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Purpose: The aims of this research were to combine α-hemihydrate calcium sulfate/octacalcium 

phosphate (α-CSH/OCP) with sodium hyaluronate (SH) or SH sulfate (SHS) to determine 

whether these composites can be used as a new type of bone repair material. This study may 

provide a theoretical basis and new ideas for the construction of active bone repair materials 

and their clinical application.

Methods: In this study, we combined α-CSH/OCP with SH or SHS. Scanning electron 

microscopy (SEM), Fourier-transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), 

thermogravimetric analysis (TGA), and the wettability test were performed, and porosity, 

setting time, in vitro degradation, and the mechanical properties of these composite materials 

were analyzed to evaluate the ultrastructural and physicochemical properties. We evaluated the 

histocompatibility of these composites by MTT assay, hemolysis, acute toxicity, and pyrogenic 

and intracutaneous stimulation tests. In addition, the osteogenic differentiation ability of these 

materials was detected in vitro using Western blot analysis and in vivo using an animal model 

of bone defect.

Results: The α-CSH/OCP/SH composite had a compressive strength of 13.72 MPa, a porous 

rate of 27.45%, and the 28-day degradation rate of 64%. The MTT assay results showed that 

the relative proliferation rates of the α-CSH/OCP/SH group were greater than 90%. The results 

of the α-CSH/OCP/SH composite in the hemolysis, acute toxicity, pyrogenic, and intracutane-

ous stimulation tests were within the normal range. Western blot analysis indicated that the 

expression of bone extracellular matrix (ECM) proteins was notably upregulated and always 

higher in the α-CSH/OCP/SH group than in the other groups. XRD of the rabbit radius-defect 

model indicated that bone healing in the area implanted with α-CSH/OCP/SH was excellent 

approximately 9 weeks after repair.

Conclusion: α-CSH/OCP/SH has very good biocompatibility and exhibits clear advantages 

in the induction of bone regeneration and self-repair, and this compound shows promise in the 

field of bone tissue engineering.

Keywords: sodium hyaluronate, characterization, BMSCs, biocompatibility, osteogenic 

differentiation

Introduction
Bone defects have become a serious clinical problem1 due to their prevalence in 

clinical orthopedics cases and the common need to resect the affected parts of the 

bone.2 Numerous methods are used to treat bone defects, such as autografts, alloplastic 
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materials, and allografts.3 At present, the gold-standard 

treatment for bone defects is autogenous bone grafting. 

However, autogenous bone graft material is limited and 

donor site complications include pain and infection.4,5 Bone 

tissue engineering provides an alternative method for the 

treatment of bone defects that aims to regenerate damaged 

bone tissues by combining cells with bone repair materials, 

which act as templates for tissue regeneration and guide new 

tissue growth.6 Because of its unlimited supply and lack of 

risk for spreading disease, engineered bone is considered as 

a potential alternative to traditional bone grafts.7 In the field 

of bone tissue engineering, synthetic materials show promise 

due to their potential bone engineering characteristics; these 

materials include composites, stimuli-responsive materi-

als, gels, and scaffolding. Stimuli-responsive materials can 

change their shapes from a 2D flat-planar structure to 3D 

structure with various morphologies with small or modest 

variations in their physical environment, such as temperature, 

pH, and magnetic fields. However, there are some concerns 

regarding the use of programmable adaptive materials in 

clinical applications.8 Gels and scaffold materials show good 

biocompatibility, biodegradability, mechanical properties, 

vascularization, and innervation. However, these materials 

are imperfect and require additional studies.9

Bone tissue engineering has become an attractive 

therapeutic approach with great potential for repairing bone 

defects.10 In bone tissue engineering, bone repair materials 

serve as matrices for tissue formation, thus playing a pivotal 

role in bone repair. An excellent bone repair material should 

be three-dimensional porous structure with good biological 

conductivity, biocompatibility, biodegradation, and non-

cytotoxic, and have desirable mechanical properties and sur-

face properties that promote cell adhesion, proliferation and 

differentiation.11,12 The new generation of bone repair mate-

rials should also be able to participate in the physiological 

activities of the body, activate genes on the molecular level, 

stimulate cells, and induce bone tissue formation, being 

actively involved in cell processes and gene expression. 

However, fabricating such an ideal material remains a major 

challenge in the field of bone tissue engineering.13 There are 

many types of bone tissue repair materials, and the research 

is extensive. With further study of bone tissue engineering 

materials, researchers have discovered deficiencies in all 

types of single materials, suggesting that single materials 

are not the ideal solution to repair bone defects.14 Recently, 

studies of biomimetic composite material have become a cru-

cial element of bone tissue engineering research. Composite 

materials are designed to mimic one or more bone-forming 

components to elicit specific cellular responses and provide 

an ideal environment for bone formation.15,16 However, many 

problems remain to be solved in the clinical application 

of composite materials. The main issues are the optimiza-

tion of the ratio of the composite materials to adapt their 

degradation rate to the growth rate of tissue cells and the 

maintenance of the porosity and high mechanical strength 

of the material.17

Inorganic crystals, mainly hydroxyapatite (HA), account 

for 65%–70% of bone tissue weight.18 HA has the same min-

eral composition as bone and excellent osteoconductive prop-

erties; however, HA does not remodel or readily degrade.19,20 

α-Hemihydrate calcium sulfate (α-CSH) can self-solidify 

and degrade in a suitable manner. The pore structure can be 

changed through different production processes to enable 

satisfactory vessel ingrowth with an appropriate degradation 

rate.21 Octacalcium phosphate (OCP) has excellent biological 

activity and biocompatibility, but its mechanical properties 

are insufficient. Among the bioceramics employed as precur-

sors in bone repair materials, the calcium phosphate family, 

and especially OCP with its higher physical and chemical 

absorbance,22 has a considerable effect on the mineralization 

of tooth bone and skeletal bone because the apatite layers 

of OCP and HA in the extracellular matrix (ECM) share 

many structural similarities.23 OCP is an unstable composite 

that can be converted rapidly to biological apatite. Notably, 

nanocrystalline HA is the major constituent (nearly 70%) 

of bone ECM. Moreover, calcium in this structure induces 

cell homing and recalls bone marrow cells that induce more 

bone cell resorption.24,25

Sodium hyaluronate (SH) is a glycosaminoglycan that 

is found in the ECM of mammalian tissues.26 SH stimulates 

osteoprogenitor cells to migrate, proliferate, and differenti-

ate into osteoblasts by binding to cell surface receptors, 

such as CD44 and the receptor for hyaluronic acid-mediated 

motility.27,28 Thus, SH appears to be able to actively induce 

bone formation by activating osteoblasts. Therefore, we 

speculate that α-CSH/OCP combined with SH should be 

highly porous and noncytotoxic and have desirable mechani-

cal properties and surface properties that promote cell adhe-

sion, proliferation, and differentiation.

The aims of this research were to combine α-CSH and 

OCP with SH or SH sulfate (SHS) and evaluate the struc-

ture, biocompatibility, and performance of these materials 

in promoting bone marrow-derived mesenchymal stem cell 

(BMSC) osteogenesis in vitro. In addition, a New Zealand 

White rabbit bone defect model was generated. X-ray dif-

fraction (XRD), H&E staining, and immunohistochemistry 
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were performed. This composite has potential as a new type 

of bone repair material, and this study provides a theoretical 

basis and new ideas for the construction and clinical applica-

tion of active bone repair materials.

Methods
Preparation of materials
Preparation of SHS
Sodium nitrite (Sinopharm Chemical Reagent Co., Ltd., 

Shanghai, China) aqueous solution was added to a constant-

pressure funnel at a molar ratio of 4.25:1, and the sodium 

nitrite solution was added to a three-mouth flask dropwise 

to react with sodium bisulfite (Sinopharm Chemical Reagent 

Co., Ltd.) at 90°C. After a 90-minute isothermal reaction, 

the esterification agent sodium trisulfonate (N(SO
3
Na)

3
) was 

prepared.29 The pH was adjusted to 7 with 1 mol/L of sodium 

hydroxide solution at 40°C; then, SH (Liyang Biomaterials 

Co., China) was added (nNaNO
2
/mSH = 6/403 mol/g), and 

the mixture was magnetically agitated for 6 hours. The solu-

tion was washed with anhydrous ethanol and then dialyzed 

for 72 hours. Finally, SHS was obtained by isothermal drying. 

The reaction steps are shown in Figure 1.

Preparation of α-CSH and OCP
α-CSH was prepared using the hydrothermal method. In 

brief, 20 mL of crystal modifier containing 2 wt% magnesium 

sulfate heptahydrate (Sinopharm Chemical Reagent Co., 

Ltd.) and 0.15  wt% sodium citrate (Sinopharm Chemical 

Reagent Co., Ltd.) was added to 6.7 g of calcium sulfate 

dihydrate (Sinopharm Chemical Reagent Co., Ltd.) at 

0.15 MPa and 130°C for 5 hours.46 The material was dried in 

the oven for 4 hours at 110°C, and a powder was generated 

by grinding and sifting.

OCP was prepared by the homogeneous precipitation 

method.47 The 0.04 M calcium acetate (Sinopharm Chemi-

cal Reagent Co., Ltd.) solution was trickled slowly into the 

0.04 M sodium dihydrogen phosphate (Sinopharm Chemi-

cal Reagent Co., Ltd.) solution with a drop funnel, and the 

mixture was stirred at 68°C for 1 hour and reacted for 2 hours. 

The sediment was filtered, and the powder was washed with 

distilled water and dried.

α-CSH/OCP, α-CSH/OCP/SH, and α-CSH/OCP/SHS 
composite preparation
The composite bone repair materials α-CSH/OCP/SH and 

α-CSH/OCP/SHS were prepared by freeze-drying. α-CSH/

OCP composite was prepared by adding 80 wt% α-CSH to 

20 wt% OCP powder, and the resulting powder was added 

to absolute ethyl alcohol for ultrasonic dispersion. α-CSH/

OCP/SH and α-CSH/OCP/SHS composites were prepared 

by mixing with liquid containing 1 wt% SH or 1 wt% SHS 

at a final ratio of 0.5 mL/g. The composites were mixed well 

and allowed to dry at room temperature.

Molecular weight (MW) of SHS
The degree of SHS substitution was measured by BaSO

4
-

gelatin spectrophotometry, and the viscosity average MW 

of SHS was determined using the Wurtzmann viscosity 

method and the gradual dilution method.30 SHS with differ-

ent degrees of substitution was diluted with sodium chloride 

solution of 0.2 mol/L to a sample solution of 0.02, 0.03, 0.04, 

and 0.05 g/100 mL. According to effluent time Ti at differ-

ent concentrations of the sample solution, relative viscosity 

(ηr=T/T0) and specific viscosity (ηsp=ηr-1) were calculated. 

Using the ηsp/C to map, another line (C) was obtained and 

extrapolated to C=0 and, then, another characteristic viscosity 

number [η] was obtained. Finally, the viscosity average MW 

was obtained by calculation. The control group followed the 

same steps using SH.

Material characterization
NMR of SHS
SHS was dissolved in D

2
O and placed in a 5 mm tube. The 13C 

NMR spectra (100.5924 MHZ) were measured at 26°C with 

Bruker AMX-500 Superconducting Magnetic Resonance 

Spectrometer (BrukerOptik GmbH, Ettlingen, Germany). 

Figure 1 Reaction principle of SHS.
Abbreviations: SH, sodium hyaluronate; SHS, sodium hyaluronate sulfate.

°
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The sampling time was 0.9  seconds, the delay time was 

1 second, and the pulse width was 90° (9.3 seconds); DMSO 

was used as the internal standard (39.4 ppm).

Fourier-transform infrared (FTIR) spectroscopy 
of SH, SHS, α-CSH, OCP, and α-CSH/OCP
Samples of SH, SHS, α-CSH, OCP, and α-CSH/OCP were 

milled and dried in a constant temperature drying box at 40°C. 

A Nicolet-170sx infrared spectrometer (Thermo Fisher Scien-

tific, Waltham, MA, USA) was used to collect FTIR spectra. 

The spectrometer is equipped with a KBR beam splitter, and the 

spectral resolution is 400–4,000 cm−1 in transmission mode.

Scanning electron microscopy (SEM)
The materials were cut into powder and then coated with gold 

for ultrastructure analysis. The morphology of the powdered 

α-CSH/OCP/SH and α-CSH/OCP/SHS was observed by a 

high-resolution SEM (SEMMO-JSM-IT 300; Hitachi Ltd., 

Tokyo, Japan) at 20 kV acceleration voltage.

XRD
Wide-angle XRD measurements of α-CSH/OCP/SH and 

α-CSH/OCP/SHS were obtained at room temperature on 

a Bruker D8-Advance X’Pert PRO AXS diffractometer 

(BrukerOptik GmbH) (λ=1.5406  nm, operating at 50  kV 

and 180 mA).

Thermogravimetric analysis (TGA)
TGA was conducted with an STA 449 F3 instrument (TA 

Instruments, Hüllhorst, Germany), and experiments were 

conducted on powdered α-CSH/OCP/SH and α-CSH/OCP/

SHS bone repair materials at a heating rate of 10°C⋅min−1 

from room temperature to 1,000°C.

Porosity
The porosity of the bone repair materials was measured 

based on Archimedes’ principle, and distilled water was 

used as the liquid medium. The porosity was calculated via 

the following formula:

	
P

m m

m m
2

2 0

2 1
100=

−
−

× %

where m0 is the dry weight of bone repair materials, m1 is 

the weight of bone repair materials suspended in ethanol, 

and m2 is the weight of bone repair materials saturated with 

distilled water. Five samples were tested to calculate the 

average porosity.

Setting time
Polytetrafluoroethylene Teflon molds (20  mm high and 

10 mm in diameter) were filled with α-CSH/OCP/SH and 

α-CSH/OCP/SHS powders. The initial and final setting times 

of the composites were measured by Vicat needle. When the 

permeability of the hydrated cement paste reached a certain 

value, the initial and the final setting times of the cement 

stone were determined. The test was repeated at least five 

times, and the average value is reported.

In vitro degradation
α-CSH, α-CSH/OCP/SH, and α-CSH/OCP/SHS were 

weighed (W0) and incubated in 50  mL of PBS (0.01  M, 

pH 7.4) at 37°C with shaking (60 rpm). The PBS solution was 

changed every 2 days. On days 0, 1, 3, 7, 14, 21, and 28, three 

samples (N=3) were washed thoroughly with distilled water 

and vacuum-dried to a constant weight (Wt) at room tem-

perature. Degradation was defined as WLOSS =(W0-Wt)/

W0×100%.

Mechanical properties
As in the in vitro degradation analysis, samples of α-CSH, 

α-CSH/OCP/SH, and α-CSH/OCP/SHS were immersed in 

PBS (pH 7.4) and the environment was maintained at 37°C 

in a water bath with 100% relative humidity for 28 days. The 

composites immersed in PBS were removed at different time 

intervals (0, 1, 3, 7, 14, 21, and 28 days) and dried at 60°C for 

24 hours. For compressive strength analysis, the specimens 

were tested in a universal testing machine (WDW-E; Baihe 

Instrument Technology Co., Ltd., Shanghai, China) equipped 

with a 500 N load cell at a crosshead speed of 2 mm/min. The 

compressive strength of the composite was observed.

Wettability
The wettability test was conducted based on the change in the 

contact angle with distilled water. In brief, 20 µL of distilled 

water was added to the surface of different fiber samples.

Biocompatibility study
BMSC harvesting and culture and MTT assay
1.	 The composite bone repair materials of OCP, α-CSH/

OCP, α-CSH/OCP/SH, and α-CSH/OCP/SHS were 

sterilized by high-pressure steam sterilization. Normal 

saline was added at a final ratio of 0.1 kg/L. After the 

solution was incubated at 37°C and 5% CO
2
 for 24 hours, 

it was passed through a 0.22 µm filter membrane. The 

concentration of this extract was considered to be 100%. 

Therefore, when the material extract and DMEM were 
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mixed at 1:1, the concentration of the materials extract 

was 50%. Similarly, when the material extract and 

DMEM were mixed at 1:3, the concentration of the mate-

rial extract was 25%.

The experimental groups are extracts of different concen-

trations of materials, the positive control group is carbolic 

acid solution, and the negative control group is PBS.

The relative growth rate (RGR) was calculated according 

to the following equation:

	

RGR =
A

A
i

0

100× %

where A
i
 is the average absorbance of the experimental 

group and A
0
 is the average absorbance of negative control 

group.

2.	 Three adult male New Zealand White rabbits were 

selected, and 5 mL of bone marrow was extracted from 

the ilium under sterile conditions using a 1 mL syringe 

prefilled with heparin. Primary cell culture was performed 

using the whole bone marrow adherence method. The 

harvested bone marrow was passed through a 100-

mesh stainless steel screen and resuspended in DMEM. 

The supernatant was discarded after centrifugation at 

1,000  rpm for 5  minutes. The remaining suspension 

was mixed with DMEM (containing 10% FBS) at a 1:3 

ratio and then placed in a 75 mL culture flask. Primary 

culture cell was conducted at 37°C in a humidified 5% 

CO
2
 incubator. The medium was replaced for the first 

time after 24 hours. The cells were washed with PBS 

twice and then cultured in 5 mL of DMEM (containing 

10% FBS). The medium was replaced every other day. 

When the cells reached 80% confluence on the bottom of 

the culture flask, they were digested with 0.25% trypsin, 

passaged at a 1:2 ratio, and further cultured.

3.	 Third-generation cells with a good growth status were 

harvested, and CD14-FITC and CD44-CY3 were detected 

by flow cytometry (FACSCalibur; BD, Franklin Lakes, 

NJ, USA). CD44-positive purified rabbit BMSCs were 

suspended at a concentration of 5×104  cells/mL. Five 

96-well plates were used for the experimental and con-

trol groups, with 40 wells for each group, for a total of 

320 wells. The cells were plated into 96-well plates at 

2×103 cells/well and then cultured at 37°C in a 5% CO
2
 

incubator for 24  hours. When inverted phase contrast 

microscopy (IX51; Olympus Corporation, Tokyo, Japan) 

revealed that the cells adhered to the plates, the medium 

was discarded. Then, 100 µL of materials in solution, 

50 µL of materials in solution and 50 µL of DMEM or 

25 µL of materials in solution, and 75 µL of DMEM were 

added to the experimental wells. The positive control 

wells contained 100 µL of 0.64% carbolic acid solution, 

and the negative control wells contained 100 µL of 10% 

PBS. The medium was replaced once every 2 days, and 

the cells were cultured for 8 days. On days 1, 3, 5, and 7 

of cell culture, 20 µL of MTT solution (5 mg/mL) was 

added to five wells. Cells were further cultured for 4 hours 

under standard conditions (37°C, 5% CO
2
, saturating 

humidity). Then, the medium was removed and 200 µL 

of DMSO was added to each well. The plates were loaded 

into a multimode microplate reader and oscillated at 100 

times/min for 10 minutes to fully dissolve the crystals on 

the surface of the bone repair materials. The absorbance 

(A) at 490 nm was measured in each well. The data were 

subjected to statistical analysis.

Hemolysis test
A hemolysis test was performed. Briefly, solutions of OCP, 

α-CSH/OCP, α-CSH/OCP/SH, and α-CSH/OCP/SHS 

(n=3) were incubated at 37°C for 24 hours. Distilled water 

and saline were used as the positive and negative controls, 

respectively. Ten milliliters of saline containing 0.5 mL of 

potassium oxalate anticoagulant (20 g/L) was used to dilute 

8 mL of fresh venous blood from New Zealand White rabbits. 

After incubation at 37°C for 60 minutes, the mixture was 

centrifuged and the OD of the supernatant was determined at 

545 nm. The hemolysis ratio (HR) was calculated according 

to the following equation:

	

HR (%)
OD OD

OD OD
t n

p n

=
−

−
× 100%

where OD
t
, OD

n
, and OD

p
 are the optical densities of the 

samples, negative control, and positive control, respectively. 

Test materials with an HR of more than 5% were considered 

hemolytic.

Acute toxicity test
An acute toxicity test was performed. Twenty Kunming mice 

were randomly divided into five groups of four mice each.48 

The body weight of each mouse was measured. Solutions 

of OCP, α-CSH/OCP, α-CSH/OCP/SH, and α-CSH/OCP/

SHS (10 mg/kg; experimental groups) and of normal saline 

(control group) were preheated to 38.5°C and administered 

via intraperitoneal injection. At 12, 24, 48, and 72  hours 
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after injection, the mice were evaluated for overall condition, 

toxicity, and death.

Pyrogenic test
A pyrogenic test was performed. The body temperature of 

27 New Zealand White rabbits was measured over 3 days. 

The rabbits were fasted from food and water for 2 hours 

before measuring the rectal temperature. After immobi-

lization, a thermometer was inserted into the anus at an 

insertion depth of 5–6 cm. The temperature was read after 

5 minutes. Readings were made once every hour for a total 

of three readings. The normal temperature range was set as 

38.7°C–39.5°C, and the difference between the highest and 

lowest temperature readings should not exceed 0.4°C. Fifteen 

rabbits that satisfied the body temperature requirement were 

selected and numbered. The rabbits were immobilized, and 

the rectal temperature was measured once daily for 3 days. 

On the fourth day, the pyrogenic test was performed under 

the same room temperature and humidity conditions. The 

materials solutions were preheated to 38.5°C and then 

injected via the marginal ear vein at a dose of 10 mL/kg. 

Rectal temperature was measured at 1, 2, and 3 hours. The 

rise in body temperature was calculated as the highest reading 

minus the normal body temperature. Bone repair materials 

were considered nonpyrogenic if the rise in body temperature 

was less than 0.6°C for each rabbit.

Intracutaneous stimulation test
An intracutaneous stimulation test was performed. Two New 

Zealand White rabbits were selected to receive injections 

1.5 cm from the spine. The spacing between two adjacent 

injection sites was 2 cm. Five injection sites that received 

0.2 mL of normal saline on the left side of the head were 

chosen as negative controls, and 0.2 mL of materials solution 

was injected into five sites on the right side of the head. Local 

skin and tissues were observed for signs of irritation at 24, 

48, and 72 hours. Reactions such as red spots and edema at 

each injection site were observed.

BMSC osteogenesis in vitro
The bone materials promoting BMSC osteogenesis in vitro 

was tested by Western blot analysis and immunofluorescence 

staining. After culturing with or without the bone materials 

(25% OCP, α-CSH/OCP, α-CSH/OCP/SH, or α-CSH/OCP/

SHS) for 7 days, the cells were lysed using the protein extrac-

tion reagent RIPA (AS1004; Aspen, Inc., San Mateo, CA, 

USA). Samples were separated by SDS polyacrylamide gel 

electrophoresis and electrotransferred onto hybond-polyvi-

nylidene fluoride (PVDF) membranes. The membranes were 

incubated overnight at 4°C with rabbit anti-GAPDH antibody 

(1:10,000; Abcam, Cambridge, UK), rabbit anti-ALP antibody 

(1:10,000; Abcam, Inc.), mouse anti-collagen type 1 (COL1) 

antibody (1:500; Abcam, Inc.), rabbit anti-osteopontin (OPN) 

antibody (1:1,000; Abcam, Inc.), rabbit anti-osteocalcin 

(OCN) antibody (1:500; Abcam, Inc.), or rabbit anti-runt-

related transcription factor 2 (RUNX2) antibody (1:500 Bioss 

Antibodies Inc., Woburn, MA, USA) in Tris buffered saline 

(TBST). Horseradish peroxidase-labeled goat anti-rabbit 

(1:10,000; Aspen, Inc.) and goat anti-mouse (1:10,000; Aspen, 

Inc.) secondary antibodies were used. The protein bands were 

detected by ECL. The results were quantified by ImageJ soft-

ware (MicroPublisher; Q-IMAGING, Inc.).

After being cultured with or without materials (25% OCP, 

α-CSH/OCP, α-CSH/OCP/SH, or α-CSH/OCP/SHS) for 

7 days, the cell clots were collected and fixed in 4% paraform-

aldehyde at room temperature. Then, the samples were blocked 

with BSA and incubated overnight at 4°C with rabbit anti-ALP 

antibody (1:200; Abcam, Inc.), rabbit anti-COL1 antibody 

(1:200; Abcam, Inc.), rabbit anti-OPN antibody (1:200; 

Abcam, Inc.), rabbit anti-OCN antibody (1:150; Abcam, 

Inc.), or rabbit anti-RUNX2 antibody (1:100; Bioss, Inc.) in 

TBST. Next, the cells were incubated with the following sec-

ondary antibodies for 50 minutes at 37°C: FITC-labeled goat 

anti-rabbit, FITC-labeled goat anti-mouse, CY3-labeled goat 

anti-rabbit, CY3-labeled goat anti-mouse, and CY3-labeled 

goat anti-donkey (Aspen, Inc.). The nuclei were stained with 

DAPI. After being washed three times with PBS, the clots 

were viewed under a fluorescence microscope (IX51).

In vivo osteogenesis in the animal 
model, X-ray detection, and histological 
examination
For in vivo studies, 24 New Zealand White rabbits were 

divided into six groups (OCP, α-CSH/OCP, α-CSH/OCP/

SH, α-CSH/OCP/SHS, negative control, and positive con-

trol) of four rabbits each. For the operation, sodium pento-

barbital (100 mg/kg) anesthesia was administered through 

the auricular vein. After exposing the middle segment of the 

right radius, a 1.5 cm osteotomy was performed at the same 

position on the right radius. An artificial bone repair mate-

rial that is commonly used in clinical practice (BonGold™; 

Allgens Medical, Inc.™, Basking Ridge, NJ, USA) was used 

as a positive control. Then, OCP, α-CSH/OCP, α-CSH/OCP/

SH, and α-CSH/OCP/SHS were used to fix the defects in 

the experimental group; the negative control did not receive 

treatment for the defect. The cut was sutured and properly 

cleaned with povidone iodine antiseptic. Penicillin was 

administered daily during the postoperative period (3 days). 
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XRD was performed on the day of the operation and every 

3 weeks thereafter. Rabbits were sacrificed at 6 and 9 weeks 

after the operation, and the liver and kidney were removed. 

The harvested specimens were fixed in 10% formalin and 

stored at room temperature before histological analysis.

The radius of the animal model of tissue-engineered 

bone formation was evaluated by X-ray scanning. A digital 

medical X-ray photography system (DigitalDiagnost Pro; 

Philips, Shanghai, China) was used for scanning at 0, 3, 6, 

and 9 weeks after surgery.

At 6 and 9 weeks after surgery, the rabbits were anesthetized 

with sodium pentobarbital (100 mg/kg). The liver and kidneys 

were excised and fixed in 4% paraformaldehyde. The samples 

were dehydrated in ethanol and washed and embedded in paraf-

fin wax. A microtome was used to prepare 4 µm sections, which 

were stained with H&E and examined by digital microscopy.

Statistical analyses
SAS 9.4 was used for all statistical analyses, and P,0.05 

was considered statistically significant.

Results
Determination of the MW of SHS
The viscosity average MW was calculated according to the 

following equation:

	
[ ]η = KM

w
α

where [η] is the characteristic viscosity number, K=3.6×10−4, 

α=0.78.

The results show that the higher the degree of substitu-

tion, the smaller the MW (Table 1), because the esterification 

reaction leads to the degradation of the SH chain.

Characterization of the bone repair 
materials
SEM results of materials
The blend system exhibited a 3D lamellar porous structure 

(Figure 2). α-CSH forms fine needle-like crystals with 

larger pores, and OCP forms typical thin crystal slices. As 

observed in 2, 4, and 8 kx, the α-CSH/OCP/SH and α-CSH/

OCP/SHS composite materials exhibited typical α-CSH and 

OCP crystal morphology.

The 13C nuclear magnetic resonance (NMR) 
spectrum of SHS
The 13C NMR spectrum of SHS is shown in Figure 3A. The 

chemical shift of the C atom of SH shifted to the lower field 

after the sulfate reaction. The C-6 position of G4S moved to 

the low field (δ=68.6 ppm), but the chemical shift of other 

positions was not obvious. This result shows that the main 

position of the sulfate reaction of the hydroxyl group of SH 

is the C-6 position of the 4
4
2-SO −-galactose unit (G4S).31 The 

results further show that the sulfate group was successfully 

introduced into the SH structure without introducing other 

hydroxyl sites or destroying the SH structure.

Fourier transform infrared spectroscopy results
Figure 3C2 shows the FTIR spectra of (a) α-CSH, (b) α-CSH/

OCP, and (c) OCP. The characteristic peaks of HA at 3,594 

and 3,552/cm are caused by the absorption of H
2
O, while 

peaks at 1,093, 659, and 603/cm are caused by the absorp-

tion of SO
4
2−.32 For OCP, the P-O characteristic peaks appear 

at 1,135, 1,068, and 983/cm; HPO
4
2− absorption appears at 

871/cm, and PO
4
3− absorption is shown at 576 and 661/cm.33 

For α-CSH/OCP, the FTIR spectra (b) appear to be superposi-

tions of the α-CSH and OCP spectra, which may be evidence 

that α-CSH/OCP composite powder has been successfully 

prepared by the chemical coprecipitation method.

Figure 3C1 shows the FTIR spectra of SH (A) and SHS 

(B). There are multiple absorption peaks of N-H and O-H 

stretching vibration that overlap at 3,438/cm, indicating that 

SH has a multi-hydroxyl structure. The absorption peaks 

produced by the coupling of the O-H flexural vibration and 

the stretching vibration of C-O and C=O at 1,627, 1,407, 

and 1,328 cm-1 indicate that there are hydroxyl groups and 

carboxyl groups in the glycosylated polysaccharides. There 

are characteristic absorption peaks of C-N and C=O stretch-

ing vibration at 1,577 cm-1, combined with an N-H vibration 

absorption peak at 3,438 cm-1, indicating the presence of 

an acetyl amino structure. There is a C-O stretching vibra-

tion absorption peak at 1,047 cm-1and 1,153 cm-1, which is 

in accordance with the structure of SH.34 The intensity of the 

absorption peak at 3,438 cm-1 was obviously weakened in the 

infrared spectrum of SHS, and the asymmetrical stretching 

vibration peak of the sulfate group O=S=O at 1,267 cm-1 was 

obviously enhanced. Furthermore, the characteristic peaks of 

C-O-S stretching vibration of the C-6 position were observed 

Table 1 The viscosity average MW of SHS

Substituting 
degree of SHS

[η]/100 mL/g MW

0 17.5 1.02×106

0.37 11.2 5.76×105

0.64 3.7 1.39×105

0.93 1.1 2.94×104

1.13 0.9 2.27×104

Abbreviations: MW, molecular weight; SHS, sodium hyaluronate sulfate.
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α
α

Figure 2 SEM analysis of bone repair materials: (A) α-CSH/OCP/SH and (B) α-CSH/OCP/SHS.
Abbreviations: α-CSH, α-hemihydrate calcium sulfate; OCP, octacalcium phosphate; SH, sodium hyaluronate; SEM, scanning electron microscopy; SHS, SH sulfate.
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Figure 3 (A) The 13C NMR spectrum of SHS; (B) X-ray diffraction pattern of composite materials: (a) α-CSH, (b) α-CSH/OCP/SH, and (c) α-CSH/OCP/SHS; and 
(C1 and C2) Fourier-transform infrared spectra of materials: (C1a) SH, (C1b) SHS, (C2a) α-CSH, (C2b) α-CSH/OCP, and (C2c) OCP.
Abbreviations: α-CSH, α-hemihydrate calcium sulfate; NMR, nuclear magnetic resonance; OCP, octacalcium phosphate; SH, sodium hyaluronate; SHS, SH sulfate.
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at 802 cm-1. These results fully show that the sulfate group was 

successfully introduced into the SH structure. No characteris-

tic peaks of other functional groups were found in the spectra, 

indicating that the sulfate groups were not introduced into other 

hydroxyl sites and that the structure of SH was not destroyed.

XRD
The XRD spectra of (a) α-CSH, (b) α-CSH/OCP/SH and 

(c) α-CSH/OCP/SHS samples are shown in Figure 3B. 

The peaks at 2θ=14.8, 32.0, 25.7, 29.8, and 42.3° are the 

characteristic peaks of α-CSH. For α-CSH/OCP/SH (b) and 

α-CSH/OCP/SHS (c) samples, the observed spectra can be 

considered combinations of OCP and SH/SHS. These find-

ings indicate that SH/SHS filled the gaps in the α-CSH/OCP 

network, and the lack of apparent interruptions indicates 

crystalline SH/SHS and amorphous α-CSH/OCP.

TGA
Figure 4A presents TGA curves of α-CSH/OCP/SH and 

α-CSH/OCP/SHS samples. As shown in Figure 4A1, there 

are three sections of the TG curves for α-CSH/OCP/SH 

samples. The first section is at approximately 100°C–146°C, 

which can be explained by the loss of free water and crystal 

water. Weight loss occurs at approximately 200°C, caused by 

the thermal decomposition of SH. Similarly, TG curves for 

α-CSH/OCP/SHS samples have three sections (Figure 4A2). 

The section at approximately 100°C–150°C can be attributed 

to the loss of free water and crystal water, and the section at 

200°C is caused by the thermal decomposition of SHS.

Porosity and pore size
The porosity was 27.45% for α-CSH/OCP/SH and 30.63% 

for α-CSH/OCP/SHS, indicating that α-CSH/OCP/SH is 

denser than α-CSH/OCP/SHS.

Setting time
The initial and final setting times of the α-CSH/OCP/SH com-

posite were 4.456 and 43.544 minutes, respectively. The ini-

tial and final setting times of the α-CSH/OCP/SHS composite 

were 5.258 and 51.357 minutes, respectively. In contrast, 

α
α

Figure 4 (A) Thermogravimetric analysis of composite materials: (A1) α-CSH/OCP/SH and (A2) α-CSH/OCP/SHS. (B) In vitro degradation analysis of composite materials. 
(C) Mechanical property analysis of α-CSH/OCP/SH and α-CSH/OCP/SHS composites after different aging periods.
Abbreviations: α-CSH, α-hemihydrate calcium sulfate; DSC, differential scanning calorimetry; DTG, derivative thermogravimetry; MW, molecular weight; OCP, octacalcium 
phosphate; SH, sodium hyaluronate; SHS, SH sulfate; TG, thermogravimetric.
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α-CSH had an initial setting time of 2.492 minutes and a 

final setting time of 4.211 minutes (Table 2).

In vitro degradation
As shown in Figure 4B, the three materials were degradable. 

In the first 5  days, the three materials degraded quickly. 

At 28 days, the degradation rates of the α-CSH/OCP/SHS 

composite, the α-CSH/OCP/SH composite, and CSH were 

40.0, 64.0, and 77.0%, respectively. The analysis shows that 

α-CSH degradation was too rapid, α-CSH/OCP/SHS degra-

dation was too slow, and the α-CSH/OCP/SH degradation 

rate was ideal.

Mechanical property test
Figure 4C depicts the compressive strength analysis of 

α-CSH/OCP/SH and α-CSH/OCP/SHS composites at differ-

ent time points. Overall, the mechanical strength of the two 

composite artificial bone materials gradually decreased as 

they degraded. The compressive strength value of the α-CSH/

OCP/SH composite was 13.72 MPa on day 1 but decreased 

to 29% of this value after 28 days. The compressive strength 

value of the α-CSH/OCP/SHS composite was 14.21 MPa 

on day 1 but decreased to 32% of this value after 28 days. 

The mechanical strength of α-CSH/OCP/SHS composite 

artificial bone material was greater than that of α-CSH/OCP/

SH. In general, the mechanical strength of the α-CSH/OCP/

SH and α-CSH/OCP/SHS composites gradually stabilized, 

which fits the requirements for the degradation rate of ideal 

bone repair materials.

Wettability
The wettability of α-CSH, α-CSH/OCP/SH, and α-CSH/

OCP/SHS was evaluated using the contact angle method. The 

contact angles of α-CSH, α-CSH/OCP/SH and α-CSH/OCP/

SHS were 18.9, 16.9, and 13.0°, respectively. These results 

indicated that the addition of SH/SHS to the hydrophobic 

α-CSH/OCP composite material improved the hydrophilic 

properties of α-CSH/OCP/SH and α-CSH/OCP/SHS bone 

repair materials.

Biocompatibility
MTT assay results
ANOVA was used to compare differences among groups. 

The effects of the materials on rabbit BMSC proliferation are 

shown in Figure 5. The relative proliferation rate in the 25% 

α-CSH/OCP/SH group was higher than that in the control, 

25% OCP, 25% α-CSH/OCP, and 25% α-CSH/OCP/SHS 

groups from days 1 to 7. The relative proliferation rates of 

the α-CSH/OCP/SH groups were greater than 90%. Thus, 

the cytotoxicity of α-CSH/OCP/SH on rabbit BMSCs was 

characterized as class 0–1, indicating no obvious cytotoxicity. 

The relative proliferation rates of the α-CSH/OCP/SHS 

groups were less than 50%.

Acute toxicity test results
At 72 hours after the injection of materials solutions, all rabbits 

showed normal eating and movement behavior and appeared to 

be in a good mental state. There were no signs of toxicity, such 

as paralysis, respiratory inhibition, and reduced activity.

Pyrogenic test results
At 1, 2, and 3 hours after the injection of the material solu-

tions, the body temperature increase in all experimental 

rabbits was less than 0.6°C. There was no abnormal increase 

in the body temperature of rabbits that received chemical 

treatment, indicating that the materials in the physical and 

chemical treatments did not induce a pyrogenic reaction. 

ANOVA of the completely randomized experiment showed 

no significant changes in body temperature before or after 

the pyrogenic test (P.0.05, Table 3).

Intracutaneous stimulation test results
The local skin of rabbits in the experimental and control 

groups was observed for red spots, edema, and necrosis 

immediately after injection and at 24, 48, and 72 hours postin-

jection. No obvious red spots were observed on experimental 

animals, indicating mild irritation at most.

Hemolysis test results
In the hemolysis test, the HR values of α-CSH/OCP/SH, 

α-CSH/OCP, and OCP were below 5% and the HR value 

of α-CSH/OCP/SHS was greater than 5% (Table 4). Thus, 

α-CSH/OCP/SH did not lead to erythrocyte rupture accord-

ing to the ISO standard.

BMSC osteogenesis in vitro
Western blot analysis results
ANOVA was used to compare differences among groups. 

Figure 6A shows the protein expression levels of ALP, 

Table 2 Setting time analysis

Initial setting 
time (t1/min)

Final setting 
time (t2/min)

t2–t1

α-CSH 2.492 4.211 1.719
α-CSH/OCP/SH 4.456 43.544 39.088
α-CSH/OCP/SHS 5.258 51.357 46.099

Abbreviations: α-CSH, α-hemihydrate calcium sulfate; OCP, octacalcium phosphate; 
SH, sodium hyaluronate; SHS, SH sulfate.
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α
α

α

Figure 5 The RGR of rabbit BMSCs.
Notes: (A) RGR of BMSC when the extract of the material was 25%. (B) RGR of BMSC when the extract of the material was 50%. (C) RGR of BMSC when the extract of 
the material was 100%. **P#0.01.
Abbreviations: BMSC, bone marrow-derived mesenchymal stem cell; α-CSH, α-hemihydrate calcium sulfate; OCP, octacalcium phosphate; RGR, relative growth rate; SH, 
sodium hyaluronate; SHS, SH sulfate.
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COL1, OPN, OCN, and RUNX2, which are quantified in 

Figure 6B–F. The results showed that the expression of 

these proteins was always higher in the 25% α-CSH/OCP/

SH group than in the control, 25% OCP, 25% α-CSH/OCP, 

and 25% α-CSH/OCP/SHS groups.

Immunofluorescence staining results
After incubation, confocal microscopy was performed to 

detect immunofluorescence for COL1, ALP, OPN, OCN, and 

RUNX2. The expression of COL1, ALP, OPN, OCN, and 

RUNX2 was absent or weak in the negative control group 

but strong in the OCP, α-CSH/OCP, and α-CSH/OCP/SHS 

groups. COL1, ALP, OPN, OCN, and RUNX2 expressions 

were highest in the α-CSH/OCP/SH group (Figure 7).

In vivo osteogenesis
As shown in Figure 8, the α-CSH/OCP, α-CSH/OCP/SH, 

and positive control groups had significantly more new cal-

luses than the other groups at 3 weeks after the operation. 

At 6 weeks after the operation, there was significant callus 

formation in all but the negative control and OCP groups; 

furthermore, the α-CSH/OCP/SH group and the positive 

control group had formed a medullary cavity in the bone 

defect. Nine weeks after the operation, the bone defects in 

the α-CSH/OCP/SH group and the positive control group 

were completely healed, including callus and medullary 

cavity formation. Significant bone defects remained in the 

negative control group. Although there was no obvious bone 

defect in the other groups, there was no medullary cavity. 

The histological examination results showed no presence of 

inflammatory cells, dead cells, differentiated cells, or abnor-

mal neonatal tissue in the liver or kidney (Figure 9).

Discussion
In this study, a novel and functional bone tissue engineer-

ing material was prepared. The porous composite bone 

tissue engineering material α-CSH/OCP/SH has a specific 

degradation rate and favorable mechanical strength. MTT, 

hemolysis, acute toxicity, pyrogenic, and intracutaneous 

stimulation assays were performed. The results show that 

the composite materials have excellent biocompatibility. 

The capability of the materials to induce the osteoblast 

differentiation of BMSCs and to repair bone defects in an 

animal model was also evaluated. The composite materials 

have demonstrated abilities to induce bone regeneration and 

self-repair. Therefore, these materials can be used in bone 

tissue engineering.

When the surface morphology of the bone repair materi-

als was observed by SEM, the α-CSH/OCP/SH and α-CSH/

OCP/SHS composite materials exhibited typical α-CSH and 

OCP crystal morphology with larger pores. Open pores are 

beneficial for osseointegration as they facilitate the transport 

of nutrients and oxygen required for vascularization during 

bone tissue development.35 The setting time is known to be 

important for bone repair materials in the bone tissue engi-

neering field. Setting time analysis revealed that the addition 

of SH/SHS improved the initial setting time (t
1
), final setting 

time (t
2
), and t

2
-t

1
 value. The setting time of α-CSH/OCP/

SHS composite artificial bone was longer, which is benefi-

cial for the clinical application of artificial bone materials. 

Compressive strength analysis provides information on the 

mechanical properties of materials and is an important tool 

for modern orthopedic applications. A higher compressive 

strength indicates increased material strength.7 The materials 

had initial compressive strength values 13.72 and 14.21, but 

Table 3 Changes in body temperature (X±S, n=3, °C)

Normal body 
temperature (°C)

Body temperature after experiment Difference (°C) P-value

1 hour 2 hours 3 hours

Control 36.28±0.12 36.3±0.10 36.23±0.12 36.27±0.12 0.00±0.00
OCP 36.31±0.10 36.31±0.10 36.27±0.10 36.31±0.00 0.09±0.10 0.443
α-CSH/OCP 36.24±0.11 36.30±0.00 36.30±0.10 36.23±0.00 0.12±0.10 0.170
α-CSH/OCP/SH 36.32±0.16 36.43±0.15 36.30±0.17 36.03±0.76 0.20±0.26 0.168
α-CSH/OCP/SHS 36.46±0.17 36.47±0.06 36.37±0.06 36.33±0.21 0.03±0.06 0.803

Note: P.0.05 indicates no significant difference between the experimental and control groups.
Abbreviations: α-CSH, α-hemihydrate calcium sulfate; OCP, octacalcium phosphate; SH, sodium hyaluronate; SHS, SH sulfate.

Table 4 Hemolysis ratio

Group OD value 
(mean ± SD)

Hemolysis (%)

Normal physiological saline 0.0994±0.0100 0
Distilled water 0.4727±0.0544 100
OCP 0.1180±0.0020 4.9
α-CSH/OCP 0.1110±0.0010 3.0
α-CSH/OCP/SH 0.1152±0.0120 4.2
α-CSH/OCP/SHS 0.2446±0.0201 38.9

Abbreviations: α-CSH, α-hemihydrate calcium sulfate; OCP, octacalcium phosphate; 
SH, sodium hyaluronate; SHS, SH sulfate.
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Figure 6 Western blot assays.
Notes: (A) Expression of proteins. (B) Relative expression of alkaline phosphatase (ALP). (C) Relative expression of collagen type 1 (COL1). (D) Relative expression of 
osteopontin (OPN). (E) Relative expression of osteocalcin (OCN). (F) Relative expression of runt-related transcription factor 2 (RUNX2). **P#0.01.
Abbreviations: α-CSH, α-hemihydrate calcium sulfate; NC, negative control; OCP, octacalcium phosphate; SH, sodium hyaluronate; SHS, SH sulfate.

after 28 days, these values decreased to 29 and 32% of the 

initial values, respectively, which meets the requirements 

for bone regeneration. In body fluids, which contain bond-

ing agents and hydrolyzers, the material is decomposed by 

physical dissolution into particles, molecules, and ions; this 

process dissolves the material.36 The degradation of α-CSH 

was too fast in vitro. As a calcium phosphate bone graft 

material, OCP has a low solubility, resulting in a degradation 

rate that is too slow for ready absorption by the body and not 

conducive to new bone growth. In addition, an acidic envi-

ronment is generated in the process of α-CSH degradation, 

which may cause local inflammation when applied clini-

cally. Conversely, OCP is alkaline, and its aqueous solution 

is weakly alkaline; therefore, the complex can help body 

fluids remain at an appropriate pH for bone tissue repair37 

and exhibits an appropriate degradation rate. In our study, 
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Negative control OCP α-CSH/OCP α-CSH/OCP/SH α-CSH/OCP/SHS
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Figure 7 Immunofluorescence staining for COL1, ALP, OPN, OCN, and RUNX2.
Note: Bars = 50 µm.
Abbreviations: α-CSH, hemihydrate calcium sulfate; OCP, octacalcium phosphate; SH, sodium hyaluronate; SHS, SH sulfate.

the in vitro degradation rate of the composites was decreased 

by the addition of OCP; this result was in line with the above 

results. Both α-CSH/OCP/SH and α-CSH/OCP/SHS had an 

ideal degradation rate. The surface of materials will contact 

and interact with cells first, so the superficial physicochemical 

properties of materials, such as hydrophilicity and hydropho-

bicity, can influence a series of cellular responses, including 

adhesion, proliferation, and differentiation.38 The surface 

hydrophilicity of materials can be represented by the contact 

angle with water, with better surface hydrophilicity indicated 

by a smaller contact angle with water. The contact angles of 

α-CSH, α-CSH/OCP/SH, and α-CSH/OCP/SHS were 18.9, 

16.9, and 13.0°, respectively, indicating that the addition of 

SH/SHS to hydrophobic α-CSH/OCP materials improved 

the hydrophilicity of α-CSH/OCP/SH and α-CSH/OCP/SHS 

bone repair materials. α-CSH/OCP/SH and α-CSH/OCP/SHS 

had good bioactivity. In our study, the porosity was 30.63% 

for α-CSH/OCP/SH and 27.45% for α-CSH/OCP/SHS. 

These results indicate that α-CSH/OCP/SH is promising for 

biomaterial applications, because the ideal porosity of implant 

materials is in the range of 30–90 vol%.39

The biocompatibility of bone repair materials is defined 

as the ability of the material to support cellular activity. 

Thus, biomaterials should be nontoxic.35 The biocompatibility 

of the materials was assessed by acute toxicity, pyrogenic, 

and intracutaneous stimulation tests. The results showed that 

the bone repair materials caused no acute toxicity, pyrogenic 

reaction, or stimulation.

BMSCs are an attractive choice for bone tissue engi-

neering because they can differentiate into cells in the 

mesoderm lineage, including osteoblasts, chondrocytes, 

and adipocytes,40,41 as they are multipotent cells character-

ized by high proliferation and differentiation abilities and 

limited immunosuppression and immunogenicity. Under 

different induction conditions, BMSCs can be differenti-

ated into osteoblasts, fibroblasts, and chondrocytes.42 MTT 

cytotoxicity assays were performed on the leachate of the 

bone repair materials; the results showed that the relative 

proliferation rates in the α-CSH/OCP/SH groups were 

greater than 90%. The safety of the bone repair materials 

was evaluated according to the International Standard ISO-

10993 “Biological Evaluation of Medical Devices Part 1”. 

The cytotoxicity of the leachate of α-CSH/OCP/SH bone 

repair materials on rabbit BMSCs was class 0–1, indicating 

no obvious cytotoxicity. The relative proliferation rates in 

the α-CSH/OCP/SHS groups were less than 50%, indicating 
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α
α

α

Figure 8 X-ray detection of bone repair in the animal model.
Note: The arrows point to bone defect area.
Abbreviations: α-CSH, hemihydrate calcium sulfate; OCP, octacalcium phosphate; R, right; SH, sodium hyaluronate; SHS, SH sulfate.

obvious cytotoxicity. It is important to develop a biomate-

rial that mimics natural bone ECM both chemically and 

structurally.43 Bone ECM proteins include OPN and OCN. 

RUNX2 regulates cell growth, angiogenesis and the produc-

tion of signaling proteins, which are involved in the formation 

of osteoblast phenotypes.44 Bone is rich in collagen I. The cell 

surface glycoprotein ALP is involved in the mineralization 

of bone tissue and is the most widely recognized marker of 

osteoblast differentiation.45 Therefore, these proteins are 

commonly used as specific markers of osteoblast activity 

in vitro and in vivo. After inducing osteoblast differentiation 

for 7 days, Western blot analysis and immunofluorescence 

staining revealed that the expression levels of these proteins 

were higher in the α-CSH/OCP/SH and α-CSH/OCP/SHS 
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Figure 9 Histology of the liver (A) and kidney (B) 6 and 9 weeks after implantation.
Note: Original magnification, 40× and 200×.
Abbreviations: α-CSH, hemihydrate calcium sulfate; OCP, octacalcium phosphate; SH, sodium hyaluronate; SHS, SH sulfate.

groups than in the control group. These results suggest that 

the α-CSH/OCP/SH and α-CSH/OCP/SHS materials can 

induce bone-forming protein expression and promote cell 

adhesion and spreading.

The in vitro experiment results prompted us to investigate 

the properties of the bone repair materials in vivo. A rab-

bit radius-defect model was used to investigate the ability 

of the α-CSH/OCP/SH and α-CSH/OCP/SHS materials to 

promote osteogenesis. The rabbit defect model was adopted 

to allow defect repair in a short period of time. Active bone 

regeneration in the defects occurred in both the experimen-

tal and positive control groups. The results further showed 

that the α-CSH/OCP/SH material promoted the differen-

tiation of BMSCs into osteoblasts in vivo. The histological 
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analyses suggested that the α-CSH/OCP/SH materials are 

biocompatible. Taken together, the results indicate that 

the implanted materials and cells are able to appropriately 

promote osteogenesis.

Conclusion
In this study, we developed the porous composite α-CSH/

OCP/SH for use as bone tissue engineering material. The 

composite material is a noncytotoxic 3D porous structure 

with good biological conductivity and excellent biocompat-

ibility and biodegradation that exhibited clear advantages 

regarding the induction of bone regeneration and self-repair. 

Moreover, α-CSH/OCP/SH closely mimics natural bone 

matrix and is a promising biomimetic bone repair material.
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