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A B S T R A C T   

Calcium phosphate cements (CPC) are widely anticipated to be an optimum bone repair substitute due to its 
satisfied biocompatibility and degradability, suitable to be used in minimally invasive treatment of bone defects. 
However the clinical application of CPC is still not satisfied by its poor cohesiveness and mechanical properties, 
in particular its osteoinductivity. Hyaluronic acid reinforced calcium phosphate cements (HA/CPC) showed 
extroadinary potential not only enhancing the compressive strength of the cements but also significantly 
increasing its osteoinductivity. In our study, the compressive strength of HA/CPC increased significantly when 
the cement was added 1% hyaluronic acid (denoted as 1-HA/CPC). In the meantime, hyaluronic acid obviously 
promoted ALP activity, osteogenic related protein and mRNA expression of hBMSCs (human bone marrow 
mesenchymal stem cells) in vitro, cement group of HA/CPC with 4% hyaluronic acid adding (denoted as 4-HA/ 
CPC) showed optimal enhancement in hBMSCs differentiation. After being implanted in rat tibial defects, 4-HA/ 
CPC group exhibited better bone repair ability and bone growth promoting factors, comparing to pure CPC and 1- 
HA/CPC groups. The underlying biological mechanism of this stimulation for HA/CPC may be on account of 
higher osteogenic promoting factors secretion and osteogenic genes expression with hyaluronic acid incorpo
ration. These results indicate that hyaluronic acid is a highly anticipated additive to improve physicochemical 
properties and osteoinductivity performance of CPCs for minimally invasive healing of bone defects.   

1. Introduction 

Large bone defects, the clinical challenges to enhance bone quality, 
mainly arisen by trauma, malignancy, infection and congenital diseases 
are frequently occurrences in orthopedic and craniofacial surgery [1]. 
Until now, autologous bone grafts and allografts are still highly priority 
in the treatment of large bone defects, even though they suffer from 
limitations including short supply, donor site morbidity, immunoge
nicity and possible disease transmission and immune reaction [2]. 

Therefore it’s becaming dramatically exigent to develop biomaterials as 
bone graft that satisfy different bone repair needs. 

Among various types of commercial injectable bone grafts, calcium 
phosphate cement (CPC) has been paid widely attention due to its 
similarity to nature bone since developed in 1980s by Chow [3]. After 
setting, it can spontaneously bonding with bone tissues by the formation 
of hydroxyapatite-like mineral [4,5], the thermodynamic stable phase in 
calcium phosphates. However, the brittleness and less osteogenesis of 
CPC restrict wider application due to its poor cohesiveness, 
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non-sufficient mechanical properties and lack of osteoinductivity [6]. 
Many studies have attempted to improve physicochemical properties, 
such as mechanical properties and cohesiveness, and biological perfor
mance of CPC [4–8]. It was reported that polymers, especially the nat
ural biopolymers, dissolved in the setting liquid of the starting mixture, 
could react during the setting process to form an interconnecting 
hydrogel matrix within the porous cement structure, which might lead 
to an increase in the compressive strength of the cement after setting [9]. 
Moreover, adding an organic phase such as carboxymethyl cellulose 
(CMC), gelatin, chitosan, or konjac glucomannan to CPC could also 
improve the washout resistance of the cement [10–12]. 

Incorporation of natural biopolymers such as hyaluronic acid (HA) 
into the cement matrix has also been found to be an attractive approach 
[13]. Hyaluronic acid is a natural linear glycosaminoglycan with high 
hydrophilicity, non-toxicity, non-immunogenicity and good biocom
patibility [14]. Besides, hyaluronic acid is one of the major components 
of extracellular matrix (ECM) in mammalian connective tissues, ful
filling both physiochemical and biological functions [14]. Through 
direct or indirect interactions with specific binding proteins, such as 
CD44, transforming growth factor-β (TGF-β) and so on [15], hyaluronic 
acid can stimulate cell adhesion, proliferation and differentiation [16]. 
After being implanted in vivo, hyaluronic acid could modulate differ
entiation of bone marrow mesenchymal stem cells (BMSCs) to accelerate 
healing of cranial bone defects [17,18]. Moreover, the degradation 
products of hyaluronic acid have been reported to induce an angiogenic 
response (formation of new blood vessels) on the chick chorioallantoic 
membrane [19]. 

While these results are inspiring, the proper amount of hyaluronic 
acid (HA) in calcium phosphate cement to achieve the optimal physi
cochemical properties and ability to stimulate bone repair still needs to 
be discussed, and the underlying biological mechanism of this stimula
tion of hyaluronic acid incoporating into calcium phosphate cement is 
yet to be determined. 

Therefore, this study was aimed to conduct the effects of hyaluronic 
acid on physicochemical properties and osteogenic capacity of a calcium 
phosphate cement. Firstly, cements composed of biphasic phosphate 
particles and citric acid liquid phase incorporated with varying amounts 
of hyaluronic acid (0–4 wt %) were selected. Subsequently, hydroxy
apatite conversion, compressive strength and handling properties of the 
cements were evaluated in vitro. Then the ability of hyaluronic acid in 
the cements to affect proliferation, differentiation and mineralization of 
human bone marrow stem cells (hBMSCs) was studied in vitro. Cements 
were implanted for 4, 8 and 12 weeks in a rat tibial defect to evaluate the 
healing effects as follow. 

2. Materials and methods 

2.1. Fabrication of hyaluronic acid/calcium phosphate cements 

The hyaluronic acid/calcium phosphate (HA/CPC) cements were 
composed of biphasic calcium phosphate powder (solid phase) and a 
liquid phase. The biphasic calcium phosphate powder contained tetra- 
calcium phosphate (TTCP) (Sigma-Aldrich) and dicalcium phosphate 
anhydrous (DCPA) (Sigma-Aldrich) in a 1:1 ratio in molar acorrding to 
our previous research [6]. The biphasic calcium phosphate powder was 
produced through mixing TTCP and DCPA in a planetary ball milling 
(QM-3SP2, Nanjing NanDa) at 360 rpm for 2 h. The cement liquid phase 
was prepared by dissolving hyaluronic acid powder (97%, ~100 KDa, 
Shanghai Macklin Biochemical Industry Co., Ltd) in a citric acid solu
tion. The citric acid solution (20%, w/v, pH = 4) was produced by 
dissolving acid monohydrate (Sinopharm) in deionized water with 0.1 M 
NaOH (Sinopharm) adjusting its pH value. After being stirred for 10–20 
min, 0%, 1% and 4% (w/v) hyaluronic acid was added to the citric acid 
solution. The mixing solution was stored at 4 ◦C after continuous stirring 
for future use. Pasty adhesive was prepared by stirring the biphasic 
calcium phosphate powder and the liquid phase in a plastic bowl for 

about 2.0 min using a pestle. A fixed ration of solid phase to liquid phase 
(weight to volume ratio) was 2:1 g/ml for each cement group acorrding 
to our previous research [6]. Then the cement paste was filled into 
polytetrafluoroethylene molds of different sizes (such as the size of 12 
mm × 3.0 mm) and allowed for setting for 30 min. The cement samples 
were taken out and dried for 24 h at room temperature for future use. 
The composition of hyaluronic acid/calcium phosphate cements are 
listed in Table 1. 

2.2. Handling properties of hyaluronic acid/calcium phosphate cements 
in vitro 

Injectability of the cement paste was measured in vitro using a 
method described previously [20]. Briefly, the prepared cement pastes, 
as described above, was placed into a 2.5 ml syringe (Kindly Enterprise 
Development Group Co., Ltd) with an opening diameter of 1.7 mm. To 
injected out of the paste, a force of 150 N was applied vertically at sy
ringe piston with a crosshead speed of 5 mm/min using a universal tester 
(ZHIQU Test Machine Inc.). The injectability (Ij) of the cement paste was 
calculated using equation (1), where Wo is the initial weight of the paste 
in the syringe, and W is weight of remaining paste in the syringe after the 
injection. For injectability test, 6 samples were used as duplicate and the 
results are expressed as a mean ± SD. 

Ij=
Wo − W

Wo
∗100% (1) 

To test the initial setting time (IST) of cements, pastes prepared as 
presented above was extruded in a Teflon mold with size of 20 mm in 
diameter and 5 mm in height and placed in constant temperature (37 ◦C) 
and humidity (60%) chamber. IST was determined using Gilmore 
method according to ASTM C266-2007. For IST test, 6 samples were 
used as duplicate and the results are expressed as a mean ± SD. 

2.3. Hydroxyapatite conversion and bioactivity of hyaluronic acid/ 
calcium phosphate cements in vitro 

Hydroxyapatite conversion and bioactivity of different cement 
groups was evaluated as a function of immersing time in phosphate 
buffer solution at 37 ◦C. Cement samples with size of 12 mm in diameter 
and 3 mm in height) were immersed in 33.9 ml PBS (The calculation is 
based on references [21]) in sterile polyethylene containers, with one 
sample per container. At selected time point, cement samples were taken 
out, washed with deionized water and dried at room temperature. 5 
samples were used as duplicate and the results were showed as mean ±
SD. Surface and cross-sections morphological features of the cements 
before and after being immersed in PBS were characterized by field 
emission scanning electron microscope (FE-SEM) (Nova NanoSEM 450, 
FEI). Hydration and conversion of hydroxyapatite in the cements before 
and after being immersed in PBS was measured by X-ray diffraction 
method (D/max-2500VB2+/PC, Rigaku). Monochromatic Cu Kα radia
tion (λ = 0.15406 nm) was used and the scanning rate was 8◦ min− 1 (in 
the range of 10–80◦ 2θ). 

2.4. Compressive strength of hyaluronic acid/calcium phosphate cements 

Compressive strength of the as-prepared cements was tested in a 

Table 1 
Composition of hyaluronic acid/calcium phosphate cements.  

Cements Solid phase (g) Setting liquid (ml) 

Composition TTCP: DCPA = 1:1 
(molar ratio) 

hyaluronic acid 
(g) 

Citric acid 
solution (ml) 

pH 

CPC 2 0 1 4 
1-HA/CPC 2 0.01 1 4 
4-HA/CPC 2 0.04 1 4  
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universal tester (ZHIQU Test Machine Inc) Vs immersing time umtil 21 
days in PBS. Cylindrical samples (6 mm × 12 mm) were immersed in 
28.3 ml PBS (The calculation is based on references [21]) in sterile 
polyethylene containers (one sample per container). Five samples per 
group were subjected to testing at a crosshead speed of 1.0 mm/min at 
each time point. Compressive strength per sample was finally expressed 
as mean ± SD. 

2.5. In vitro response of human bone marrow mesenchymal stromal cells 
(hBMSCs) to hyaluronic acid/calcium phosphate cements 

2.5.1. Cell culture 
The hBMSCs(ATCC®, PCS-500-012™) were cultured in α-MEM me

dium (Corning) with 10% fetal bovine serum (FBS; GIBCO, Australia) 
and 1% Penicillin-Streptomycin Solution (GIBCO). The cell digestion by 
using Trypsin EDTA solution (HyClone). The 6–8 generation of hBMSCs 
were cultured at normal cell incubator environment (37 ◦C, 5% CO2 and 
95% air). For the osteogenic induction studies, hBMSCs were cultured in 
the α-MEM medium for 3 days. After that, the cell medium was displaced 
by osteogenic inducing medium (OIM). OIM was prepared by adding 
10% FBS and 1% Penicillin-Streptomycin Solution, 10 mM β-glycer
olphosphate (Sigma-Aldrich), 50 μM ascorbic acid (Sigma-Aldrich), and 
100 nM dexamethasone (Sigma-Aldrich) into α-MEM. All of the cement 
specimens used in this study were sterilized by 75% alcohol. 

2.5.2. Cell adhesion and proliferation 
The hBMSCs were cultured and seeded on tablet samples (10 mm ×

3 mm) of each cement group with 5 × 104 cells per well in 24-well tissue 
culture plates. The hBMSCs were incubated in α-MEM medium with 10% 
FBS. The cells were cultured at normal cell incubator environment 
(37 ◦C, 5% CO2 and 95% air). After 1 h and 24 h, specimens with cells 
were washed two times with PBS, and treated with 10% neutral formalin 
(BOSTER) for 15 min at room temperature, then washed three times 
with PBS. After being dehydrated in different grade of ethanol (50%, 
70%, 90%, 95%, 100% ethanol in water, dehydrated for 5 min twice 
with each grade), and dried in a freeze dryer, the samples were coated 
with gold and tested in a FE-SEM (Nova NanoSEM 450, FEI). The 
hBMSCs proliferation was evaluated by CCK-8 assay (TransGen 
Biotech). Briefly, CPC, 1-HA/CPC, 4-HA/CPC samples (10 mm in 
diameter × 3 mm in height) were immersed in α-MEM with 10% FBS 
(0.2 g/ml) at 37 ◦C in the cell incubator for 24 h to obtain the cement 
extracts with extration ration (surface area of samples/volume) of 1.25 
cm2/ml according to ISO 10993. hBMSCs with density of 5 × 103 cell/ 
well were seeded and incubated in α-MEM medium with 10% FBS in 96- 
well plates. After 24 h, the cell medium was displaced with the cement 
extracts. With another culture time of 1, 3 and 5 days respectively, the 
extracts in plates were replaced with fresh cell medium containing 10% 
CCK-8. After incubation for another 2 h in the cell incubator, the 
absorbance was measured at 450 nm by Multiskan Spectrum Microplate 
Spectrophotometer (Thermo Scientific). The cell medium without 
extract was used as the control. 

2.5.3. Osteogenic differentiation 
The hBMSCs were co-cultured with sterilized cement samples (12 

mm × 3 mm) in 6-well plates with 1 × 105 cells per well in α-MEM 
medium with 10% FBS. The cell cultures were maintained att cell 
incubator environment (37 ◦C, 5% CO2 and 95% air). After the cell 
confluence researched approximately 80%, the culture medium was 
change into OIM to induce differentiation of hBMSCs. After being 
incubated in OIM for 7, 14 and 21 days, OIM was discarded and the cells 
were washed two times with PBS. Differentiation of hBMSCs was tested 
with ALP activity and ALP stain. 

ALP activity was examined with ALP detection kit (Beyotime 
Biotechnology). After 7 days of incubation, cells were lysed, and the ALP 
assay referred to the kit protocol (Beyotime Biotechnology). The total 
cellular protein was quantified simultaneously by BCA protein assay kit 

(thermo fisher scientific). The ALP activity results were normalized by 
total cellular protein. The culture medium without cement sample was 
used as the control. ALP staining was performed according to ALP 
staining kit protocol (Beyotime Biotechnology). After 7 days of incu
bation, the cell monolayer was washed two times with PBS and treated 
with 10% neutral formalin for 15 min at room temperature. After being 
washed two times with PBS, the cell samples were stained refer to ALP 
staining kit protocol and visualized with optical microscope (Axioskop 
40; Carl Zeiss). The culture medium without cement sample was used as 
the control. 

2.5.4. Expression of the osteogenic-related protein 
Runt related transcription factor 2 (RUNX-2), Osteopontin (OPN) 

expression of hBMSCs was assessed by immunofluorescence assay (IF) 
after being co-cultured with cement samples for 7 days in OIM. After 7 
days of incubation, the cell monolayer was washed two times with PBS, 
and treated with 10% neutral formalin for 15 min at room temperature. 
After being washed two times with PBS, the cell samples were incubated 
in blocking buffer (Beyotime Biotechnology) for 10 min. After that, cells 
were treated with anti-RUNX-2 and anti-OPN antibody solution (1: 100, 
Abcam) overnight at 4 ◦C, followed by incubation with secondary an
tibodies, goat anti-rat IgG with Alexa Fluor 488 (Abcam) for 1 h at room 
temperature, after that treated with rhodamine phalloidin (Invitrogen). 
The nucleus were stained by DAPI (Sigma-Aldrich). Expression of RUNX- 
2 and OPN was visualized using fluorescence Microscope (Olympus 
BX53, Olympus Global). The culture medium without cement samples 
was used as the control. 

2.5.5. Expression of the osteogenesis-related genes 
Osteogenic-related gene of hBMSCs treated with cements in OIM was 

detected by Quantitative reverse transcription-polymerase chain reac
tion (qRT-PCR). After being treated for 7, 14 and 21 days, the cell sample 
collection was used by AllPure Cell Kit (Magen) to extract the total RNA 
in cell samples. The RNA reverse-transcribed into complementary DNA 
(cDNA) was used by aRevert Aid First Strand cDNA Synthesis Kit 
(Thermo Fisher Scientific). qRT-PCR was performed to examine the gene 
expressed level of RUNX-2, OPN, ALP, and human β-actin was used as 
reference. Primer sequences information is listed in Table 2. 

2.6. In vivo evaluation of hyaluronic acid/calcium phosphate cements 

2.6.1. Animal model and implantation procedure 
The animal experiment was obtained approval to execute in Shenz

hen Institutes of Advanced Technology, Chinese Academy of Science. 27 
adolescent female rats (3 months old, 250 ± 25 g) were used. The rats 
were kept separately in a stainless steel cage with metal wires at a 
temperature of 22 ◦C, with a 12 h/12 h light/dark cycle. All of rats were 
allowed to move, eat and drink freely after the operation. Upon arrival, 
the rats acclimated for seven days before initiation of the study. The sites 
for implantation were cleaned with 70% ethanol and betadine TM (10% 
povidone iodine). All of the animals underwent intraperitoneal surgery 
for general anesthesia with pentobarbital sodium (0.1 ml per 100 g, 
Tokyo Kasei Kogyo). 

The cement specimens that already solidified (CPC, 1-HA/CPC, 4- 

Table 2 
The sequences of genes (F: forward primer R: reverse primer).  

Gene primer Primer sequences (5’→3′) 

ALP F ACCACCACGAGAGTGAACCA 
R CGTTGTCTGAGTACCAGTCCC 

RUNX-2 F TGGTTACTGTCATGGCGGGTA 
R TCTCAGATCGTTGAACCTTGCTA 

OPN F ACGCCGACCAAGGAAAACTC 
R GTCCATAAACCACACTATCACCTCG 

β-actin F CATGTACGTTGCTATCCAGGC 
R CTCCTTAATGTCACGCACGAT  
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HA/CPC) were implanted in the metaphyseal region of medial tibia for 
both hind limbs. A longitudinal incision was made on the anterior sur
face of the tibia. The periosteum was then excised and a 2 mm guide hole 
was drilled with a thorn of 2 mm diameter. A ring was inserted at a depth 
of 2 mm to ensure the proper depth (2 mm) of the hole. After the cement 
sample (2 mm × 2 mm) was implanted, the subcutaneous tissue and skin 
were closed layer by layer with a silk thread. The rats were then sub
cutaneously injected with antibiotics (penicillium; Tai Yu Chemical & 
Pharmaceutical) at a dose of 40 mg/kg for 5 days, so as to reduce the risk 
of perioperative infection. Excessive amounts of barbiturates (Mebumal; 
ACO Läemedel AB) were given 4, 8, and 12 weeks after implantation. 
The implants in the metaphyseal region of medial tibia were taken out, 
and 9 rats were sacrificed at each time point for implantation. 

2.6.2. Micro-computed tomography (micro-CT) analysis 
The tibias of the rats were removed and placed in 10% formalin 

(BOSTER) for 24 h of fixing at room temperature. The reconstructed 
tibias were assessed by micro CT (SkyScan 1176, Bruker microCT) with a 
18◦ m resolution for scanning. Feldkamp convolution back projection 
algorithm was used to reconstruct the image and adaptive local 
thresholding was used to segment into binay images. Ratio of new bone 
volume to tissue volume (BV/TV), bone mineral density (BMD) and bone 
trabecular pattern factor (Tb.pf) were calculated. 

2.6.3. Histological analysis 
The harvested tibia was treated in 10% formalin (BOSTER) at room 

temperature for 24 h. Afterwards the tibias were decalcified with neutral 
EDTA solution for about 4 weeks, and then dehydrated by different 
grade ethanol (70%, 80%, 90%, 95% and 100% ethanol in water). The 
dehydrated specimens were embedded in paraffin. Transverse sections 
of the specimens were cut, hand-grounded and polished to a final 
thickness of approximately 5 μm. Hematoxylin-eosin staining (H&E 
staining) and Masson’s trichrome staining (MST Staining) were per
formed for histological analysis. 

2.6.4. Immunohistochemical analysis 
The prepared slides were rehydrated, and immumohistochemistry 

staining (IHC) was applied to examine the protein expressed level of 
Collagen I (COL-I), Osteocalcin (OCN) and Bone morphogenetic protein- 
2 (BMP-2). Briefly, the rehydrated slides were heated in sodium citrate 
buffer (Abcam) for antigen retrieval. Then the slides were washed with 
PBS, followed by being exposed to 5% BSA for 1 h at 37 ◦C to block non- 
specific binding. After that the slides were incubated with primary an
tibodies at 4 ◦C overnight, followed by incubation with 50 μL of mouse- 
anti rabbit-horseradish peroxidase (HRP) (BOSTER) for 50 min at room 
temperature. The reaction products were visualized with 3-3′ dia
minobenzidine (DAB) (BOSTER) according to the manufacturer’s in
structions. The antibodies were diluted as follows: OCN antibody (1: 
500, Abcam), BPM-2 antibody (1: 200, Beyotime) and COL-І antibody 
(1: 200, Beyotime). Quantification data of IHC were performed by 
calculating the mean optical density value of positive-staining areas. The 
area of interest was firstly focused on the new formed issue between the 
host bone and cement implant, then areas (n = 5) with remarkably high 
immunohistochemical staining were selected and manually quantified 
using the Image-Pro Plus software (Media Cybernetics). 

2.7. Statistic analysis 

All data were shown as means ± SD. Statistical significance was 
determined with one-way ANOVA and the Student’s t-test. If P < 0.05, it 
was considered statistically significant. 

3. Results 

3.1. Handling properties 

Dates for handling properties of cements with different hyaluronic 
acid (HA) incorporating were listed in Table 3. The average injectability 
of cement increased tremendous with hyaluronic acid (HA) incorpo
rating, from 65.63 ± 3.51% for CPC group, to 83.68 ± 4.36% for 1-HA/ 
CPC group. However, further incorporating of HA showed no significant 
increase in injectability, as injectability of 4-HA/CPC was 85.13 ±
3.89%. The initial setting time of cements decreased with HA incorpo
rating, from 27.24 ± 0.98 min for CPC group, to 23.64 ± 0.76 min for 1- 
HA/CPC group. It seemed that more HA had a side effect on setting 
procedure, on the basis of prolonged initial setting time for 4-HA/CPC 
(24.56 ± 0.69 min). 

3.2. Hydroxyapatite conversion and bioactivity 

After immersion in PBS, TTCP and DCPA involved in CPC typically 
continued to hydrate and convert to hydroxyapatite, which was inter
mitted after setting of CPC [22]. Surface morphology of cement before 
and after immersion in PBS was depicted in Fig. 1a. The surface of the 
prepared cement was rough, with visible particles and micro/
macropores concentrated on the surface. After being immersed in PBS 
for 7 days, a layer of needle-like particles was deposited on the surface of 
the CPC sample, and a layer of flaky particles were observed on the 
surface of the 1-HA/CPC and 4-HA/CPC samples. Lengthening the 
immersing time in PBS generated the bigger size particles deposited on 
cement surface. Moreover, flaky particles on surface of 4-HA/CPC group 
emerged a bigger and more obvious morphology both at immersing time 
of 14 and 21 days. Cross-section morphology of the prepared cements 
(Fig. 1b) showed feature of inregular small crystals crisscrossing and 
connecting mutually with visable large pores formed internal. After 
immersed in PBS for 7 days (Fig. 1c), small crystals grew bigger and 
occupated the space of large pores, which turn the visable pores into 
micropores such as irregular wool stoma and gel pore [23]. Among the 3 
cement groups, 1-HA/CPC showed the densest microstructure either 
before or after being immersed in PBS. 

XRD patterns of the cements after immersion in PBS for 7, 14 and 21 
days are shown in Fig. 2 A-C, and the pattern of commecial hydroxy
apatite was used as a reference. The as-prepared cements showed no 
obvious sign of hydroxyapatite formation. After being immersed for 7 
days, diffraction peaks corresponding to the main peaks in the reference 
hydroxyapatite emerged at ~25.90◦ and ~31.96◦ (2θ), indicating 
continuing of hydration reaction and conversion of the hydroxyapatite 
like material. At the same time, the intensity and height of the diffrac
tion peaks were broad and weak as compared with those of the reference 
hydroxyapatite, which indicated the incomplete crystallization of pri
mary hydroxyapatite or the size of hydroxyapatite microcrystals within 
the nanometer range, or both reasons [20]. After being immersed for 14 
and 21 days, the main peaks at ~25.90◦ and ~31.96◦ (2θ) became 
higher and sharper for all the cement groups, and there was no 
measurable difference in the location of main peaks among CPC, 
1-HA/CPC and 4-HA/CPC (Fig. 2A-C). For each time point, the diffrac
tion peak of 1-HA/CPC and 4-HA/CPC sample was sharper and more 

Table 3 
Handling properties of hyaluronic acid/calcium phosphate cements (results 
were expressed as mean ± SD).  

Cement Group Ij (%)a IST (min)b 

CPC 65.63 ± 3.51 27.24 ± 0.98 
1-HA/CPC 83.61 ± 4.36 23.63 ± 0.76 
4-HA/CPC 85.13 ± 3.89 24.56 ± 0.69  

a : Injectability (Ij). 
b : Initial setting time (IST). 
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intense than that of the CPC, which gave a solid proof about the accel
erated hydration rate of hydroxyapatite by hyaluronic acid incorpora
tion [15]. 

3.3. Compressive strength 

Compressive strength of the cements, as prepared and after being 
immersed for up to 21 days in PBS is shown in Fig. 3. Compressive 
strength of all the cements increased rapidly in PBS during the initial 
periods of 14 days, and showed no significant uprating with prolonged 

Fig. 1. Surface morphology of hyaluronic acid/calcium phosphate cements with different immersing time in PBS (a); and morphology of cross-sections of hyaluronic 
acid/calcium phosphate cements before (b) and after immersing in PBS for 7 days (c), black scale bar at 2 μm, white scale bar at 1 μm and blue scale bar at 10 μm. 

Fig. 2. X-ray diffraction patterns of (A) CPC, (B) 1-HA/CPC and (C) 4-HA/CPC cements before and after immersion in PBS for 0, 7, 14 and 21 days. (a)Hydroxy
apatite; (b) as prepared cement before immersion; cements immersed in PBS for 7 days (c), 14 days (d) and 21 days (e). 
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immersion time. For both of the as prepared and immersed samples, 1- 
HA/CPC showed the highest compressive strength (18.87 ± 1.03 MPa 
and 36.00 ± 1.97 MPa respectively), and CPC showed the lowest 
compressive strength values (13.23 ± 0.99 MPa and 26.06 ± 1.64 MPa 
respectively). 

3.4. Adhesion and proliferation of hBMSCs in vitro 

After cultured for 1 and 24 h (Fig. 4a), hBMSCs revealed numerous 
lamellipodia and filopodia on surface of all cement groups, exhibiting 
suitable cytocompatibility of the cement groups. After being cultured 
with cement extracts for 1, 3 and 5 days, relative growth rates (RGRs) of 
all the cement extracts were higher than the acceptable value (dashed 
line in Fig. 4b, RGRs = 70%) according to ISO 10993, as normalized to 
the control group (cell medium without extract, RGR 100%). The RGRs 
were 89.10 ± 1.79, 84.21 ± 1.53, 79.75 ± 4.49 for CPC, 1-HA/CPC and 
4-HA/CPC respectively for cultured time of 1 day. With the prolonged 
cultured time, the RGRs were 95.09 ± 4.71, 90.54 ± 2.12, 86.99 ± 1.31 
for CPC, 1-HA/CPC and 4-HA/CPC respectively for cultured time of 5 
days. Even though extracts of CPC group had higher RGRs than that of 1- 
HA/CPC and 4-HA/CPC groups for all the culuture time, there was no 
significant differences for RGRs among the three cements. 

3.5. ALP staining and ALP activities of hBMSCs in vitro 

ALP expression of hBMSCs after being co-cultured for 7 days on the 
sample surface was positive for all the cements and the control group 
(Fig. 5). The control group (cell medium without extract) revealed the 
biggest stained area of ALP when compared with cement groups. The 
stained area of ALP for 1-HA/CPC and 4-HA/CPC groups were also more 
than that of CPC group at the culturing time of 7 days. Besides, 4-HA/ 
CPC showed the highest staining area among the cement groups 
(Fig. 5a). ALP activity exhibited similar tendency to ALP staining results 
(Fig. 5b). 

3.6. Osteogenesis-related protein and genes expression of hBMSCs in vitro 

The OPN and RUNX-2 expression of hBMSCs after being co-cultured 
with cement samples for 7 days in OIM is presented in Fig. 6a and b. As 
showed by IF staining results, 1-HA/CPC and 4-HA/CPC groups had 
much higher RUNX-2 and OPN secretion than CPC group, and 4-HA/ 

CPC group revealed the most RUNX-2 and OPN protein expression, 
which was consistent with ALP expression results. The osteogenesis- 
related genes expression (RUNX-2, ALP and OPN) of hBMSCs after 
being co-cultured with cements is showed in Fig. 6c–e. In general, 
incorporating HA into CPC promoted the expression of osteogenesis- 
related genes of hBMSCs for all the culture time points. However, at 
the culture time of 7 days, 1-HA/CPC group showed the highest RUNX-2 
expression of hBMSCs, and 4-HA/CPC group revealed the lowest RUNX- 
2 expression of hBMSCs (Fig. 6c). After being cultured for 14 and 21 
days, expression of RUNX-2, ALP and OPN for 1-HA/CPC and 4-HA/CPC 
groups was both much higher than CPC group (Fig. 6c–e). At the 
meanwhile, 4-HA/CPC group revealed the most effective stimulation on 
ALP and OPN expression of hBMSCs. 

3.7. Microcomputed tomography (micro-CT) of cements after 
implantation in vivo 

micro-CT images and 3D computer models of tibial defects after 
implantation for 4, 8 and 12 weeks were investigated to evaluate bone 
regeneration, and the results were showed in Fig. 7. New bone formation 
(yellow area) was shown around the surface of cylindrical specimens at 
each implantation time. Four weeks after implantation, a small amount 
of regenerated osseous tissue was observed, and there was no distinct 
difference for new bone formation among the three cement groups. 
Large amount of new bone formation around the implants was detected 
at 8 and 12 weeks after implantation. In comparison, there was more 
extensive new bone formation around the implants for 1-HA/CPC and 4- 
HA/CPC groups compared to CPC group. Moreover 4-HA/CPC group 
showed the highest amount of new bone formation for both of 8 and 12 
weeks after implantation. Quantitation of the micro-CT images (Table 4) 
exhibited that, CPC group showed the lowest BV/TV (2.53 ± 0.12), Tb. 
pf (0.017 ± 0.001) and BMD (190.31 ± 12.71) values, and 4-HA/CPC 
group showed the highest BV/TV (5.31 ± 0.08), Tb. pf (0.020 ±
0.001) and BMD (248.74 ± 39.47) values at the implantation time of 4 
weeks. Increasing values of BV/TV, Tb. pf and BMD values were 
depicted with the prolonged implantation time. At implantation time of 
12 weeks, the values of BV/TV, Tb. pf and BMD for CPC group was 4.53 
± 0.12, 0.022 ± 0.001 and 238.03 ± 43.55 respectively, and the values 
of BV/TV, Tb. pf and BMD for 4/HA-CPC group was 11.26 ± 0.05, 0.035 
± 0.002 and 264.06 ± 45.13 respectively. For all the selected timepoint, 
4-HA/CPC group demonstrated the highest bone microarchitecture 
values except the Tb. pf of 1-HA/CPC with implantation time of 8 weeks. 

3.8. Histological analysis of bone repair ability in vivo 

The bone-cement interface in the rat tibia defects 4, 8 and 12 weeks 
after implantation of CPC, 1-HA/CPC and 4-HA/CPC cements was 
further assessed with histomorphometric analysis. As showed in 
Hematoxylin-eosin (H&E) (Fig. 8 a-c) and Masson’s trichrome (MT) 
(Fig. 8 d-f) stained sections, none of the cements showed sign of rejec
tion, necrosis or infection after implantation, which indicated their 
satisfying biocompatibility at the defect sites. At implantation time of 4 
weeks (Fig. 8 a and d), CPC group showed rare new bone formation, 
while 1-HA/CPC and 4-HA/CPC groups exhibited relatively more new 
bone formation with dense mineralization (areas stained red in MT 
staining) in vivo. Moreover, new bone permeated into the implants of 4- 
HA/CPC group and blood vessels also emerged in the new formed bone 
(as indicated by blue arrows in H&E and magenta arrows in MT stain
ing). More new bone formed around the peripheral area of implants for 
all the cement groups with longer implantation time. For CPC group, 
there was abundant fibrous tissue existing around the boundaries be
tween the implant and host bone (Fig. 8 b and e) after 8 weeks. After 
implantation of 8 and 12 weeks (Fig. 8 b and c, Fig. 8 e and f), 1-HA/CPC 
and 4-HA/CPC groups showed large amount of dense calcified new bone 
(area stained red) and bold vessel formation (as indicated by arrows). 
Histological studies revealed that cements incorporating HA integrated 

Fig. 3. Compressive strength of hyaluronic acid/calcium phosphate cements 
before and after immersion in PBS (Mean ± SD; n = 5; #significant difference 
among different immersion days in PBS, p < 0.05; * significant difference 
compared with CPC groups, p < 0.05). 
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well with the host bone after implantation, and resulted in improved 
bone regeneration than pure CPC in the defect zone. 

3.9. Immunohistochemical analysis of cement implants in vivo 

Fig. 9 exhibits the immunohistochemical analysis of rat tibia defects 
implanted with CPC, 1-HA/CPC and 4-HA/CPC for 4, 8 and 12 weeks. 
Immunohistochemical staining revealed positive expression of Col-1, 
OCN and BMP-2 for all the cement groups, and those osteogenic- 
related protein expression mainly occurred in direct vicinity of the im
plants towards the biomaterial-metaphyseal cancellous (distal) bone 
and mid cortical regions, especially with longer implantation time. HA 
incorporation significantly enhanced expression of Col-1, OCN and 
BMP-2 in 1-HA/CPC and 4-HA/CPC groups compared to CPC group. At 
the implantation time of 4, 8 and 12 weeks (Figure 9a), 1-HA/CPC and 4- 
HA/CPC groups exhibited stronger positive expression of Col-1, OCN 
and BMP-2, as evidenced in Fig. 9 b and c. Quantitation of immuno
histochemical analysis results (Fig. 9d–f) showed that COL-1, OCN and 
BMP-2 expression in the defects implanted with 1-HA/CPC and 4-HA/ 
CPC groups was significantly stronger than that for CPC group, and 4- 
HA/CPC group showed the highest amount of Col-1, OCN and BMP-2 
expression. 

4. Discussion 

Hyaluronic acid, as a natural linear glycosaminoglycan and well 
received biomedical materials, was introduced into CPC in a few re
searches to improve its physicochemical properties and/or biological 
performance [4–8]. Zhang and coworkers found that, injectable paste 
formula with appropriate comprehensive property can be achieved by 
moderating crosslinked sodium hyaluronate (cHA) solution and hy
droxyapatite (HAp) spherical particles [24]. Yang and coworkers 
developed a cell carrier hydrogel composed of porous tricalcium phos
phate (TCP) particle and hyaluronic acid (HA) gel. After loaded with fat 
cells, this composite hydrogel can maintain activity of fat cells and 
further support its proliferation, which showed a prospective applica
tion in tissue engineering [25]. 

While these results are inspiring, the in vivo studies still need to and 
biological mechanism of enhancement on bone formation of hyaluronic 
acid incoporating into calcium phosphate cement is rare to be deter
mined. So in this study, hyaluronic acid (HA) was added in the initial 
setting liquid to evaluate its enhancement in physicochemical properties 
and discuss the underlying biological mechanism of stimulation on 
osteogenic capacity of CPC. In details, the added HA significantly 
accelerated the remodeling and formation of HA in CPC matrix. The 

Fig. 4. SEM images showing adhesion of 
hBMSCs on the surface of hyaluronic acid/ 
calcium phosphate cements after being 
cultured for 1 h and 24 h, scale bar at 2 μm 
(a); and relative growth rate (RGR) of 
hBMSCs after being cultured in extract so
lutions of hyaluronic acid/calcium phos
phate cements for 1, 3 and 5 days; cell 
medium without extract was used as the 
control (the dashed line indicates acceptable 
RGR with value of 70% according to ISO 
10993). (results were expressed as Mean ±
SD; n = 5; *significant difference compared 
with CPC group, p < 0.05).   
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formation of bone-like apatite is believed to be an essential criteria for 
bone substitues, since bone is mainly made up of apatite-like minerals, 
biomemics of its natural inorganic components is therefore generally 
understood in the construction of bone [22]. As expected, after 
immersed in PBS, apatite-like minerals were detected on cements sur
face which was faciliated with the incorporation of HA (Fig. 1), higher 
amount and maturer morphology of the crystalline-apatite was observed 
with time (Fig. 2). Here, the added HA seemed to serve as a solvent to 
accelerate the growth of hydroxyapatite by acclerating the dissolving of 
initial calcium phosphates, as observed by bigger particle size (Fig. 1) 
and indicated by sharper diffraction peaks (Fig. 2) both in 1-HA/CPC 
and 4-HA/CPC groups, which was consistent with the previous report, 
that was, HA could promot the ion exchange to speed up crystal growth 
of hydroxyapatite because of enhanced supersaturation degree of Ca2+

and PO4
3− ions [15,26]. As a result, the formation of apatite-like minerals 

might further stablize its native poor mechanical strength of CPC itself. 
Up to now, the clinical criteria for mechanical standard of bone 

substitutes is still puzzled, since the load in bone varies with the location 
and its own biological function. The ideal bone substitutes can play the 
key factor to initially reinforce the bone defects, with time, further 
induce bone ingrowth and eventually to be replaced by the newly 
formed bone. As such, the difficulty lies in the dilemma to measure the 
required mechanical quality of the bone to initial fixation, but the 
essential fixation ability and further increased ability for bone ingrowth 
are particularly in need [27]. As a result, the maximal enhancement of 

its mechanical property is anticipated to firstly stabilize the essential 
reinforcement of the bone defects, at least to avoid the crack or collapse 
the bone defects. 

The added HA significnatly enhanced the compressive strength of 
CPC. As expected, after immersed in PBS, the compressive strength of all 
cements increased substantially with time (Fig. 3), that is definetly 
associated with the increased conversion rate of hydroxyapatite [23]. 
Here 1-HA/CPC group showed obvously better compressive strength 
(29.04 ± 4.48 MPa and 36.00 ± 5.37 MPa respectively) than that of CPC 
group (17.2 ± 0.39 MPa and 25.98 ± 1.77 MPa respectively) both before 
and after immersion. It indicates the enhancement of its anti-washout 
property of the cements was well modified, since the compressive 
strength of the cements increased significantely. Such result may attri
bute to the higher anchoring strength inside the cement matrix accom
panied with improved cohesiveness with HA incorporation [24]. 
However the overloaded HA was found to compromise the integration of 
the cement matrix, which was possibly with lower supersaturation de
gree of calcium and phosphate by the overloaded HA, thus retarding the 
formation of apatite, although showing better mechanical strength than 
unloaded-HA cements of the CPC, but still substantially lower than that 
of the property with lower loaded. 

More important, the cements added with HA showed better genes 
expression of hBMSCs in vitro as well as its ALP activity and OPN 
expression, thus stimulated more new bone formation in the tibia of rats. 
More hBMSCs expressed better attaching and spreading ability on the 
surface of 1-HA/CPC and 4-HA/CPC groups (Fig. 4). 

However, there was also detected the slightly declined cell activity 
for both 1-HA/CPC and 4-HA/CPC groups as compared with CPC group 
(Fig. 4b), which indicated that HA sometimes might not be happy to 
promote the proliferation of bone related cells, as reported previously by 
Zhao and Xu [17,28]. On the other hand, the incorporation of HA in all 
contents obviously enhanced ALP activity (Fig. 5) and osteogenic dif
ferentiation related protein expression (Fig. 6a) of hBMSCs, and the 
optimal enhancement was observed in 4-HA/CPC group. The related 
marker of ALP, OPN and RUNX-2 well expressed the activation of related 
genes and suggested that the incorporation of HA could enhance bone 
ECM (extracellular matrix) synthesis and osteogenic differentiation of 
hBMSCs [17]. 

After implantion, hydroxyapatite conversion of CPC will facilitate 
proteins deposition and further offeres a biointerface to support 
recruitment of bone related cell and deposition of bone matrix [23]. HA 
incorporating showed a higher osteogenic capacity for cement groups of 
1-HA/CPC and 4-HA/CPC, as indicated by more new bone and vascular 
formation around the implants in vivo (Fig. 8). Consistent with results of 
cell culture assays in vitro, 4-HA/CPC cement group also showed the 
highest efficiency in stimulating osteogenesis and angiogenesis in the 
bone defects, and enhancement in osteogenesis may effectively improve 
the fixation of implant, reduce bone resorption and promote the for
mation of stable interface [29,30]. Details from immunohistochemical 
staining (Fig. 9a) and semi-quantitative assays (Fig. 9b) showed that 
better osteogenesis of 1-HA/CPC and 4-HA/CPC may result by higher 
osteogenic protein (COL-1, OCN and BMP-2) expression with added HA. 

As one of the main components of ECM in connective tissues, HA was 
reported to interact with receptors such as CD44 to stimulate differen
tiation [31,32], migration and vascularization of endothelial cells [33], 
which in turn favors bone regeneration. Moreover, HA can play a key 
role to maintain growth factors such as TGF-β within the local envi
ronment to affect tissue regeneration positively [18]. On the basis, it is 
reasonable to presume that the underlying biological mechanism of 
hyaluronic acid affected bone repair ability of calcium phosphate 
cement may as followed: HA added in cement implants may capture 
MSCs and endothelial cells, and further stimulate osteogenic factors 
secrection and osteogenic genes expression to accelerate new bone 
formation. 

The results have shown that in the tibia, addition of HA in the CPC 
material may provide a more favorable microenvironment for cell 

Fig. 5. ALP staining (a) and quantitative assay of ALP activity (b) of hBMSCs 
co-cultured with hyaluronic acid/calcium phosphate cements in OIM for 7 days, 
cell medium without extract was used as the control and scale bar at 200 μm. 
(results were expressed as Mean ± SD; n = 5; *significant difference between 
control and cement groups, p < 0.05; #significant difference among cement 
groups, p < 0.05). 
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attachment and differentiation, and improve the osteogenic capability. 
However, the phase composition of bone cement was not characterized 
in vivo as a function of implantation time, and so, the phase transition of 
hydroxyapatite after implantation could not be tracked. Also the 
biomechanical tests were not performed on the excised specimens for 
determining the stability of the bone-implant interface. Future study will 
focus on these issues with more further research. 

5. Conclusion 

Hyaluronic acid (HA) incorporated into bone cements composed of 
biphasic phosphate and a citric acid setting liquid was exhibited to offer 
an approach to affect physicochemical properties and osteogenesis of 
the cements. An increase in HA incorporation (from 0 to 1 (w/v) % HA in 
the citric acid setting liquid) resulted in higher compressive strength and 
better cohesiveness of the cements. When immersing in PBS, the 

Fig. 6. Immunofluorescence assay (IF) staining of RUNX-2 (a) and OPN (b) protein expression of hBMSCs after being cultured with hyaluronic acid/calcium 
phosphate cements in OIM for 7 days, cell medium without extract was used as the control and scale bar at 20 μm; and the osteogenic-related gene expression of 
hBMSCs after being co-cultured with hyaluronic acid/calcium phosphate cements in OIM, (c): Runx-2; (d): ALP; (e): OPN. (results were expressed as Mean ± SD; n =
5; *significant difference among cements group, p < 0.05; # significant difference compared with Control group, p < 0.05). 

Fig. 7. Sagittal images (a) and 3D reconstructed images (b) by micro-CT imaging of the area surrounding cement implants, showing newly formed bone at different 
distances from edge of the cement 4, 8 and 12 weeks after implantation for in rat tibial defects, white and red scale bar both at 2 mm. (Yellow area presenting new 
bone formation in (b)). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 4 
Bone structural parameters of the rat tibia defects with cement implantation 
(statistical results, and results were expressed as mean ± SD).  

Bone structure 
parameters 

4 W 8 W 12 W 

BV/TVa CPC 2.53 ± 0.12 3.82 ± 0.07 4.53 ± 0.12 
1-HA/CPC 3.42 ± 0.15 4.53 ± 0.05 5.96 ± 0.21 
4- HA/CPC 5.31 ± 0.08 6.39 ± 0.07 11.26 ± 0.05 

Tb.pfb CPC 0.017 ± 0.001 0.020 ± 0.001 0.022 ± 0.001 
1- HA/CPC 0.020 ± 0.001 0.022 ± 0.002 0.028 ± 0.002 
4- HA/CPC 0.020 ± 0.002 0.024 ± 0.002 0.035 ± 0.002 

BMDc CPC 190.31 ± 12.71 214.25 ± 23.43 238.03 ± 43.55 
1- HA/CPC 216.26 ± 28.95 238.21 ± 63.25 238.13 ± 33.38 
4- HA/CPC 248.74 ± 39.47 233.38 ± 51.04 264.06 ± 45.13  

a : Bone volume/total volume (BV/TV, %). 
b : Bone trabecular pattern factor (Tb.pf, mm− 1). 
c : Bone mineral density (BMD, mg/cm3). 
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conversion rate to hydroxyapatite significantly increased, as well as the 
content of hydroxyapatite. HA incorporating into the cements stimu
lated ALP activity, osteogenic related protein and mRNA expression of 
hBMSCs in vitro. Material components with the best osteogenic activity 
were achieved in the cement with 4 w/v % HA incorporated in the citric 
acid setting liquid (designated as 4-HA/CPC). After being implanted in 

rat tibial defects, 4-HA/CPC cements exhibited more bone formation 
compared to CPC and 1-HA/CPC cement groups. The underlying bio
logical mechanism of this stimulation for HA/CPC may be on account of 
higher osteogenic promoting factors secretion and osteogenic genes 
expression with hyaluronic acid incorporation. These results proved that 
hyaluronic acid is an effective bone cement additive material to acquire 

Fig. 8. Hematoxylin-eosin staining (H&E 
staining) of the bone tissue with implanted 
cements for 4 (a), 8 (b) and 12 weeks (b); 
and Masson’s trichrome staining (MST) of 
the bone tissue with implanted cements for 4 
(c), 8 (d) and 12 weeks (e), dense calcified 
new bone was stained red, while collagen- 
rich tissues were stained blue, black scale 
bar at 200 μm, blue and magenta scale bar at 
100 μm. (F: fibrous tissue; M: cement speci
mens; Triangles indicate new bone forma
tion around the boundaries between implant 
and host bone; Magenta arrows indicate 
vascular formation). (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the Web version of 
this article.)   

Fig. 9. Immunohistochemical staining for COL-1 (a), OCN (b) and BMP-2 (c) with implanted cements for 4, 8 and 12 weeks. Black arrows indicate positive expression 
of these proteins (yellow area in images, scale bar at 100 μm). Quantitative assay of protein expression for COL-1 (d), OCN (e) and BMP-2 (f). (Mean ± SD; n = 5; # 
significant difference compared with CPC group, p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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better physicochemical and biological properties than traditional cal
cium phosphate cement. 
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