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Hydroxyapatite (HA) is the main inorganic component of hard tissues such as human bones and teeth and has 
been widely used in tissue engineering scaffolds. Chitosan (CS) is an alkaline polysaccharide from a wide range of 
natural sources and has good adsorption properties for a wide range of metal ions. Bone marrow mesenchymal 
stem cells (BMSCs) are cells with a self-renewing, multidirectional differentiation potentials and may differentiate 
into chondrocytes, osteoblasts, adipocytes, neuronal cells, fibroblasts, etc. under different induction conditions. 
This study investigated the effects of hydroxyapatite-chitosan (HA-CS) composites on the growth, proliferation, 
and differentiation of BMSCs to find suitable stem cell carriers as donor materials for bone transplantation and 
repair. BMSCs were isolated, cultured, and purified in vitro by the whole bone marrow apposition method. The 
effects of HA, CS, and HA-CS on the proliferation of BMSCs were investigated by MTS assay. The amount of bone 
forming protein 2 (BMP-2) in the process of differentiation of BMSCs into osteoblasts was measured 
experimentally. The number of induced mineralized nodules was evaluated by Von-Kossa modified staining 
method. The results showed that, in terms of biocompatibility, there was no significant increase or decrease in 
the proliferation rate of BMSCs after HA, CS, and HA-CS incubations. The cell morphology tended to gradually fuse 
into sheets comparing to the blank control group. In terms of induction of osteoblasts, BMP-2 expression was 
upregulated, and the number of formed mineralized nodules was significantly increased with HA-CS 
demonstrating the most significant effect. The results confirmed that HA-CS composite showed good 
histocompatibility and promoted differentiation towards osteoblasts. 
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Introduction 
 
Bone defects that are caused by trauma, ageing, 
and disease are currently repaired by using 
autogenous bone, allogeneic bone, and allograft 
bone grafts. Autologous bone sources are 
insufficient and have donor area complications. 
Both allogeneic and xenogeneic bones may have 

immune rejection and the risk of spreading 
disease [1-4]. Therefore, there is necessary to 
develop artificial bone repair materials that can 
promote the repair or regeneration of damaged 
bone tissue. The ideal bone repair materials 
should have the following criteria: (1) 
biocompatibility, which does not cause immune 
rejection after transplantation into the body; (2) 
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degradability, the material degrades in vivo and 
is eventually replaced by its own bone, providing 
support during the degradation process, and 
acting as a scaffold for new bone formation; (3) 
appropriate surface properties and porosity, 
simulating the composition, structure, and 
properties of biological bone tissue with specific 
pore size and porosity to facilitate material 
exchange; (4) osteoconductive and its properties, 
inducing differentiation of mesenchymal cells 
from adjacent tissues into osteoblasts or 
facilitating crawling of adjacent bone tissue [5-8]. 
Hydroxyapatite (HA), the main inorganic 
component of natural bone tissue, has excellent 
biocompatibility and osteoconductivity, and can 
be directly chemically bonded to surrounding 
hard tissues to increase bone adhesion, making it 
one of the ideal matrix materials for artificial 
bone repairing [9, 10]. However, HA, as a bone 
repair material, still has the following problems: 
(1) differences in pore structure and active 
ingredients comparing to natural bone; (2) slow 
degradation after implantation; and (3) low 
mechanical strength. Increasing chitosan (CS) can 
improve the biophysical and biological 
characteristics of HA if the two composite 
materials were combined (HA-CS) [11-13]. This 
study evaluated the histocompatibility of HA-CS 
and induced differentiation of bone marrow 
mesenchymal stem cells (BMSCs) to osteoblasts 
by HA-CS to explore the potentially new materials 
for the artificial bone repairing. 
 

 
Materials and methods 

 
Primary isolation and culture of BMSCs 
Five male healthy and specific pathogen free 
level New Zealand White rabbits with the 
average body weight of 1.0 ± 0.2 Kg were 
purchased from the Shanghai Experimental 
Animal Center of the Chinese Academy of 
Sciences (Qualification No.: SCXK(Shanghai)2012-
0002). The disposal of the animals during the 
experiment was in accordance with the standard 
of "Guiding Opinions on the Good Treatment of 
Laboratory Animals" issued by the Ministry of 
Science and Technology of the People's Republic 

of China in 2006. Briefly, 3% pentobarbital 
sodium was applied to anesthetize rabbits, and 
the whole body was shaved and put into 75% 
ethanol for 15 min for disinfection. The femur 
and tibia were taken under aseptic conditions, 
the epiphyses of the femur and tibia were cut off 
to expose the bone marrow cavity. The bone 
marrow was flushed out with Dulbecco's 
modified eagle medium (DMEM) (Thermo Fisher, 
Waltham, MA, USA) with the addition of 100 U of 
penicillin, 100 U of streptomycin, and 12% fetal 
bovine serum (FBS), and repeatedly blown. The 
flushed bone marrow was made into a single cell 
suspension by centrifuged at 1,000 rpm for 5 min. 
The supernatant was discarded. The pellet was 
resuspended at a concentration of 1×109 cells/L 
in a 75 cm2 culture flask and incubated in FORMA 
3111 CO2-incubator (Thermo Fisher, Waltham, 
MA, USA) at 37℃ [15, 16]. 
 
Culture and passaging of BMSCs 
After 48 h of apposition, the medium was 
replaced, and the medium was changed every 3 
days during the culture. When the cell fusion 
reached 70%-80%, the cells were digested with 
0.25% trypsin and passaged in a ratio of 1:2. 
 
Morphological observation of BMSCs 
The morphological changes and growth of the 
cells were observed daily with an Olympus IX51 
inverted phase contrast microscope (Olympus, 
Shinjuku, Japan) during the culture process and 
recorded. The purified 2nd generation cells were 
adjusted to a cell concentration of 5×107 cells/L 
and were inoculated into 6-well plates with 1 mL 
per well. When the cells were evenly distributed 
and about 80% fused, the cells were washed 3 
times with phosphate buffer saline, fixed with 
methanol for 10 min, stained with Giemsa 
staining solution (Sigma-Aldrich Chemie GmbH, 
Taufkirchen, Germany) for 5 min, rinsed with 
distilled water, and observed under the inverted 
microscope for photographs [17]. 
 
Growth curve of BMSCs 
BMSCs in good growth and passed to the second 
generation were inoculated in 96-well plates at a 
density of 5×103 cells/well and incubated in a 
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CO2-saturated humidity incubator at 37C. 20 μL 
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethox 
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) 
(Promega, Madison, WI, USA) was added daily, 
and the OD value was measured at 492 nm on 
Infinite M200 Pro multimode microplate reader 
(TECAN, Männedorf, Swiss) after mixing for 4 h. 
The results were recorded, and the cell growth 
curve was plotted with time as the horizontal axis 
and OD value as the vertical axis [18]. 
 
Cell cycle assay of BMSCs 
The 3rd generation cells were taken, and the cell 
concentration was adjusted to 1.0×106 cells/L. 
The cell cycle was detected by Flowsight flow 
cytometry (Millipore, Burlington, MA, USA) 
according to the instructions of the cycle test kit 
(Beyotime, Shanghai, China) [19]. 
 
In vitro directed induction of differentiation of 
BMSCs 
The 3rd generation BMSCs were selected and 
inoculated in 6-well cell culture plates at a 
concentration of 1×108 cells/L. When the cell 
adheres to the wall and grows to 80% cell density, 
the lipogenic cell inducers (1 mmol/L 
dexamethasone, 10 mg/L insulin, 50 mmol/L 3-
isobutyl-1-methylxanthine (IBMX), and 0.2 
mmol/L indomethacin) and osteoblast inducers 
(1 mmol/L dexamethasone, 1 mol/L sodium β-
glycerophosphate, 50 mmol/L ascorbic acid) 
were added to the complete culture medium of 
each induction well, respectively. The medium of 
each induction well was changed twice a week, 
and the cell culture well without induction 
medium was used as the blank control group. 
After 18 days of lipogenic cell inducer induction, 
the induced differentiated adipocytes were fixed 
by 40 g/L paraformaldehyde and stained with Oil 
Red O (0.3% Oil Red, 60% isopropyl alcohol). 
After 21 days of osteoblast inducer induction, the 
induced differentiated osteoblasts were fixed by 
40 g/L paraformaldehyde and stained with Von- 
Kossa modified staining (5% silver nitrate, 5% 
sodium thiosulfate) [20]. 
 
Effect of HA-CS on the proliferation of BMSCs 

The 3rd generation BMSCs with logarithmic 
growth phase cells were selected. The cell 
concentration was adjusted to 2.0×104 cells/mL 
and was inoculated in 96-well plates with 100 μL 
per well and incubated at 37℃, saturated 
humidity, 5% CO2 sterile incubator for 24 h and 
then replace the culture solution. In the 
experimental group, 200 µL of HA and CS 
extracted from Agaricus bisporus, and HA-CS 
composite synthesized by the inverse emulsion 
cross-linking method and prepared by the 
ultrasonic-assisted chemical precipitation 
method were added, respectively. The blank 
control group was only added 200 µL of culture 
medium (10% FBS and DMEM). Six parallel 
replicate wells were set up for each group, and 
after incubation for 24, 48, 72, and 96 h, 20 µL of 
MTS solution was added and the incubation was 
continued for 4 h. The absorbance (A value) was 
measured at 492 nm on multimode microplate 
reader, and the cell proliferation rate was 
calculated as follows: 
 

 
 
All the experiments were repeated three times. 
 
Effect of HA-CS on the differentiation of BMSCs 
to osteoblasts 
The 3rd generation BMSCs were selected and 
inoculated into 6-well cell culture plates at a 
concentration of 1×108 cell/L. When the cells 
grew against the wall and the cell density reached 
80%, the culture medium was replaced. The 
leachates of HA, CS, and HA-CS were prepared by 
adjusting the pH of HA, CS, and HA-CS to 6.8 and 
sterilizing at 121.3℃ for 15 min. The solubility of 
HA, CS, and HA-CS was achieved at 0.2 g/mL by 
using cell culture solution (10% FBS and DMEM) 
as solvent. The mixture solution was placed in 
CO2-incubator at 37℃ and 5% CO2 for 24 h before 
filtering with 0.22 μm filter. The filtrate was 
stored at 4℃ for following experiments [14]. 1 
mL of each HA and CS extracts and HA/CS 
composite was added into the experimental 
group. The blank control group was only added 1 
mL  of  culture  medium  (10%  FBS  and  DMEM)  
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Figure 1. Isolation and identification of bone marrow mesenchymal stem cells (BMSCs). BMSCs at 1 day (A), 3 days (B), 5 days (C), 7 days (D), 9 
days (E) incubation. BMSCs at passage 3 days (F). BMSCs by Giemsa staining (G). Lipogenic induction of BMSCs at 18 days by oil red O staining (H). 
Osteoblast induction of BMSCs at 21 days by Von- Kossa modified staining (I). 

 
 
without inducers. Six parallel replicate wells were 
set up in each group, and the solution was 
changed twice a week. After 21 days of induction, 
the supernatant was taken and the bone forming 
protein 2 (BMP-2) content was measured 
according to the instructions of BMP-2 kit 
(Abnova, Walnut, CA, USA). The cells were fixed 
by 40 g/L paraformaldehyde. The induced 
mineralized nodules were subjected to Von-
Kossa modified staining, and their numbers were 
observed microscopically [21, 22]. 
 
Statistical analysis 
All data were shown as means ± SD and were 
analyzed by using SPSS 19.0 software (IBM, 
Ammon, NY, USA). Mean values were compared 
by using one-way analysis of variance (ANOVA) 
followed by Tukey’s-b test to compare means 
among the different treatment groups. A 
significant difference was accepted as P < 0.05. 
 
 

Results and discussion 
 

Isolation and identification of BMSCs 
By the inoculation of BMSCs in culture flasks, the 
cells were round in shape, varied in size, and 
suspended in the culture medium. After 24 h, 
some of the cells began to adhere to the wall, and 
were round, spindle-shaped, or polygonal (Figure 
1A, 1B, 1C). The unadhered impurity cells were 
removed by fluid exchange. By 3-5 days of 
culture, radially arranged cell colonies with 
protrusions of varying length and thickness were 
visible with predominantly spindle-shaped cells, 
abundant cytoplasm, large nuclei, and clear 
nucleoli. From 6 to 7 days, the cells grew in 
colonies with 80% to 90% fusion in a swirling 
pattern and arranged in the same direction 
(Figure 1D). The cells were closely arranged and 
gradually fused into sheets from 9 to 10 days 
(Figure 1E). After digestion and passage, the 
passaged cells grew completely against the wall 
after 24 h. The cells were homogeneous in 
morphology with shuttle-shaped and vigorous 
cell growth. The cells then can be passaged once 
in four or five days. It can be stably passed 
continuously for more  than  10  generations  with  
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Figure 2. The cell cycle and growth curve of BMSCs.  A: Cell cycle of BMSCs. B: Growth curve of BMSCs. 

 
 

 
 
Figure 3. Effects of HA-CS on the cell morphology of BMSCs. 

 
no significant changes in cell morphology and 
growth rate (Figure 1F). Giemsa staining showed 
that BMSCs were mostly shuttle-shaped with 
abundant cytoplasm stained purple-blue and 
nuclei stained dark blue with one or two nucleoli 
and obvious nucleoli (Figure 1G). Analysis of the 
morphological observations of the cells growing 
against the wall showed that they were 
consistent with the characteristics of BMSCs [15-

17]. Figure 1H showed that, after 18 days of 
BMSCs culture with lipogenesis inducer, the 
adipocytes induced to accumulate lipids. The 
lipid droplets became larger and merged in the 
shape of string beads and showed bright red 
color by Oil Red O staining. It can be speculated 
that BMSCs can differentiate toward adipocytes 
with good potential for lipogenic differentiation 
under the induction of lipogenesis inducing 
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solution. Figure 1I showed that BMSCs formed a 
large number of calcified nodules with mineral 
salt deposits in the mesenchymal cells by Von-
Kossa modified staining, which indicated that 
BMSCs could differentiate towards osteoblasts 
with good osteogenic differentiation potential 
under the induction of osteogenic fluid, which is 
in line with the characteristics of BMSCs with 
multi-directional differentiation potential [22]. 
 
Cell cycle analysis showed that 77.03% of BMSCs 
were in G0/G1 phase, 14.75% in G2/M phase, and 
8.22% in S phase (Figure 2A), which indicated that 
BMSCs had a strong ability to divide and 
proliferate and was consistent with the biological 
characteristics of BMSCs. The growth curve of 
BMSCs (Figure 2B) demonstrated a typical "S"-
shaped growth curve, which indicated that 
BMSCs were latently adapted on the first or 
second day of inoculation. The growth curve was 
basically linear from day 3 to day 6 indicating the 
logarithmic growth period of the cells. The curve 
became gradually flat after day 7 with cell 
proliferation slowing down significantly and 
entering a stable phase, which was consistent 
with the growth characteristics of BMSCs [15, 
23]. The results confirmed that BMSCs were 
successfully isolated and purified by using whole 
bone marrow adherent method in vitro. 
 
 

 
 
Figure 4. Effects of HA-CS on the proliferation of BMSCs. 

 
 
Effect of HA-CS on the proliferation of BMSCs 
With the extension of culture time, the cell 
number of BMSCs showed a significant increase 
and the cell morphology tended to gradually fuse 

into sheets (Figure 3). However, the differences 
in cell proliferation rates among all groups were 
not statistically significant (Figure 4), which 
indicated that HA, CS, and HA-CS were not toxic 
to BMSCs and had no significant effects on cell 
activity and proliferation, therefore, with a good 
biocompatibility. 
 
Effect of HA-CS on the change of BMP-2 
expression in BMSCs 
Secretion and mineralization of extracellular 
matrix are essential parts of the bone formation 
process. BMP-2 is a highly efficient bone-
producing factor [24]. The BMP-2 content in the 
culture medium after 21 d of induction was 
evaluated (Figure 5). All experimental groups 
were able to promote BMP-2 expression with the 
HA-CS group had the most significant effect. 
 
 

 
 
Figure 5. Effects of HA-CS on BMP-2 content. (Note: comparing to 
the control group (CT), *: P < 0.05; **: P < 0.01; ***: P < 0.001) 

 
 
Effect of HA-CS on the number of calcified 
junction formation 
At day 21 of induction, all experimental groups 
showed the formation of calcium nodules by 
Von-Kossa modified staining (Figure 6). Black 
mineralized particles were seen under the 
microscope in all groups with different sizes. 
Some areas of calcium nodules fused with each 
other to form sheets. In the control group (Figure 
6A), the number of calcified nodules was low and 
sporadically distributed. However, in the HA and 
CS  groups (Figure 6B and 6C),  the  black  nodule- 



Journal of Biotech Research [ISSN: 1944-3285] 2022; 13:46-54 

 

52 

 

 
 
Figure 6. Effect of HA-CS on the number of calcified junction formation. A: blank control group. B: HA group. C: CS group. D: HA-CA group. E: 
calcified node count plot, comparing to the control group (CT). *: P < 0.05; **: P < 0.01; ***: P < 0.001. 

 
 
like material was significantly larger. The 
mineralized particles were rounded, increased in 
number, and slightly fused. In the HA-CS group 
(Figure 6D), the mineralized particles were 
crystalline and densely distributed. Some areas 
were fused with each other to form sheets. The 
number and area of calcium nodules in each 
experimental group (HA, CS, and HA-CS) were 
significantly higher than that in the control group 
(P < 0.05). The differences between experimental 
groups were compared in Figure 6E with the most 
significant effect in the HA-CS group. 
 
In contrast to isolation methods such as 
immunomagnetic bead method, flow cytometry 
isolation method, density gradient centrifugation 
method that require critical experimental 
conditions, high bone marrow demand, and 
isolation processes that affect cell activity, the 
whole bone marrow wall culture method used in 
this study is convenience, low cost, and 
maximum cell activity. The BMSCs can grow 
against the wall but hematopoietic stem cells 
cannot. Therefore, the suspended hematopoietic 
cells can be removed by changing the cell culture 
medium several times to obtain isolated, 
culturable, and purified BMSCs [15-17]. The 
results of morphological observation, cell cycle, 
growth curve, and multi-directional 
differentiation analysis of isolated cells by whole 
bone marrow apposition isolation method in this 

study demonstrated that rabbit primary cells 
adhered to the wall after being cultured for 24 h, 
and the adherent cells were basically covered the 
culture dish from 7 to 10 days. Matured cells 
showed abundant cytoplasm, stained purple-
blue, dark blue stained nuclei, with one or two 
obvious nucleoli. The cells were mostly shuttle-
shaped, swirl-like or fish-like distribution, and 
tended to grow in clusters. About 77.03% of cells 
were in G0/G1 phase, 14.75% in G2/M phase, and 
8.22% in S phase with the potential to 
differentiate into adipocytes and osteoblasts, 
which indicated that those cells were consistent 
with the characteristics of BMSCs [16, 23]. 
 
Osteogenic protein is a multifunctional growth 
factor. 43 members of the osteogenic protein 
family have been identified, of which osteogenic 
protein 2 is the most potent osteoinductive 
factor that promotes osteogenesis by regulating 
the expression of alkaline phosphatase, type I 
collagen, osteocalcin, osteopontin, and other 
genes, and is a decisive cytokine in the 
osteogenesis process [10, 25]. In this study, HA, 
CS, and HA-CS all significantly promoted the 
expression of osteoblast marker protein 
(osteogenic protein 2). HA-CS had the most 
significant effect, probably promoting the 
differentiation of BMSCs to osteoblasts by 
regulating the expression of osteogenic protein 
2. Von-Kossa staining further verified that HA-CS 
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promoted the mineralization ability of BMSCs, 
because the most important marker of the 
differentiation of BMSCs to osteoblasts was the 
formation of calcified nodules. The results of 
Von- Kossa staining experiments showed that the 
number and area of calcium nodules were 
significantly higher in the HA-CS group than that 
in the control group. 
 
 

Conclusions 
 
HA-CS composites have good histocompatibility 
and promote the differentiation of BMSCs to 
osteoblasts, providing experimental data for HA-
CS as a donor material for bone grafting and 
repair. However, the mechanism of its regulation 
of osteogenic differentiation of BMSCs is still 
unclear and will be further investigated in 
subsequent experiments to provide more basis 
for the clinical application of HA-CS. 
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