

profile. By comparing with our previous work on Sr-free

BCP [18], it is clear that the introduction of Sr into phase

composition of the final products did not yield significant

effect on the macrostructure of the obtained scaffold, except

that the macropore sizes of Sr-BCP scaffold (450–600 lm,

see Fig. 3a) were slightly larger than those of Sr-free BCP

scaffold (U400–500 lm). After further enlarging the surface

of the macropore walls (Fig. 3b–d), it was found that many

micropores with sizes in the range of 2–5 lm were distrib-

uted in the macropore wall of the Sr-BCP scaffold, which

was also similar to those of the Sr-free BCP scaffold reported

previously [18]. In addition, the macropore wall of the

Sr-BCP scaffolds exhibited two typical crystal morpholo-

gies. To further identify these two crystal phases, their EDX

spectra were measured and the results are shown in Fig. 3e

and f. From the results of EDX spectra analysis (see

Table 2), the (Ca ? Sr)/P ratio of irregular ring-like parti-

cles corresponding to site ‘‘1’’ was approximately 1.49 while

the one of the equiaxial-like particle corresponding to site

‘‘2’’ was approximately 1.71. Based on the above XRD

results, it can be speculated that the irregular ring-like par-

ticles and the equiaxial-like particles were Sr-TCP and

Sr-HA, respectively. Furthermore, when the (Ca ? Sr)/P

ratio increased from 1.54 to 1.67 (see Fig. 3b–d), the number

of irregular ring-like particles gradually decreased but that

Fig. 2 XRD patterns of various scaffold samples sintered at 1200�C

for 4 h. a Sr-BCP3, b Sr-BCP2, c Sr-BCP1
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of the equiaxial-like particle increased correspondingly.

Interestingly, the Sr-HA particles tended to fuse in the

absence of the second phase (Sr-TCP). In summary, the final

Sr-containing scaffold is composed of Sr-HA and Sr-TCP

with approximate formulas of Ca2.6Sr0.4(PO4)2 and

Ca9Sr(PO4)6(OH)2, respectively. Hereby, we specially term

them as Sr-containing biphasic calcium phosphate or

Sr-BCP compared with the well-known pure BCP.

Figure 4 shows the CS values of the Sr-BCP samples at

various phase compositions and macropore percentages.

The CS values of the Sr-BCP scaffolds with a 30%

macroporosity were significantly lower than those of the

Sr-BCP samples without macropores. With increasing

Sr-HA content, the CS values of both the Sr-BCP scaffolds

Fig. 3 The scanning electron

micrograph (SEM) images of

macropore structure

(macroporosity = 30%) (a) and

micropore structures (in the

macropore wall) (b–d) of the

Sr-BCP scaffolds with different

Sr-HA/Sr-TCP ratios, and the

EDX spectra (e, f) of the typical

particles in site 1 and site 2

marked in the SEM photographs

(b)

Table 2 The corresponding analyses results of the EDX spectra in

Fig. 3

Sites Phase

composition

Sr/(Ca ? Sr) (Ca ? Sr)/P Estimated

formula

1 Sr-TCP 0.13 1.49 Ca2.6Sr0.4(PO4)2

2 Sr-HAP 0.10 1.71 Ca9Sr(PO4)6(OH)2

1932 J Mater Sci: Mater Med (2010) 21:1927–1936
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containing 30 and 0% macropores first increased but then

decreased (cc = 0.95). This trend is extremely similar to

the Sr-free BCP samples reported elsewhere [18]. It indi-

cates that both the macropore percentage and the phase

composition play important roles in the CS values of the

Sr-BCP samples. It is noteworthy that the CS value of the

Sr-BCP scaffold containing a designed macropore per-

centage of 30% and a designed Sr-HA/Sr-TCP weight ratio

of 75:25 was 9.20 ± 1.30 MPa, significantly higher than

that of the Sr-free scaffold (4.55 ± 0.92 MPa) [18] at the

same designed parameters (cc = 0.95). This result reveals

that the substitution of Ca by equivalent Sr greatly

improves the mechanical strength of the BCP scaffold.

Table 3 summarized the macro- and micro-pore per-

centages of various Sr-BCP samples. A considerable

micro-porosity of 42.75–44.23% was found in the Sr-BCP

samples without designed macropores, according to the

SEM images of the microstructure on the surface of the

macropore wall (see Fig. 3b–d). These micropores are

mainly the result of from capillary pores generated in the

hydration process of Sr-CPC [19]. Due to the existence of

these micropores, the actual total porosities of the Sr-BCP

scaffolds containing 30% macropores were in range of

61.85–63.70%.

Obtained from a preliminary in vitro evaluation on the

degradation rate of the Sr-BCP materials, Fig. 5 shows mass

loss ratios of various Sr-BCP samples containing 0 and 30%

macropores, respectively, at various immersion stages in

physiological saline (0.9% NaCl solution). It was found that

the mass loss ratios of all the Sr-BCP scaffolds increase

almost linearly as extending the immersion time. Moreover,

with the decrease of the Sr-HA/Sr-TCP ratio, the mass loss

ratios of the Sr-BCP scaffolds increased remarkably

(cc = 0.95), indicating that the dissolving rate of the

Sr-TCP is higher than that of the Sr-HA. The mass loss ratio

of any Sr-BCP scaffold containing designed 30% macrop-

ores is significantly higher than that of the Sr-BCP sample

without macropore. It indicates that the introduction mac-

ropores into Sr-BCP scaffolds significantly accelerates their

dissolving rate. In addition, with the same Sr-HA/Sr-TCP

ratio, the degradation rates of Sr-BCP scaffolds at various

immersion stages were much faster than those of Sr-free

BCP scaffolds [18] (cc = 0.95). More interestingly, the

dissolution rate of Sr-BCP3 scaffold with a designed

Sr-HA/Sr-TCP ratio of 100:0 (wt%:wt%) (i.e. pure Sr-HA

scaffold) is even larger than that of the Sr-free BCP scaffold

with a designed HA/TCP ratio of 25:75 (wt%:wt%). Based

on the above results, the degradation rate order of these

scaffolds can be initially summarized as follows:

Sr-TCP [ Sr-BCP [ Sr-HA [
BCP TCP : HA \ 75 wt% : 25 wt%ð Þ [ HA

ð5Þ

Figure 6 shows the percentages of RGR of L929 cells

incubated in different serial extracts of various Sr-BCP and

Sr-free BCP samples. For all the tested samples, the RGR

values of L929 cells in the extracts with lower concentra-

tion are slightly larger than those corresponding to the

higher concentrations. In particular, the mean RGR value

of L929 cells in the 5 wt% pure extract for any tested

samples is statistically (cc = 0.95) larger than that of L929

cells in the 100 wt% pure extract. This is extremely similar

to the cytotoxicity result reported elsewhere [19] for the

Sr-CPC materials. Moreover, except for the slightly lower

RGR values of the Sr-BCP3 extracts with higher concen-

trations, there were almost no significant difference

Fig. 4 Compressive strength (CS) values of various Sr-BCP scaf-

folds with different phase compositions and macropore percentages

Table 3 The total porosity (Ptotal), macropore percentage (Pmacro)

and micropore percentage (Pmicro) of various Sr-BCP scaffolds

Sample codes (%) Ptotal (%) Pmacro (%) Pmicro (%)

Sr-BCP1-0 42.75 0 42.75

Sr-BCP2-0 44.06 0 44.06

Sr-BCP3-0 44.23 0 44.23

Sr-BCP1-30 62.01 30 32.01

Sr-BCP2-30 63.70 30 33.70

Sr-BCP3-30 61.85 30 31.85

Fig. 5 The mass loss ratios of the Sr-BCP scaffolds containing 0 and

30% macropores, respectively, at various immersion stages
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observed between the RGR value of L929 cells in the

extracts of each Sr-BCP sample and that of the corre-

sponding BCP sample at the same concentration (cc =

0.95). As a whole, all extracts exhibit no or low cytotoxicity

with a score of 0 or 1 grade according to the six-grade cri-

terion of Chinese National Standard for Medical Devices and

Implants—GB/T 16175-1996 [27]. It implies that the

Sr-BCP scaffolds possess an excellent biocompatibility

similar to the BCP scaffold.

4 Discussions

With the rapid development of BTE, great progress has

been made in the last decade. However, as advancements

are made, new challenges also emerge, which comes from

the crucial clinical requirements on the bone scaffolding

materials [2–4]. Currently, the critical issue of concern for a

newly developed scaffold is how to simultaneously achieve

its higher mechanical strength, moderate degradation rate,

higher porosity, and reasonable pore size distribution. BCP

is an important candidate of the bone scaffold material that

combines higher mechanical strength, excellent bioactivity

of HA, and faster degradation rate of TCP [15]. However,

our previous study [18] implied that there was still a limi-

tation in further increasing the degradation rate and

mechanical strength of the BCP scaffold with a high

porosity in order to meet the clinical requirements. Here,

based on the fact that Sr-HA phase has stronger mechanical

strength and faster degradation rate than pure HA [19, 21],

we introduced Sr into BCP to generate a novel Sr-con-

taining BCP scaffold composed of Sr-HA and Sr-TCP.

In the present study, various Sr-containing BCP scaf-

folds were successfully in situ prepared by using Sr-CPC as

the casting material and RP porous resin as the structure-

controlled negative mould. The final composition (i.e. the

weight ratio of Sr-HA to Sr-TCP) could be adjusted by

varying the (Ca ? Sr)/P ratio of the Sr-CPC. The CS value

of the Sr-BCP scaffold with a designed Sr-HA/Sr-TCP

ratio of 75:25 (wt%:wt%) and a total porosity of 63.70%

reached 9.20 ± 1.30 MPa, approximately twofolds of the

Sr-free BCP scaffold (4.55 ± 0.92 MPa) at the same

designed parameters (cc = 0.95). Moreover, the CS level

of the Sr-BCP scaffold is significantly higher than common

CS levels (*5 MPa) of the other existing porous BTE

scaffold at the similar porosity [28, 29] and is comparable

to the higher end in CS value of human cancellous bone

(2–12 MPa) [30–32]. This is indication that the Sr-BCP

scaffold can be used in human cancellous BTE where the

cancellous bone defects are mainly distributed at relative

higher load-bearing sites, such as at vertebra, fumer, tibia,

etc. In addition, according to the results of Figs. 4 and 5,

both mechanical strength and degradation rate of the

Sr-BCP scaffold could be further adjusted according to the

actual needs of the repaired site by altering their Sr-HA/Sr-

TCP weight ratio and macropore percentage. Under the

same conditions, not only is the mechanical strength of the

Sr-BCP scaffold higher than that of the BCP scaffold, but

the degradation rate of the Sr-BCP scaffold is also faster

than that of the BCP scaffold. Clearly, the incorporation of

Sr into BCP significantly improves both mechanical

strength and degradation rate. Therefore, the present results

match our original concept very well in further increasing

the degradation rate and mechanical strength of the BCP

scaffold by the incorporation of Sr. It has been well

reported that the substitution of Sr for Ca significantly

increases the mechanical strength as well as the degrada-

tion rate of HA [19, 21, 33], which might be one of the

major contributors to the favorable variations in mechani-

cal strength and degradation rate of the Sr-BCP. However,

up to now, the underlying mechanisms have not yet been

clarified. Someone researchers speculated that the increase

in mechanical strength and degradation rate of HA might

be related to its chemical strengthening [34] and crystal

distortion or crystal defect [35] during the Sr incorporation,

but there is no sufficient data to support this explanation.

The influence of Sr incorporation on the mechanical

strength and degradation rate of TCP and their mechanisms

need to be further studied in the future.

Besides the mechanical strength and degradation rate,

the pore-structure including micropore or macropore is

another important characteristic for a prospective scaffold.

It is still under debate which ranges of macropore diameter

and macropore percentage in a would-be scaffold are

desirable to facilitate bone ingrowth [15, 16, 36–42].

Gauthier et al. [15] investigate this issue on BCP scaffolds

for bone ingrowth. His results showed the BCP scaffolds

with 565 lm macropore size provided more abundant

newly formed bone than those with 300 lm macropore

Fig. 6 The relative growth rate (RGR) percentages of L929 cells

incubated in various scaffold extracts
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size, and none significant difference in bone formation

amount was observed between the implants with 40 and

50% macropore percentage. Given the medium diameter of

human osteon is approximately 223 lm [43, 44], we

speculate that the suitable diameter of macropore should be

in range of 400–600 lm. Therefore, the Sr-BCP scaffolds

gained in this study also possess a suitable macropore size

(500–600 lm) and macropore percentage (30%) which

facilitates ingrowth of newly formed bone.

Our results also show that the Sr-BCP scaffold with a

macropore structure inversely adjusted by the RP negative

mould achieves its high interconnectivity. Other than the

30% designed macropores (500–600 lm), the Sr-BCP

scaffold possesses another 41.85–44.70% micropores

(2–5 lm). As a matter of fact, these micropores distributed

in the macro-pore wall with a size of several micrometers

are quite beneficial to promote circulation of body fluids,

material resorption and bone substitute in vivo [45], and

also was considered to be prerequisite for possessing

excellent in vivo osteoinduction of the Ca–P materials

[46–49]. Therefore, the present Sr-BCP scaffold possesses

an excellent macropore and micropore structure in con-

sideration for osteoconductivity and osteoinduction.

Although the RGR of L929 cells is slightly influenced

by weight ratio of Sr-HA to Sr-TCP and concentration of

its extract, the Sr-BCP scaffolds exhibit no cytotoxicity.

The initial result provides an important proof to necessitate

further investigations on other biocompatibility tests and

animal experiments. It is also noted that applying the RP

technique to prepare the negative mould not only achieves

the higher macropore interconnectivity but also ensures

higher repeatability in processing the Sr-BCP scaffolds. In

future work, a real biomimetic bone scaffold similar to

natural bone can be expected by further developing the RP

technique, nature bone structure study and computer pro-

gram related to bone structure analysis.

5 Conclusions

A new Sr-BCP scaffold composed of Sr-HA and Sr-TCP

was firstly prepared by combining CPC and RP negative

mould. The Sr-BCP scaffold displayed variable phase

compositions, controllable macropore structures and also

adjustable properties including mechanical strength and

degradation rate. In comparison with Sr-free BCP scaffold,

the CS of the Sr-BCP scaffold was remarkably enhanced

and its degradation rate was significantly increased, which

overcame the difficulty in simultaneously achieving higher

mechanical strength and faster degradation rate in BCP

scaffold. Also, the Sr-BCP materials did not show little or

no cytotoxicity. In summary, this study provides some

evidence that Sr incorporation to the physicochemical

properties and cytotoxicity of BCP bone scaffold and the

development of the Sr-BCP is one of important promotions

to the traditional BCP, just as Sr-HA is an important pro-

motion to the HA. It also indicates that this Sr-BCP

material would possesses potential for clinical applications

in both BTE and direct bone defect repairing. The future

work would be to design the biomimetic bone scaffold and

also to study the influence mechanisms of Sr incorporation

on both HA and TCP.
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