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Abstract: The aim of the present study was to investigate the effect of modified heterogeneous deproteinized bone 
combined with bone marrow mesenchymal stem cells (BMSCs) in the restoration of a validated bone defect mod-
el. BMSCs were identified by flow cytometry and multilineage differentiation assay. The structural features of the 
modified heterogeneous deproteinized bone scaffold and biocompatibility between BMSCs and the scaffold were 
confirmed by scanning electron microscope (SEM) detection. The cytotoxicity of the modified heterogeneous depro-
teinized bone scaffolds were detected by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenytetrazolium bromide (MTT) assay. 
SEM detection proved that modified heterogeneous deproteinized bone scaffold had no negative impact on the pro-
liferation of BMSCs. MTT assay results demonstrated that the scaffold had no apparent cytotoxicity. Biomechanical 
detection showed that the stiffness and ultimate loading of tibias in the scaffold + BMSCs group were significantly 
higher than those of the scaffold alone group (P < 0.05) and the control group (P < 0.01). Histological analyses 
confirmed that the greatest quantity of new bone was generated in the scaffold + BMSCs group, when compared 
with all other groups, at 8 weeks’ post-operation. The bone mineral density (BMD) in the scaffold + BMSC group was 
significantly higher than that of the scaffold alone group (P < 0.05) and the control group (P < 0.01). Fluorometric 
analyses confirmed the presence of BMSCs at high concentration within the bone defect areas in the scaffold + 
BMSCs group at 4 weeks after transplantation. These findings suggest that the modified heterogeneous deprotein-
ized bone scaffold seeded with BMSCs can effectively enhance the restoration of bone defects.
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Introduction 

Bone defects caused by traumatic events, cor-
rection of congenital malformation, or resec-
tion of tumors are commonly encountered 
issues in a clinical setting [1, 2]. Given these 
conditions, the development of a reasonable 
intervention to accelerate bony reconstruction 
and achieve osseous union is of great impor-
tance [3]. Despite extensive research, the res-
toration of long-bone defects deriving from 
these pathological processes remains challen- 
ging [4, 5].

The most frequently adopted material in cur-
rent bone transplantation clinical practice is 
autologous bone [6]. Autologous bone prevails 
not only because it is safe, inexpensive, and 

easy to obtain, but it also possesses osteocon-
duction and osteoinduction characteristics [7]. 
Nevertheless, the application of autologous 
grafts requires patients to suffer additional 
operations, which are associated with extra 
morbidity at the harvesting site and increased 
operational costs. Furthermore, the graft mate-
rial is limited in quantity and may increase the 
risk of complications at the donor site, such as 
stress fractures, infections, and cacesthesia 
[8]. Hence, it is imperative to overcome these 
limitations and explore novel biomaterials for 
bone grafts. Fortunately, heterogeneous depro-
teinized bone, which possesses similar organi-
zational structures to the human skeleton, can 
serve as a good alternative [9]. Besides, the 
osteoconductive and osteoinductive character-
istics of this material potentially fulfill the de- 
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mand of an optimal bony transplantation sub-
stitute [10]. Previous research conducted by 
Urist et al. [11] confirmed the feasibility of het-
erogeneous deproteinized bone matrices as 
scaffolds for tissue-engineering applications. 
The bone-derived growth factors in the hetero-
geneous deproteinized bone, together with the 
architectural and mechanical properties and 
unlikelihood of triggering immunological reac-
tions, make it a suitable osteoinductive bioma-
terial [11].

Mesenchymal stem/stromal cells (MSCs) that 
can be isolated from bone marrow, umbilical 
cord, and other organs can be extensively ex- 
panded in vitro [13]. MSCs are further charac-
terized by their self-renewal and multi-direc-
tional differentiation potential; under certain 
conditions, they can differentiate into osteo-
cytes, chondrocytes, tendon cells, adipocytes, 
and other cell types [14-16]. Bone formation  
in the course of embryogenesis is initiated by 
MSC accumulation and recruitment, which then 
develops to intramembranous bone formation 
by means of osteogenic differentiation, or to 
endochondral bone formation through chon-
drogenic differentiation [17]. Although MSCs 
are rare in adult bone, interrelated osteopro-
genitor cells derived from the periosteum, toge- 
ther with primitive multiply differentiative MSCs 
derived from bone marrow, engage in callus for-
mation, which is significant during the architec-
tural progress of fracture concrescence [17]. 
Moreover, the homing capacity of bone mar- 
row mesenchymal stem cells (BMSCs) to the 
injured area, with their paracrine effect facili-
tating cell migration and accelerating angiogen-
esis, and their immunoregulation characteris-
tics, making them an ideal therapeutic option 
in the reconstruction of long bone defects [19]. 
Several studies have demonstrated significant 
restoration effects of orthotopically implanted 
or pre-seeded BMSCs on various biomaterials 
in critical size bone defect models [6, 20-23]. 
Studies by Haynesworth et al. [6, 20-23] show- 
ed that ceramic scaffolds seeded with human 
BMSCs could expedite bone tissue formation  
in immunodeficient mice, which supplied proof-
of-principle on the practicability of employing 
BMSCs in bone tissue engineering. 

Based on the above information, we proposed 
a distinct concept using modified heteroge-
neous deproteinized bone seeded with bone 

marrow mesenchymal stem cells in the repair 
of bone defects in a validated rat model. 

Materials and methods 

Animals

Forty healthy adult female Sprague-Dawley 
(SD) rats, weighing 250-300 g and aged ap- 
proximately 12 weeks, were used for the pres-
ent study. The animals were housed in an in- 
door facility for 1 week before the start of the 
experiments, with accessible food and water in 
conditions of 21°C, 60% atmospheric humidity, 
and a 12 h light/dark cycle. All animal experi-
mental procedures were approved by the Ethics 
Committee for Animal Experiments of the West 
China School of Medicine, Shichuan University, 
Chengdu, China (SCXK20150012).

Isolation, cultivation, and labeling of BMSCs

Primary BMSCs were separated from the bone 
marrow of young adult male Sprague-Dawley 
rats in accordance with previously described 
protocols [25]. In brief, rats were anaesthetized 
with 10% chloral hydrate (0.3 mL/100 g), after 
which the tibias and femurs were dissected. 
The metaphyses of each bone were removed, 
and medullary cavities were douched with 10 
mL BMSC culture medium, containing α-minimal 
essential medium (α-MEM; HyClone, Utah, 
USA), 10% fetal bovine serum (FBS; Biological 
Industries, Kibbutz Beit Haemek, Israel), and 
penicillin (Amresco, OH, USA). The cells were fil-
tered via a 70-μm cell strainer, centrifuged at 
1000 rpm for 5 minutes, and then cultivated  
at a concentration of 5-10 × 105 cells/cm2 in 
BMSC nutrient medium. Cells were incubated 
at 37°C in a humidified environment with 5% 
CO2 for 24 hours, and non-adherent cells were 
eliminated. The medium was replaced every 2 
days until the adherent cells reached 80-90% 
confluence. Subsequently, the BMSCs were 
detached with trypsin and serially subcultured 
three times at 1:3. To track the internal activity 
of BMSCs, they were also dyed with a cell track-
er (CM-Dil, Invitrogen, California, USA) accord-
ing to the manufacturer’s instructions. The BM- 
SC suspension was irrigated using phosphate 
buffered saline (PBS) and cocultured with 
CM-Dil (2 μg/mL) at 37°C for 5 minutes, then 
incubated at 4°C for 15 minutes. The BMSCs 
were then washed twice using PBS and resus-
pended in α-MEM for use in further experi- 
ments. 
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Flow cytometry assay

BMSCs were suspended in PBS (Beyotime In- 
stitute of Biotechnology, Shanghai, China) con-
taining 5% bovine serum albumin (BSA; Hy- 
Clone, Utah, USA) at a density of 1 × 106 cells/
mL. Cell suspensions (500 µL) were transferred 
to 4 Eppendorf tubes (1.5 mL), one of which 
was used as a control, then centrifuged at 
1000 rpm for 5 minutes before the superna-
tant was discarded. Paraformaldehyde solution 
(4%, 0.1 mL) was added to each tube and fix- 
ed for 30 minutes. The cells were washed with 
BSA/PBS buffer as above, centrifuged at 1000 
rpm for 5 minutes, and the supernatant was 
discarded. This process was repeated 3 times. 
The cells were dyed with fluorescein isothiocya-
nate (FITC)-conjugated antibodies specific for 
CD29 and CD45 (both eBioscience, CA, USA) at 
4°C for 30 minutes. The cells were also incu-
bated with phycoerythrin (PE)-conjugated anti-
bodies against CD44 (R&D Systems, Minneso- 
ta, USA) at 4°C for 30 minutes. The cells were 
washed with BSA/PBS buffer, centrifuged at 
1000 rpm for 5 minutes and the supernatant 
was discarded. This process was repeated 3 
times. The immunophenotype of the cells was 
analyzed by fluorescence-activated cell sorting 
flow cytometry (BD Biosciences, New Jersey, 
USA). 

Multilineage differentiation assay 

BMSCs at passage 3 were adjusted to a den- 
sity of 1 × 105 cells/mL in Dulbecco’s modified 
Eagle’s medium (DMEM; Invitrogen, California, 
USA) containing 10% FBS, and inoculated into 
24-well culture plates. For adipogenic induc-
tion, Oil red O staining was performed. The 
inductive medium consisted of 10 mg/L insu-
lin, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX; 
New Jersey, USA), 50 μM indomethacin, 0.1 
µmol/L dexamethasone, α-MEM, and 10% FBS. 
The medium was changed every 72 hours, and 
the cells were stained with Oil red O solution  
at day 14. For osteoinductive differentiation, 
alkaline phosphatase (ALP) staining was car-
ried out. The inductive medium consisted of 
α-MEM, 10% FBS, 10 mmol/L sodium β-glycero- 
phosphate, 0.25 µmol/L dexamethasone, and 
50 µmol/L ascorbic acid. The osteoinductive 
medium was changed every 72 hours, and cells 
dyed positive for ALP were observed using a 
light microscope at day 21.

Preparation of heterogeneous deproteinized 
bone scaffold

The heterogeneous deproteinized bone scaf-
fold was fabricated in accordance with previ-
ously recorded protocols, with certain modifica-
tions [26, 27]. The hypomeres and spongy bone 
of adult swine tibias were obtained from a fresh 
produce market in Neijiang City (Wuhou District, 
Chengdu, China), and the peripheral soft tissue, 
bone marrow, and cartilage were then removed. 
The bones were cut into block-shapes consis-
tent with the bone trabecular direction, with 
dimensions of 3 mm × 3 mm × 5 mm, which 
were comprised of porous and cortical bone tis-
sues. After washing with physiological saline 
several times, the blocks were immersed in 0.3 
mg/mL pepsin (NCE Biomedical Co., Ltd., Wu- 
han, China) dissolved in pH 2 PBS (Beyotime 
Institute of Biotechnology, Shanghai, China) at 
25°C for 8 hours. The reaction was subse-
quently terminated by altering the pH to 9 using 
NaOH solution. Sequentially, the materials were 
soaked in 5 mmol/L NaN3 for 12 hours, 0.25% 
trypsin at 4°C for 6 hours, 0.6 N hydrochloric 
acid at room temperature for 4 hours, metha-
nol/chloroform (1:1) at room temperature for 
12 hours, and then in 0.5% sodium dodecyl sul-
fate (SDS; Leica Biosystems, Shanghai, China) 
at room temperature for 6 hours. Each proce-
dure was followed by sufficient irrigation using 
distilled water. The deproteinized bones were 
frozen in a cryogenic refrigerator at -85°C for 3 
months and then sterilized by 60Co irradiation. 
The resultant scaffolds were stored at -4°C 
until evaluation by scanning electronic micros-
copy and for BMSC implantation.

Pre-seeding of BMSCs into heterogeneous de-
proteinized bone scaffold

The previously prepared scaffolds were disin-
fected with 75% ethyl alcohol for 24 hours, then 
irrigated three times with PBS and soaked in 
BMSC culture medium (DMEM) for another day 
before seeding. The redundant medium was 
removed from the scaffolds and BMSC suspen-
sions (5 × 106/mL) were slowly and carefully 
seeded into the porous scaffolds. The compos-
ites were incubated with 5% CO2 at 37°C for 3 
hours. BMSCs were further incubated with the 
scaffolds in culture medium at 100% humidity 
and 37°C for 7 days; the medium was renewed 
every 48 hours.
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MTT assay

The cytotoxicity of heterogeneous deprotein-
ized bone scaffolds was detected by MTT assay 
(Beyotime Institute of Biotechnology, Beijing, 
China). First, the heterogeneous deproteinized 
bone scaffolds were disinfected with 75% ethyl 
alcohol for 24 hours, then irrigated with PBS 
three times. After soaking in 10 mL DMEM 
complete medium at 5% CO2 and 37°C for 72 
hours, the extract liquid was then adjusted to 
50% and 100% relative concentration. BMSCs 
at passage 3 in DMEM were seeded at a den-
sity of 1 × 104 cells/mL into 96-well plates in 
50% and 100% extract liquid, and without 
extract liquid (medium only) as controls. MTT 
(10  μL) was added on days 1, 3, 5, and 7 during 
the cultivation, the samples were incubated at 
37°C for 4 hours, and then the medium was 
substituted with 100 μL dimethyl sulfoxide 
(DMSO; Sigma-Aldrich, Darmstadt, Germany). 
The formazan crystals were dissolved through 
low speed oscillation for 10 minutes, and the 
optical density (OD) of each well was subse-
quently measured at 490 nm in an absorbance 
reader (Beckman Coulter, Inc., California, USA). 
The average OD values and relative prolifera-
tion ratio (RPR) of each group was calculated 
relative to the control group.

SEM detection

After gold sputtering, the characteristics of  
the heterogeneous deproteinized bone scaf-
folds were detected using SEM (Amray Inc., MA, 
USA), and the pore size and porosity of samples 
were calculated using LabworksTM image analy-
sis system. After coculturing with BMSCs for 7 
days (as previously described), the scaffolds 
were washed with PBS and fixed in 2.5% glu-
taric dialdehyde for 3 hours. The composites 
were washed with PBS, dried and coated, then 
observed with SEM.

Operative procedure for tibia defect model  

SD rats were anesthetized by administering 
10% chloral hydrate (0.3 mL/100 g) intraperito-
neally, and the left hind limbs were shaved and 
sterilized with alcohol. Incisions were made 
posteromedial of the tibia, and the subcutane-
ous tissues and muscular layers were blunt-
dissected to expose the tibia. Five millimeter 
long bone defects were created using a bone 
saw, and the corresponding graft material was 

implanted according to the grouping. The rats 
were randomly divided into three groups (n = 
12 per group). The defects were left unfilled in 
the control group, the heterogeneous deprot-
einized bone scaffolds were pressed into the 
defects for the scaffold group, and the hetero-
geneous deproteinized bone scaffolds with pre-
seeded BMSCs were pressed into the defects 
for the scaffold + BMSCs group. Muscle and 
skin were sutured layer by layer, and all operat-
ing procedures were conducted under aseptic 
conditions. The tibias were harvested separate-
ly at 4 weeks and 8 weeks and fixed in 10% 
formaldehyde solution for further analysis.

Biomechanical detection

For biomechanical detection, six rats from  
each group were assessed at 8 weeks after 
operation. The specimens were harvested and 
the soft tissues were removed, after which the 
biomechanical properties of stiffness (N/mm) 
and ultimate loading (N) were determined us- 
ing a universal biomechanics tester (RGT-5A, 
Ruige Technology Co., Ltd, Shenzhen, China). 
The data are plotted as mean ± SD.

Histological and histomorphometric analyses

Tibia specimens from each group, retrieved 
after sacrifice at 4 weeks and 8 weeks, were 
fixed in 10% formalin solution and decalcified 
with ethylenediaminetetraacetic acid (EDTA; 
Invitrogen, CA, USA). After dehydration through 
a graded ethanol series (80%-100%), the speci-
mens were embedded in paraffin. The longitu-
dinal region of the tibia defect was cut into 5 
μm thick sections and dyed using hematoxylin 
and eosin (H&E) or Masson’s trichrome. After 
microscopic inspection, photographs of the 
stained sections were taken with a digital  
camera (70D, Canon, Tokyo, Japan), and the 
obtained images were stored in the computer 
for histomorphometric analysis. The sizes of 
newly generated bone regions and the amount 
of new blood vessels within the bone defect 
regions were estimated with automatic image 
analysis software (Image-Pro Plus, Meyer In- 
struments, Inc., Houston, Texas, USA). The ratio 
of new bone formation was calculated as the 
percentage of newly generated bone region 
over the total defect region. The neovascular 
density was calculated as the amount of new 
blood vessels over the total defect region. 
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Micro-computed tomography detection

To evaluate the newly formed mineralized tis-
sue, the rat tibias were scanned and analyzed 
using micro-computed tomography (micro-CT, 
Quantum GX, Japan) at 8 weeks’ post-opera-
tion. The percentage of newly formed mineral-
ized bone volume of the defect tissue volume 
(BV/TV) and bone mineral density (BMD) of the 
regenerated bone were calculated as previous-
ly described [28].

Fluorescence microscopy

Four weeks after operation, bone defect speci-
mens were frozen and embedded in OCT com-
pound (Leica Biosystems, Shanghai, China), 
and then cut into 7 μm longitudinal cryostat 
sections. Fluorometric analyses were carried 
out using immunofluorescent microscopy to 
determine the existence or absence, as well  
as the relative density, of CM-Dil-labeled BM- 
SCs in the defect areas.

Statistical analysis

Statistical analyses were performed using Sta- 
tistical Package for the Social Sciences (SPSS; 
19.0, IBM, NYC, USA). All data were expressed 
as the mean value ± standard deviation (SD). 
Multiple group comparison was conducted 
using analysis of variance (ANOVA), followed by 
Bonferroni or Dunnett post-hoc tests. If signifi-
cance was reached, an unpaired two-tailed 
Student’s t-test was performed between each 
compared population, unless otherwise indi-
cated. P < 0.05 was considered statistically 
significant. 

Results

Identification and multilineage differentiation 
of BMSCs 

Immunophenotype analysis by flow cytometry 
showed that the cells we acquired were strong-
ly positive for CD29 and CD44, while negative 
for CD45, which is in accordance with the char-
acteristics of BMSCs (Figure 1A). Multilineage 
differentiation capacity of BMSCs was evaluat-
ed by subjecting BMSCs to adipogenic and 
osteogenic differentiation protocols and dying 
for lipids and mineralization respectively. After 
incubation of BMSCs in adipogenic inductive 
medium for 14 days, positive Oil red O staining 
was observed (Figure 1B), indicating the adipo-
genic differentiation of BMSCs. The cells culti-
vated in osteogenic inductive medium for 21 
days generated a large number of mineral nod-
ules (Figure 1C), indicating the osteogenic dif-
ferentiation of BMSCs into osteoblasts. 

Heterogeneous deproteinized bone scaffold 
has no negative impact on the proliferation of 
BMSCs

Characteristics of the heterogeneous deprot-
einized bone scaffolds and biocompatibility 
between BMSCs and the scaffolds were de- 
tected by SEM. The results showed that the  
heterogeneous deproteinized bone retained a 
three-dimensional porous structure and net-
work porosity that were similar to those of natu-
ral bone. Pores connected with each other and 
the porosity rate was 79.6 ± 5.39% with an 
aperture size of 446.10 ± 7.35 μm (Figure  
2A). After cocultivation for 7 days, the BMSCs 

Figure 1. A. Flow cytometry staining results for 
bone marrow mesenchymal stem cells (BMSCs); 
the acquired cells expressed CD29 and CD44, 
but not CD45. FITC: fluorescein isothiocyanate, 
PE: phycoerythrin. B. Positive Oil red O staining 
of BMSCs (magnification: 200 ×). C. Positive 
alkaline phosphatase (ALP) staining of BMSCs, 
characterized by the formation of a number of 
calcification nodes (magnification: 200 ×).
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adhered, proliferated, and generated extracel-
lular matrix on the heterogeneous deprotein-
ized bone scaffold surfaces (Figure 2B), which 
indicated that the chemical constitution and 
structural features of the scaffolds have no 
negative impact on the proliferation of BMSCs.

Heterogeneous deproteinized bone scaffold 
shows no apparent cytotoxicity to BMSCs

The proliferation of BMSCs in liquid extracted 
from heterogeneous deproteinized bone scaf-
fold culture was detected using MTT assay on 
days 1, 3, 5, and 7. As shown in Figure 3A, dur-
ing the 7 days’ cultivation, the OD values in 
each group increased, indicating increasing  
cell counts, and this further demonstrated  
that the heterogeneous deproteinized bone 
scaffold has no apparent cytotoxicity to BM- 
SCs. The OD values in 50% and 100% extract-
ed liquid groups were less than that of basic 
medium, but the difference was not significant 

(P > 0.05). There was no significant difference 
with regard to RPRs of BMSCs between the 
extracted liquid group and the control group (P 
> 0.05) (Figure 3B).

Tibia defects treated with scaffold and BMSCs 
has higher stiffness and ultimate loading 

The results of biomechanical detection at 8 
weeks after operation are shown in Figure 4. 
The stiffness of tibias in the scaffold alone 
group (61.02 ± 3.38 N/mm) was significantly 
higher than that of the control group (43.88 ± 
2.94 N/mm), (P < 0.05) (Figure 4A). The tibia 
defects treated with heterogeneous deprotein-
ized bone scaffold + BMSCs were mechanically 
stronger than those of the other groups (79.64 
± 4.25 N/mm), significantly higher than those 
of the scaffold alone group (P < 0.05) and the 
control group (P < 0.01). The ultimate loading of 
tibias in the scaffold alone group (9.16 ± 0.73 
N) was significantly higher than those of the 

Figure 2. Scanning electron microscope (SEM) detection results (magnification: 500 ×). A. three-dimensional porous 
structure of heterogeneous deproteinized bone showing pores connected with each other. B. After cocultivation for 
7 days, bone marrow mesenchymal stem cells (BMSCs) adhered, proliferated, and generated extracellular matrix on 
the heterogeneous deproteinized bone scaffold surfaces.

Figure 3. Cytotoxicity analyses and relative proliferation ratio (RPR) of bone marrow mesenchymal stem cells (BM-
SCs) on heterogeneous deproteinized bone scaffolds. A. OD values in 0, 50% and 100% extracted liquid, #P > 0.05 
versus control group, *P > 0.05 versus control group. B. RPRs of BMSCs in each group, ※P > 0.05 versus control 
group, *P > 0.05 versus control group. The data are plotted as mean ± SD.
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control group (7.65 ± 0.67 N), (P < 0.05) (Figure 
4B). The ultimate loading of tibias in the scaf-
fold + BMSCs group (12.83 ± 0.92 N) was sig-
nificantly higher than those of the scaffold 
alone group (P < 0.05) and the control group (P 
< 0.01). 

The tibia defects treated with scaffold and 
BMSCs had larger amounts of new bone and 
greater neovascular density

Bone regeneration in the defect areas was  
evaluated at 8 weeks’ post-operation, and rep-

Figure 4. Results of biomechanical detection at 8 weeks after operation. A. Tibial stiffness in each group. #P < 0.05 
versus control group; †P < 0.05 versus scaffold group; *P < 0.01 versus control group. B. Ultimate loading of tibias 
in each group. ##P < 0.05 versus scaffold group; ††P < 0.01 versus control group, **P < 0.05 versus control group. 
The data are plotted as mean ± SD.

Figure 5. Histological examination of newly regenerated bone at 8 weeks after operation. Representative H&E im-
ages (magnification: 100 ×). New bone areas were stained in pink/red. A. Control group; B. Scaffold group; C. Scaf-
fold + BMSCs group. Inflammatory reactions were not observed in any group. BMSCs, bone marrow mesenchymal 
stem cells.

Figure 6. Representative Masson’s trichrome staining images (magnification: 100 ×). A. Control group; B. Scaffold 
group; C. Scaffold + BMSCs group. BMSCs, bone marrow mesenchymal stem cells.
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resentative H&E images are shown in Figure 5. 
New bone areas were stained in pink/red. The 
control group showed minimal new bone forma-
tion in the defect area along with fibrous con-
nective tissue (Figure 5A). In contrast, a signifi-
cant amount of new bone and bone proteins 
appeared among the defect areas in the scaf-

significantly more new bone formation in the 
scaffold + BMSCs group than the scaffold 
alone group and the control group (Figure 6C). 
In addition, the new bone in the scaffold + 
BMSCs group appeared to be more mature, 
with a darker red staining that indicates a rela-
tively higher degree of mineralization. 

Figure 7. The ratio of new bone formation and the neovascular density at 8 weeks after operation in each group. A. 
Ratio of new bone formation, *P < 0.05 versus scaffold alone group, ※P < 0.01 versus control group, #P < 0.05 ver-
sus control group. B. Neovascular density, **P < 0.01 versus scaffold alone group, ※※P < 0.01 versus control group, 
##P > 0.05 versus control group. The data are plotted as mean ± SD.

Figure 8. Micro-CT 3D reconstruction and quantitative results of tibia defects 
at 8 weeks. A. Both the scaffold and scaffold + BMSCs groups showed exten-
sive new bone formation. B. BV/TV in the bone defect area, *P < 0.05 versus 
scaffold group, ※P < 0.01 versus control group, #P < 0.05 versus control 
group. C. BMD of newly formed mineralized bone, **P < 0.01 versus scaffold 
alone and control groups, ##P > 0.05 versus control group. The data are plot-
ted as mean ± SD. BMSCs, bone marrow mesenchymal stem cells.

fold group, along with a cer-
tain number of new blood ves-
sels (Figure 5B). The highest 
amounts of new bone were 
generated in the scaffold + 
BMSCs group, where some of 
the new bone exhibited an 
organized and mature skele-
tal morphology (Figure 5C).

Masson’s trichrome staining 
was also performed to iden- 
tify the presence of bone tis-
sue in the specimens at 8 
weeks’ post-operation. Repre- 
sentative Masson’s staining 
images of new bone forma-
tion in each group are shown 
in Figure 6. Only minimal 
amounts of new bone forma-
tion were observed in the con-
trol group (Figure 6A). The 
new bone in the scaffold 
alone group appeared to be 
less mature, with a light red 
staining that demonstrates 
an earlier stage of mineraliza-
tion (Figure 6B). There was 
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The bone generative capability in each group 
was estimated by calculating the size of the 
newly generated bone regions with histomor-
phometry. At 8 weeks after operation, the ratio 
of new bone formation in the scaffold alone 
group (39.42 ± 5.03%) was significantly higher 
than that of the control group (18.51 ± 3.98%), 
(P < 0.05) (Figure 7A). The ratio of new bone 
formation in the scaffold + BMSCs group 
(53.20 ± 5.47%) was significantly higher than 
those of the scaffold alone group (P < 0.05) 
and the control group (P < 0.01). The neovascu-
lar density in the scaffold alone group was  
higher than that of control group, but the differ-
ence was not statistically significant (P > 0.05) 
(Figure 7B). The neovascular density in the 
scaffold + BMSCs group was significantly high-
er than those of the scaffold alone group (P < 
0.01) and the control group (P < 0.01).

Tibia defects treated with scaffold and BMSCs 
have higher BV/TV ratios and BMD

The newly formed mineralized bone volume in 
each group was estimated through three-di- 
mensional CT reconstruction at 8 weeks’ post-
operation (Figure 8A). The defects remained 
discontinuous in the control group. In contrast, 
the scaffold and scaffold + BMSCs groups sh- 
owed massive amounts of newly formed bone 
with bridge connection of the defects After 8 
weeks, the BV/TV in the scaffold + BMSC group 
was significantly higher than those of the scaf-
fold group (P < 0.05) and the control group (P < 
0.01) (Figure 8B). The BV/TV in the scaffold 
alone group was significantly higher than that 
of the control group (P < 0.05). In addition, the 
BMD in the scaffold + BMSCs group was high- 
er than those of the other groups (P < 0.05) 
(Figure 8C), while the difference between the 

scaffold group and the control group was not 
statistically significant (P > 0.05).

CM-Dil-labeled BMSCs colonized the bone de-
fect areas

Fluorescent labeling within the defect areas of 
specimens in each group was analyzed after 4 
weeks. Gross and histologic fluorescent imag-
ing found that few CM-Dil-labeled cells were 
detected in specimens from the control group 
(Figure 9A) and the scaffold alone group (Figure 
9B). In contrast, the images demonstrated the 
presence of CM-Dil-labeled BMSCs in high con-
centration within the bone defect areas in the 
scaffold + BMSCs group at 4 weeks after trans-
plantation (Figure 9C). 

Discussion 

Bone rehabilitation follows an extraordinarily 
coordinated course that is well-orchestrated by 
a sequence of biological events, generating 
new bone through osteoinduction and osteo-
conduction, rather than cicatrical fibrosis [26, 
29, 30]. Osteogenesis during embryo formation 
is initiated by the aggregation and condensa-
tion of MSCs, which subsequently develops into 
endochondral ossification via chondrogenesis, 
or to intramembranous ossification via osteo-
genic differentiation [31]. Mechanical stability 
may modulate the cytoskeletons, integrins, and 
molecular pathways corresponding to the cel-
lular differentiation and angiogenesis that are 
involved in the bone formation process [32]. 
Despite the well-established natural mecha-
nism of bone regeneration, there are many fac-
tors, such as the defect position, size, biome-
chanical conditions, inflammation, underlying 
diseases, and physical conditions, that can in- 

Figure 9. Fluorescent imaging within the defect areas of specimens from each group after 4 weeks (magnification: 
400 ×). A. Control group; B. Scaffold group; C. Scaffold + BMSCs group. BMSCs, bone marrow mesenchymal stem 
cells.
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fluence the therapeutic recovery of bone de- 
fects [17, 33, 34]. Therefore, exploring valid 
strategies to optimize bone defect regeneration 
and reestablish skeletal function is of vital 
importance.

For an ideal scaffold material in bone tissue 
engineering, one of the critical characteristics 
is interconnected pore structures with ample 
pore size for cell localization, matrix fluxion, 
vascular formation, and new tissue growth [35, 
36]. Scaffold materials like hydroxyapatite (HA) 
[37], poly (lactide-co-glycolide) [29], and calci-
um phosphate ceramic composites were devel-
oped to mimic the host extracellular matrix on 
account of their prominent biocompatibility 
[38, 39]. Nevertheless, these materials do not 
possess properties, such as hydration and a 
3-D porous network that are comparable to 
host bone, or the capacity to readily integrate 
biophysical or biochemical signals to induce 
the function of grafted cells [40]. Heterogene- 
ous deproteinized bone fabricated from natural 
bone is superior for its inherited characteristics 
of the primary source materials, including its 
porous structure [41]. It has been proved that 
the immunogenicity of heterogeneous deprot-
einized bone is thoroughly eliminated, since all 
organic materials are removed by stepwise 
physical and chemical processing [42]. Until 
now, this sort of inorganic material has been 
widely employed in various medical research 
and clinical applications, such as vertebrae 
fusion, alveolar bone crest augmentation, and 
periodontal osseous defect restoration [42]. 
The optimal outcome of tissue engineering 
bone is that both the chemical constituents 
and porosity should sustain cellular migration, 
differentiation, proliferation, and vascular for-
mation without evoking immune reaction, and 
degradation over time should occur without 
toxic metabolites [45]. Consistently, the results 
of in vitro experiments demonstrated that BM- 
SCs adhered, proliferated, and generated extra-
cellular matrix on the scaffolds’ surfaces, which 
further confirmed the absence of cytotoxicity of 
heterogeneous deproteinized bone. 

Nevertheless, several limitations do exist in the 
present study. Firstly, the small number of ex- 
perimental animals is not enough to avoid se- 
lection bias. Secondly, we merely observed one 
time point (eight weeks after operation), instead 
of a longer observation period, since the pri-
mary intention of this study was to detect the 

early healing of defected bone. In any case, we 
aim to address the aforementioned limitations 
in later research.

Conclusions

In the present study, we modified the manufac-
turing process of heterogeneous deproteinized 
bone scaffolds, maintaining the three-dimen-
sional porous structure and network porosity  
of natural bone. The scaffolds pre-seeded with 
BMSCs showed good mechanical properties 
and biocompatibility. Moreover, the modified 
heterogeneous deproteinized bone scaffold 
with BMSCs produced good therapeutic ef- 
fects in a rat model of tibia defects. These find-
ings may provide new information for the fur-
ther development of bone tissue engineering.
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