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Abstract. Tissue-engineered bone grafts require an osteo-
blastic cellular source to be utilized in bone transplantation 
therapy. Human bone marrow stem cells (hBMSCs) and 
periosteal-derived stem cells (hPCs) are the commonly used 
cellular sources for bone tissue engineering and are essen-
tial in fracture healing. In the present study, hBMSCs and 
hPCs were co-cultured from the same donors, as the cellular 
source. In monolayer cultivation, co-culturing hBMSCs 
and hPCs demonstrated more robust mineralized nodule 
formation and stronger alkaline phosphatase (ALP) positive 
staining than hBMSCs or hPCs. Three-dimensional (3-D) 
culturing on porous β-tricalcium phosphate (TCP) scaf-
folds and co-culturing of hBMSCs and hPCs significantly 
promoted the osteogenic specific mRNA expression of 
COL1α1, BMP-2, osteopontin (OPN) and osteocalcin (OC). 
For in vivo bone formation and neovascularization assess-
ment, the cellular-β-TCP scaffolds were transplanted into 
critical-sized femoral condyle defects in rabbits. The results 
confirmed that co-culturing hBMSCs and hPCs accelerated 
bone regeneration and enhanced mature bone formation, 
but also facilitated central vascularization in scaffold pores. 
Based on these data, we recommend co-culturing hBMSCs 
and hPCs as a promising cellular source for bone tissue engi-
neering applications.

Introduction

Critical-sized bone defects often demand the transplantation 
of bone tissue or substitutes, to restore bone integrity. The 
gold standard method for orthopedic surgical procedures is 
the use of autologous bone grafts to stimulate bone growth 
and implant fixation. However, limited quantities of bone are 
available for autografting and the harvest procedure involves 
potential donor site morbidity (1). While allografted bone has 
been widely used, it is limited by the associated risks, including 
immunogenicity and transmission of infectious diseases (2,3). 
Bone tissue engineering is a promising approach to overcome 
these limitations. 

One strategy utilized to repair bone defects by bone tissue 
engineering, involves the combination of osteogenic cells with 
the appropriate porous absorbable scaffolds. In this cell-based 
therapy, mesenchymal stem cells (MSCs) are regarded as an 
excellent cellular source for bone tissue engineering because 
of their self-replication and osteogenic differentiation capaci-
ties (4,5). A variety of adult MSCs have been isolated from 
a diverse range of tissue types and ontogenies, including 
bone marrow, periosteum, synovium, umbilical cord blood, 
amniotic fluid, liver and adipose tissue (6-12). Among these, 
bone marrow and periosteum are the most commonly used 
cellular source for bone regeneration therapy. However, each 
source has its disadvantages, including the fact that MSCs 
isolated from bone marrow have limited proliferation capacity 
and high cellular senescence, and their osteogenic potential 
decreases with age (13,14). Furthermore, periosteal-derived 
stem cells isolated from different donor sites and species have 
been reported to demonstrate wide viability in osteogenic 
potential (15,16). Thus, the correct selection of MSCs as a cell 
source is of high importance in constructing engineered bone 
tissue.

It is well established that fracture healing requires the 
mobilization of MSCs, to allow deposition of cartilage 
and bone at the injury site. These cells are considered to be 
recruited locally and concurrently from the periosteum and 
bone marrow during bone repair. Although the periosteum 
and bone marrow generate osteoblasts, these cell types have 
demonstrated distinct cellular responses in the process of 
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bone healing and it has been confirmed that the periosteum is 
critical in new bone tissue mineralizaion (17,18). Furthermore, 
it has also been identified that injured periosteum and bone 
marrow heal in a different manner. Periosteum injuries heal by 
endochondral ossification, whereas bone marrow injuries heal 
by intramembranous ossification (17,19).

However, whether MSCs isolated from the bone marrow 
and periosteum have synergistic effects on osteogenic poten-
tial remains unclear. In the present study, hBMSCs with 
hPCs from the same donors were co-cultured with the aim 
of determining whether this strategy would accelerate the 
osteogenic potential of MSCs. For in vitro evaluation, alizarin 
red S and ALP staining were used for monolayer cultivation, 
and osteogenic-specific mRNA expression was tested in three-
dimensional (3-D) cultivation. For in vivo assessment, the 
MSCs from each group were seeded onto porous β-tricalcium 
phosphate (TCP) scaffolds and transplanted to critical-sized 
femoral condylar defects in rabbits, and the bone formation 
volume, mature bone percentage and blood vessel ingrowth 
were subsequently determined.

Materials and methods

Samples, animals and ethics. Human bone marrow and 
periosteum samples were obtained from patients undergoing 
lower limb amputation surgery because of severe limb trauma. 
Samples were obtained from 8 healthy donors (six males and 
two females; range, 22-30 years of age) in accordance with the 
local ethics committee and after obtaining informed consent. 
The bone marrow was harvested from the inferior segment of 
the tibia. During the same surgical procedure, the periosteum 
was harvested from the distal part of the tibia.

New Zealand rabbits (n=36; weighing, 2.5±3.2 kg) were 
provided by the Laboratory Animal Centre of the Sixth 
People's Hospital of Shanghai Jiaotong University (Shanghai, 
China). All procedures were approved by the Animal Care and 
Use Committee of Shanghai Sixth People's Hospital, Shanghai 
Jiaotong University (Shanghai, China).

Isolation of hBMSCs. The isolation of hBMSCs was performed 
as previously described (20). Briefly, a single-cell suspension 
was passed through an 80 µm cell strainer (BD Biosciences, 
San Diego, CA, USA). The cells were then plated in 25 cm2 

culture flasks and cultured in a complete medium (CM) 
consisting of Dulbecco's modified Eagle's medium (Gibco, 
Gaithersburg, MD, USA), supplemented with 10% fetal 
bovine serum (Gibco), 100 U/ml penicillin and 100 µg/ml 
streptomycin at 37˚C in 95% humidified air and 5% CO2. 
Non-adherent cells were removed by changing the medium 
twice a week. When the hBMSCs reached 80-90% confluence, 
the adherent cells were detached with 0.25% trypsin/EDTA 
(Gibco) and subcultured at a density of 1x104/cm2 in 25 cm2 
culture flasks.

Isolation of hPCs. The culture of hPCs was performed as 
described previously (21). Following rinsing the periosteum 
thoroughly with phosphate-buffered saline (PBS) containing 
100 U/ml penicillin and 100 µg/ml streptomycin, the biopsy 
specimens were minced into small pieces and digested in 0.2% 
type II collagenase (Sigma, St. Louis, MO, USA) for 4 h at 

37˚C. The isolated cells were centrifuged and resuspended in 
the CM at 37˚C in 95% humidified air and 5% CO2. The hPCs 
were subcultured as described above for the hBMSCs. The 
hBMSCs and hPCs at passages 3 were used in the experiments. 

Co-culture design of hBMSCs and hPCs. The hBMSCs and 
hPCs from the same donors were used for co-culture experi-
ments with three different ratios. The ratio of hBMSCs to 
hPCs in group 1 was 1:1; in group 2 was 1:2 and in group 3, 
was 2:1. For the monolayer culture, three types of co-cultured 
MSCs, hBMSCs and hPCs were seeded at a density of 
5,000 cells/cm2 into 6-well dishes with CM. Following 24 h 
in culture, the medium was replaced by an osteogenic medium 
consisting of CM supplemented with 10 nM dexamethasone 
(Sigma), 0.05 mM L-ascorbic acid 2-phosphate (Sigma) and 
10 mM β-glycerophosphate (Sigma). The cells were cultured 
in osteogenic medium for three weeks and the medium was 
changed twice a week.

Osteogenic differentiation in monolayer cultures
ALP staining. Following rinsing of the monolayer cells with 
PBS, they were fixed in an ice-cold, 90% ethanol solution for 
10 min and washed in PBS for 5 min. Then, the cells were 
stained with fast 5-bromo-4-chloro-3-indolyl phosphate and 
nitroblue tetrazolium (BCIP/NBT) ALP substrate (Beyotime 
Biotechnology, Jiangsu, China) for 30 min at room tempera-
ture. The reaction was terminated by removing the substrate 
solution and washing with distilled water. The results were 
expressed as the percentage of positive staining area per field 
of view (magnification, x100).

Alizarin red S staining. For the mineralized nodule formation 
assay, the mineralized matrix was analyzed using alizarin red 
S staining. The cell cultures were rinsed with PBS and fixed 
in ice-cold, 90% ethanol solution for 10 min. The cells were 
washed with distilled water, treated with a 2% alizarin red S 
solution (Amresco, Solon, OH, USA) for 5 min and washed 
with distilled water to remove the remaining staining. The 
results were expressed as the percentage of positive staining 
area in per field of view (magnification, x100).

Scaffold preparation and MSCs in 3-D cultures. The β-TCP 
scaffolds (Bio-lu Biomaterials, Shanghai, China) were molded 
into a circular cylinder (6 mm diameter and 10 mm length) 
with a porosity of 70% and pore diameter of 450±50 µm. The 
scaffolds were sterilized by 60Co irradiation prior to use. The 
MSCs were suspended in a fibrin gel (Sigma) and statically 
loaded into porous β-TCP scaffolds (1.2x106 cells/scaffold), as 
described previously (21). The cellular scaffolds were cultured 
in 6-well plates with CM overnight prior to being transferred 
to the osteogenic medium, which was changed twice a week. 
For the in vitro osteogenic gene expression assay, the cellular 
scaffolds were harvested on days 3, 7, 14 and 21 for quantita-
tive polymerase chain reaction (qPCR) analysis. For in vivo 
evaluation, the cellular scaffolds were pre-differentiated in an 
osteogenic differentiation medium for 21 days prior to implan-
tation.

qPCR. The total cellular RNA on the scaffolds was extracted 
using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, 
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CA, USA) according to the manufacturer's instructions. The 
concentration of RNA was determined from the optical 
absorbance at 260 nm of the extract. Complementary DNA 
(cDNA) was synthesized using the PrimeScript First Strand 
cDNA Synthesis kit (TaKaRa Biotechnology, Inc., Dalian, 
China). Reactions were performed and monitored in a PTC 
200 Thermal Cycler PCR machine (Bio-Rad, Waltham, MA, 
USA). qPCR was performed using a quantitative real-time 
amplification system (Light Cycler 480; Roche Diagnostics 
(Schweiz) AG, Risch, Switzerland). SybrGreen Premix Ex 
TaqⅡ (TaKaRa Biotechnology, Inc.) was used in each reaction. 
Reactions were performed with 40 cycles (95˚C for 5 sec, 55˚C 
for 30 sec and 72˚C for 30 sec). The primers used for qPCR were 
as follows: BMP-2, 5'-TGGAAGTGGCCCATTTAGAG-3', 
5'-TGACGCTTTTCTCGTTTGTG-3'; Collagen typeⅠalpha1 
(C O L1α1),  5 ' - C C T G C G T G TAC C C C AC T C A-3 ', 
5'-ACCAGACATGCCTCTTGTCCTT-3'; Osteopontin 
(OPN),  5'-AC ACATATGATGGCCGAGGTGA-3', 
5 ' -T G T G AG G T G AT G T C C T C G T C T G TA  G -3 ' ; 
Osteocalcin (OC), 5'-CAAAGGTGCAGCCTTTGTGTC-3', 
5 ' -T CACAGT CCG GAT T GAG C T CA-3 ';  GA PDH, 
5 ' - G C A C C G T C A A G G C T G A G A A C - 3 '  a n d 
5'-ATGGTGGTGAAGACGCCAGT-3'. Results were normal-
ized against the housekeeping gene GAPDH and relative gene 
expression was analyzed with the 2-ΔΔCt method. The human 
osteoblasts were obtained as the control cell types. Each 
measurement was assessed in triplicate.

Surgical procedure. The animal model was adapted from 
Giavaresi et al, as described previously (22). Briefly, following 
induction of general anesthesia, transversal, critical-sized bone 
defects were created (6 mm diameter, 10 mm length) in the 
femoral distal epiphysis of the posterior limbs by a standard-
ized surgical procedure. A 2 cm skin incision was established 
on the lateral aspect of the distal femoral condyle. Bilateral 
confined cancellous defects were stepwise drilled in both 
limbs with a 3.2 mm drill and these defects were subsequently 
expanded with a 6.0 mm drill. The depth of the defects was 
10±0.5 mm as measured by a digital caliper. The soft tissues 
were sutured with Dexon 3-0 and the skin was closed with silk 
3-0. Analgesics (carprofen, 4 mg/kg) were prescribed in the 
immediate post-operative period. Antibiotic therapy (cefazolin, 
25 mg/kg) was administered pre-operatively and for five days 
following surgery. Six experimental conditions were used: 
(i) hBMSCs, (ii) hPCs, (iii) co-culturing hBMSCs and hPCs 
with 1:1 ratios, (iv) co-culturing hBMSCs and hPCs with 1:2 
ratios, (v) co-culturing hBMSCs and hPCs with 2:1 ratios and 
(vi) blank β-TCP scaffolds. A sample size of n=6 defect sites 
per group per time point were examined. Following four and 
12 weeks, respectively, the animals were euthanized and the 
implants were retrieved for histological analysis.

Quantification of newly formed bone. To evaluate the total new 
bone formation and the mature bone volume, the harvested 
femoral condyles were fixed in 4% formaldehyde, decalcified 
and embedded in paraffin wax. Three middle sections (5 µm 
thickness) of each implant were stained with hematoxylin and 
eosin (H&E) for total new bone tissue area and Van Geison's 
for mature bone volume. The results were observed under a 
light microscope (magnification, x100) and at least ten images 

were randomly obtained in one section. Using image analytical 
software Image-Pro Plus (Media Cybernetics, Bethesda, MD, 
USA), the total new bone volume was expressed as a percentage 
of newly formed bone area in the total cross sectional area 
and the mature bone volume was calculated as a percentage of 
mature bone area of the total new bone tissue area.

Neovasculogenesis analysis. To determine the extent of blood 
vessel ingrowth, the middle sections of the implants were 
immunostained for vWF (Biosynthesis Biotechnology, Beijing, 
China), a protein present in large quantities in subendothelial 
matrices, including blood vessel basement membranes (20).
Circular vWF staining was obtained to indicate a blood vessel 
subendothelium. Blood vessels were counted manually with 
Adobe Photoshop 8.0 software (Adobe Systems, Mountain 
View, CA, USA) and were assessed by the mean blood vessel 
numbers per pore and percentage of blood vessels in the pore 
center region.

Statistical analyses. Parametric data are represented as the 
mean ± SD, analyzed using one-way ANOVA. A value of P<0.05 
was considered to indicate a statistically significant difference. 

Results

Osteogenic differentiation capacity in monolayer cultures. 
As demonstrated by alizarin red S staining, when exposed to 
osteogenic medium, the mineralized nodule was generated abun-
dantly in the co-culture condition, compared with the hBMSC 
and hPC groups (Fig. 1A and C). Furthermore, co-cultured 
MSCs formed alizarin red S positive mineralization nodules 
earlier than hBMSCs and hPCs, which was first observed at day 
8 in all three co-cultured MSCs and at day 10 in both hBMSCs 
and hPCs. The more robust osteogenic differentiation was also 
confirmed by ALP staining. ALP-positive staining in the early 
stage was confirmed in all five types of MSCs, although the 
staining was slightly decreased on day 21 in hBMSCs and hPCs. 
Co-culturing hBMSCs and hPCs did however, demonstrate a 
relatively strong positive staining in the early stage (day 3) and 
in the late stage (day 21), compared with hBMSCs and hPCs 
(Fig. 1B and D).

Osteogenic gene expression in 3-D cultures. During culturing in 
the osteogenic medium, hBMSCs, hPCs and co-cultured MSCs 
of the three different ratios, were assessed for mRNA expres-
sion of gene encoding. qPCR demonstrated that co-culturing 
MSCs in the 3-D model upgraded mRNA expression of 
COL1α1, BMP2, OPN and OC at different time points (Fig. 2). 
High expression of COL1α1 mRNA was recorded in the early 
differentiation stage, but a decrease was observed in the late 
stage. Co-culturing hBMSCs and hPCs significantly increased 
COL1α1 expression at days 3 and 7, respectively (Fig. 2B). 
OPN was expressed in the early differentiation stage and this 
effect progressively increased with time. The co-cultured MSCs 
upgraded the OPN mRNA transcript on days 3 and 7 (Fig. 2B). 
BMP-2 and OC mRNA transcript was highly expressed at day 
14, which steadily increased at 21 days. Co-culturing signifi-
cantly enhanced the expression of BMP-2 and OC in the late 
stage, which were confirmed in all three co-culturing MSCs 
(Fig. 2C and D).
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Histological analysis. The cellular-scaffold constructs in the 
femoral condyle were retrieved for histological evaluation 
following 4 and 12 weeks' implantation. The total new bone 
formation in the 3-D β-TCP scaffolds was indicated by H&E 
staining (Fig. 3A). Mature bone volume in the six groups of 
implants was revealed by Van Geison's staining (Fig. 3B). 
As summarized in Table 1, the β-TCP scaffolds seeded with 
all three different ratios of co-culturing MSCs, significantly 
increased new bone formation, compared with the scaffolds 
loaded with hBMSCs and hPCs. The most evident difference 
in newly formed bone tissue was observed at four weeks. This 
indicated that this synergetic effect in bone formation was 
initiated from the early stages of osteogenic differentiation. 
Furthermore, mature bone volume analysis confirmed that, 
compared with the hBMSCs and hPCs, co-culturing MSCs 
exhibited a significantly higher percentage of mature bone 
formation in the critical-sized femoral condyle defects.

Neovasculogenesis analysis. The effects of blood vessel 
ingrowth in the 3-D β-TCP scaffolds were determined by 
immunostaining tissue sections for vWF (Fig. 4), a compo-
nent of blood vessel extracellular matrix (ECM). There was 
a marked increase in immunostained vessels in the TCP 

Figure 1. Osteogenic differentiation capacity in monolayer culture. (A) Alizarin red S staining for mineralized nodule formation at culture time of 10 days and 
20 days. (B) ALP staining on culture time of 3, 7, 14 and 21 days (bar, 200 µm). (C) The results of alizarin red S staining were expressed as the percentage of 
positive staining area per field of view (magnification, x100). (D) The results of ALP staining were expressed as the percentage of positive staining area per 
field of view (magnification, x100). hBMSCs, human bone marrow stem cells; hPCs, human periosteal-derived stem cells.

  A   B

  C   D

Figure 2. Osteogenic-specific mRNA expression of (A) COL1α1, (B) OPN, 
(C) BMP-2 and (D) OC in 3D cultivation (*P<0.05 vs. hBMSCs or/and hPCs). 
OPN, osteopontin; OC, osteocalcin; COL1α1, collagen typeⅠalpha1; 3D, 
3-dimensional; hBMSCs, human bone marrow stem cells; hPCs, human 
periosteal-derived stem cells.

  A   B

  C   D
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Figure 3. Histological sections of femoral condyle implants harvested following 4 and 12 weeks' implantation. (A) Total new bone formation was determined 
by H&E staining. (B) Mature bone volume was determined by Van Geison's staining (bar, 100 µm). hBMSCs, human bone marrow stem cells; hPCs, human 
periosteal-derived stem cells; H&E, hematoxylin and eosin.

Table I. Bone formation area and mature bone percentage of engineering bone in critical-sized femoral condyle defects.

		  Bone formation area (%)	 Mature bone volume (%)
		  -------------------------------------------------------------------------	 -------------------------------------------------------------------------
Group	 4 weeks	 12 weeks	 4 weeks	 12 weeks

hBMSCs	 25.09±3.56	 36.82±5.38	 36.48±4.89	 48.47±4.72
hPCs	 26.58±4.89	 38.73±7.14	 39.31±5.12	 63.43±4.77a,b

hBMSCs+hPCs (1:1)	 40.30±6.83a,b	 46.83±7.36a,b	 48.46±4.33a,b	 76.42±5.82a,b

hBMSCs+hPCs (1:2)	 38.53±7.15a,b	 47.39±6.88a,b	 51.54±3.79a,b	 76.85±6.43a,b

hBMSCs+hPCs (2:1)	 37.58±7.87a,b	 45.65±8.21a,b	 48.48±5.17a,b	 74.15±5.38a,b

blank β-TCP scaffold	 15.22±3.15a,b	 26.32±5.41a,b	 33.70±4.82	 44.18±4.79b

aP<0.05 vs hBMSCs; bP<0.05 vs hPCs. hBMSCs, human bone marrow stem cells; hPCs, human periosteal-derived stem cells; β-TCP, 
β-tricalcium phosphate.

  A   B
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scaffolds seeded with MSC vs. the controls (acellular β-TCP 
scaffolds). Co-culturing MSCs did not significantly enhance 
vascularization within the 3-D β-TCP scaffolds, compared 
with the hBMSCs and hPCs. Of note, however, all co-culturing 
MSCs demonstrated a remarkably higher percentage of blood 
vessels in the pore center region than that exhibited in the 
hBMSCs or hPCs (Table II).

Discussion

Engineering bone based on combined multipotent MSCs and a 
3-D scaffold, presents a promising new strategy in bone regen-
eration that restores bony tissue following extensive loss as a 
result of trauma or disease (23-25). The identification of various 
types of MSCs from different ontological and anatomical sites 
has raised the question as to the optimal cellular source for 
such allogeneic applications. In the present study, hBMSCs 
and hPCs from the same donors were co-cultured. Their 
osteogenic potential was investigated using three different 
models (monolayer culture, 3-D culture and an in vivo model), 
in an attempt to determine whether this co-culturing strategy 
may be an alternative cellular source for hBMSCs and hPCs 
in cell-based approaches to bone repair. The results confirmed 
that, co-culturing hBMSCs with hPCs exhibits an overall 
enhanced capacity to differentiate towards the osteogenic 
lineage in vitro, which was reflected by robust mineralized 
node formation, steadily ALP positive staining and upgraded 
osteogenic-specific mRNA expression. Furthermore, for the 
repair of critical-sized femoral condylar defects, engineering 
bone constructed by co-culturing MSCs and porous β-TCP 
scaffolds exhibited noteably abundant, newly formed bone 
tissue, enhanced mature bone formation and increased center 
neovascularization, compared with the constructs seeded with 
hBMSCs or hPCs. 

In the monolayer culture, in vitro osteogenic differentiation 
of co-culturing MSCs was determined by mineralized nodule 
formation and ALP staining. ALP is an early m

arker of osteoblast differentiation, whereas mineralization 
of the matrix is associated with the late phase of osteoblast 
differentiation (26,27). ALP is an ectoenzyme, produced by 
osteoblasts, that is involved in the degradation of inorganic 
pyrophosphate, providing sufficient local concentrations 

Figure 4. Neovascularization of femoral condyle implants was evaluated by 
vWF immunostaining (bar, 100 µm). hBMSCs, human bone marrow stem 
cells; hPCs, human periosteal-derived stem cells; β-TCP, β-tricalcium phos-
phate.

Table II. Neovascularization of engineering bone in critical-sized condyle defects.

			   4 weeks	 12 weeks
		  ------------------------------------------------------------------------------------	 ------------------------------------------------------------------------------------
Group	 Blood number/pore	 Center region (%)	 Blood number/pore	 Center region (%)

hBMSCs	 87.48±12.87	 26.75±4.75	 72.81±9.32	 25.82±3.64
hPCs	 78.33±10.45	 28.82±4.97	 69.77±7.45	 23.76±5.79
hBMSCs+hPCs (1:1)	 82.59±7.85	 51.23±5.39a,b	 72.36±5.14	 37.32±4.85a,b

hBMSCs+hPCs (1:2)	 86.75±9.77	 49.85±5.88a,b	 70.42±6.12	 33.29±5.37a,b

hBMSCs+hPCs (2:1)	 79.56±11.46	 44.75±6.58a,b	 68.39±8.19	 32.84±6.29a,b

Blank β-TCP scaffold	 37.57±7.35a,b	 29.23±3.97	 30.84±4.97a,b	 24.72±4.86

aP<0.05 vs hBMSCs; bP<0.05 vs hPCs. hBMSCs, human bone marrow stem cells; hPCs, human periosteal-derived stem cells; β-TCP, 
β-tricalcium phosphate.
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of phosphate or inorganic pyrophosphate for mineraliza-
tion (28,29). Therefore, ALP was used as a biochemical marker 
to determine osteoblast phenotype and it is considered as an 
important factor in determining bone differentiation (30-32). In 
addition, alizarin red S staining is the most common method of 
examining a mineralized matrix (26,33). In the present study, 
during the early and late osteogenic differentiation stages, the 
number of ALP positive cells in the three co-culturing MSCs 
was higher than those in the hBMSCs or hPCs. Furthermore, 
it was confirmed that co-culturing hBMSCs and hPCs not only 
demonstrated abundant mineralized nodule formation, but 
also that alizarin red S positive staining appeared earlier than 
in the hBMCs and hPCs. The results suggest that co-culturing 
hBMSCs with hPCs strongly promotes MSC differentiation 
into their osteogenic phenotype and greatly enhances mineral-
ized nodule formation in vitro. 

For constructing engineered bone, biodegradable scaffolds 
are critical in providing 3-D space for the growth of osteo-
genic cells at an early stage and enough space for new bone 
formation when they are later degraded (34). Furthermore, the 
scaffolds offer a 3-D framework on which a temporary matrix, 
for cellular proliferation, differentiation and deposition of 
the ECM, facilitating the development of the neovascula-
ture (25,35). In the present study, the porous β-TCP scaffold 
was employed for the 3-D cultivation of MSCs. Its biocompat-
ibility and its osteoconductive and osteoinductive features have 
been reported in several studies (36,37). To further confirm the 
osteogenic capacity of co-culturing MSCs in 3-D cultivation, 
the osteogenic-specific mRNA expression of COL1α1, BMP-2, 
OPN and OC were evaluated using qPCR. In skeletal tissues, 
the cells are distributed within a dense ECM composed of 
collagens, proteoglycans, a complex mixture of phospho-
proteins and other inorganic materials  (38). COL1α1 is an 
essential element in bone formation and it contributes to matrix 
production (39). During osteogenic differentiation, markers of 
the osteoblast phenotype appear, including the accumulation 
of extracellular bone matrix proteins, of which COL I is the 
most prevalent (32). OC is the most abundant non‑collagenous 
protein in bone and is a useful tool as a bone-specific marker 
for terminal osteoblast differentiation. OC is released by 
calcified tissue and expressed at the late stage of differentia-
tion (40,41). OPN is a phosphorylated glycoprotein, recognized 
as a early marker of osteogenic differentiation and involved 
in the regulation of bone development and calcification (42). 
BMP-2 is secreted in an autocrine and paracrine fashion, 
and acts to directly induce differentiation of the MSCs into 
osteoblasts and to initiate the differentiation of osteoprogeni-
tors from the host tissue into bone-forming cells (20). BMP-2 
also serves as an osteoinductive signal, to increase infiltration 
and recruitment of surrounding repair cells, to further enhance 
bone regeneration and induce blood vessel ingrowth (43-45).

In 3-D cultivation, the results demonstrated that all three 
ratios of co-culturing MSCs significantly enhanced the mRNA 
expression of COL1α1, OPN, OC and BMP-2 at different 
times. OPN and COL1α1 were expressed at the early osteo-
genic inductive stage, however there was a discrepancy in that 
OPN mRNA transcripts were increased in a time-dependent 
manner, whereas COL1α1 mRNA was steadily decreased 
following seven days in culture. The results suggest that the 
OPN mRNA was expressed earlier than the independent 

calcification. This may indicate that COL1α1 participates in 
the initiation of osteogenic differentiation but does not directly 
participate in late-stage osteoblastic mineralization. Although 
gene expression of OC and BMP-2 in this 3-D cultivation 
were detected in the early osteogenic differentiation stage, 
their noteable expressions were recorded following 14 days in 
culture and their levels increased as calcification progressed 
from days 14 to 21. These results indicate that the expression of 
OC and BMP-2 are closely correlated to biomineralization or 
hydroxyapatite crystallization. Based on these findings in 3-D 
cultivation, it may be confirmed that co-culturing hBMSCs 
with hPCs not only enhances the synthesis of the ECM and 
accelerates osteoblastic mineralization, but also stimulates 
osteoinductive signals to increase osteogenic differentiation. 

The results from in vitro osteogenic differentiation and the 
capacity of new bone regeneration in vivo followed the same 
trends. For repairing critical-sized femoral condyle defects, 
co-culturing hBMSCs and hPCs demonstrated not only syner-
getic effects in promoting new bone formation, but greatly 
enhanced mature bone formation in vivo. This phenomenon 
is consistent with in vitro studies where co-culturing MSCs 
facilitated osteoblastic mineralization and upgraded osteo-
genic-specific mRNA expression. Furthermore, co-culturing 
MSCs revealed the formation of large quantities of bone tissue 
in the central (scaffolded) portion of the pore, whereas in the 
hBMSCs and hPCs alone, the newly formed bone was confined 
mainly to the margin of the pore. 

Bone tissue is a complex and highly vascularized tissue. 
Angiogenesis is an essential component of normal bone 
development and fracture healing. Therefore, the evaluation 
of angiogenic activity in bone tissue engineering is impor-
tant. MSCs are reportedly able to contribute directly to the 
formation of new blood vessels  (46). The high degree of 
neovascularization facilitated the delivery of oxygen and 
nutrients for the construct and eventually contributed to the 
volume of tissue-engineered bone. It is also considered that 
adequate oxygen tension and a supply of other nutrients result 
from neovascularization, which allows direct formation of 
the mineralized matrix inside the scaffold (47). In addition, 
signals of newly formed vessels may positively affect the 
osteogenic potential of MSCs, which eventually affects the 
maturation of tissue-engineered bone (48). The results of the 
present study indicate that β-TCP scaffolds loaded with MSCs 
increase blood vessel ingrowth more than acellular scaffolds at 
the femoral condyle defect site. Furthermore, it was confirmed 
that co-culturing hBMSCs and hPCs notably facilitates central 
vascularization in the scaffold pores. These results may explain 
why co-culturing MSCs demonstrated a significantly higher 
percentage of new bone formation in the central pore region 
of the scaffold. 

In conclusion, the present study first confirmed that MSCs, 
isolated from bone marrow and periosteum, have synergetic 
effects on osteogenic differentiation at the level of monolayer 
and 3-D cultivation, as well as on the critical-sized femoral 
condyle defects model. Co-culturing hBMSCs and hPCs not 
only increased osteoblastic mineralization and upgraded 
osteogenic specific mRNA expression, but it accelerated 
bone regeneration and enhanced mature bone formation. In 
addition, co-culturing hBMSCs and hPCs greatly facilitated 
central vascularization in the scaffold pores. Based on these 
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findings, we recommend co-culturing hBMSCs and hPCs 
as a promising cellular source for bone-tissue engineering 
applications. Further study is necessary to clarify the exact 
mechanism of this synergetic effect on osteogenesis and 
vascularization.
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