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a b s t r a c t 

There is a gap between injectable and scaffold-like bioceramics. Injectable bioactive materials, such as 

bone cement and hydrogel, are good for minimized surgery, but the extremely low porosity and small 

pore size limited enhanced bone repair and regeneration. Macroporous bioceramic scaffolds are used be- 

cause of the controlled pore size and porosity, but not injectable. It’s a challenge of preparation of an 

injectable macroporous ceramic scaffold for minimized bone reconstruction. By using the reversible set- 

ting reaction of calcium sulfate and combining a dual setting system with magnesium silicate hydrate, the 

injectable and assembled 3D porous bioceramic scaffold has been successfully developed. The content of 

amorphous magnesium silicate hydrate in the dual setting system affected the mechanical strength and 

degradation. The porous structure could be controlled by the size of granules. The granules can also be 

used for the fabrication of porous materials with varied shapes and customized structures by using a sim- 

ple injection process. The biological testing showed good biocompatibility and in vitro osteogenesis. By 

using the femoral lateral condyle defect model, we can see the granules could be injected into the defect 

and formed a rigid porous structure in situ, and further presented better new bone formation compared 

with autologous bone chips. Briefly, we demonstrated the first injectable 3D solid porous ceramic struc- 

ture for minimized bone repair and free-form shaping. 

© 2020 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

A bone defect usually caused by diseases of traumas, inflamma- 

ions and tumours [1–8] . The most acceptable treatment is to use 

one-active materials which can guide and stimulate bone repair 

nd new bone formation, such as autograft, allograft and synthetic 

ioceramic grafts [ 1 , 2 , 5 , 9 , 10 ]. As we could see now, the popula-

ion over 60 has doubled in recent ten years [11] . Age-related bone 

iseases have been increased and arouse colossal attention. There- 

ore, the need of bone-restorative materials is high, especially the 

ynthetic bioceramic grafts since the autograft is limited and allo- 

raft has the risk of immunological problems. 

Among the synthetic bioactive ceramic materials, bone cement 

nd porous bioceramic scaffold are common choices. Except for 
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heir excellent bioactivity and osteoconduction, bone cement and 

ioceramic scaffold have their unique properties. Bone cement is 

njectable and can be used for a minimized operation [12–16] . The 

orous structure could have good bone cell migration and angio- 

enesis because the macropores could induce the growth of blood 

essels into the scaffold [ 2 , 17–20 ]. However, both materials have 

roperties, which need to be improved. The pore size and porous 

tructure of injected bone cement are not good enough for bone 

rowth and angiogenesis. The scaffold is impossible for injection 

nd only used in the open surgery. There is a need in the clinic to

ave a material, which can combine the good properties of bone 

ement and porous scaffold. It is vital for elderly patients because 

 better bone graft with a minimized surgery could make less suf- 

ering during the surgery and recovery. 

Based on literature and medical products, the present method 

s to mix granules with hydrogel/binder, which can be used in a 

syringe” system generally with a diameter of 5 mm [21] . Such a 

iameter does not fit for a minimized operation similar to the us- 

ge of bone cement. It is still an open surgery. The challenge is 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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ow to make bioceramic granules, which can be injected by using 

 similar syringe for bone cement. The next challenge is how to 

orm a scaffold in situ in the human body. These two challenges 

re what we try to fix in this study. 

In another case, exposure of the paste or loosely pack gran- 

les causes the movement, also called “washout” effect, which def- 

nitely not good for the bone repair and regeneration [16] . The 

ashout of materials would induce the failure of the fixation and 

one re-growth, especially if the washout continues during the 

ealing process. The good or promising cell and tissue response 

nd further repair work only when the paste sets or granules don’t 

ove. Therefore, the washout becomes more problematic when 

he paste or granules are injected from a syringe. When materials 

re injected from a syringe, a large amount of liquid (water-based 

r hydrogel-based) is usually needed to keep a good flowability 

nd injectibility, which could be helpful for the washout. There 

re not many methods, which can be considered to have an anti- 

oving effect, especially for inorganic bone cement and bone void 

ller. 

In this study, we are using a strategy of introducing a reversible 

etting/not-setting/setting reaction to make a small granule. The 

ranules can be injected into the body by using a syringe, gen- 

rally used for bone cement. The questions are (1) what materials 

e can choose; (2) the size of granules; (3) injectability; (4) in- 

itu formation of 3D scaffolds and (5) the stability/strength of 3D 

caffolds. Here, we choose to make a double-setting system, which 

ontains calcium sulfate semihydrate/magnesium silicate hydrate 

CSH/MSH). 

Calcium sulfate (CS) is the well-known bioactive and biocom- 

atible ceramic material, which has been used clinically since the 

960s [22–24] . The CS raw material is made relatively inexpensive 

nd abundant. CS has been widely used in orthopaedics and den- 

istry in a variety of clinical applications, including the periodontal 

efect repair, the treatment of osteomyelitis, sinus augmentation, 

nd as an adjunct to dental implant placement [ 16 , 23 ]. However, it

oes have shortcomings. The degradation is too fast, therefore not 

ood for bone regeneration by itself [ 16 , 23 ]. The present strategy 

s generally by combining other bioceramics, i.e. calcium phosphate 

nd calcium silicate [ 12 , 16 , 23 ]. Crystalline magnesium silicate is

 quite new biomaterial for bone repair and regeneration [ 25 , 26 ].

xcept for the crystalline magnesium silicate, magnesium silicate 

ydrate could be another good candidate, and especially it could 

nhance the mechanical strength due to its long self-setting reac- 

ion [27] . By introducing a long-term setting bioactive ceramic to 

alcium sulfate can control the degradation rate and improve and 

eep a good mechanical strength of the final set materials. How to 

anage the solid/liquid reaction in the aiming formulation and the 

urface reaction after injection is the crucial issue in this study. A 

odel of femur lateral condyle could offer a situation where in- 

ected materials have a high chance of moving, therefore, has been 

sed in this study. 

. Materials and methods 

.1. Materials 

α-Calcium sulfate hemihydrate ( α-CSH) was ordered from Hon- 

ywell (Sweden). Fumed silica (SF) and magnesium oxide (MgO) 

as ordered from Sigma-Aldrich (Germany). β-tricalcium phos- 

hate ( β-TCP) was synthesized by our group and contains 10wt% 

f calcium pyrophosphate. 

.2. Preparation of CSH/MSH granules 

XRD analysis of CSH and MgO + SiO 2 raw powers was shown in 

ig. S1 A. The XRD patterns of set calcium sulfate granules and 
2 
gO + SiO 2 mxitures, respectively, after 24 h at room temperature 

ere shown in Fig S1 B. Two processes have been used. One was 

alled dry-mixing, and another was wet-mixing. For dry-mixing, 

rstly, 7.2 g of ɑ -CSH, 0.32 g of MgO and 0.48 g of SF were well

ixed by the Votex mixer for 5 min, then 4.56 ml H 2 O was added

o form a uniform paste. Wet-mixing was to, firstly, mix 7.2 g of 

 -CSH and 2.16 ml of H 2 O to form one paste, and mix 0.32 g of

gO, 0.48 g of SF and 2.4 ml of H 2 O to form another paste. Then

ix two pastes. The mixed paste (from both methods) was filled 

nto the two types of moulds. One was composed of holes with 

 mm in height and 1 mm in diameter (we called it big granule). 

nother was composed of holes with 0.5 mm in height and 0.5 mm 

n diameter (we called it small granule). The paste was kept in 

he room temperature for 4 h for the setting. The granules were 

hen taken out from the moulds and heat-treated at 190 °C for 0.5–

 h in the oven. The heat treatment was aiming to transfer the 

aSO 4 •2H 2 O to CaSO 4 •1/2H 2 O. The weight content of MgO and 

F was 10%, 20%, 30%, 40% and 50% in the total formulation of 

SH/MSH (see Table 1 ), also called Mg@Ca in this paper. 

.3. Injection and self-formation of CSH/MSH scaffolds 

The granules were filled in a 10 ml syringe with a needle with 

n inner diameter of 1 mm (Gauge 17, WEGO company, China). 

he granules were injected into different moulds to form porous 

caffolds. The scaffolds were composed with all big granules (b- 

caffold) and half big and half small granules (m-scaffold) and all 

mall granules (s-scaffold). The cylinder mound in 12 mm height 

nd 6 mm diameter was used for the mechanical and degradation 

esting. A lab-made defect in saw bone was also used as a bone 

efect simulation by injecting granules into the defect. 

.4. Characterization of CSH/MSH granules and scaffolds 

The crystal phases were characterized by X-ray diffraction 

Diffractometer D50 0 0, Siemens, Germany). XRD patterns were 

ecorded in the range of 10 ° to 80 ° with a scan step of 0.2 s/step

nd a step size of 0.02 ° using a Ni-filtered Cu K α X-ray resource. 

EM (Field emission scanning electron microscope (SEM, Merlin, 

eiss, Germany)) was operated with two imaging signals: sec- 

ndary electron (SE) and backscattered diffraction (BSD), with an 

ccelerating voltage of 5 kV and 20 kV, respectively. The 3D porous 

tructure and porotisty were analyzed by a tube-based micro-CT 

Skyscan 1172, Bruker, Belgium) at a resolution of 12 μm. 

.5. Compressive strength of CSH/MSH cylinder and scaffold 

The compressive strength was analyzed by using the AGS-X me- 

hanical tester (Shimazu). The size of cylindrical specimens was 

2 mm in height and 6 mm in diameter. Three types of scaffold 

pecimens (s-, m-, and b-scaffold) were tested, including all small 

ranules, half big and half small granules, and all big granules. The 

ompressive strength of the specimens after different setting time 

nd the setting environment was tested. The compressive speed 

as set at 1mm 

•min 

−1, and no preload was applied. Three repli- 

ates were tested for each group. 

.6. Degradation and ion release of CSH/MSH scaffolds 

The degradation of CSH/MSH scaffolds was studied in 

hosphate-buffered saline without Ca 2 + and Mg 2 + (PBS). The 

SH/MSH scaffolds were drained and weighed (W 0 ). Each scaffold 

as immersed in 10 ml PBS at 37 °C. The degradation was mon- 

tored at 6 different time points (1, 3, 7, 11, 14, 36 days). Extra 

dsorbed water on scaffolds was removed by using wet cloth and 

amples were washed with deionized water to remove the soluble 
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Table 1 

The compositions of CSH/MSH (Mg@Ca) materials. 

Name α-CaSO 4 •0 •5H 2 O (g) MgO (g) SiO 2 (g) H 2 O(ml) (MgO + SiO 2 )% 

10Mg@Ca 7.2 0.32 0.48 4.56 10% 

20Mg@Ca 6.4 0.64 0.96 6.72 20% 

30Mg@Ca 5.6 0.96 1.44 8.88 30% 

40Mg@Ca 4.8 1.28 1.92 11.04 40% 

50Mg@Ca 4 1.6 2.4 13.2 50% 

Note: Mg@Ca: calcium sulfate hemihydrate/amorphous magnesium silicate hemihydrate. 
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Table 2 

Primers used for real-time PCR. 

Genes Sequences (5 ′ −3 ′ ) Sense Sequences (5 ′ −3 ′ ) Antisense 

GAPDH ACCCACTCCTCCACCTTTGA CATACCAGGAAATGAGCTTGACAA 

RUX2 ATGGCGGGTAACGATGAAA TTGTGAAGACGGTTATGGTCAAG 

ALP GACCTCCTCGGAAGACACTCTG CGCCTGGTAGTTGTTGTGAGC 

BGLAP GAGGGCAGCGAGGTAGTGA TGTGGTCAGCCAACTCGTCA 

OPN TGGGAGGGCTTGGTTGTCA CAGAATCAGCCTGTTTAACTGGTAT 

SOST TGAGACCAAAGACGTGTCCG CTTGAGCTCCGACTGGTTGT 

IBSP TTTCTGCTACAACACTGGGCTAT CCACTTCTGCTTCGCTTTCTT 

COL1A1 GTGCGATGACGTGATCTGTGA GTTTCTTGGTCGGTGGGTGA 

COL2A1 CGCTGTCCTTCGGTGTCAG CCTTGATGTCTCCAGGTTCTCC 

OGN TGAGGATAAATACCTGGAT TGCGTAAAGATAGGCTGA 

SP7 TGCGTAAAGATAGGCTGA CATCCGAACGAGTGAACCT 
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norganic salt then weighted (W t ). The percentage of weight loss 

as calculated to evaluate the degradation of CSH/MSH scaffolds 

ith the following formula: 

eight loss ( % ) = ( W 0 − W t ) / W 0 × 100% 

he ion concentration was tested by ICP-OES (Avio 200, 

erkinElmer). The release of magnesium and calcium ions from the 

amples was measured at 6 different time points (1, 3, 7, 11, 14, 36 

ays). 2 ml of PBS solution was taken out to analyze ion concen- 

rations, and 2 ml of fresh PBS solution was added. 

The pH values were measured both in PBS solution (buffered) 

nd distilled water (non-buffered. The different immersion time 

as also considered. 

.7. Cell cultures and differentiation in the released medium 

Human bone marrow mesenchymal stem cell (h-BMSC; Scien- 

ell, #7500, USA) was maintained in Human Bone Marrow Mes- 

nchymal Stem Cell Basal Medium (Cyagen, HUXMA-90,011, China) 

upplemented with 10% fetal bovine serum (Cyagen, HUXMA- 

0,011, China), 1% antibiotics (Cyagen, HUXMA-90,011, China) and 

lutamine (Cyagen, HUXMA-90,011, China) at 37 °C with 95% air 

nd 5% CO 2 . Osteogenic differentiation induction medium was pre- 

ared by Human Mesenchymal Stem Cell Osteogenic Differentia- 

ion Basal Medium (Cyagen, HUXMA-90,021, China). The protocol 

f differentiation induction was conducted according to the man- 

al. 10 mL medium and one of four biomaterials (0.5 g Mg@Ca; 

.2 g Mg@Ca) were mixed at 37 °C with 95% air and 5% CO 2 for

4 h. The mixture was centrifuged at 10 0 0 g for 5 min, and the

upernatant was removed in order to wash away toxic rapid- 

eleased ions in the mixture. The remained materials in the tube 

ere mixed with 10 mL medium at 37 °C with 95% air and 5%

O 2 for another 24 h. The solution was collected and filtered with 

.22um mesh (Merck Millipore, USA) to prepare biomaterials re- 

ease medium for cell culture. 

.8. Cell survival assay 

The effect of biomaterials on the proliferation of h-BMSC was 

ssessed by CCK8 (Cell Counting Kit-8) using a commercially avail- 

ble kit (Dojindo, Japan). Briefly, cells were plated in 96-well plates 

t a seeding density of 6 × 10 3 cells/well and were cultured in the 

resence of a released medium for 3 h, 6 h, 12 h, 24 h, 48 h, 4d, 7d

CK8 solution was added to the wells in reaction for 2 h. The ab-

orbance at 450 nm was detected for each well. The cell survival 

ate was calculated according to the formula: 

Cell Survival rate = [(As-Ab)/(Ac-Ab)] ∗100% (As, experiment well 

ith cells, biomaterials release medium and CCK-8; Ac, control 

ell with cells and CCK8, basal medium; Ab, sham well with CCK8, 

asal medium and no cells). 

.9. RNA extraction and real-time PCR 

Total RNA was extracted from the cultured cells using RNAiso- 

lus (Takara, Japan) according to the manufacturer’s instructions. 
3 
otal RNA underwent reverse transcription with a reverse tran- 

cription kit (Toyobo Life Science, Japan). Real-time PCR was con- 

ucted using a SYBR Green PCR Matrix Mix (Toyobo Life Science, 

apan). 

.10. Primers used for real-time PCR 

The cDNA fragment was amplified via real-time PCT utilizing 

he following specific primers ( Table 2 ): 

.11. Histopathological examination 

The bone tissues were immediately fixed in 4% paraformalde- 

yde solution after sacrificing the animal for 1 week at room 

emperature, and then decalcified for 1 week in ethylenediamine 

etraacetic acid (EDTA). After decalcification, tissues were rinsed 

unning water for 24 h, dehydrated in a series of gradient concen- 

ration of ethanol (50%, 70%, 80%, 90%, 95% and 100%) and embed- 

ed in paraffin which was cut into serial cross 4 μm-thick sections. 

he sections were then stained with Hematoxylin and Eosin (H&E) 

r Masson’s Trichrome (to differentiate collagen, muscle and bone 

issues) or Sirius Red Stain. The slices were observed and pho- 

ographed under a light microscope equipped with a digital camera 

Nikon, Japan). 

.12. Alizarin red staining 

h-BMSCs were treated with osteogenic differentiation medium 

ith or without biomaterials. Calcium deposition of h-BMSCs 

as detected using Alizarin red staining (Cyagen, HUXMA-90,021, 

hina) after 7, 14 and 21 days of osteogenic induction. Mineral- 

zed particles were visualized using an inverted microscope (Nikon, 

apan). 

.13. Immunofluorescence 

h-BMSCs were cultured on sterile glass coverslips and treated 

ith correspondent medium, fixed with 4% paraformaldehyde, in- 

ltrated with 0.4% Triton-x 100, and then blocked in 5% BSA. Cov- 

rslips were incubated with primary antibodies in a humidified 

hamber overnight at 4 °C, rinsed with PBS and incubated with 
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uorescent-conjugated secondary antibody for 1 h. Images were 

aptured using a fluorescence microscope (Nikon, Japan). 

.14. Animal study 

New Zealand white rabbits weighing 3.0–3.5 kg were purchased 

rom Laboratory Animal Center of Peking Union Medical College 

ospital. All rabbits were housed in a temperature (25 ±2 °C), and 

umidity (40–60%) controlled environment with a 12 h light and 

2 h dark cycle and free access to water and food. All procedures 

n this experiment were permitted by Animal Care and Use Com- 

ittee of Peking Union Medical College Hospital and conformed to 

nternational Guiding Principles for Animal Research. 

.14.1. Surgical procedure 

A modified femur defect model of the previously reported 

ethod was used [ 28 , 29 ]. Rabbits were anaesthetized with in- 

ravenous injection of 1% pentobarbital (50 mg/kg) into ear mar- 

in. After shaving and sterilization of the operative region, the an- 

mal was fixed in the operation table on the left lateral position. 

 5cm-length incision around right lateral condyle of the femur 

as made, the eminence of which was identified as a drilled tar- 

et after dissection of superficial and deep fascia. 3 mm and 5 mm 

iameter Kirschner wire was drilled into the target area in suc- 

ession to generate a 5mm-diameter, 10mm-depth cavity defect 

n a perpendicular orientation to the longitudinal of right lateral 

emoral condyle from lateral to medial. Critical-size-orientation de- 

ects were created in 27 rabbits. Rabbits were randomly assigned 

nto three groups: Mg@Ca group ( n = 9), positive group ( n = 9) and

egative group ( n = 9). In Mg@Ca group, rabbits received Mg@Ca 

upplement for cavity defect. In a negative group, no tissues or ma- 

erials were added into the cavity defect. In a positive group, au- 

ologous bone tissues from contralateral iliac crest were implanted 

n the cavity defect. In brief, the autologous transplanted was ob- 

ained from contralateral iliac crest with laminectomy rongeur. All 

rocedures strictly complied with aseptic principle. Each subject 

eceived an intramuscular injection of antibiotics at postoperative 

 days. Rabbits were allowed to move freely after surgery with- 

ut immobilization. At 4, 8 and 12 weeks after surgery, the rabbits 

ere sacrificed, and the right femurs were harvested. 

.14.2. Micro-CT evaluation and histological analysis 

The lateral region of the femur was scanned via micro- 

omputed tomography (micro-CT, Siemens, Germany, 10.3 μm in 

esolution, the voltage of 70 kV, and current of 400 mA) to cali- 

rate the bone volume and bone density at specific Hu value. 3D 

licer software (Inveon Research Workplace software) was used to 

onstruct its 3D model and the bone volume in selecting area was 

ritically calculated by identifying the bone region of interest with 

u signals ranging from 700 to 2100. Bone volume/Total bone vol- 

me (BV/TV) would be acquired to assess new bone formation. 

hen, the samples were decalcified and cut into 4 μm-paraffin sec- 

ions by a rotary microtome (RM2255, Leica, Germany). HE staining 

nd Sirius Red staining was conducted to detect bone formation 

hrough microscopy (CX31–32C02, Olympus, Japan). 

.15. Statistical analysis 

All data were expressed as mean ±SEM. In the very beginning, 

he normality test and variance test were analyzed by the Shapiro- 

ilk test and Levene test, respectively. If the data conformed to a 

ormal distribution with equal variance, ANOVA and LSD post hoc 

est were conducted; while the data were not consistent with nor- 

al distribution or equal variance, a non-parametric test (Kruskal- 

allis) was performed. SPSS version 25.0 was utilized during the 

nalysis process. 
4 
. Results and discussion 

.1. Preparation of pre-set and heat-treated Mg@Ca (CSH/MSH) 

Fig. 1 A shows the XRD patterns of 20Mg@Ca (20wt% of MS) af- 

er setting (pre-set) and heat-treatment at 190 °C for 0.5, 1.5 and 

 h. The pre-set Mg@Ca granules contain mainly calcium sulfate 

ehydrate (CSD), but a very small peak of anhydrous α-CS was ob- 

erved. After heat-treatment at 190 °C, CSD in Mg@Ca granules dis- 

ppeared, and the primary phase is CSH, and one clear peak of an- 

ydrous α-CS was observed. Anhydrous α-CS was formed because 

f a bit over the dehydration of CSD. Longer heat-treatment (3 h) 

as suitable for the transformation of CSD to CSH, but more an- 

ydrous α-CS formed. No clear difference between 0.5 and 1.5 h 

as shown based on XRD analysis. Therefore, 1.5 h was chosen 

or the next steps. Magnesium silicate peaks have not been ob- 

erved because of the slow reaction between MgO and SiO 2 . The 

ery broad peak at around 12.5 ° could points to the amorphous 

ilicates, i.e. amorphous SiO 2 . Fig. S1(B) indicates a weak broad 

eak at around 35 °, which is related to amorphous magnesium sil- 

cate hydrate [ 27 , 30 ], but was not clearly shown here because of

he high intensity of calcium sulfate and low amout of MSH. 

Fig. 1 B and C show the XRD patterns of big and small gran-

les after setting and heat-treatment. Both CSD and CSH for big 

nd small granules were observed after setting for 24 h. Compared 

o the 20Mg@Ca column (6 mm in diameter and 12 mm in height), 

ranules are small and have a larger surface area, which resulted in 

he fast formation CSH during the setting/drying of granules from 

he paste. Small granules have more CSH than CSH in big granules 

fter setting. The similar result happened after heat-treatment. 

mall granule contains less CSD residuals than in big granules. 

.2. Compressive strength of pre-set Mg@Ca (CSH/MSH) 

As described the materials and methods, two mixing processes, 

ry mixing and wet mixing, have been tested to compare which 

rocess could bring a better mechanical strength. The phase com- 

osition and changes for pre-set and final granules were almost 

he same for dry and wet mixing ( Fig. S2 shows the XRD patterns 

f samples by wet mixing and dry mixing.). 

Fig. 1 D indicates the compressive strength of Mg@Ca columns 

ecreased from 11.24 MPa (0%) to 2.19 (50%, dry mixing) and 0.81 

50%, wet mixing) MPa when the content of aMS (amorphous mag- 

esium silicate) increased for both columns prepared by dry and 

et mixing. Therefore, in the rest experiments, the dry mixing was 

sed because of the relatively high mechanical strength. 

The effect of the setting time on the compressive strength was 

hown in Fig. 1 E . After setting for 28 days, all compressive strength

ncreased. The increase of the compressive strength with the long 

etting time was mainly due to the reaction between silica and 

agnesium oxide. Since the setting here was in the air, less con- 

ribution was from the further setting of CSH residuals. Fig. 1 F 

hows the effect of soaking medium on the compressive strength. 

he compressive strength of the samples set in PBS (wet status) is 

igher than ones set in the air (dry status). This is mainly due to 

he further setting of CSH in the columns and the long-term set- 

ing of magnesium silicate. If we compare Fig. 1 E and F , we could

bserve that the aqueous solution can enhance the strength, espe- 

ially for the materials with a high content of magnesium oxide 

nd silica nanoparticles. For a long term setting reaction of mag- 

esium oxide and silica nanoparticle, water helps the formation of 

agnesium hydroxide and further reacts with silica to form mag- 

esium silicate hydrates, which enhances the long term mechanical 

trength. 
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Fig. 1. The XRD patterns of (A) 20Mg@Ca columns without and with heat-treatment for 0.5, 1.5 and 3 h at 190 °C, (B) 20Mg@Ca granules - Big granule, (C) Small granule 

after setting for 24 h at room temperature and heat-treatment at 190 °C for 1.5 h. And (D) The compressive strength of Mg@Ca columns (set for 24 h) made by two different 

mixing methods (black square – dry mixing, red circle – wet mixing), (E) The compressive strength of Mg@Ca columns with different MS content after 7 and 28 days, (F) 

The compressive strength of Mg@Ca columns after setting in air and PBS for 2 weeks. 
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.3. Mg@Ca porous scaffolds: injection and assembly, mechanical 

trength and degradation 

Fig. 2 A and B shows the optical images of big and small 

g@Ca granules. Fig. 2 C demonstrates that the small Mg@Ca gran- 

les could be injected out from the needle with 1 mm in inner- 

iameter. The granules after heat treatment were mixed with dis- 

illed water to form a water film on the surface of the granules. 

he granules reacted with each other, and the CaSO 4 •1/2H 2 O on 

he surface turned to CaSO 4 •2H 2 O. 

aS O 4 · 1 / 2 H 2 O + 3 / 2 H 2 OCaS O 4 · 2 H 2 O 
5 
s a result, the granules would connect with each other to a scaf- 

old. Fig. 2 d -H shows different shapes of scaffolds could be formed 

y using Mg@Ca granules, i.e. sphere, column, bone shape, whole 

nd half ring. This confirms we could also use the Mg@Ca granules 

o prepare different porous scaffold in vitro. The most important 

hing in this study is if we could inject granules into a bone defect 

nd further form a rigid porous scaffold. Fig. 2 I shows the gran- 

les could also be injected through the small needle (the same as 

ig. 2 C ) by mixing with 1% PEG solution. Fig. 2 J-L demonstrate that

mall Mg@Ca granules can be injected into a random-shaped de- 

ect in a foam, which mimics cancellous bone. The result gives the 

ossibility of how to use the Mg@Ca granules. 
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Fig. 2. (A) and (B) 20Mg@Ca granules with small and large size, (C) How 20MG@Ca granules (S) were injected from the needles (Gauge 17), (D) to (H) In vitro assembled 

scaffolds with different morphologies, (I) Injection of 20Mg@Ca/PEG mixture, (J) to (L) granules injected in saw-bones. 
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Micro-CT images ( Fig. 3 A-F ) shows the topography of in-situ set 

caffolds composed with big, small and mixing (half big and half 

mall) granules. Fig. 3 A, C and E show a rigid structure after set-

ing for all three groups. The cross-section images show the inner 

orous structure. The inner pore size was influenced by the gran- 

le size. The decrease of the granule size induced a decrease of the 

nner pore size in scaffolds. Fig. 3 G shows the porosity decreased 

lightly from 53% (big granules) to 50% (small granules). Fig. 3 H 

hows the compressive of moulded porous scaffolds, which were 

omposed of Mg@Ca granules with different size and composi- 

ion. The increase of the magnesium silicate content decreased the 

ompressive strength significantly, but not big changes between 

0Mg@Ca and 20Mg@Ca granules. When the content of magne- 

ium silicate was higher than 20wt%, the compressive strength 

f the scaffolds was too low (not shown here), and the scaffolds 

ere not mechanically stable. When the granule size decreased, 

he compressive strength increased, which could be due to the de- 

rease of the pore size and porosity and the increase of the in- 

eraction interfaces. Even if the compressive strength of the scaf- 

olds were not so high, it’s rigid enough for the application in the 
6 
on-loading-bearing site. After the injection of granules in the de- 

ect, the granules will react with each other to form a scaffold with 

ertain mechanical strength in situ, which has been confirmed and 

hown in Fig. 2 . The following degradation study also showed the 

caffold composed of granules was kept as a whole piece and 

egraded gradually, which confirms the anti-washout effect. Fig. 

 I shows a similar weight loss trend of 10Mg@Ca, 20Mg@Ca and 

0Mg@Ca scaffolds within one 36 days. The increase of MS con- 

ent made a faster weight loss, which is constant with the results 

f structure and mechanical strength. The percentage of degra- 

ation was calculated from the weight loss. 50Mg@Ca scaffold 

ould have 30% of weight loss after 36 days’ degradation in PBS 

hile 10Mg@Ca and 20Mg@Ca have 18% and 13% averagely. The 

ast weight loss of 50Mg@Ca scaffold was due to the weak struc- 

ure, which made a drop-off of micro-particles from the scaffold. 

0Mg@Ca and 20Mg@Ca have a similar trend, but 20Mg@Ca has 

ess degradation than 10Mg@Ca. It is mainly due to the slow and 

ong-term setting of magnesium silicate, especially in a wet condi- 

ion [ 27 , 30 ]. 10% of MS more in the formulation could have more

eaction between SiO 2 and MgO. Ca and Mg ions release from scaf- 
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Fig. 3. The Micro-CT image of the assembled Mg@Ca scaffolds by B-Granule (A and B), BS-Granule (mixing granules, C and D), S-Granule (E and F) (Scale bar: 1 mm), and 

(G) porosity calculated from Micro-CT analyses, (H) The compressive strength of 0Mg@Ca, 20Mg@Ca and 20Mg@Ca scaffolds composed of big, mixing (50% of big and 50% 

of small granules), and small granules, (I) Percentage of weight loss of 20Mg@Ca scaffolds after 1 to 36 days in PBS, (J) and (K) Ca and Mg ions release from 10Mg@Ca, 

20Mg@Ca and 50Mg@Ca scaffolds, and (L) pH value changes in H 2 O and PBS for 1 and 36 days. 
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old in PBS are different ( Fig. 3 J and K ). For calcium ions, the re-

ease from 10Mg@Ca and 20Mg@Ca has a similar trend. The con- 

entration increased within 11 days following a slow increase un- 

il 36 days. However, the Ca ion release from 50Mg@Ca increased 

ithin 11 days, and decreased from 11 to 36 days. This could be 

ue to the higher weight loss after 11 days, and total ion concen- 

ration decreased. If we compared the Ca ion release from these 

hree groups, 50Mg@Ca has less release than the other two groups 

ontaining more MS. This is due to the low amount of calcium sul- 

ate in the scaffolds. For Mg ions release, the release from all three 

roups is similar, increasing within 11 days followed by a decrease 
7 
ntil 36 days. Fig. 3 L shows the pH changes when the scaffolds 

ere soaked in water and PBS. The pH value in water after one 

oaking increased slightly from 8.5 to 8.6 for 3 groups. When the 

caffolds were immersed in PBS, the pH value of the solutions de- 

reased compared the pH value in water, but increases with the 

ncrease of MS content from 7.5, 7.7 to 8.2, respectively. The pH 

alue further decreased after soaking for 36 days. They are 6.7, 7.4 

nd 7.9 for 10Mg@Ca, 20Mg@Ca and 50Mg@Ca, respectively. The 

ncrease of MS content would induce more MgO reacted with wa- 

er to form Mg(OH) 2 . Therefore the pH value increased. Using PBS 

ould buffer the solutions and result in a decrease of the pH value. 
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Fig. 4. CCK8 assay to determine the survival rate of cells treated with the granules; 

Cell survival rate was determined by CCK8 Kit as 1.0 for standard in the control 

group treated with complete medium. 
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In the brief summary of the Mg@Ca materials, to increase the 

ontent of MS in CSH/MSH composites results in the decrease of 

he compressive strength because the setting of magnesium silicate 

s based on the reaction of MgO, water and SiO 2 , which will take a

it long time (days). The reaction process is presented below: 

gO + H 2 O → Mg ( OH ) 2 + O H 

−

g ( OH ) 2 + Si O 2 + H 2 O → MgSi O 3 · x H 2 O ( Amorphous to Crystalli

s soon as MgO contacts with water, there is a rapid reaction be- 

ween each other, and the pH value in the paste will increase, i.e. 

o around 11.0 [27] . MgOH + 

•OH 

−forms on the surface of MgO par-

icles and the high pH value inhibits further hydration of MgO. The 

ncreased pH value would accelerate silica nanoparticle to trans- 

orm nesosilicate and dimeric-tetrahedron, and further reacts with 

g(OH) 2 to amorphous magnesium silicate hydrates (MSH) [ 27 , 

0 ]. The reaction rate of silica nanoparticle and Mg(OH) 2 is slow. 

MSH (amorphous magnesium silicate hydrate) forms on the sur- 

ace of SF particles. 

Because the setting of magnesium silicate is slow, the effect of 

S on the mechanical strength of the CSH/MSH composite will oc- 

ur after a long time. Here we saw the long-term impact after one 

onth. The compressive strength of all composites increased com- 

ared to day one. The content of MS in the composites would af- 

ect the stability and degradation of the final scaffolds. To balance 

he mechanical strength and degradation, 20Mg@Ca was chosen to 

ontinue with the in vitro and in vivo studies. 

.4. Biocompatibility of Mg@Ca injectable granules 

CCK8 assays were performed to verify the biocompatibility of 

0Mg@Ca granules. MSCs were treated with complete medium 

ith or without 20Mg@Ca granules. In the assay, the cell survival 

ate was adjusted into 1.0 in the control group as the standard ( Fig.

 ). As we can see from the line chart ( Fig. 4 ), the survival rate ini-

ially was low in both concentrations of 20Mg@Ca granules, but as 

ime went by, the survival rate increased. There is no difference 

f survival rate between 96 h and 7d in 20Mg@Ca 0.2 g/10 mL ( P >

.05) group or 20Mg@Ca 0.5 g/10 mL ( P > 0.05), which means the 

urvival rate went into a plateau period after 96-hours treatment. 

 higher dose (Mg@Ca 0.5 g/10 mL) would significantly inhibit the 
8 
ell growth, as the survival rate of which maintained lower com- 

ared with that of Mg@Ca 0.2 g/10 mL group. At the end of the ob-

ervation period, the treatment for 7 days with the granules, sur- 

ival rate was still significantly lower in Mg@Ca 0.2 g/10 mL group 

 P < 0.01) or Mg@Ca 0.5 g/10 mL group ( P < 0.01), compared with the

ontrol group. But the survival rate had recovered from the ini- 

ial 15–30% to 40–80% at 7 days. This is a common phenomenon 

hen a bioactive ceramic, such as bioglass and calcium silicates 

 31 , 32 ], is used to test the cell viability in the early stage with-

ut any washing. The fast release of ions when bioactive ceramics 

eacts with the water-based solution is the main reason [ 31 , 33 ,

4 ]. 

.5. Osteogenesis of Mg@Ca granules 

MSCs treated with osteogenic differentiation medium were as 

 control group. In the experimental group, Mg@Ca granules were 

dded into the differentiation medium with correspondent weight. 

irectly observed from the light microscope ( Fig. 5 A ), apparent 

one lacunas (Red arrow) formed after 14-days treatment with dif- 

erentiation medium mixed with different concentration of Mg@Ca. 

n the control group, only after 21-days treatment can trace bone 

acuna (Red arrow in Fig. 5 A ) be observed. Furthermore, Alizarin 

ed staining was performed to determine osteogenesis. Compared 

ith the control group ( Fig. 5 B ), visible calcium deposition (stained 

ed in Fig. 5 B ) was exhibited in both Mg@Ca groups since 7 days

f treatment. 

Although in Fig. 4 , the survival rate of cells in culture with 

g@Ca granules was relatively low. However, better osteogenic ac- 

ivity was shown in osteogenic differentiation experiments ( Fig. 6 ). 

his may be due to the instability of early cell inoculation, and the 

apid release of early ions affects early cell growth. And, with the 

xtension of culture time, the concentration of ions was diluted, 

nd the cell activity was gradually increased. This was also consis- 

ent with the results of significant cell proliferation in Fig. 4 on day 

. 

.6. Gene expression of osteogenic genes after Mg@Ca treatment 

To understand the potential osteogenesis mechanism of the 

g@Ca granule, the real-time PCR was undertaken to identify the 

ffect of the Mg@Ca treatment on the gene expression level. The 

ame as cells staining experiment above ( Fig. 6 ), MSCs treated 

ith osteogenic differentiation medium were treated as the con- 

rol group. Experimental groups contained 20Mg@Ca granules. 

Alp gene expression ( Fig. 6 A ) was increased significantly af- 

er 6 h ( P < 0.01) and 48 h ( P < 0.01) treatment in the Mg@Ca

.2 g/10 mL group. While in the Mg@Ca 0.5 g/10 mL group, alp gene 

xpression was increased after 12 h ( P < 0.05) and 48 h ( P < 0.01)

reatment. Meanwhile, alp gene expression of Mg@Ca 0.2 g/10 mL 

roup was higher than that of Mg@Ca 0.5 g/10 mL group. Cola1 

ene expression ( Fig. 6 B ) was upregulated after 6 h ( P < 0.01), 12 h

 P < 0.01), 48 h ( P < 0.01) treatment in both groups. In addition,

fter 6 h (Mg@Ca 0.2 g/10 mL, P < 0.01; Mg@Ca 0.2 g/10 mL, P <

.05) and 12 h ( P < 0.01) treatment, Cola1 gene was higher ex- 

ressed in the Mg@Ca 0.2 g/10 mL group than that in the Mg@Ca 

.5 g/10 mL group. But the relationship overturned after 48h- 

reatment ( P < 0.01), where the Mg@Ca 0.5 g/10 mL group showed 

igher Cola1 gene expression. Runx2 gene expression ( Fig. 6 C ) was 

ncreased after 6-hour treatment ( P < 0.01), but the gene expres- 

ion decreased after the 12-hour treatment in Mg@Ca 0.2 g/10 mL 

roup ( P < 0.05). And after 48-hour treatment, the gene expres- 

ion was upregulated again in the Mg@Ca 0.5 g/10 mL group ( P < 

.01). The Runx2 gene expression in the Mg@Ca 0.2 g/10 mL group 

nd Mg@Ca 0.5 g/10 mL group changed when the time went, where 

fter 6-hour treatment, the Mg@Ca 0.2 g/10 mL group had higher 
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Fig. 5. (A) Optical images of MSCs after treated by the 20Mg@Ca granules; The cells images were captured under the light microscope. Red arrows marked the bone lacuna. 

(B) Alizarin Red staining of MSCs after treatment with the granules The cells were stained with Alizarin Red and captured under the light microscope. MSCs were treated 

with osteogenic differentiation medium as the control group and osteogenic differentiation medium with 20Mg@Ca granules as an experimental group. The bar displayed as 

100 μm. 
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unx2 gene expression and had lower of that after 12-hour and 

8-hour treatment. OCN gene expression ( Fig. 6 D ) showed obvi- 

usly elevated in the experimental group at 6 h, 24 h, 48 h and 7d

ompared with the control group ( p < 0.01). Except that the OCN 

xpression of Mg@Ca 0.2 g/10 mL group was slightly higher than 

hat of Mg@Ca 0.5 g/10 mL group at 6 h ( p < 0.05), the OCN expres-

ion of Mg@Ca 0.5 g/10 mL group was always significantly higher 

han that of Mg@Ca 0.2 g/10 mL group with the change of time 

 p < 0.01). 

The expression of these four genes is related to osteogenic reg- 

lation, and the increased expression can mediate the osteogenic 

ignaling pathway and promote osteogenesis [ 35 , 36 ]. Petra et al. 

37] cultured bone marrow mesenchymal stem cells using calcium 

hosphate and found significantly increased expression of Col 1 

ene on day 3 and significantly increased expression of ALP, OCN 

nd Runx2 genes on day 14. It is believed that osteogenesis is re- 

ated to the Ca 2 + ion stimulation released by materials, and the 

xpression of different osteogenic genes will change according to 

he culture time in vitro. Studies have shown that magnesium defi- 

iency in the microenvironment inhibits the activity of osteoblasts 

c

9 
 37 , 38 ]. Magnesium containing biomaterials release magnesium 

ons, activate the PI3K/Akt signaling pathway [39] , and promote 

steoblast proliferation and differentiation [29] . The effect on os- 

eoblast differentiation and proliferation was verified by setting 

ifferent concentrations of magnesium ions, and the optimal con- 

entration was found to be 10 mM [39] . In our experiments, we 

lso found that the increase of ALP, Col 1, OCN and Runx genes 

ay be related to the stimulation of calcium and magnesium ions 

eleased by the material. 

.7. Mg@Ca injectable scaffold contributes to bone defect healing 

The volume of bone defect in rabbits was compared within 

0Mg@Ca, positive (implanted with autologous bones) and nega- 

ive group (no implants - empty). The initiative bone defect in this 

xperiment is displayed in the supporting information ( Fig. S3) as 

Null’, where the rabbit was sacrificed immediately after drilling 

dministrated. The defect in the femoral condyle is in a column 

hape with a diameter of 5 mm and height of 12–15 mm, where 

he Kirschner wire was drilled from the lateral part of the femoral 

ondyle without penetrating the internal femoral condyle, the di- 
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Fig. 6. Osteogenic Gene expression of MSCs after treatment with the granules. MSCs were treated with osteogenic differentiation medium as the control group and osteogenic 

differentiation medium with 20Mg@Ca granules as the experimental group. RNA of the cells was extracted to conduct the analysis by using the real-time PCR assay (A. Alp; 

B. Cola1; C. Runx2; D. OCN). ∗ means P < 0.05 and ∗∗means P < 0.01. 
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ection of which is perpendicular to the long axis of the femoral 

haft. Micro-CT scan in Fig. 7 A indicated that the positive group 

nd Mg@Ca group showed more bone regeneration than the con- 

rol group on section view. In Fig. 7 B and C , a 3D construction of

emoral condyle in all three groups revealed the new ossification in 

he cylindrical defect area. We can see that the bone mass in the 

efect area continues to increase over time, and the experimental 

roup has more than the positive group and the control group. 

Then the bone region of interest was quantified using Inveon 

esearch Workplace software, and BV/TV value in three groups was 

hown in Fig. 7 D . At the time of the first month ( Fig. 7 D ), both the

utologous group ( P < 0.01) and the Mg@Ca group ( P < 0.01) could

timulate more bone volumes in the column defect, compared with 

hat of the negative group ( Fig. 7 D ). Also, the Mg@Ca group exhib-

ted a higher bone volume compared with the autologous group ( P 

 0.01). After two and three months surgery ( Fig. 7 D), the autolo-

ous group ( P < 0.01) and the Mg@Ca group ( P < 0.01) continued

o have a higher volume compared with that in the negative group. 

owever, there is no significant difference between the autologous 

roup and the Mg@Ca group after two and three months’ implan- 

ation. For the Mg@Ca group, bone volume in the bone-defect area 
10 
ncreased between 1 month and 2 months after the surgery ( P < 

.05). BV/TV in the Mg@Ca group peaked at 0.76 at month 3, which 

ignificantly higher than other groups. 

The results of the histological analysis were presented in Fig. 

 E . In H&E staining ( Fig. 7 E) , the black arrows indicate the new

one formation. The Mg@Ca and positive group showed more new 

ssification than that in the control group after 1, 2 and 3 months. 

n the pathological sections of the three groups, with the extension 

f planting time, the new bone tissues gradually matured, which 

as manifested in the red signal by the Sirius staining ( Fig. 7 F) ,

ndicating that the amount of collagen type I gradually increased. 

A recent study [40] has compared the effect of pure calcium 

ulfate and calcium sulfate/tricalcium silicate in repairing femoral 

ondyle defect in rabbits. In the calcium sulfate group, the BV/TV 

alue peaked at 0.16 at week 4, and decreased by 0.06 at week 8. 

he results also showed that the degradation of pure calcium sul- 

ate was too fast, only 5.69% was left after 4 weeks’ implantation, 

hich was not conducive to the osteogenic repair. The calcium sul- 

ate/tricalcium silicate composite particles can alleviate the degra- 

ation of the material, and the BV/TV values peaked at 0.21 at 

eek 8, which showed a better effect than the control group. Com- 
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Fig. 7. 3D reconstruction of micro-CT of operated rabbit femur after 1, 2 and 3 months. (A) Cross-section views of the bone defect; (B) 3D reconstruction of the distal femur 

and the osseous area; (C) 3D reconstruction of the osseous area; (D) Bone volume (BV/TV) of the interested osseous area based on the 3D reconstructionof micro-CT images. 

(E) H&E staining of tissues in bone defect compartment. Scar bar: 100 μm. The black arrow indicates the location of osteoblast. (F) Sirius red staining of tissues in bone 

defect compartment. The type I collage is in red. Scar bar: 100 μm. ∗ means P < 0.05 and ∗∗means P < 0.01. Negative: No implants in the defect area and sacrificed at the 

correspondent time. Positive: Autologous bones were implanted into the defect area and sacrificed at the correspondent time. 20Mg@Ca: Granule 20Mg@Ca was implanted 

into the defect area and sacrificed at the correspondent time. 
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ared to this study, the injected porous Mg@Ca scaffold seemed to 

how better bone repair and have significantly higher BV/TV value 

eaked at 0.76. The bioactive borate glass cement has been studied 

o heal the rabbit femoral condyle defect and acquired the BV/TV 

alue about 0.35, which is lower than our study value [41] . Our 

igh BV/TV values could be due to not only the composition but 

lso 3D porous structure, which was formed after injection and 

ould be better for the osteoconduction and osteogenesis. 
5

s

11 
. Conclusions 

An injectable porous bioceramic (CSH/MSH) scaffold has been 

rstly fabricated with a dual setting system by using a reversible 

etting reaction of calcium sulfate. Magnesium silicate hydrate is 

sed to adjust the degradation and responsible for the long-term 

echanical strength. The increased magnesium silicate would de- 

rease the short-term strength and prolong the degradation. 10–

0 wt% of MSH were studied, 20wt% magnesium silicate was cho- 

en for the biological testing after we balanced the mechanical 
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trength and degradation rate. The results also showed a good 

njectability through a syringe for bone cement, and further, the 

ranules could form customized-shape porous scaffold by a sam- 

le way. In vitro testing showed a good osteogenesis. The femoral 

ateral condyle defect model confirmed the good bone growth even 

ompared to the autologous bone chips. 
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