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Background & Objective: This study aimed to investigate the effect of decellularized 

allogeneic bone graft enriched by periosteal stem cells (PSCs) and growth factors on 

the bone repair process in a rabbit model, which could be used in many orthopedic 

procedures. 

Methods: In this experimental study, a critical size defect (CSD) (10 mm) was created in the 

radial diaphysis of 40 rabbits. In group A, the defect was left intact with no medical intervention. 

In group B, the defect was filled by a decellularized bone graft. In group C, the defect was 

implanted by a decellularized bone graft enriched with platelet growth factors. In group D, the 

defect was treated by a decellularized bone graft seeded by periosteal mesenchymal stem cells 

(MSCs). Also, in group E, the defect was filled by a decellularized bone graft enriched with 

platelet growth factors and periosteal MSCs. Radiological evaluation was done on the first day 

and then in the second, fourth, and eighth weeks after the operation. The specimens were 

harvested on the 28th and 56th postoperative days and evaluated for histopathological criteria. 

Results: The radiologic and microscopic analysis of the healing process in bone defects 

of the treated groups (C, D, and E) revealed more advanced repair criteria than those of 

groups A and B significantly (P<0.05). 

Conclusion: Based on this study, it appears that implantation of concentrated PSCs in 

combination with growth factors and allogeneic cortical bone graft is an effective therapy 

for the repair of large bone defects. 
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Introduction
Bone grafting is used for the treatment of several 

conditions that represent a great global burden, 

including critical size bone defects caused by trauma, 

tumor excision or chronic osteomyelitis, and nonunion 

and delayed union. Under the optimal environment, 

many bone fractures heal completely without fibrous 

scar tissue in the first 6 to 8 weeks (1). A nonunion 

fracture is known as a fracture that fails to heal and 

stops the process of fracture healing, in which the 

fracture gap fills with persistent fibrous tissue, woven 

bone, and cartilage. In this regard, nonunion fractures 

are divided into two categories of hypertrophic 

nonunion and atrophic nonunion (2, 3).  

Moreover, a delayed union is defined as a fracture that 

fails to repair within an anticipated period (4). The normal 

time of fracture healing depends on the bone, type of 

fracture, fracture location, age of the patient, and type of 

fixation (5–7). Cases requiring surgical intervention 

typically heal via the endochondral ossification pathway, 

which is generally divided into four consecutives but 

overlapping phases: hematoma formation, soft callus 

formation, hard callus formation, and remodeling (8). 

Operative intervention is necessary to promote fracture 

union, and the current gold standard treatment is 

autografts (9). They have optimal osteoconductive, 

osteoinductive, and osteogenic properties.  

As an alternative, allografts are widely available in 

various shapes and sizes. Allografts may be cancellous, 

cortical, or cortico-cancellous (10). Cortical bone 

grafts are used clinically in the repair of severely 
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comminuted diaphyseal fractures when the mechanical 

support of cortical bone is necessary for the rigid 

stabilization of the fracture (11). However, they place 

patients at risk for infections and rejection by the 

immune system (12,13). Because of the disease 

transmission and immune response, fresh bone 

allografts are seldom used. Decellularization of soft 

and hard connective tissues, such as bones, reduces or 

even eliminates the immunogenicity associated with 

allografts and, therefore, may be effective in enhancing 

the incorporation of these grafts (14–18). Recent 

progress in the fields of tissue engineering has offered 

the use of scaffolds, growth factors, and stem cells for 

the repair of segmental bone defects. Mesenchymal 

stem cells (MSCs) can be harvested from several 

tissues and organs, such as the umbilical cord blood, 

bone marrow, periosteum, synovium, and adipose 

tissue (19).  

Bone consists of separate inner endosteal and 

outer periosteal compartments, each with distinct 

contributions to bone physiology and each 

maintaining separate pools of cells owing to the 

physical separation by the bone cortex (20).  The 

periosteum is a tough and vascular connective tissue 

membrane consisting of two layers, i.e., the inner 

layer (termed osteogenic layer) and the thick outer 

layer (called the fibrous layer). The osteogenic layer, 

which is close to the surface of the bone, contains 

more cellular components than the outer layer. The 

cellular components of the periosteum generally 

include cells that are responsible for bone remodeling 

and their precursor cells. Periosteal stem cell (PSC) 

implantation is a biological method for the treatment 

of large and full-thickness bone (21). 

Growth factors are protein signaling agents, which 

are pleiotropic, causing multiple biological effects; 

they are expressed during different phases of bone 

repair. Some growth factors, such as fibroblast growth 

factor (FGF), bone morphogenetic proteins (BMPs), 

insulin-like growth factors (IGFs), platelet-derived 

growth factor (PDGF), transforming growth factor-

beta (TGF-beta) and vascular endothelial growth factor 

(VEGF), are capable of promoting vascularization and 

osteogenesis. Many of these factors are known to play 

a role in the differentiation of mesenchymal progenitor 

cells to specific lineages such as chondroblast and 

osteoblast; thus, they can be useful in improving the 

healing processes (22–24). Therefore, the potentiality 

of allograft transplantation with PSC and growth 

factors needs to be investigated further for general 

application. 

This study was designed to evaluate the bone 

formation properties of an allogeneic demineralized 

cortical bone scaffold seeded with allogeneic PSCs and 

enriched by a xenogeneic growth factor in a critical-

sized bone defect model in rabbits. 

    Materials and Methods 
Preparation of Decellularized Bone Scaffolds 

Cylindrical and cortical bone grafts were harvested 

from the diaphysis region of the radius of the New 

Zealand rabbit. The bones were washed with a high-

velocity stream of water to remove the marrow from the 

pore spaces and then for 1 hr in phosphate-buffered 

saline (PBS) (Gibco, Paisley, United Kingdom) with 

0.1% ethylenediaminetetraacetic acid (EDTA) (Merck, 

Darmstadt, Germany) at room temperature. This step 

was followed by sequential washes in hypotonic buffer 

(10 mM Tris (Sigma-Aldrich, Steinheim, Germany); 

0.1% EDTA, overnight at 4°C), detergent (10 mM Tris, 

0.5% sodium dodecyl sulfate (SDS) (Merck, 

Darmstadt, Germany), for 24 hr at room temperature), 

and enzymatic solution (50 U/mL DNAse, 1 U/mL 

RNAse, 10 mM (Sigma-Aldrich, Steinheim, Germany) 

Tris, for 3–6 hr at 37°C) to remove any remaining 

cellular material. After each step, the scaffolds were 

rinsed with PBS for 1 hr. After SDS treatment, several 

washes (≥ 7) were performed until no more bubbles 

(indicating the presence of detergent) were seen in the 

PBS during washing. At the end of the process, 

decellularized bone plugs were rinsed in PBS, freeze-

dried, and cut to 9 mm long cylinders. Scaffolds were 

sterilized in 70% ethanol for 1 hr and incubated in 

culture medium overnight before seeding cells. 

Preparation of Periosteal Mesenchymal Stem Cells 

In order to obtain allogeneic periosteum, a New 

Zealand rabbit (outside of this study) became 

anesthetized and prepared for operation. The radius was 

approached, and a 0.5 × 1 cm piece of periosteum was 

harvested from the bone with a periosteal elevator 

under the sterile condition and cultured in a basic 

culture medium (DMEM-F12 Gibco, Paisley, UK). In 

order to separate the stem cells, the periosteum was 

washed with phosphated buffer and cut into several 

pieces with a sterile surgical blade. The pieces were 

placed in a 2% type 1 collagenase (SERVA, 

Heidelberg, Germany) solution for 30 min. The 

solution was then passed through a 122 µ Millipore 

filter (Jet biofilm, Beijing, China). The equal volume of 

PBS was then added to the solution, and the resulting 

mixture was centrifuged for 1 min at 1200 rpm. Then, 

5000 cells per square centimeter were cultured from a 

75 cm square flask (SPL, Pyeongtaek, South Korea). 

The culture medium of these cells was DMEM-F12, 

containing 12% cow serum, penicillin (Gibco, Paisley, 

UK), and acetaminophen. The plate containing cells 

was transferred to a 37-degree incubator containing 5% 

CO2, and after the appearance of spiky colonies, the 

medium was replaced. Third-passage cells were used in 

the subsequent experiments. 
 

Growth Factors Preparation 

Growth stimulants were obtained from human 

platelets. For this purpose, a platelet concentrate bag 

from the Iranian Blood Transfusion Organization was 

received.  The content of the bag was poured into a 50 

mL falcon (SPL, Pyeongtaek, South Korea) under the 

sterile condition and centrifuged at 3500 rpm for 15 min. 

Platelet sediments, along with a small amount of plasma, 
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were kept in the 50 mL flask, and the supernatant 

solution was discarded. By adding 1 mL of human 

thrombin (Sigma-Aldrich, Steinheim, Germany) and 

10% calcium chloride (Merck, Darmstadt, Germany), 

the platelets were activated. In the next step, the platelets’ 

extract was isolated by centrifugation and used as a 

source of platelet growth factors.  

Animals and Surgical Procedure 

Forty New Zealand white rabbits (eight months old, 

of both sexes, weighing 2.0 ± 0.5 kg) were housed in 

separate cages, fed a standard diet and allowed to move 

freely during the study. All the procedures were 

conducted in accordance with the European 

Community guidelines for laboratory animals and 

under the supervision of the Ethics Committee of the 

Faculty of Veterinary Medicine, Shahid Bahonar 

University of Kerman. All surgical procedures were 

carried out in the Teaching Hospital of Veterinary 

Faculty of the Shahid Bahonar University of Kerman.  

The scaffold, growth factors, and stem cell were 

prepared in the pathology and Stem Cell Research 

Center of the Afzalipour Medical Sciences University 

of Kerman. The animals were randomly divided into 

five equal groups for scaffold implantation: Group A: 

The critical size bone defect was left as such (untreated) 

for control study (n=8); Group B: The decellularized 

bone graft only group (n=8); Group C: The graft 

enriched by growth factors group (n=8); Group D: The 

decellularized bone graft seeded by PSCs group (n=8); 

and Group E: The decellularized bone graft seeded with 

PSCs and growth factors (n=8). All the animals were 

anesthetized by intramuscular administration of 40 

mg/kg ketamine hydrochloride (Alfasan International, 

Woerden, the Netherlands) and 5 mg/kg xylazine 

(Alfasan International, Woerden, the Netherlands).  

The right forelimb was prepared aseptically for 

operation. A 5 cm incision was made craniomedially of 

the forelimb, and the radius was exposed through a 

longitudinal incision by gentle retraction of the 

muscles. A 10 mm segmental defect was created by a 

surgical saw in the diaphysis of the radius as a critical 

size defect (CSD) (25). The graft, according to the 

groups, was placed in the defect and stabilized by an 

interfragmentary wire method. The ulna was left intact 

for mechanical stability. After implantation, muscle, 

fascia, and skin were separately closed over the defect. 

Intraoperative anteroposterior (craniocaudal) and 

mediolateral radiographs were used to confirm the 

adequate placement of hardware and bone alignment. 

The forelimb was supported by a splint for two weeks. 

All rabbits received an intramuscular injection of 

antibiotic Pantrisol (each mL solution contains 40 mg 

trimethoprim and 200 mg sulfamethoxazole, Pantex 

Co., Holland) (30 mg/kg BW, bid, IM) intraoperatively 

and four days after surgery. Postoperative pain 

reduction was achieved by administering tramadol (5 

mg/kg, Darou Pakhsh Pharma. Chem. Co. Tehran, Iran) 

subcutaneously for two days. 

The wound was evaluated daily for the duration of 

the study, including signs of swelling and discoloration. 

The dietary habits and daily activity were also observed 

to discern any possible abnormalities resulting from the 

implantation.  All rabbits were sacrificed four and eight 

weeks after surgery for gross observation and 

histological analyses. 

 Radiological Evaluation 

To evaluate bone formation, proximal and distal unions, 

and remodeling of the defect, radiographs of each forelimb 

were taken postoperatively on the first day and then in the 

second, fourth, and eighth weeks post-surgery. The 

assessment of new bone formation and remodeling was 

based on the modified Lane and Sandhu radiological 

scoring system (26). Two radiologists blindly assessed the 

radiological scores; the score for new bone formation was 

determined as follows: (0), no new bone formation; (1), less 

than 25% new bone formation; (2), 25%–50% new bone 

formation; (3), 50%–75% new bone formation; or (4), more 

than 75% new bone formation. The score assigned to the 

assessment of union was as follows: (0), nonunion; (1), 

possible union; or (2), radiographic union. The proximal 

and distal unions of the bone graft were separately 

evaluated. The remodeling score assigned was as follows: 

(0), no evidence of remodeling; (2), intramedullary 

remodeling; or (4), cortical remodeling. The maximum 

number of points, which could be achieved, was 10 for each 

reconstructed bone. 

 Histopathological Evaluation 

The right forelimb was harvested and dissected free 

of soft tissues. Forty specimens from the bone graft 

sites of the radius were successfully fixed with 10% 

formalin. The formalin-fixed bone samples were 

decalcified in a 15% buffered formic acid solution and 

embedded in paraffin. Five-micron thick sections were 

cut from the centers of each specimen, then prepared 

and stained with hematoxylin and eosin (H&E), as well 

as toluidine blue and Masson's trichrome, and observed 

under light microscopy (Olympus BX51, Olympus 

Optical Co., Tokyo, Japan). The samples were blindly 

apprised and scored by two pathologists based on 

Emery’s scoring system. When the gap was empty, the 

score was equal to (0); if the gap was filled with fibrous 

tissue only, the score was equal to (1); with more 

fibrous tissue than the fibrocartilage, the score was 

equal to (2); with more fibrocartilage than the fibrous 

tissue, the score was equal to (3); fibrocartilage only, 

the score was equal to (4); with more fibrocartilage than 

the bone, the score was equal to (5); with more bone 

than the fibrocartilage, the score was equal to (6); and 

filled only with bone, the score was equal to (7) (27,28). 

The host response to the scaffold was also evaluated by 

an experienced pathologist regarding the cellular 

infiltration, presence of multinucleate giant cells, 

vascularity, connective tissue organization, 

encapsulation, and degradation. 

Statistical Analysis 

In the present study, all data were presented as 

median and ranged by SPSS version 17 for windows 

(SPSS Inc., Chicago, Ill., USA). The radiological and 

histopathological data were compared by Kruskal-
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Wallis, non-parametric analysis of variance (ANOVA), 

when P-values were found to be less than 0.05, then 

pairwise group comparisons were performed by the 

Mann–Whitney U test. 

 

    Results 
The wounds healed completely after one week, and 

the rabbits were noted to regain full movement within 

two weeks. All the rabbits survived with normal 

behavior. No complications, such as infection or 

necrosis, were recorded prior to sacrifice. 

Radiographic findings 

In week 2 

The analysis of radiological data showed that there 

was a significant difference in bone formation of Group 

A (blank group), in comparison with Group B, and all 

treated groups (C, D and E; P<0.05), and there was no 

significant difference between the treated groups 

(P>0.05; Table 1) 

Also, the radiological findings depicted that there 

was no evidence of proximal and distal bone unity and 

remodeling in any control and treated groups. 

Remodeling was not found in either group on the 14th 

day post-surgery (Tables 2 and 3). 

 

Table 1. Radiological findings for bone formation at various postoperative intervals 

Median (Range) 

Groups Week 2 Week 4 Week 8 

A 0 (0-1) 1 (1-1)@# 3 (3-3)@ 

B 1 (1-1)* 1 (1-1)@# 3 (3-3)@ 

C 1 (1-1)* 1 (1-2)@# 3 (3-4) 

D 1 (1-1)* 2 (1-2) 3.5 (3-4) 

E 1 (1-2)* 2 (2-2) 4 (3-4) 
 

- Symbol (*) shows significant difference in comparison with group A (P<0.05), at week 2. 

- Symbol (@) shows significant difference in comparison with group E (P<0.05), at weeks 4 & 8. 

- Symbol (#) shows significant difference in comparison with group D (P<0.05), at week 4. 

 

Table 2. Radiological findings for proximal and distal union at various postoperative intervals 

Median (Range) 

Groups Week 2 Week 4 
Week 8  

   Proximal U.     Distal U. 

A 0 (0-0) 0 (0-0) 0.5 (0-1)@ 0 (0-1) 

B 0 (0-0) 0 (0-0) 1 (0-1)@ 1 (0-1) 

C 0 (0-0) 0 (0-1) 1 (1-2) 1 (1-1) 

D 0 (0-0) 0 (0-1) 1 (1-2) 1.5 (1-2)* 

E 0 (0-0) 0 (0-1) 2 (1-2) 1.5 (1-2)* 
 

- Symbol (@) shows significant difference in comparison with group E (P<0.05), for proximal union, at week 8. 

Symbol (*) shows significant difference in comparison with group A (P<0.05), for distal union, at week 8. 

 

Table 3. Radiological findings for remodeling over various postoperative intervals 

Median (Range) 

Groups Week 2 Week 4 Week 8 

A 0 (0-0) 0 (0-0) 0 (0-0) @ 

B 0 (0-0) 0 (0-0) 0 (0-0) @ 

C 0 (0-0) 0 (0-0) 0 (0-0) @ 

D 0 (0-0) 0 (0-0) 0 (0-0) @ 

E 0 (0-0) 0 (0-0) 1 (0-1) 

 

- Symbol (@) shows significant difference in comparison with group E (P<0.05), at week 8.  

In week 4  
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The new bone formation activity was observed 

significantly more in the bone defect area of Groups D 

and E in comparison with Groups A and B (P<0.05). 

There were no significant differences in this parameter 

between Groups A and B (P>0.05), also between both 

control groups (A and B) and Group C (P> 0.05). The 

data showed that the bone formation score in Groups D 

and E was significantly more than Group C (P < 0.05), 

and there were no significant differences between 

Groups D and E (P>0.05; Table 1). 

Our radiological evaluations showed that in week 

4 minimum bone unity at the proximal and distal part 

of the defect happened in all treated groups, but there 

was no significant difference between them. We did 

not observe evidence of bone unity in control groups 

(A and B). Remodeling was not found in either group 

on the 28th day post-surgery (Tables 2 and 3). 

In week 8  

The investigation of radiographs of bone defects 

demonstrated that new bone formation was 

considerably developed in all tested groups. Our 

analysis of radiological data indicated that a significant 

difference was recorded only between Group E and 

control groups (A and B; P<0.05; Table 1). 

Our study on radiographs showed that proximal bone 

unity in Group E was significantly more than the control 

groups (A and B; P<0.05), and there was no significant 

difference between the other groups (P>0.05). The 

evidence showed that there were significant differences 

in distal bone unity between Groups D and E in 

comparison with Group A (P<0.05; Table 2). 

Remodeling was not found in all tested groups, 

except Group E on the 56th day post-surgery. 

Remodeling of the medullary canal (score 1) was seen in 

three of four animals in this group, which significantly 

was more than the other groups (P<0.05; Table 3).   

In this study, the analysis of the total radiological 

point showed that in week 2, all treated groups 

significantly had a better score than Group A 

(P<0.05), and in week 4, Groups D and E significantly 

received a higher point compared to the control groups 

(A and B). Also, this point in Group E was 

significantly more than Group C (P<0.05). In week 8, 

all treated groups significantly had a better total 

radiological point compared with Group A (blank 

group); also, Group E was significantly better than 

Group B (P<0.05; Table 4 and Figure 1). 

According to the results of this paper, based on 

Emery’s microscopic and radiologic Lane and Sandhu 

scoring system, it could be concluded that separate or 

combined addition of human growth factor and PSCs 

to bone allograft had noticeably positive effects on the 

bone healing process, and it seems that combination 

therapy of the mentioned agents had a significant 

effect on the repair of the bone critical-size fracture. 

 

Table 4. Findings for total radiological point over various postoperative intervals 

Median (Range) 

Groups Week 2 Week 4 Week 8 

A 0 (0-1) 1 (1-1)@# 4 (4-4) 

B 1 (1-1)* 1 (1-1)@# 4.5 (4-5)@ 

C 1 (1-1)* 1 (1-4)@ 5 (5-7)* 

D 1 (1-1)* 2 (1-4) 6 (5-8)* 

E 1 (1-2)* 2 (2-4) 8.5 (5-9)* 
 

- Symbol (*) shows significant difference in comparison with group A (P<0.05), at weeks 2 & 8. 

- Symbol (@) shows significant difference in comparison with group E (P<0.05), at weeks 4 & 8. 

- Symbol (#) shows significant difference in comparison with group D (P<0.05), at week 4. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Radiographs of the forelimb in control and treatment groups on the 14th, 28th, and 56th postoperative days.  

Histological Analysis of Bone Regeneration 
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The histological evaluation of osteogenesis of bone 

regeneration of the five groups was carried out four and 

eight weeks after the radius CSD operation. Histological 

results revealed different bone regeneration results in the 

different groups.  

Group A 

In the blank control group (A), new bone was not 

found in the defect site four weeks postoperatively. The 

ingrowth of fibrous connective tissue over the empty 

defects was sparse. In longitudinal sections, the 

majority of the defect area was occupied by fibrous 

tissue except a few foci of fibro-cartilaginous transition 

zones (Figure 2, A1). 

In eight weeks postoperatively, fibrous connective 

tissue was observed over the defects, and some woven 

bone had formed along the boundary of the bone defect. 

A large bone defect still remained in these two groups. 

Toluidine blue staining of the longitudinal section 

revealed only minimal mineralized areas, which are 

indicative of new bone formation (Figure 2, A2). 

Group B 

In contrast with the blank group (A), four weeks 

after surgery Masson's trichrome staining showed 

matrix collagen fibrils, and the new bone grew 

gradually from the bone defect boundary to the central 

area; inflammatory cell infiltration was not observed 

around the graft. Eight weeks after surgery, bridging 

callus or histological union did not develop in any of 

these defects, but some immature new bone formation 

was observed around both the end of the original radius 

(Figure 2, B). 

 

 
Fig. 2. Different types of tissue in the bone defect stained with H&E, toluidine blue, and Masson’s trichrome.  

Note. (A1): Well-organized fibrous scar tissue with the presence of blood vessels in week 4. (A2): Distinct boundary between 

the fibrocellular tissue and original bone end at graft site in week 8. (A3): Fibrous tissue mixing with dispersed lamellar bone in 

week 8. (B): In the control group, just fibrous scar replaced the graft defect in week 4.  

 

Group C 

Four weeks after surgery, the defect was almost 

filled by fibrocellular and fibrocartilage; compared to 

Group B, more new bone formation was observed. 

Some endosteal ossification inside the fibrocellular 

matrix was observed in the medulla of graft. 

Longitudinal sections stained with H&E showed the 

original radius periosteal extension into the radial 

defect area and formation of new bone (Figure 3, C1). 

Eight weeks after surgery, the boundary between 

the graft and radius bone was filled by bone callus 

inside the fibrocartilage matrix. Granulation tissue is 

visible, and the overall shape of the bone graft was well 

maintained (Figure 3, C2). 

Group D 

After four weeks, endosteal and periosteal bones 

started to form; differentiation of fibroblast cells to 

cartilage and woven bone was visible (Figure 3, D1). 

Eight weeks after surgery, the defect site was filled 

by bone callus and fibrocartilage tissue. There were not 

any signs of an inflammatory reaction to the graft in 

any cases of this group. Endosteal and periosteal bones 

were visible, such as new bone formation occurred via 

endochondral ossification (Figure 3, D2). 

Group E 

After four weeks, the defects were largely 

surrounded by callus and islands of woven bone, and 

bone formation was particularly advanced to the 

fracture borders. Further, the newly formed bone was 

found both in the center and boundary of the defect site 

with a wide distribution of the collagen fibrils of the 

matrix (Figure 4, E1). 

After eight weeks postoperatively, the defect was 

filled by new bone. The newly formed bone almost had 

the same histological structure as normal bone. 

Remodeling of trabecular to compact bone was 

observed, along with intense vascularization, with 
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vessels being surrounded by calcified tissue, Haversian 

system, and Haversian canal, and lamellar bone was 

visible in this group. Marrow formation was evident in 

more than half of the implant areas indicative of 

remodeling. The graft was surrounded by or in contact 

with lamellar bone. No significant inflammatory 

response, necrosis or foreign body reactions were 

observed demonstrating good osteoconductive and 

biocompatibility (Figure 4, E2).

 

 

Fig. 3. Different types of tissue in the bone defect stained with H&E and toluidine blue.  

Note. (C1): Small amounts of newly formed bone and large amounts of well-organized fibrous scar in week 4. (C2): Fibrous 

tissue and new bone were seen in junction of the boundary between the two at the graft site in week 8. (D1): Newly formed woven 

bone contains primarily newly formed bone near the graft and original bone in week 4 (D2): Lamellar bone, near the fibrocartilage 

tissue in week 8. 

 

 

Fig. 4. The microscopic histological images of forelimb sections of Group E stained with H&E and toluidine blue.  

Note. (E1): Large amounts of newly formed bone in the original defect with cartilage being the predominant tissue type found 

in the defect in week 4. (E2): Note to compact bone formation with several Haversian canals in week 8. (E3): Newly formed woven 

bone contains primarily new formed bone, fresh bone matrix, and osteoblast rim in week 8. (E4): New bone, occupied most of the 

original defect and marrow formation, was observed in the grafted area in week 8. 

 

Statistical Analysis of Histopathological Evaluation 
 

At week 4 

The analysis of histopathologic scoring data showed 

that the bone healing process in defects of all treated 

groups (C, D, and E) was significantly more developed 

than the control groups (A and B; P<0.05). There was 

significantly more bone formation activity in the bone 

defects of Group B compared to Group A (P<0.05). A 

comparison of histological data between treated groups 

showed that the healing process in Group E significantly 

was in better condition than Group D (P<0.05; Table 5). 
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At week 8  

The microscopic analysis of the healing process in 

bone defects of the treated groups (C, D, and E) revealed 

more advanced repair criteria than those of the control 

groups (A and B) significantly (P<0.05). There were no 

significant differences in histopathologic parameters 

between Groups A and B (P>0.05) and also between all 

the treated groups (P>0.05; Table 5).

 

Table 5. Finding based on pathological scoring system for evaluation of bone healing process at various postoperative intervals 

Median (Range) 

Groups Week 4 Week 8 

A 2 (2-2) 3.5 (3-4) 

B 3 (3-3)* 3.5 (3-5) 

C 4.5 (4-5)*Φ 5.5 (5-6)*Φ 

D 4 (4-5)*Φ@ 5.5 (5-6)*Φ 

E 5 (5-5)*Φ 6 (6-7) *Φ 
 

- Symbol (*) shows significant difference in comparison with group A (P<0.05), at weeks 4 & 8. 

- Symbol (Φ) shows significant difference in comparison with group B (P<0.05), at weeks 4 & 8. 

- Symbol (@) shows significant difference in comparison with group E (P<0.05), at week 4. 

 

     Discussion 
The application of growth factors and stem cells for 

the osseous healing has been a subject of great interest for 

bone grafting. The purpose of our experimental study was 

to investigate the application of demineralized cortical 

bone graft seeded by allogeneic PSCs in combination with 

growth factors in rabbit with a skeletal CSD. 

Extensive bone defects are more challenging to treat. 

In this regard, the healing rate depends on the size of the 

defect and the quality of the adjacent soft tissues. Large 

bone defects include segmental or critical size cortical 

defects, created by trauma, tumor resection, aseptic 

loosening around implants, and skeletal abnormality. 

CSD is defined as a defect with a minimum length that 

cannot be spontaneously treated, leading to non-union. 

Such defects are generally accepted to be ≥ 1.5 to two 

times the diameter of the long bone diaphysis, but they 

vary according to the host and bone (29,30).   

Autologous bone grafting alone may be sufficient for 

bone defects that are no larger than 2–3 cm.  In addition, 

because of quick graft resorption, cancellous bone 

grafting is frequently inappropriate for bone defects larger 

than 6 cm (31). Cortical allogeneic bone grafts exhibit 

excellent structural properties; however, because of a high 

susceptibility to infection, they are indicated specifically 

for defects without evidence of contamination, typically 

in post tumor reconstruction (32). 

Decellularization of bone graft eliminates the 

immunogenicity and infectious risk associated with 

cortical bone allografts and, therefore, may be 

impressive in enhancing the solidarity of these grafts. 

Decellularization generally refers to the removal of non-

extracellular matrix components, cells, cellular 

components, and other non-extracellular matrix 

components such as blood, antigens, serum, and fat (33). 

However, leaving intact an extracellular matrix 

component decellularized bone matrix is an allogeneic 

bone graft material, commonly used in orthopedics 

surgery for filling in boney defects after fractures, and 

has been widely used as a scaffold for bone tissue 

engineering because of its uniform structure and 

similarity to the original bone matrix, as well as its 

osteoconductive and biomechanical properties (34,35).  

Hashimoto Y et al. described that the decellularized 

bone graft also promoted the osteogenic differentiation 

of MSCs in vitro (36). 

In this research, radiographic, gross, and 

histopathological observations showed that CSD 

remained unbridged with fibrous tissue proliferation and 

minimal new bone formation in control Group A with 

very slow progress in the healing rate. In Group B, 

radiographically, there was no close union between the 

construct and radius, but new bone formation at the 

defect initially occurred at both ends of the scaffolds and 

on the side of the scaffold adjacent to the radius and ulna. 

This is most probably because the proximal and distal 

ends of the scaffold were in contact with the bone 

marrow, which contains bone marrow stromal cells 

(BMSCs), and the side of the scaffold adjacent to the 

ulna was in contact with the periosteum, which contains 

osteoprogenitor cells. 

Elimination of the periosteum severely restricts 

allograft healing because the periosteum is a 

vascularized tissue combined with an osteoconductive 

scaffold, osteoprogenitor cells, and osteoinductive 

factors, which interfere fracture healing and bone 

autograft incorporation (37). The development of tissue 

engineering techniques for the treatment of large bone 

defects enhances greater challenges. A complex method 

will be required to modify the healing process through 

seeded cell survival and to ensure prompt vessel 

ingrowth into the scaffold via a careful choice of 

structure and shape, together with the addition of 

cytokines and growth factors (38). 

Thus, we hypothesize that a decellularized 

allogeneic bone tissue-engineered graft enriched with 
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periosteum derived stem cell and growth factors would 

provide sustained delivery of growth factors, support 

stem cell delivery, and improve allograft incorporation 

in a critical-sized rabbit radius defect. The positive 

effects of MSCs in the treatment of bone fractures have 

been demonstrated in several studies (39). Similarly, our 

results demonstrated that MSCs and cortical bone graft 

with or without platelet growth factors were effective in 

accelerating non-union bone fracture healing in rabbits. 

However, there are a few studies concluded that stem 

cells had no significant effects on the healing process of 

non-union bone fractures (40).  

MSCs are well-known to have the potency to 

undergo osteogenic differentiation under optimal 

conditions. MSCs have the capacity to differentiate into 

osteoblasts and the possibility to transmit or release 

various conductive factors, which contribute to vessel 

and bone formation. The most commonly compared 

sources of mesenchymal progenitor cells are periosteal 

derived cells (PDC), synovium-derived cells (SDC), 

bone marrow-derived mesenchymal stromal cells (BM-

MSC), muscle-derived cells (MDC), and adipose tissue-

derived cells (ADC) (41,42). In an experimental study, 

Debnath et al. (2018) identified PSC that was present in 

the periosteum of long bones of mice, displayed clonal 

multipotency, and self-renewal properties. They show 

that PSCs display transcriptional signatures, which are 

distinct from those of other skeletal stem cells and 

mature mesenchymal cells. However, other skeletal 

stem cells form bone via an initial cartilage template 

using the endochondral pathway, PSCs form bone via a 

direct route, while other skeletal stem cells form bone 

via an initial cartilage template using the endochondral 

pathways (19). 

Granero-Molto et al. and Undale et al. demonstrated 

that transplanted MSCs enhanced callus volume, 

increased new bone volume, and improved 

biomechanical properties and could induce fracture 

healing by increasing biomechanical properties in mice 

and non-union nude rat model (43, 44). Their 

proliferation and differentiation capacity may be 

elevated by exposing them to growth factors. Growth 

factors are protein signaling agents that release 

following injury, by bone lining cells, circulating 

platelets, and peripheral cell populations and act locally 

to stimulate formation and proliferation of osteoblasts 

and thereby promote bone healing (45).  

Liu et al. (2007) demonstrated that bone 

morphogenetic protein-2 (BMP-2) has the greatest effect 

on the differentiation of MSCs to osteoblasts (46). Also, 

several studies have demonstrated the potency of the 

insulin-like growth factor (IGF) to elevate in vivo 

fracture healing (47). To determine the relevance of 

these findings for the clinical situation, we developed a 

large bone defect model in the rabbit. In this model, 

almost no bone unity was found in the defect site (over 

the course of eight weeks) when the defect was left 

empty, indicating that this model could be CSD. To test 

their bone repair potential, cells were seeded onto 

decellularized allogeneic bone graft and enriched by 

growth factors prior to implantation into the defects. 

When scaffolds (containing growth factors) were 

implanted, four weeks after surgery, bone formation was 

limited to the space of implanted graft medulla and most 

of bone union between the graft and radius was 

osteochondral type, as it was observed in the H&E 

stained sections. Eight weeks after surgery, the boundary 

between the graft and radius bone was filled by bone 

callus, and the longitudinal histopathological section 

from Group C showed a continuous pattern of bone 

formation in comparison to Groups B and E. 

In Group D, the defect was implanted by graft 

enriched via periosteal stem cells four weeks after 

surgery, resulted in endosteal and periosteal bone 

formation; also, small islands of mature cartilage, 

undergoing replacement by bone, could still be found. 

Eight weeks after surgery, the longitudinal 

histopathological section showed that the defect site was 

filled by bone callus and fibrocartilage tissue. There 

were no signs of an inflammatory reaction to the scaffold 

and stem cells in any cases of this group. This faster 

healing potential noticed in Group D from gross, 

radiographic, and histopathological observations 

compared to Group B and blank group, which could be 

attributed to the osteogenic differentiation potential of 

periosteal derived stem cells.  

Arinzeh et al. (2010) described that MSC therapy, in 

combination with an osteoconductive scaffold, is 

capable of regenerating bone in preclinical models of 

fracture healing (48). Ding et al. administered adipose 

stem cells and platelet-rich fibrin (PRF) to promote 

mandible defects in a dog. Similar to our results, they 

showed that proliferation and osteogenic potentials of 

stem cells were significantly enhanced by platelet 

growth factors (49). Oryan et al. (2018) demonstrated 

that the BMSCs have the potential to drastically increase 

the bone regeneration ability of osteoinductive scaffolds 

in critical-sized radial bone defects in rats (50). When 

the defect was filled by enriched graft with PSCs and 

growth factors in the treatment group, the histological 

section and radiology results from week 8 specimen 

showed that new bone formation and remodeling was 

underway in Group E. The defect was almost filled by 

new bone. Moreover, quantitative histological analyses 

did not confirm the quantitative differences in bone 

volume (new bone formation) between this group and 

the groups that treated with the scaffold enriched by 

growth factors and scaffold seeded by PSCs. However, 

they revealed that, when defects were implanted with 

this graft, the structural organization of the bone was 

restored and characterized by the full cortical bridging 

and reconstitution of the newly formed medullary canal 

with bone marrow, consisting of hematopoietic cells and 

adipocytes.  

Furthermore, the Haversian system and Haversian 

canal are also visible in this group. No significant 

inflammatory response, necrosis, or foreign body 

reactions were observed, demonstrating good 

osteoconductive and biocompatibility of enriched graft. 

This better healing potential noticed in Group E based 
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on gross, radiographic, and histopathological 

observations, which could be attributed to the osteogenic 

differentiation potential of MSCs and osteoinductive 

effect of growth factors. Chan et al. confirmed the 

positive effects of a combination of growth factor and 

BMSCs on the bone healing process; they reported that 

growth factor encourages the osteoinductive activity of 

bone marrow activity to improve bone healing (51).  

In bone union, MSCs play an important role in the 

bone regenerative mechanism. Granero-Molto et al. and 

Undale et al. reported that transplanted MSCs enhanced 

callus volume, increased new bone volume, and 

improved biomechanical properties and could induce 

fracture healing by increasing biomechanical properties 

in mice and non-union nude rat model (52). Romero et 

al. also described the potential of growth factor and 

MSCs to stimulate the healing process and new bone 

formation in a critical-sized mouse femur defect without 

inflammatory response to the graft (53). The outcome of 

our study is in agreement with the above-mentioned 

researches that declare PSC seeded in bone allograft 

enriched by human growth factors, which could 

accelerate the formation of bone callus at the fracture 

gap in rabbit radial CSD. 

There are some limitations in this study, which 

should be addressed in future research. First, in order to 

evaluate the therapeutic activity of stem cells, cell 

tracking techniques are required to determine the fate of 

transplanted cells in the healing tissue of the fracture site. 

Second, in order to more precise evaluation of quality 

and quantity of callus formation in the fracture site, 

usage of the computed tomography (CT) scan technique 

could be suitable for future studies. 

 

Conclusion 
Based on the results of this study, it appears that 

implantation of concentrated PSCs in combination with 

growth factors and allogeneic cortical bone graft is an 

effective therapy for the repair of the large bone defect. 

Our results also show that engineering bone allografts 

can improve the delivery of exogenous cells to the defect 

site without causing chronic inflammation. 
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