
MOLECULAR MEDICINE REPORTS  17:  5830-5836,  20185830

Abstract. Scaffold fabrication and biocompatibility are 
crucial for successful bone tissue engineering. Nanometer 
hydroxyapatite (nHAP) combined with collagen (COL) is 
frequently utilized as a suitable osseous scaffold material. 
Furthermore, growth factors, including bone morphogenetic 
protein‑2 (BMP‑2), are used to enhance the scaffold properties. 
The present study used blending and freeze‑drying methods 
to develop a BMP‑2‑nHAP‑COL scaffold. An ELISA was 
performed to determine the BMP‑2 release rate from the scaffold. 
Flow cytometry was used to identify rat bone marrow‑derived 
mesenchymal stem cells (BMSCs) prior to their combination 
with the scaffold. Scanning electron microscopy was used 
to observe the scaffold structure and BMSC morphology 
following seeding onto the scaffold. BMSCs were also used 
to assess the biological compatibility of the scaffold in vitro. 
BMP‑2‑nHAP‑COL and nHAP‑COL scaffolds were assessed 
alongside the appropriate control groups. Cells were counted to 
determine early cell adhesion. Cell Counting kit‑8 and alkaline 
phosphatase assays were used to detect cell proliferation and 
differentiation, respectively. Gross morphology confirmed that 
the BMP‑2‑nHAP‑COL scaffold microstructure conformed 
to the optimal characteristics of a bone tissue engineering 
scaffold. Furthermore, the BMP‑2‑nHAP‑COL scaffold 
exhibited no biological toxicity and was demonstrated to 
promote BMSC adhesion, proliferation and differentiation. 
The BMP‑2‑nHAP‑COL scaffold had good biocompatibility 
in vitro, and may therefore be modified further to construct an 
optimized scaffold for future bone tissue engineering.

Introduction

Tissue engineering has the potential to treat millions of 
patients living with debilitating diseases  (1). The require-
ment for effective bone repair therapy arises from conditions 
including congenital malformation, trauma, tumor resection 
and skeletal disease (2). Typically, bone tissue engineering 
consists of harvesting cells from a patient, expanding them 
in vitro and culturing them into a biomaterial, additionally 
termed a scaffold. This functions as a structural framework to 
facilitate cell attachment, proliferation and differentiation into 
a controlled phenotype (3). Scaffold design is key to effective 
tissue engineering. A scaffold should provide an ideal micro-
environment to promote cell and tissue growth. At a minimum, 
the scaffold should have adequate mechanical stability to 
withstand cellular contractile forces, high porosity with 
interconnected pores to facilitate nutrient delivery and remove 
metabolic waste, and must be biocompatible to promote tissue 
formation and integration (4‑9). Growth factors are soluble 
proteins that stimulate cell growth and differentiation, which 
have emerged as broadly applicable tools for the induction of 
bone formation. Bone morphogenetic proteins (BMPs) are 
growth factors that are effective at orchestrating novel bone 
formation in humans by recapitulating the different stages of 
bone development (10). Hydroxyapatite (HAP)/collagen (COL) 
composites are typically used as bone substitute materials 
in dentistry and orthopedic surgery, for the regeneration of 
damaged hard tissue (11). Nanometer (n) HAP in particular 
has been widely used for tissue engineering scaffold construc-
tion (12‑16). BMP‑2 is the most extensively studied BMP in the 
context of osteogenesis and has been demonstrated to enhance 
bone formation (17‑19). Vilquin and Rosset (20) reported that 
bone marrow‑derived mesenchymal stem cells (BMSCs) lack 
immunogenicity, making them an ideal cell source for tissue 
engineering. Thus, BMSCs may be seeded into scaffolds and 
implanted into the body without producing a marked antigenic 
response. BMSCs have additionally been used to determine the 
biological toxicity of tissue‑engineered scaffolds. In absence 
of biological toxicity in vitro, it is reasonable to hypothesize 
that the same scaffold will avoid antigen rejection following 
implantation.

In the present study, blending and freeze‑drying methods 
were combined to construct the BMP‑2‑nHAP‑COL scaffold. 
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The scaffold properties were assessed to determine whether 
the requirements for bone tissue engineering had been met.

Materials and methods

BMP‑2‑nHAP‑COL scaffold preparation. Acetic acid solu-
tion was diluted in deionized water to a concentration of 
0.005 mol/l, and COL (10 mg; Shengyou Biotechnology Co., 
Ltd., Hangzhou, China) was subsequently added into 10 ml 
acetic acid solution and stirred (JB‑2A; Bante Instruments 
Ltd., Shanghai, China) for 50 min. nHAP (10 mg; Emperor 
Nano Material Co., Ltd., Nanjing, China) was added to this 
solution and stirred overnight. The quality ratio was deter-
mined to be 1:1.5 (nHAP:COL). BMP‑2 (PeproTech, Inc., 
Rocky Hill, NJ, USA) was dissolved using PeproTech protein 
solution to 10 ng/µl (21), and added to the scaffold solution 
prior to stirring for 50 min at 4˚C, resulting in a final BMP‑2 
concentration of 100 ng/ml. The solution was added into a 
24‑well Teflon™ culture plate and frozen at ‑20˚C for 24 h, 
and lyophilized at ‑ 80˚C for 48  h (VFD‑2000; Boyikang 
Laboratory Instruments, Co., Ltd., Beijing, China) to form 
BMP‑2‑nHAP‑COL scaffolds. Scaffold morphology and 
microstructure was observed by scanning electron micros-
copy (SEM).

Detection of BMP‑2 release from BMP‑2‑nHAP‑COL scaf‑
folds. A total of three standard BMP‑2‑nHAP‑COL scaffolds 
(BMP‑2, 100 ng) were placed into a 24‑well culture plate and 
1X PBS buffer (1 ml; pH, 7.4) was added into the wells prior 
to sealing with a membrane. The plate was placed in an incu-
bator at 37˚C, and PBS from the wells was collected at specific 
time points (1, 2 and 20 days). PBS samples were subsequently 
analyzed for BMP‑2 content with a BMP‑2 ELISA kit (cat. 
no. YD‑H010379; Yuduo Biotechnology Company, Shanghai, 
China). The mean BMP‑2 values were calculated to determine 
the cumulative release of BMP‑2 and a release curve was subse-
quently drawn (22). The experiment was repeated three times.

Animals and ethics statement. A total of eight Sprague‑Dawley 
rats (four male and four female, 4 weeks old, ~300 g) were 
obtained from the Center for Experimental Animals at China 
Medical University (Shenyang, China; National Animal Use 
License no. SCXK‑LN2011‑0009). Animals were housed at 
a temperature of 20‑26˚C and a 12 h light/dark cycle with 
unlimited access to food and water. Animal use was approved 
by the Animal Use and Care Committee at China Medical 
University (protocol no. CMU62043006). All experiments 
were approved by the Animal Care and Use Committee at 
China Medical University, and complied with the National 
Institutes of Health (Bethesda, MD, USA) Guide for the Care 
and Use of Laboratory Animals. All efforts were made to 
minimize the number of animals used and their suffering.

Isolation, culture and passage of BMSCs. Rats were sacri-
ficed with excess anesthesia and skin was sterilized with 
75% ethanol. Under aseptic conditions, the femur and tibia 
were removed and placed in PBS solution. Following ultra-
violet disinfection, the PBS liquid was drained and the bone 
was washed three times with PBS liquid containing penicillin 
and streptomycin. The bone marrow cavity was exposed and 

5.2  ml α‑Minimum Essential Medium (αMEM; Hyclone; 
GE Healthcare Life Sciences, Logan, UT, USA) containing 
10% fetal bovine serum (FBS; Hyclone; GE Healthcare Life 
Sciences), 1%  penicillin and 1%  streptomycin was drawn 
through until the majority of the bone marrow was flushed 
out. The cell suspension was washed and precipitated with 
PBS three times, and transferred to a sterile container. Cells 
were counted and seeded into culture dishes according to the 
required density. αMEM containing 10% FBS, 1% penicillin 
and 1% streptomycin was added, and cells were cultured at 37˚C 
in a 5% CO2

 incubator. The medium was changed every 24 h. 
Following adherence to the culture dish, cells were digested 
using TrypLe Express enzyme (2.5‑3.0 ml; Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) for 10 min at 37˚C 
and αMEM containing 10% FBS was used to terminate the 
reaction. The cell suspension was centrifuged at 800 x g for 
5 min, and cells were resuspended in fresh αMEM containing 
10% FBS (both Hyclone; GE Healthcare Life Sciences) and 
seeded into new culture medium. Cell medium was changed 
daily and, once 80‑90% confluence was reached, cells were 
passaged at a ratio of 1:3. A light‑inverted microscope (cat. 
no. CKX41; Olympus Corporation, Tokyo, Japan) was used to 
observe cell morphology.

BMSC identification. Third‑generation BMSCs were used 
for identification. The medium was discarded and cells were 
washed three times with PBS. TrypLE Express was subse-
quently added to digest the cells at 37˚C for 10 min and αMEM 
(Hyclone; GE Healthcare Life Sciences) containing 10% FBS 
was used to terminate the reaction. The cell suspension was 
collected and centrifuged at 500 x g at 4˚C for 5 min. Cells 
were subsequently counted and adjusted to 106 cells/100 µl, 
and blocked using PBS containing 10% bovine serum albumin 
(concentration, 1% w/v; Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China) at 37˚C. The cell suspension was 
transferred to four round‑bottom Falcon tubes and allo-
phycocyanin‑labeled anti‑cluster of differentiation (CD) 29 
(cat. no.  10,225; 1:500; BioLegend, Inc., San Diego, CA, 
USA), f luorescein isothiocyanate‑labeled anti‑CD44 
(cat. no.  103,003; 1:500; BioLegend, Inc.), phycoerythrin 
(PE) ‑labeled anti‑CD45 (cat. no. 103,111; 1:500; BioLegend, 
Inc.) and PE‑labeled anti‑CD34 (cat. no. bsm‑10820M; 1:500; 
BIOSS, Beijing, China) antibodies were added into the respec-
tive cell suspensions and incubated at 4˚C for 20 min. A flow 
cytometer (FACSCanto II; BD Biosciences, Franklin Lakes, 
NJ, USA) was used to detect the cell surface markers CD44, 
CD29, CD45 and CD34 (23), and Kaluza analysis software 
(v. 1.3; Beckman Coulter, Inc., Shanghai, China) was used for 
analysis. The experiment was repeated three times.

BMSC culture. Lyophilized BMP‑2‑nHAP‑COL scaffolds 
were sterilized with ethylene oxide, washed three times with 
PBS and αMEM and subsequently soaked in 10% FBS over-
night at 37˚C. Individual scaffolds were placed into wells of 
a 24‑well cell culture plate and inoculated with 1 ml BMSC 
suspension (2x105/ml). A total of 100 µl of Dulbecco's Modified 
Eagle's Medium (Shanghai Beinuo Biotechnology, Co., Ltd., 
Shanghai, China) was gently added to the well around the 
scaffold and the cell‑seeded scaffold was cultured in a 5% CO2 

incubator at 37˚C (24).
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BMSC morphology. Following 72 h of incubation, cell‑scaf-
fold samples were collected, washed with PBS and fixed in 
2.5% glutaraldehyde solution overnight at 4˚C. The samples 
were subsequently removed and washed with PBS prior to 
dehydration in an ethanol gradient (50, 70, 80, 90 and 100% for 
~20 min each). Samples were air‑dried and sputter‑coated with 
gold. SEM was used to observe the samples. The experiment 
was repeated four times.

Adhesion of BMSCs. BMSCs (1x104/ml) were placed in culture 
plates pre‑coated with BMP‑2‑nHAP‑COL or nHAP‑COL 
scaffolds (1 ml/well). BMSCs placed in culture plates with no 
scaffolds were used as a control. A total of six parallel wells 
were used for each group and cells were cultured in an incubator 
at 37˚C with 5% CO2. Non‑adherent cell numbers were quanti-
fied at 1, 2, 4, 8 and 24 h, and the adhesion rate was calculated 
according to the following formula: Adhesion rate (%)=(number 
of seeded cells‑non‑adhered cells)/(number of seeded cells) 
x100 (25). The experiment was repeated three times.

Cell Counting kit‑8 (CCK‑8) assay. A CCK‑8 kit (Nanjing 
Jiancheng Bioengineering Institute) was used to detect BMSC 
proliferation in each group. A total of three samples per group 
were analyzed at 1, 3, 5 and 7 days post‑inoculation. In each 
group, 100 µl CCK‑8 solution was added to each well, and the 
culture plate was placed into an incubator at 37˚C and 5% CO2 

for 4 h. A sample of this liquid (300 µl) was subsequently 
drawn from each well and added to a 96‑well culture plate. 
Absorbance values were measured at a wavelength of 450 nm 
using a microplate reader (Bio‑Rad 550; Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA) and the average value of the three 
samples was calculated. Optical density (OD) at 450 nm was 
proportional to the number of cells (26). The experiment was 
repeated three times.

Alkaline phosphatase (ALP) activity. A total of three samples 
per group were analyzed for ALP activity at 1, 4, 7 and 
10 days following initial culture using an ALP ELISA kit 
(cat. no. A059‑1; Nanjing Jiancheng Bioengineering Institute). 
Samples were washed three times in PBS and immersed in 
1 ml 0.1% Triton X‑100. Cells were lysed by placing the culture 
plate in a refrigerator overnight at 4˚C. The cell suspension 
was further lysed by repeat pipetting and 30 µl suspension was 
subsequently transferred to a 96‑well plate. Buffer solution 
(50 µl) and matrix liquid were placed in a water bath at 37˚C 
for 15 min prior to mixing fully. Chromogenic agent (150 µl) 
was added to each well and the plate was oscillated. The OD 
was measured at 520 nm (27). The experiment was repeated 
three times.

Statistical analysis. All quantitative data are expressed as 
the mean  ±  standard deviation. Statistical analyses were 
performed using SPSS 17 (SPSS, Inc., Chicago, IL, USA). 
The results were analyzed using either the Student's t‑test or 
one‑way analysis of variance (ANOVA) followed by Scheffé's 
post hoc test. P<0.05 was considered to indicate a statisti-
cally significant difference. Prior to analysis with one‑way 
ANOVA, all quantitative data were confirmed to be normally 
distributed.

Results

BMP‑2‑nHAP‑COL scaffold characterization. The scaffold 
was white with a slightly rough surface and good flexibility. 
The original state was able to be gradually restored following 
compression deformation (Fig.  1A). The scaffold had a 
three‑dimensional porous structure with a large number of 
nHAP particulates adhered on the COL surface. The aperture 
was 80‑200 µm and the pores were interconnected with no 
clear fixed direction. The thickness of the pore wall was 
1‑2 µm, and nHAP and COL were well combined (Fig. 1B 
and C).

Release of BMP‑2 from the BMP‑2‑nHAP‑COL scaffold. 
BMP‑2 release from the scaffold was detected for 19 days. On 
day 20, a negligible amount of BMP‑2 (<1 ng) was detected in 
the supernatant of each sample, and the cumulative release of 
BMP‑2 from the scaffold material was 90.05±2.08%. The rate 
of release was significantly faster in the first few days and the 
release curve gradually leveled off prior to slowing (Fig. 2).

Figure 1. BMP‑2‑nHAP‑COL scaffold characterization. (A)  The gross 
morphology of the BMP‑2‑nHAP‑COL scaffold was observed to be white and 
slightly rough on the surface. (B) Images captured of the BMP‑2‑nHAP‑COL 
scaffold with a scanning electron microscope (magnification, x60) revealed a 
porous, spongy appearance. (C) A large number of nHAP particles attached 
to the scaffold surface (magnification, x900). BMP‑2, bone morphogenetic 
protein 2; nHAP, nanometer hydroxyapatite; COL, collagen.
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Cell morphology. Primary BMSCs were inoculated for 12 h 
and gradually began to adhere to the scaffold. A small number 
of BMSCs were deformed after 1 day and were spindle‑ or 
polygonal‑shaped. A number of non‑adherent red blood cells 
were additionally observed (Fig.  3A). Non‑adherent and 
slowly‑adhering cells were removed following the first media 
exchange. Approximately 5 days subsequent to the initial 
culture, a large number of spindle and polygonal‑shaped 
BMSCs were observed, combined with a small number of 
round cells. Additionally, fibroblast‑like and macrophage‑like 
cells were present (Fig. 3B). Cell impurity decreased signifi-
cantly following the first passage, and cells adhered to the 
culture wall and deformed on day 1 (Fig. 3C). Cell density 
increased on day 3 following the second passage and BMSCs 
were approximately 80‑90% confluent on day 5 (Fig. 3D).

BMSC identification. Flow cytometry for cell surface markers 
was performed on third‑generation BMSCs. CD45, CD34, 
CD44 and CD29 expression levels were determined to be 4.4, 
6.8, 94 and 100%, respectively. These results are consistent 
with flow cytometry BMSC standards (CD45 and CD34, 
<10%; CD44 and CD29, >90%; Fig. 4) (23).

BMP‑2‑nHAP‑COL scaffold biocompatibility. SEM analysis 
identified a random distribution of cells on the scaffold 
surface. At 7 days, an increased number of cells had adhered 
to the scaffold surface and the cells were observed to grow 
and proliferate well. Typical BMSC morphology was observed 
and cells adhered tightly to the scaffold surface via lamelli-
podia and filopodia, indicative of cell spreading (Fig. 5).

BMP‑2 promotes BMSC adhesion. The cell adhesion rate 
was enhanced with increased incubation time in all three 
groups. The adhesion rate was higher in the scaffold groups 
compared with the control group (P<0.05) and was higher in 
the BMP‑2‑nHAP‑COL group compared with the nHAP‑COL 
group (P<0.05) following culture for 1, 3 and 6 h. The adhered 
cell number was significantly increased following 3 and 6 h 
compared with 1 h (P<0.05). These results indicated that 
BMP‑2 increased BMSC adhesion (Fig. 6).

BMSC proliferation is not influenced by BMP‑2. BMSC 
proliferation at days 1, 3, 5 and 7 in the BMP‑2‑nHAP‑COL, 
nHAP‑COL and control groups was compared using the CCK‑8 
assay. Absorbance values increased with time in the scaffold 
groups, indicating significant cell growth within the scaffolds. 
No significant difference was detected between the scaffold 
groups and the control group at day 1 (P>0.05). However, cell 
numbers in the scaffold groups were higher compared with 
the control group at day 3 (P<0.05). There was no significant 
difference detected between the BMP‑2‑nHAP‑COL and 
nHAP‑COL groups (P>0.05), indicating that BMP‑2 did not 
increase BMSC proliferation (Fig. 7).

BMP‑2 promotes ALP activity in BMSCs. The ALP activity 
of BMSCs cultured in the scaffold and control groups are 
presented in Fig. 8. No significant differences in the OD values 
were identified between the scaffold groups and the control 
group (P>0.05) during the first 4 days. However, OD values 
were significantly higher in the scaffold groups compared with 

the control group between 4 and 10 days (P<0.05). Furthermore, 
ALP activity was higher in the BMP‑2‑nHAP‑COL group 
compared with the nHAP‑COL group, suggesting that the 
nHAP‑COL scaffold enhanced ALP expression in BMSCs, 
and that BMP‑2 further enhanced this effect (Fig. 8).

Discussion

COL is a primary component of the extracellular matrix that 
has been widely used in constructive remodeling to facilitate 
cell growth and differentiation. The widespread use of COL 
across numerous clinical applications is due to its desirable 
bioinductive, mechanical and degradable properties (28). In 
the process of constructing scaffolds and load factors, collagen 
was repeatedly dried, which attenuated the decrease of the 
immunogenicity of COL (29). HAP is a biocompatible material 
with osteoconductive properties. It is available in various forms 
that determine its bone formation and graft incorporation 
properties, accordingly. Unfortunately, bone‑graft substitutes 
consisting solely of particles are mechanically weak and 
particles may migrate from the graft site prior to the ingrowth 
of new bone tissue that secures them in place (30). Nano‑scale 
biomaterials have gained attention from the research 
community due to their desirable biological and biomechanical 
properties (31). The nHAP‑COL scaffold provides a good, 
spongy, porous structure that meets the criteria for an ideal 
scaffold material, providing a three‑dimensional space for cell 
nutrient transfer (32). The nHAP particles increase the surface 
roughness, thus increasing the surface area of the scaffold to 
improve cell adhesion. Li et al (33) used electrospinning to 
combine BMP‑2 with silk fibroin fiber and nHAP, producing a 
beneficial effect on the osteogenic differentiation of BMSCs. 
The present study used freeze drying to directly combine 
BMP‑2 with the nHAP‑COL scaffold. The rate of BMP‑2 
release compared with the amount of BMP‑2 in the scaffold 
following lyophilization revealed that the method resulted in no 
significant loss of BMP‑2 during the production process. The 
sustained release time following lyophilization additionally 
met tissue engineering requirements. A number of disinfection 
methods, including alcohol immersion, ultraviolet irradiation 
and ethylene oxide, were used in the previous experiment. 
However, each method resulted in different activity loss due to 
different disinfection times (Tong et al, unpublished). Ethylene 

Figure 2. Cumulative release rate of BMP‑2 from BMP‑2‑nanometer 
hydroxyapatite‑collagen scaffolds over 20 days. BMP‑2, bone morphogenetic 
protein 2.
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Figure 4. Flow cytometry analysis of surface marker antigens CD29, CD34, CD44 and CD45 in passage 3 bone marrow‑derived mesenchymal stem cells. CD, 
cluster of differentiation; FITC, fluorescein isothiocyanate; PE, phycoerythrin; APC, allophycocyanin.

Figure 3. BMSC morphology was examined under a light‑inverted microscope. (A) Cell morphology was observed following culturing of primary BMSCs 
for 1 day. BMSCs were mixed with non‑adherent red blood cells and exhibited spindle or polygonal morphology (magnification, x100). (B) BMSCs mixed 
with fibroblasts and macrophages exhibited round, spindle and polygonal morphology 5 days subsequent to the primary BMSC culture (magnification, x100). 
(C) Cultured BMSCs grew well and cell impurity was significantly reduced 1 day following the first passage (magnification, x200). (D) The density of cultured 
BMSCs was significantly increased 5 days following the second passage (magnification, x200). BMSCs, bone marrow‑derived mesenchymal stem cells.
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oxide disinfection had the lowest rate of BMP‑2 activity 
loss at ~10%, and subsequent experimental steps confirmed 
its rationality. No further experiments were performed to 
demonstrate factor concentration and specific disinfection. 
This may be addressed in future experiments.

Artificially‑extracted BMSCs were mixed with fibroblast 
and macrophage‑like cells. BMSCs were digested with TrypLe 
Express enzyme and subsequently purified. Flow cytometry 
analysis revealed that the isolated and purified cells met the 
requirements for application in further experiments. SEM 
images confirmed successful BMSC growth on the scaffolds. 
The cell adhesion rate assay confirmed that the cells adhered 
well to the scaffold and that BMP‑2 enhanced this adherence 
rate. There are numerous methods of detecting cell prolifera-
tion, including CCK‑8, MTT, proliferating cell nuclear antigen 
and Ki67. The CCK‑8 assay was used in the present study. The 
result proved the effect of the composite scaffold on promoting 
proliferation. However, at a concentration of 10 ng/µl, BMP‑2 
had no further role in proliferation promotion. The ALP assay 
confirmed that the nHAP‑COL scaffold promoted BMSC 
differentiation and that this effect was enhanced further by 
the presence of BMP‑2 in the scaffold. Although a number 
of reports have used COL or nHAP as a tissue engineering 
material (34), to the best of our knowledge, a combination of 
these two materials with BMP‑2 has not yet been achieved 
by lyophilization. The process of freeze‑drying rarely causes 
a loss of growth factor efficiency (35). Therefore, it may be 
assumed that scaffold implantation into the body may facilitate 
sustained BMP‑2 release from the scaffold and may contribute 
to enhanced bone formation.

In conclusion, construction of the BMP‑2‑nHAP‑COL 
scaffold using a freeze‑drying method enables good 
biocompatibility in vitro. On this basis, further research may be 
performed to develop a more optimal bone tissue engineering 
scaffold.
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Figure 8. ALP activity assay of bone marrow mesenchymal stem cells cultured 
with the BMP‑2‑nHAP‑COL and nHAP‑COL scaffolds. Data is expressed as 
the mean ± standard deviation. *P<0.05 vs. control, #P<0.05 vs. nHAP‑COL 
group. ALP, alkaline phosphatase; BMP‑2, bone morphogenetic protein 2; 
nHAP, nanometer hydroxyapatite; COL, collagen.

Figure 7. Cell Counting kit‑8 assay determination of the proliferation of 
bone marrow mesenchymal stem cells cultured with BMP‑2‑nHAP‑COL 
and nHAP‑COL scaffolds. Data is expressed as the mean ± standard devia-
tion. *P<0.05 vs. control, #P<0.05 vs. previous time point of the same group. 
BMP‑2, bone morphogenetic protein 2; nHAP, nanometer hydroxyapatite; 
COL, collagen.

Figure 5. BMSCs at 7 days post‑inoculation with the bone morphogenetic 
protein‑2‑nanometer hydroxyapatite‑collagen scaffold. Images were captured 
with a scanning electron microscope. BMSCs adhered tightly on the scaffold 
surface via lamellipodia and filopodia. The white arrows point to BMSCs 
and the black arrow indicates the scaffold. BMSCs, bone marrow‑derived 
mesenchymal stem cells.

Figure 6. Adhesion rate of bone marrow mesenchymal stem cells cultured 
with the BMP‑2‑nHAP‑COL and nHAP‑COL scaffolds. Data is expressed as 
the mean ± standard deviation. *P<0.05 vs. control, #P<0.05 vs. nHAP‑COL 
group. BMP‑2, bone morphogenetic protein 2; nHAP, nanometer hydroxy-
apatite; COL, collagen.
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