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Abstract 

Bone defects are difficult to heal when large part of tissue is lost. Mesenchymal stem cells 
(MSCs) are used for in vitro studies showing they can differentiate into osteoblasts, thus being able to 
contribute to bone-like structures formation when seeded on scaffolds. Purpose of our study was to 
show that demineralized bone can be used as biological scaffold together with different cellular types 
inducing rapid healing of defects.  

Femoral bones were obtained from rats sacrificed during other experiments and submitted to 
demineralization protocol, being further used as scaffolds. Experimental group consisted of 10 female 
Wistar rats, 6-8 weeks old. Rat bone marrow was harvested from iliac bone and cultured in adherent 
plates. Part of bone marrow-derived MSCs was maintained in culture for multiple passages. Rests of 
the cells were differentiated into osteoblasts. Bone defects of 0.25 cm3 were induced on both femoral 
bones of each rat and biologic scaffolds combined with MSCs and osteoblasts were used to fill the 
defect. As control, we used only scaffolds implant and no implant at all. Bone healing was radiological 
evaluated every week, and animals were sacrificed after 6 weeks, when the image in experimental 
group showed appropriate healing. Immunohistochemical staining elicited different degrees of bone 
remodeling on paraffin-embedded samples taken from the defect area. Healing process of bone defects 
was shorter when differentiated osteoblasts were used, and MSCs proved to induce a similar pattern of 
bone remodeling, when compared with control.  
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Introduction 

 
In vivo bone development can be divided in three stages: proliferation, extracellular 

matrix maturation, and mineralization [1]. Each of these stages is characterized by a peak in 
characteristic gene and protein expression, sliding from one stage to the next one requiring 
presence of specific signals. Matrix mineralization has two distinct phases: organic pre-
osseous matrix secretion (osteoid) and transformation into bone [2]. Mineralization process 
and factors controlling this development in normal bone are not yet clearly defined, given the 
difficulty to characterize and maintain long term cultures of primary cells.  

An increased understanding of cell biology and various tissue types may lead to the 
future possibility of using tissue engineering techniques to recapitulate the embryonic events 
that result in the development of native tissue. The goal of tissue engineering is to generate 
biologic substitutes for repair/replacement of injured tissue. There are three basic elements 
required for this process. First, appropriate cells should be present to give rise to the structural 
tissue. Second, appropriate growth factors and differentiation agents should be employed to 
provide proper lineage development. Third, a scaffold matrix must act as a building block for 
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cellular attachments, differentiation and integration within the site-specific host-graft 
interface. 

Osteogenic differentiation of bone marrow-derived mesenchymal stem cells (MSCs) 
was first described in 1990 as an intensely programmed process, with a better depiction under 
in vitro condition [3,4]. MSCs are used in tissue engineering since 1993 [5] for regeneration 
of different types of tissues, and have become the main cellular source for bone tissue 
engineering, being endowed with the ability to differentiate towards specific lineages 
(adipocytes, chondrocytes, and osteoblasts), and the osteoblastic lineage is of interest in this 
case [6]. Main advantage of tissue engineering is that the newly formed tissue is based on 
patient’s own cells, thus reducing the graft rejection and eliminating the long process of 
seeking for a compatible donor.  

This study proposes a biological scaffold consisting of demineralized bone combined 
with MSCs and MSCs-derived osteoblasts, and evaluates the healing process in rat animal 
model with large bone defects.     
 
Materials and Methods 
 
 Isolation and culture of rat bone marrow-derived cells 

MSCs were isolated from bone marrow harvested during anesthesia by aspiration from 
the femoral of 10 adult female Wistar rats (6-8 weeks old, 300 ± 50 g). Anesthetic procedure 
used an induction with 5 mg/kg body weight Ketamine and 0.2 mg/kg body weight 
Acepromazine as pre-medication, while maintenance used Sevoflurane and endotracheal 
intubation (peripheral cathether 14G). Approximately 1 ml of bone marrow was harvested and 
MSCs isolated by adherence to the plastic surface of the culture flasks. The MSCs were 
further cultured and expanded in alpha-minimum essential medium (MEM; Gibco BRL, 
Invitrogen, Carlsbad, CA, USA), supplemented with 10% fetal calf serum (FCS; PromoCell, 
Heidelberg, Germany) and 2% Penicillin/Streptomycin mixture (Pen/Strep, 10,000 IU/ml; 
PromoCell, Heidelberg, Germany), by incubation at 37oC in 5% CO2 atmosphere. Culture 
medium was replaced twice/week, and when reaching 80-90% confluence, the cells were 
passed using 0.25% Trypsin-EDTA solution (Sigma-Aldrich Company, Ayrshire, UK) 
followed by centrifugation (10 minutes, 300g) and replated in T75 culture flasks at a density 
of 10,000 cells/cm2. Starting with passage two, part of the cells were analyzed for MSCs 
characteristics (data not shown), while the other part was induced to differentiation towards 
different cellular lineages: adipocytes, chondrocytes (data not shown), and osteoblasts.  
 Differentiation towards osteogenic  lineage 

For MSCs induction towards the osteoblastic lineage the cells were cultured at a density 
of 20,000-30,000 cells/cm2 in ready-to-use NH OsteoDiff Medium (Nonhematopoietic stem cell 
medium for generation of osteoblasts – Miltenyi Biotec, Bergisch Gladbach, Germany) 
supplemented with 1% Pen/Strep solution (PromoCell, Heidelberg, Germany). Osteoblasts 
morphological characteristics will appear in culture after 10 days. 
  Alkaline phosphatase histochemical staining 

A ready-to-use precipitating substrate system for alkaline phosphatase is 5-bromo-4-
chloro-3-indolyl phosphate/nitro blue tetrazolium (BCIP/ NBT) (Sigma-Aldrich Company, 
Ayrshire, UK) liquid substrate system. This substrate system produces an insoluble NBT 
diformazan end product that is blue to purple in color and can be and can be identified by 
light microscopy. 

After rinsing the cells on the Lab-Tek Chamber Slide w/Cover Permanox Slide 
(Nalgene Nunc International, New York, USA) chamber slides with cold (4oC) Ringer 
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solution, the cells were fixed with Acetone (Sigma Aldrich) at -20oC for 5 minutes. The fixed 
cultures were washed with cold distilled water and allowed to dry for 30 minutes before 10 
minutes incubation with BCIP/ NBT liquid substrate system at room temperature. The 
reaction was stopped by removing the substrate solution and washing with distilled water. 
After counterstaining with hematoxylin solution (Hematoxylin, Mayer’s Lillie’s Modification, 
Dako) for 30 seconds and washing with tap water the slides were mounted in an aqueous 
mounting media (Crystal/Mount™, Biomeda, CA, USA). 

 
 Potential to form a mineralized matrix (von Kossa staining)    

The mineralization of the bone matrix was histochemically analyzed by Von Kossa 
staining, which can reveal calcium salts (phosphate, carbonate, sulfate, and oxalate). Calcium 
phosphate deposits can be detected by the Von Kossa technique in which phosphate deposits 
are stained black. The cultures were rinsed with cold (4oC) Ringer solution and fixed with 4% 
Formaldehyde (4oC, 10 minutes). After washing with cold distilled water, the fixed cultures 
were covered with a 5% silver nitrate solution and kept for 30 minutes in a dark room. Further 
steps included rinse and cover with distilled water, exposure to ultraviolet light for 1 hour. 
The cultures were then rinsed in distilled water and treated for 2 minutes with a 5% sodium 
thiosulfate solution, while the nuclear counterstaining used hematoxylin solution (Dako).  
 
 Collagen I immunolocalization   

Immunocytochemistry was performed on osteoblasts-differentiated MSCs, cells 
prepared for these analyses being grown in 4-well glass chamber slides. Medium was 
removed 3-5 days from plating, cells were washed, fixed with 4% paraformaldehyde and 
permeabilized with 0.1% Triton X-100. For investigations of protein expression goat anti-rat 
collagen I antibody was used (D-13, Santa Cruz Biotechnology, USA). Staining protocol 
continued with secondary biotinylated antibody binding, substrate addition, and hematoxylin 
counterstaining of the nuclei (LSAB2 System-HRP, Dako) following the manufacturer 
procedures. Microscopy analysis was performed on a Nikon Eclipse E800 microscope.      
 
 RNA extraction and RT-PCR 

Total RNA extraction was performed form both MSCs and osteoblasts-differentiated 
cells GenElute™ Mammalian Total RNA Miniprep Kit (Sigma) and RNA concentration was 
measured on a Nanodrop ND-1000 (Wilmington, DE, USA) spectrophotometer. For RT-PCR  
concentrations of 100 ng/reaction were used and fragments of 199 bp were amplified 
(Osteocalcin, F 5′-GGT-GCA-AAG-CCC-AGC-GAC-TCT-3′, and R 5′-GGA-AGC-CAA-
TGT-GGT-CCG-CTA-3′) and 342 bp (Alkaline Phosphatase, F 5’-AAC-GGA-TCT-CGG-
GGT-ACA-CC-3’, and R 5’-GGA-CCT-GAG-CGT-TGG-TGT-TG-3’) using the following 
program: 50oC - 31’, 95oC - 15’, (94oC - 1’, 55oC - 1’, 72oC - 1’) x 35 cycles, 72oC - 10’. PCR 

products were separated by electrophoresis on 1.0% agarose gels and visualized by ethidium 
bromide staining using UV light (Fluor-S™ MultiImager, BioRad) 
 
 Demineralization of rat bone 
 Femoral bones of 2 rats used in other experiments were harvested, carefully removing 
the soft tissue, washed with 100% Ethanol and cut in small pieces using Medimachine 
(Becton Dickinson, Italy). 20 ml of bone fragments were placed in Petri dish and covered with 
a mixture of Chloroform and Methanol (3:1) for 4 hours at room temperature, refreshing the 
solution every hour. Another 10 minutes washing step with 100% Ethanol is followed by 10 
minutes wash with Acetone and HCl (1M) is added to cover the tissue fragments over night 
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on a stirring device. At the end of the procedure, we obtained 7 g of bone were obtained, 
which were further sterilized by gamma irradiation (25Gy) for in vivo use.        
 
 Bone defects induction and scaffold implant 
 Following the same anesthetic procedure described before, an incision at the level of 
posterior limb was performed and exposed the femoral bone. A bone defect of approximately 
0.25 cm3 was induced by drilling both femoral bones, and the demineralized matrix admixed 
was implanted with 500,000 suspension cells / 100 μl of PBS: MSCs - right limb, osteoblasts 
- left limb. For control 5 rats were used, which were submitted to the same drilling procedure, 
while the bone defect was filled with demineralized bone (right limb) or was left to heal per 
se (left limb). Plague was carefully sutured and animals were placed in separate cages.    

 
All animal experiments comply with the European Convention for the Protection of 

Vertebrate Animals used for Experimental and Other Scientific Purposes (Directive 86/609, 
Strasbourg, 1986) and the experimental protocol was reviewed and approved by the 
University of Medicine and Pharmacy Timisoara Board for Animal Experiments. 
 
Results and discussion 
 
 Evaluation of osteogenic differentiation of MSCs-derived cells 

Under osteogenic induction by NH OsteoDiff Medium, the marrow stromal cells 
demonstrated strong expression of Alkaline Phosphatase (Figure 1A) and mineralized matrix 
on the culture flasks was also shown by von Kossa staining (Figure 1B). Collagen I immune 
localization further revealed the ability of MSCs to differentiate into functional osteoblasts 
(Figure 1C). Although MSCs phenotypically express some molecular markers, they are 
upregulated during the osteogenic induction. Alkaline Phosphatase and Osteocalcin were 
detected as 10 times more in differentiated cells, compared to MSCs (Figure 1D).        

Several in vitro models were described in literature [7,8] of immortalized cells further 
transformed into osteoblasts. Primary cultures of osteoblast-like cells are useful for study of 
bone cells metabolism and differentiation processes because they retain normal genotype. 
However, in vitro differentiation models starting from stromal cells are used for functional 
characterization of these cellular types. Problems that could appear in long-term cultures are 
related to de-differentiation processes that could induce occurrence of other cellular 
phenotype, atypical to the desired one. But in specific conditions, differentiated cells can be 
maintained in long-term cultures, while retaining specific metabolic profile and synthesis of 
structural matrix components.  
 The hypothesis of stromal cells compartment differentiating similar to hematopoietic 
stem cells compartment [9-11] was confirmed by the ability of MSCs to give rise to 
progenitor cells oriented at least towards adipogenic, chondrogenic and osteoblastic lineages 
[12,13]. Osteogenic subpopulations could be generated by MSCs colonies that further develop 
as fibroblastic colonies, forming in the end calcified tissue, similar to bone.  

Osteocalcin is a vitamin K dependent protein, binging calcium ions, being synthesized 
by osteoblasts alone. Thus, osteocalcin is used as a sensitive marker of osteoblastic 
differentiation and mineralization, osteocalcin production correlating with the mineralization 
degree. In our experiments, osteocalcin expression is showed at gene level, being specifically 
concordant with matrix mineralization.  
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Fig. 1. Analysis of osteogenic lineage markers of in vitro differentiated mesenchymal stem cells. A. 
Nitrobluetetrazolium (NBT) staining revealed alkaline phosphatase activity associated with osteocytic 
differentiation. Magnification 400x. B. Von Kossa silver nitrate staining identified hydroxyapatite crystals in the 
extracellular matrix of differentiated cells. Magnification 100x. C. Immunohistochemical analysis for type 1 
collagen expression (red), a gene associated with osteoblast/osteocyte differentiation. Magnification 200x. D. 
PCR analysis of osteocyte-specific genes alkaline phosphatase and osteocalcin for differentiated and 
undifferentiated mesenchymal stem cells. 
 
 Evaluation of bone defects healing 
 Demineralized osseous matrix admixed with MSCs was implanted within the bone 
defect of the right posterior limb, while the osteoblasts differentiated MSCs were seeded on 
demineralized matrix and implanted at the level of left posterior limb defect. Radiological 
evaluation was performed every week, using standard X-ray device, Kodak cassettes and 
films, exposed at 28kV, for 0.4 s, 48.9 mAs, and increased focalization.  
 4 weeks after surgery, the radiographs showed an improvement in formation of bone, 
the defects were almost filled with mineralized substrate, so that the reconstruction of the 
bone could be noticed, mainly in the limbs where osteoblasts were implanted together with 
the biological scaffold. The MSCs-treated defects showed a better radiological image, but the 
defects were less healed compared with the opposite limb, where differentiated cells were 
used (Figure 2).    

X-ray imaging of the rat posterior limbs showed complete recovery of bone 6 weeks 
after the implant only for the osteoblasts infused scaffolds, while in rats implanted with 
undifferentiated MSCs the defects presented a good recovery, but not a complete one. The 
control rats, implanted with matrix alone or left untreated, presented a radiological image 
showing incomplete recovery, even 6 weeks after generation of bone defects (Figure 2).   
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Fig. 2. Radiographs detailing the time progression of bone defect healing in the rats transplanted with matrices 
infused with either osteocyte-differentiated mesenchymal stem cells (yellow arrow) or undifferentiated 
mesenchymal stem cells (blue arrow), as compared with the control lot, in which the bone defect was left 
untreated (white arrow) or reconstructed with uncellularized matrix (green arrow). 
    

 
Fig. 3. Morphological and histological analysis of bone defect reconstruction following the transplant of 
uncellularized matrix (A-B) or matrix infused with osteocyte-differentiated mesenchymal stem cells (C-D). 
Alkaline phosphatase staining (red) revealed a better distribution for osteocyte infused matrix (D) than for the 
matrix alone (B). Magnification 100x. 
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After 6 weeks, all the rats were sacrificed and we removed both posterior limbs for 
morphological and histological evaluation of bone reconstruction. We identified the implant 
region and, following the demineralization procedures and paraffin embedded sections were 
further analyzed. Morphological evaluation revealed reconstruction of all layers in the newly 
formed bone only for the bone defects implanted with scaffolds and osteoblasts-differentiated 
cells (Figure 3A). The fibrous periosteum was fully regenerated in these rats, while in the rats 
implanted with MSCs alone the integrity of the new bone was inferior to the surrounding 
bone tissue (Figure 3C). 

Alkaline phosphatase staining showed higher expression and more uniform 
distribution for implants using osteoblasts (Figure 3B) compared to scaffolds admixed with 
MSCs (Figure 3D). Moreover, cellular distribution within the regenerated bone was increased 
for osteoblasts matrix, perhaps not only from the implant, but also from the surrounding 
environment, which was stimulated by the signals generated by these more differentiated 
cells. However, MSCs implants induced a similar pattern of bone remodeling.    

Although the ex vivo reconstruction of entire functional organs is the goal of 
bioengineering world, what perhaps is even more challenging is the goal of inducing the stem 
cells to become activated to reconstruct a tissue. Most tissues of the body display at least 
some sort of regenerative capability [14,15], which in many cases remains insufficient to 
mount a spontaneous repair process in vivo. In this scenario, the application of ready-
differentiated osteoblast cells with appropriate scaffold might be envisioned to also encourage 
local and distant progenitors to regenerate a functional tissue. This in situ process could occur 
through several different pathways, inducing transdifferentiation, reprogramming, and 
activation of local stem cells to generate adequate numbers of committed progenitors, but 
these pathways are yet poorly understood.   
 
Conclusion 

 
We may conclude that both MSCs and obsteoblasts induce a more rapid and stable 

reconstruction of bone defects when implanted on biological scaffolds, comparatively to the 
bone healing per se. The demineralized bone proves to be an alternative to other scaffolds in 
use, being characterized by good integration within the bone defects. In addition to their use 
in several clinical applications, MSCs may also be a powerful tool in cell-based therapies, 
mainly when their plastic capacity is exploited. Overall, the animal model experiment we 
proposed could have important impact in future clinical applications.         
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