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Abstract The study aims to evaluate the effect of bone

marrow stromal cells (BMSCs) expressing bone morpho-

genic protein-2 (BMP-2) mediated by lentiviral (Lv) gene

transduction combined with calcium phosphate cement

(CPC) scaffolds for the repair of critical size calvarial

defects in rats. BMSCs derived from Fisher 344 rats were

transduced with LvBMP-2 or lentivirus encoding enhanced

green fluorescent protein (LvEGFP) in vitro. Obvious

osteogenic differentiation of BMSCs in the LvBMP-2

group was demonstrated by alkaline phosphatase staining

and alizarin red staining. Enzyme-linked immunosorbent

assay results show that LvBMP-2 gene expression in vitro

can last for at least 8 weeks. Gene-transduced or untrans-

duced BMSCs were seeded onto CPC scaffolds to repair rat

calvarial defects with a diameter of 5 mm. Scanning

electron microscope analysis indicated that porous CPC

scaffolds facilitated initial adhesion and spreading of

BMSCs onto its surface. Calvarial defects were success-

fully repaired with LvBMP-2-transduced BMSCs/CPC

constructs 8 weeks postoperatively. The percentage of new

bone formation in the LvBMP-2 group was significantly

higher than in other control groups. Lentiviral mediated

BMP-2 gene therapy together with CPC scaffolds can be

used successfully in calvarial repair and bone regeneration.

1 Introduction

The treatment of bone defects caused by trauma and

ablative surgery remains a challenging problem in clinical

situations. Although autogenous bone grafting is the cur-

rent gold standard for skeletal healing, it is limited by the

amount of bone available, potential donor site morbidity,

and difficulty in achieving the desired bone shape [1].

Alternative methods for bone repair, such as bone tissue

engineering techniques, may avoid the above shortcom-

ings. Regional gene therapy is one of the most promising of

these alternatives. Since plasmid gene delivery is still

inefficient, virus-based gene therapy has been widely used

to stimulate bone formation in a series of animal models

[2–4]. Among various viral vectors, lentiviral vectors can

transduce both dividing and non-dividing cells and insert

the target gene into the host genome, thus ensuring stable

and prolonged gene expression [5]. Furthermore, lentiviral

vectors have minimal immunogenicity [6] and have been

through a number of optimizations to improve their safety

[7]. Finally, the newly formed bone induced by lentiviral-
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based gene therapy systems may be of superior quality as it

has, for example, better mechanical properties [8].

The synthetic CPC scaffold, which has good biocom-

patibility, bioactivity, and osteoconductivity, has often

been used in investigations of bone tissue engineering [9,

10]. The bone morphogenic proteins (BMPs) are currently

considered to be the most powerful osteogenic growth

factors [11]. Among them, BMP-2 is the most potent one to

induce BMSCs’ differentiation into osteoblastic cells.

BMP-2/BMSCs based regional gene therapy has been

successfully used in the treatment of different animal bony

defect models [2–4, 12, 13]. However, it is not known

whether critical size rat calvarial defects are responsive to

lentiviral mediated BMP-2 regional gene therapy with a

CPC scaffold carrier.

In this study, the bone healing effects of LvBMP-2-

transduced BMSCs/CPC were compared with those of

LvEGFP-transduced BMSCs/CPC, untransduced BMSCs/

CPC and CPC alone. To our knowledge, this is the first

time LvBMP-2-transduced BMSCs combined with CPC

have been used to repair critical size calvarial defects.

2 Materials and methods

The whole experimental protocol was approved by the

Animal Care and Experiment Committee of Ninth People’s

Hospital affiliated to Shanghai Jiao Tong University,

School of Medicine (China).

2.1 Culture and validation of rat BMSCs

Rat BMSCs were isolated from the femurs of 6-week-old

male Fisher 344 rats under sterile conditions according to

the protocol reported by Maniatopoulos et al. [14]. Briefly,

both ends of the femora were cut off at the epiphysis and

the marrow was flushed out using Dulbecco’s modified

Eagle’s medium (DMEM) (Gibco BRL, Grand Island, NY,

USA) with 10% FBS (Hyclone, Logan, UT, USA) sup-

plemented with 200 U/ml of heparin (Sigma, St. Louis,

MO, USA). Cells were cultured in DMEM containing 10%

FBS, 100 units/ml penicillin, and 100 units/ml streptomy-

cin, supplemented with 50 mg/ml ascorbic acid, 10 mM b-

glycerolphosphate, and 10-8 M dexamethasone at 37�C in

an atmosphere of 5% CO2. The medium was changed after

24 h to remove non-adherent cells and was then renewed

three times a week. When 90% confluence was reached,

BMSCs were released from the culture substratum using

trypsin/EDTA (0.25% w/v trypsin, 0.02% EDTA), and

were moved to dishes (10 cm in diameter) at 1.0 9 105

cells/ml in 10 ml. The characterization of rat BMSCs was

validated by flow cytometry assay of CD-markers as pre-

viously described [15].

2.2 Lentiviral transduction of rat BMSCs

LvEGFP or LvBMP-2 was produced by cotransfecting FUW

(with EGFP or BMP-2 gene), HIV-1 packaging vector

Delta8.9 and VSVG envelope glycoprotein into 293T cell

line as described previously [6]. In FUW, human ubiquitin-C

promoter is used to drive EGFP or BMP-2 gene expression

[16]. The woodchuck hepatitis virus post-transcriptional

regulatory element (WRE) is located at downstream of tar-

get gene to increase the transcription. Plasmid was harvested

in competent cell TOP10 strain with ampicillin selection.

Rat BMSCs at passage 2 were infected with LvBMP-2

and LvEGFP in the presence of 8 lg/ml polybrene at a

multiplicity of infection (MOI) of 35. After 24 h, the

medium was replaced with fresh DMEM with 10% FBS.

Gene transfer efficiency was determined by calculating the

percentage of EGFP-expressing cells among all the cells

observed in the LvEGFP group [17].

2.3 ELISA for BMP-2 production in vitro

The in vitro BMP-2 production in the culture medium in

each group was determined using a BMP-2 ELISA kit

(R&D Systems Inc, Minneapolis, MN, USA) according to

the manufacturer’s instructions at weeks 1, 2, 4 and 8. The

culture medium was replaced with 10 ml of fresh DMEM

24 h before the assay, then the supernatant was collected

for evaluation and cell number was counted.

2.4 ALP staining and alizarin red staining

BMSCs transduced with LvBMP-2, LvEGFP, or left un-

transduced were evaluated for ALP staining 14 days after

transduction according to the manufacturer’s instructions

(ALP kit, Hongqiao, Shanghai, China). Alizarin red stain-

ing was also performed in each group 14 days after

transduction to detect calcium rich deposits.

2.5 Preparation of BMSCs/CPC constructs

and scanning electron microscopy evaluation

Porous CPC (Rebone, Shanghai, China) disks of 5-mm

diameter and 1-mm thickness were used in this study. The

CPC scaffolds were prepared using leaching method in the

presence of sodium chloride (NaCl) particles as porogens

for producing macroporosity. Briefly, The CPC powder

was mixed with water using a spatula at a powder/liquid

ratio of 3:1 (g/ml) to form a cement paste. NaCl particles

sieved with the sizes of 400–500 lm were added into the

CPC paste. The mixture of CPC paste/NaCl particles was

placed into stainless steel molds and the mixture was

modeled under a pressure of 2 MPa. After stored in beakers

in a constant temperature oven at 37�C and 100% relative
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humidity for 2 days, the samples were then immersed in

deionized water to leach out NaCl particles. Finally, these

samples were dried at 50�C in an oven to obtain sponge-

like porous scaffolds.

One week after gene transduction, BMSCs were

detached from their culture dishes, centrifuged to remove

the supernatant, and then resuspended in serum-free med-

ium at a density of 2 9 107 cells/ml. The CPCs were

Fig. 1 Surgical procedure. a,

b Calvarial defects were created

and then c filled with different

groups of CPC materials

surgically

Fig. 2 EGFP expression in vitro. a The BMSCs grew well one week after LvEGFP transduction, with no obvious cell death observed. Over 80%

of cells showed as EGFP positive at b 1 week, c 2 weeks and d 8 weeks after LvEGFP transduction (Bar 100 lm)
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placed in sterile eppendorf tubes, and 15 ll cell suspension

(containing 3 9 105 cells) was then dropped onto each

scaffold to make it fully soaked. After an additional 4-h

incubation to allow the initial attachment of cells,

implantation surgeries were performed in vivo. In a parallel

experiment, CPC disks of 5-mm diameter and 1-mm

thickness were prepared and seeded with BMSCs at the

same cell density. The extent of cell attachment and growth

was assessed 4 and 24 h after cell seeding. The constructs

were fixed in 2% glutaraldehyde for 2 h, cut into

two halves, and then subjected for scanning electron

microscopy examination (Philips SEM XL-30, Amsterdam,

Netherlands).

2.6 Surgical procedure

Fourteen 12-week-old male Fisher 344 rats were used for

surgical operation. The animals were anesthetized by

intraperitoneal injection of pentobarbital (Nembutal

3.5 mg/100 g). After an incision was made in the skin,

bilateral full thickness defects (include the periosteum) of

5 mm diameter were created in the cranium (Fig. 1). A

total of 28 calvarial defects were randomly repaired in the

following five treatment groups: (1) LvBMP-2-transduced

BMSCs/CPC (n = 6); (2) LvEGFP-transduced BMSCs/

CPC (n = 6); (3) untransduced BMSCs/CPC (n = 6); (4)

CPC alone (n = 6); and (5) blank control (n = 4). To

compare the regenerates to the native calvarial bone,

another two F344 rats without operation were left as nor-

mal control.

2.7 Micro-CT and bone mineral density analysis

All rats were sacrificed 8 weeks postoperatively. The cra-

niums were then explanted and fixed in 4% phosphate-

buffered formalin solution. The craniums of all rats were

assessed using the eXplore Locus Micro-CT machine (GE

Healthcare, Canada). After scanning, the micro-CT images

were segmented using a nominal threshold value of 225 as

reported previously [18], and a three dimensional (3D)

Fig. 3 ELISA for BMP-2 production in vitro. ELISA results

demonstrated that the LvBMP-2 transduced BMSCs produced

significantly higher BMP-2 at 1, 2, 4 and 8 weeks compared to those

BMSCs transduced with LvEGFP or left untransduced (P \ 0.01)

Fig. 4 ALP staining and alizarin red staining. Two weeks after gene

transduction, ALP staining and alizarin red staining were apparently

more pronounced in c, f LvBMP-2 transduced BMSCs than those in

b, e LvEGFP transduced BMSCS or a, d untransduced BMSCs,

which suggested that LvBMP-2 gene transduction promoted the

BMSCs’ differentiation into osteoblastic cells. Black arrows show

ALP positive area, white arrows show mineralized calcium deposits

(a–c, Bar 100 lm; d–f, Bar 200 lm)
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morphometric analysis of bone mineral densities (the

average bone mineral densities value of whole selected

area)was analyzed automatically with the eXplore Micro-

View v.2.2 Software (GE Healthcare, Canada). All speci-

mens were analyzed and the average values of each group

were used.

2.8 Histological and histomorphological analysis

After micro-CT analysis, all specimens were decalcified in

30% formic acid for 10 days. Samples were embedded in

paraffin and serial horizontal cross sections were made.

Three randomly selected cross-sections from each implant

were stained with haematoxylin and eosin. Then the his-

tologic images with magnification of 409 were analyzed

by Image Pro 5.0 system (Media Cybernetics, USA). Per-

centages of new bone area were calculated by new bone

area/whole defect area. All specimens were analyzed and

the average values of each group were used.

2.9 Statistical analysis

Statistically significant differences (P \ 0.05) among the

various groups were measured using ANOVA and SNK

post hoc. All statistical analysis was carried out using the

SAS 6.12 statistical software package (Cary, NC, USA).

3 Results and discussion

BMP-2 is the most potent bone growth factor and was

approved by USA. Food and Drug Administration (FDA)

in 2002 for clinical trials in spinal fusion. However a short

half-life, and high cost arising from large dose require-

ments in clinical situations, limit the application of these

exogenous proteins [11]. Thus, effective alternative meth-

ods such as regional gene therapy are also being explored.

Adenovirus has been the most commonly used viral

vector in gene therapy for bone healing. However, its

application is limited by lack of long-term gene expression

and complication of immune responses [8, 19, 20]. Lenti-

virus may be more efficient when used in a more biologi-

cally challenging environment where continuous protein

production is needed. In this study, over 80% of cells were

EGFP positive at one or two weeks after LvEGFP trans-

duction (Fig. 2b, c) and a high level of EGFP expression

was maintained until eight weeks (Fig. 2d). Other studies

have even found that EGFP expression can last for up to

4 months [5]. Furthermore, ELISA results demonstrated

that the LvBMP-2 transduced BMSCs in vitro could over-

express BMP-2 stably and continuously for at least

8 weeks (Fig. 3). Similar results were obtained by Hsu

et al. [2]. Our gene expression study demonstrated that

lentiviral vectors are capable of inducing stable and pro-

longed gene expression.

ALP is a marker of early osteogenic differentiation of

BMSCs to the osteoblastic phenotype. In this study, the

positive area of ALP staining in LvBMP-2-transduced

Fig. 5 Scanning electron microscopic evaluation of microstructure

and biocompatibility of CPC scaffold. a Microstructure of porous

CPC scaffold. (Bar 500 lm). b 4 h after the BMSCs were seeded onto

CPC scaffold, cells could be seen attaching to the inner side of the

scaffold. (Bar 10 lm). c 24 h after seeding, BMSCs were observed

spreading along the scaffold surfaces (Bar 10 lm) White arrows show

BMSCs
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BMSCs was more pronounced compared with that in

LvEGFP-transduced BMSCs and untransduced BMSCs

(Fig. 4a–c). Furthermore, the mineralized nodules

observed by alizarin red staining were more intense in

LvBMP-2-transduced BMSCs than those in other groups

(Fig. 4d–f). These results suggested that the lentiviral

mediated BMP-2 gene transfer induced the BMSCs’ oste-

ogenic differentiation to osteoblastic cells.

CPC scaffold is an attractive material and has been

widely investigated due to its excellent biological proper-

ties, potential resorbability, and osteoconductive capacity.

In recent years, the increased macroporosity of porous CPC

scaffolds may help facilitate bone in growth, implant fix-

ation, and more rapid new bone formation [21]. In this

study, scanning electron microscope analysis of CPC

scaffolds indicated that the average pores were

400 ± 100 lm in size with interconnection pores of

100 ± 50 lm (Fig. 5a). Four hours after the BMSCs were

seeded onto the scaffold, cells could be seen attaching to

the inner surface of the scaffold (Fig. 5b). One day later,

cells spreading on the implant surfaces were observed

(Fig. 5c). These suggesting that CPC scaffolds has good

biocompatibility and facilitated initial adhesion and

spreading of BMSCs onto its surface. However, because of

the mechanical weakness of porous CPC [11], more work

needs to be done to evaluate the mechanical properties of

this tissue engineered bone complex.

The results of micro-CT (Fig. 6) and histological

analysis (Fig. 7) revealed that the LvBMP-2-transduced

BMSCs/CPC construct promoted sufficient new bone

formation 8 weeks after the operation. Furthermore, the

bone mineral density analysis (Fig. 8) and the histo-

morphological analysis (Fig. 9) demonstrated that not

only the quantity, but also the quality, of newly formed

bone induced by LvBMP-2 gene therapy was superior to

that found in the other groups. A similar study found

that BMP-2-producing BMSCs mediated by lentiviral

gene transfer induced more abundant bone formation

within the fusion mass in a rat spinal fusion model than

did BMSCs transduced via adenoviral gene transfer or

recombinant protein therapy [20]. Another biomechanical

testing study even demonstrated that the repaired bone at

a rat femoral defect had a higher energy to failure when

treated with LvBMP-2 gene transfer versus the adeno-

viral system [8]. The percentage of new bone area of

normal bone was significantly higher than other groups

Fig. 6 Micro-CT photographs. a Substantial new bone formation was

observed after 8 weeks in the defects which received LvBMP-2-

transduced BMSCs/CPC constructs. Bone formation was less pro-

nounced for defects filled with b LvEGFP-transduced BMSCs/CPC or

c untreated BMSCs/CPC. d Less obvious bone formation was visible

for defects treated with CPC alone. e In the blank control, untreated

defects did not repair. f Normal calvarial bone. Dotted circles show

original bone defects area (Bar 1 mm)
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(Fig. 9) while the bone mineral density was lower than

LvBMP-2 group (Fig. 8). This maybe caused by the

natural radiopacity of CPC material which was not fully

degraded.

Despite the advantages of LvBMP-2 gene therapy in

animal models of bone regeneration, there is concern that

long-term protein production may lead to heterotopic bone

formation and potential oncogenic effects in surrounding

cells. In this study, we did not note any serious side effects

such as leukemia, immunorejection, or heterotopic bone

formation. However, more preclinical experiments are

required to guarantee the safety of lentiviral vectors before

clinical trials.

In conclusion, the combination of CPC with LvBMP-2

gene-modified BMSCs achieved a greatly enhanced effect

in repairing critical size rat calvarial defects. Lentiviral

mediated BMP-2 gene therapy together with CPC scaffolds

might therefore be a promising alternative approach for

bone tissue engineering, especially in bone regeneration for

large defects.

Fig. 7 Histological images. a, e Substantial mature newly formed

bone tissue was observed in the LvBMP-2-transduced BMSCs/CPC

group; b, f Less new bone formation were found in LvEGFP-

transduced BMSCs/CPC or c, g untransduced BMSCs/CPC groups; d,

h In CPC alone group, small amount of new bone formed at the edge

area and more fibrous connective tissue with only a little immature

bone formation was found in the central area; m, n Normal calvarial

bone as control. Compared to j LvEGFP-transduced and

k untransduced BMSCs groups, the integration of BMSCs/CPC

construct and native bone was more closer in i LvBMP-2-transduced

BMSCs group. Though a little new bone formed at the edge area in

l CPC alone group, less integration could be found between scaffold

and native bone. BM bone marrow, FT fibrous tissue, NB new bone,

SC scaffold. Black arrows show the border line between scaffold and

native bone. (a-d/i–l/m, Bar 1 mm; e–h/n, Bar 250 lm)

J Mater Sci: Mater Med (2011) 22:1965–1973 1971

123



Acknowledgments This work was supported by grants from the

National Natural Science Foundation of China (Nos. 30772431,

30973342), the Program for New Century Excellent Talents in Uni-

versity (NCET-08-0353), the Science and Technology Commission of

Shanghai Municipality (S30206, 0952nm04000, 10430710900,

10dz2211600), Shanghai Rising-star Program (08QH14017), and

Shanghai Education Committee (07SG19).

References

1. Alam MI, Asahina I, Seto I, Oda M, Enomoto S. Prefabricated

vascularized bone flap: a tissue transformation technique for bone

reconstruction. Plast Reconstr Surg. 2001;108:952–8.

2. Hsu WK, Sugiyama O, Park SH, et al. Lentiviral-mediated BMP-

2 gene transfer enhances healing of segmental femoral defects in

rats. Bone. 2007;40(4):931–8.

3. Miyazaki M, Sugiyama O, Tow B, et al. The effects of lentiviral

gene therapy with bone morphogenetic protein-2-producing bone

marrow cells on spinal fusion in rats. J Spinal Disord Tech.

2008;21(5):372–9.

4. Jiang X, Zhao J, Wang S, et al. Mandibular repair in rats with

premineralized silk scaffolds and BMP-2-modified bMSCs.

Biomaterials. 2009;30(27):4522–32.

5. Sugiyama O, An DS, Kung SP, et al. Lentivirus-mediated gene

transfer induces long-term transgene expression of BMP-2 in

vitro and new bone formation in vivo. Mol Ther.

2005;11(3):390–8.

6. Naldini L, Blomer U, Gallay P, et al. In vivo gene delivery and

stable transduction of nondividing cells by a lentiviral vector.

Science. 1996;272:263–7.

7. Zufferey R, Dull T, Mandel RJ, et al. Self-inactivating lentivirus

vector for safe and efficient in vivo gene delivery. J Virol.

1998;72:9873–80.

8. Virk MS, Conduah A, Park SH, et al. Influence of short-term

adenoviral vector and prolonged lentiviral vector mediated bone

morphogenetic protein-2 expression on the quality of bone repair

in a rat femoral defect model. Bone. 2008;42(5):921–31.

9. Ginebra MP, Espanol M, Montufar EB, et al. New processing

approaches in calcium phosphate cements and their applications

in regenerative medicine. Acta Biomater. 2010;6(8):2863–73.

10. Ambard AJ, Mueninghoff L. Calcium phosphate cement: review

of mechanical and biological properties. J Prosthodont.

2006;15(5):321–8.

11. Wozney JM, Rosen V. Bone morphogenetic protein and bone

morphogenetic protein gene family in bone formation and repair.

Clin Orthop Relat Res. 1998;346:26–37.

12. Xu XL, Tang T, Dai K, et al. Immune response and effect of

adenovirus-mediated human BMP-2 gene transfer on the repair of

segmental tibial bone defects in goats. Acta Orthop.

2005;76(5):637–46.

13. Xiao C, Zhou H, Ge S, et al. Repair of orbital wall defects using

biocoral scaffolds combined with bone marrow stem cells

enhanced by human bone morphogenetic protein-2 in a canine

model. Int J Mol Med. 2010;26(4):517–25.

14. Maniatopoulos C, Sodek J, Melcher AH. Bone formation in vitro

by stromal cells obtained from bone marrow of young adult rats.

Cell Tissue Res. 1988;254(2):317–30.

15. Zou D, Han W, You S, et al. In vitro study of enhanced osteo-

genesis induced by HIF-1a-transduced bone marrow stem cells.

Cell Prolif. 2011;44(3):234–43.

16. Lois C, Hong EJ, Pease S, et al. Germline transmission and tis-

sue-specific expression of transgenes delivered by lentiviral

vectors. Science. 2002;295(5556):868–72.

17. Jiang XQ, Chen JG, Gittens S, et al. The ectopic study of tissue-

engineered bone with hBMP-4 gene modified bone marrow

stromal cells in rabbits. Chin Med J. 2005;118:281–8.

18. Cacciafesta V, Dalstra M, Bosch C, et al. Growth hormone

treatment promotes guided bone regeneration in rat calvarial

defects. Eur J Orthod. 2001;23(6):733–40.

Fig. 8 Bone mineral density analysis. The bone mineral density in

the LvBMP-2-transduced BMSCs/CPC group (1011.00 ±

104.63 mg/cm3) was significantly higher than LvEGFP-transduced

BMSCs/CPC group (789.75 ± 85.14 mg/cm3, P \ 0.05) and un-

transduced BMSCs/CPC group (804.50 ± 63.30 mg/cm3, P \ 0.05),

which was also significantly higher than the CPC alone group

(574.25 ± 74.85 mg/cm3, P \ 0.05) and normal calvarial bone

(795.36 ± 36.15 mg/cm3, P \ 0.05). The differences between

LvEGFP-transduced BMSCs/CPC group and untransduced BMSCs/

CPC group were not statistically significant (P [ 0.05), and both were

comparable to the normal control (P [ 0.05). The bone mineral

densities of these three groups were both higher than the CPC alone

group (P \ 0.05). * P \ 0.05

Fig. 9 Percentage of new bone area analysis. Though lower than the

normal bone (93.49 ± 2.38%, P \ 0.01), the percentage of new bone

area in the LvBMP-2-transduced BMSCs/CPC group (56.70 ±

6.40%) was significantly higher than in other groups (P \ 0.05).

There was no significant difference between LvEGFP-transduced

BMSCs/CPC group (36.41 ± 5.47%) and untransduced BMSCs/CPC

group (32.60 ± 6.41%; P [ 0.05), although both were higher than in

the CPC alone group (13.89 ± 2.95%, P \ 0.05). * P \ 0.05

1972 J Mater Sci: Mater Med (2011) 22:1965–1973

123



19. Kojaoghlanian T, Flomenberg P, Horwitz MS. The impact of

adenovirus infection on the immunocompromised host. Rev Med

Virol. 2003;13:155–71.

20. Miyazaki M, Sugiyama O, Zou J, et al. Comparison of lentiviral

and adenoviral gene therapy for spinal fusion in rats. Spine (Phila

Pa 1976). 2008;33(13):1410–7.

21. Zhang Y, Xu HH, Takagi S, et al. In situ hardening hydroxyap-

atite-based scaffold for bone repair. J Mater Sci Mater Med.

2006;17(5):437–45.

J Mater Sci: Mater Med (2011) 22:1965–1973 1973

123


	LvBMP-2 gene-modified BMSCs combined with calcium phosphate cement scaffolds for the repair of calvarial defects in rats
	Abstract
	Introduction
	Materials and methods
	Culture and validation of rat BMSCs
	Lentiviral transduction of rat BMSCs
	ELISA for BMP-2 production in vitro
	ALP staining and alizarin red staining
	Preparation of BMSCs/CPC constructs and scanning electron microscopy evaluation
	Surgical procedure
	Micro-CT and bone mineral density analysis
	Histological and histomorphological analysis
	Statistical analysis

	Results and discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


