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1.0 Introduction 

The tremendous need for bone tissue in numerous clinical 

situations and the limited availability of suitable bone grafts 

are driving the development of new approaches to bone 

repair. In the past the “gold standard” bone graft materials is 

autologous bone and this is limited in supply and its 

harvesting is associated with significant morbidity (Laurie et 

al., 1984; Quarto et al., 2001). Approximately 8%of iliac 

grafts result in major complications such as infection, blood 

loss, nerve injury, short- and long-term pain and functional 

deficit. The use of allografts avoids donor site issues but these 

grafts are associated with risks of infection and possible 

immune response of the most tissue (Stevenson, 1987),which 

can lead to high rates of complications (Alman et al., 1995; 

Lord et al., 1988; Mankin et al., 1987). Thus, there is a trend 

toward tissue engineering as an alternative to the traditional 

techniques in bone repair. Langer and Vacanti defined tissue 

engineering as “an interdisciplinary field that applies the 

principles of engineering and life sciences toward the 

development of biological substitutes that restore, maintain, 

or improve tissue function or a whole organ (Langer et al., 

1993)”. Regeneration of the bone tissue is the most studied 

field in tissue engineering. According to the concept, 

equivalents of the bone tissue can be obtained by targeted 

osteogenic differentiation of multipotent mesenchymal stem 

cells (MSC) of the bone marrow (BM). MSC pre 

differentiated towards osteogenic lineage are applied on 

biocompatible materials maintaining osteo induction and 

possessing sufficient osteo conductive properties (Hattori et 

Tissue Engineering, 

Bone, 

Stem cells, 

MSC, 

Secretome, 

Cytokine, 

Sinus floor elevation, 

Dental implant 

AB S T R A C T  

 

AR T I C L E  I N F O  

 

K E Y W O R D S  

 

Submitted: 06-11-2012 

Accepted: 08-11-2012 

*Corresponding Author: Minoru Ueda, 

DDS, PhD 

 

Email:mueda@med.nagoya-u.ac.jp 

 

 

 

 

The tremendous need for bone tissue in numerous clinical situations and the limited 

availability of suitable bone grafts are driving the development of new approaches to 

bone repair. We have developed tissue-engineered bone using autogenous bone 

marrow derived mesenchymal stem cells and platelet-rich plasma for dental implant 

surgery. Twenty-two sinus floor augmentation cases with tissue-engineered bone for 

dental implant treatment were performed and eighty-seven dental implants were 

installed to the regenerated area. Radiographic assessments showed 8.7 mm mean 

increase in mineralized tissue one year after the first surgery. Histomorphometric 

analysis was performed in 5 cases from the specimen obtained at the implant 

placement after 6 months. The average area of newly regenerated bone was 41.9% 

although there seemed to be no correlation between the bone area and the number of 

the transplanted cells. The tissue-engineered bone will be a promising technique for 

bone regeneration, but the fate of the transplanted cell was still unknown. We discuss 

the paracrine effect of the stem cells for bone regeneration. This paper indicates the 

“paradigm shift” in tissue-engineered bone. 
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al., 2004) transplanted into the bone defect area. Creation of 

bone equivalents is now beyond the scope of numerous 

experimental studies about the possibility of effective 

reconstruction of the bone tissue using various biodegradable 

material and MSC (Fang et al., 2007; Lendeckel et al., 2004; 

Weinzierl et al., 2006). 

We have developed tissue-engineered bone for implant 

surgery because bone availability is the key to successful 

placement of endosseous implants and tissue-engineered bone 

is thought to be most effective in such a procedure (Ueda et 

al., 2005; Yamada et al., 2004). Twenty-two sinus floor 

augmentation cases with tissue-engineered bone for implant 

treatment were performed at the department of Oral and 

Maxillofacial Surgery in Nagoya University Hospital. We 

could regenerate bone in a sinus floor with minimal 

invasiveness and good plasticity, and to provide a clinical 

alternative to the previous graft materials. In our method, the 

cells were cultured in the presence of autoserum, induced into 

osteogenic cells and transplanted with autologous platelet rich 

plasma. The results of our study showed that tissue 

engineered bone using autologous bone marrow stromal cells 

was feasible for patients with severely atrophic maxilla and 

for sinus floor augmentation surgery. 

However, this procedure suffers from some problems such 

as high capital investment, expensive cell culture, 

complicated safety and quality management issues regarding 

cell handling, and invasiveness of the procedure that is 

required for the collection of bone marrow MSCs and PRP 

from the patients. Moreover, recent studies of MSC 

transplantation in spinal cord injury revealed that the 

implanted MSCs did not survive for a long time (Ide et al., 

2010).Additionally, it is well established that MSCs secrete a 

variety of growth factors and cytokines (Chen et al., 

2008).These finding suggests that MSC is not a main player 

for bone regeneration but the paracrine effects of growth 

factors and cytokines secreted from the implanted MSCs may 

promote tissue repair and regeneration. 

In this paper, we present the clinical results of bone 

regeneration with MSC and implant success rate after 

functional loading, peri-implant tissues of titanium fixtures 

that had been placed in regions augmented using the tissue-

engineered bone. Then we approached to the mechanism of 

bone regeneration after MSC transplantation using our 

clinical data such as the correlation between number of cell 

and new bone. Finally we will propose a new concept in bone 

tissue engineering that is the paradigm shift in tissue-

engineered bone. 

2.0 Materials and Methods 

2.1 Cell preparation 

Mesenchymal stem cells were isolated from the patient’s iliac 

crest marrow aspirates (10 mL) according to the reported 

method (Pittenger et al., 1999). Briefly, the basal medium, 

low-glucose Dulbecco’s Modified Eagle’s Medium, and 

growth supplements (50 mL of serum, 10 mL of 200 mML 

glutamine,and 0.5 mL of penicillin–streptomycin mixture 

containing 25units of penicillin and 25 g of streptomycin) 

were purchased from Lonza Inc. (Walkersville, MD). Three 

supplements, dexamethasone, sodium glycerophosphate, and 

L-ascorbic acid 2-phosphate, for inducing osteogenesis were 

purchased from Sigma Chemical Co. (St. Louis, MO).The 

cells were incubated at 37°C in a humidified atmosphere 

containing95% air and 5% CO2. The MSCs were replated at 

densities of 3.1x103cells/cm2 in 0.2 mL/cm2 of control 

medium. The differentiated MSCs were confirmed by 

detecting alkaline phosphatase activity using p-

nitrophenylphosphatase as a substrate. In culture, MSCs were 

trypsinized and used for implanting. For the safety of cultured 

cell, the culture media were examined for contaminations of 

bacterium, fungus, and mycoplasma before transplantation. 

2.2 Platelet-rich plasma preparation 

Preoperative hematological assessments included a complete 

blood count with platelet levels. The resulting pellet of 

platelets (PRP) was extracted one day before surgery. The 

PRP was isolated in a 200-mL-collection bag containing the 

anticoagulant citrate under a sterilized condition at the blood 

transfusion service department of Nagoya University 

Hospital, Japan. Briefly, the blood was first centrifuged for 10 

minutes at350g. Subsequently, the yellow plasma containing 

the buffy coat, which contained the platelets and leukocytes, 

was removed. A second centrifugation at 3500g for 10 

minutes was performed to combine the platelets into a single 

pellet and the plasma supernatant, which was platelet poor 

plasma and contained relatively few cells, was removed. The 

buffy coat/ plasma fraction (PRP) was resuspended in 20 mL 

of residual plasma and used in the platelet gel. 

2.3 Tissue-engineered bone preparation 

The PRP was stored at 22°C in a conventional shaker until 

used. Human thrombin in a powder form (5000 units) was 

dissolved in 5 mL of10% calcium chloride in a separate sterile 

cup. Next, 3.5 mL of PRP, MSCs (1.0 ×107 cell/mL), and air 

were aspirated into a 5-mL sterile syringe. In a second 2.5 mL 

syringe, 500 μL of the thrombin/calcium chloride mixture was 

aspirated. The cells were resuspended directly into the PRP. 

The 2syringes were connected with a T connector and the 

plungers of the syringes were alternatively pushed and pulled 

allowing the air bubble to transverse the 2 syringes. Within 5 

to 30 seconds, the contents assumed a gel-like consistency as 

the thrombin affected the polymerization of the fibrin to 

produce an insoluble gel(Fig. 1a, b). 
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2.4 Cell growth and differentiation 

The average cell number at the time of transplantation was 

18.2 x 106 cells. However, the cell proliferating capability 

varied among individuals. Similar findings were observed in 

terms of cell differentiation. Even though the exact same 

induction protocol was used, the final harvested cell number 

and the levels of ALP activity varied among individuals. 

2.5 Patient selection 

There were 22 cases with severely resolved alveolar ridge in 

maxilla aged from 43 to 64 years (mean age 55.6 years). The 

patients with partially or totally edentulous ridges in maxilla 

were scheduled for sinus floor grafting. All patients had 

conventional denture retention problems because of severe 

anterior or posterior alveolar ridge atrophy. All cases of the 

maxilla, patients had a residual sinus floor of less than 5 mm 

in height, to such an extent that the sinus graft and implant 

would have resolved the problem. 

After routine oral and physical examinations, patients were 

selected and tissue engineered bone grafting was planned  

 

 

because the patients preferred not to undergo any surgery for 

harvesting of the autogenous bone. In 19 cases, the sinus floor 

elevation was performed at the part of the posterior maxilla 

with simultaneous implant placement. In 3 cases, the sinus 

floor elevation with tissue engineered bone grafting and 

secondary implant placement was performed (Table 1).The 

patients were informed extensively about the procedures, 

including the surgery, graft material, implants, and 

uncertainties of using a new bone-regenerative method. They 

were asked for their cooperation during treatment, and the 

research protocol was approved by the university ethics 

committee. 

2.6 Exclusion criteria 

Patients with diabetes and/or autoimmune diseases, who 

presented hemorrhagic diathesis where partial thromboplastin 

time (PT) was lower than 50% and activated partial 

thromboplastin time (APTT) less than 23.5 or longer than 

42.5 seconds, uncontrollable infectious diseases, osteoporosis, 

liver dysfunction with a Glutamic Oxaloacetic Transaminase 

(GOT) value less than 10 or more than 40 IU/L or with a 

glutamic pyruvic transaminase (GPT) less than 5 or more than  

Fig. 1 (a) Outline of preparation of tissue-engineered bone (T.E.B.). (b) Tissue-engineered bone (T.E.B.). 

Mesenchymal stem cells (MSCs) were isolated from the patient’s iliac crest marrow aspirates (left). The osteoblastic 

differentiated MSCs were mixed with human thrombin, which was dissolved with 10% calcium chloride, and the patient’s 

platelet rich plasma (PRP) (middle). Prepared T.E.B.(right). 
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45 IU/L, pregnant or possible pregnancy, allergy to any of the 

medications used in this study and/or the presence of allergy 

that required continuous systemic medication and other 

special conditions that the responsible physician considered 

not appropriate were excluded.  

2.7 Surgical technique 

In all 22 patients, surgery was carried out under general 

anesthesia. The sinus grafting procedure followed Tatum’s 

classical description (Tatum, 1986). In brief, after the 

elevation of a mucoperio steal flap, a door was created with a 

round hollow bur in the lateral maxillary sinus wall. After 

mobilization, the door was reflected inward. The space 

created by this procedure was filled with 0.5 to 6.6 cc of 

tissue-engineered bone (mean 2.63cc).Care was taken to keep 

the inner epithelial lining intact to avoid spilling the grafting 

material. The mucoperio steal flap was repositioned and 

sutured in the usual manner (Fig.2). In case of 2-step implant 

procedure, dental implants were installed six months after 

transplantation. Totally 87 implants were installed in the 

grafted area (Table 1). 

 

Table 1 List of the cases of the sinus floor elevation with T.E.B. 
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2.8 Radiographic Analysis 

Before and 1, 6, 12 and 24 months after the first surgery, 

radiographic evaluations using panorama X-ray and CT scan 

were performed. In panorama X-ray analysis, the bone heights 

along the installed dental implants were measured. Volume of 

the regenerated bone were evaluated using Osirix® imaging 

software (Ver.3.9. http://www.osirix-viewer.com/). We then 

completed the area of newly regenerated bone (mm2) among 

the patients and estimated the area by calculating the mean 

value. 

2.9 Histomorphometric Analysis 

A bone biopsy was performed in 5 cases at 6 months after cell 

transplantation at the time of dental implant installation using 

a trephine bur (2 mm inner diameter and 3 mm outer 

diameter; Stoma am Mark GmbH, Emmingen-Liptingen, 

Germany). After embedding in resin, non-decalcified ground 

sections were prepared and the sections evaluated with 

Villanueva bone staining, Villanueva Goldner staining or 

Hematoxylin and Eosin (H-E) staining. Light microscope 

images were captured with a digital camera (Carl Zeiss AG, 

Oberkochen, Germany) and transferred to a computer. The 

extent of new bone area, the area of fibrous tissue and the area 

of bone marrow-like tissue were manually assessed using 

Image J software (Scion Corporation, Frederick, MD, USA) 

by an examiner. The size of these specific areas was 

expressed as a percentage of the total area of the section. 

3.0 Results 

3.1 Clinical and radiographic observations 

In case of sinus floor augmentation, evaluation was done from 

2 to 5years after the first surgery. The main complications 

during surgery were sinus membrane perforation and wound 

separation. Perforation of the sinus mucosa was recorded in 4 

procedures and resulted in only minor postoperative nasal 

bleeding without severe inflammatory sign in maxillary 

region during total observation period. None of the patients 

had postoperative problems besides normal swelling and 

inflammation at the surgical sites. 

(a)

(b)

 

 

 

Pre- and postoperative radiographic evaluations showed that 

the increasing in mineralized tissue was 8.7 mm in height 

(Fig.3a, b). Volume of the regenerated bone was analyzed 

using CT data and software at 6 months, 12 months and 24 

months after cell transplantation. Generally, the volume 

decreased over time though the time course varied among 

individuals. At the second surgery, which was performed after 

a mean healing period of 4.8 months, the mucosal flap was 

elevated to observe the grafted site. In all cases of sinus floor 

augmentation surgery the spaces around the titanium fixtures 

were filled with newly formed tissue, which seemed to be 

calcified tissue. 

Eighty-seven fixtures were installed with tissue-engineered 

bone. Cumulative survival and success rates for fixtures 

placed in conjunction tissue engineered bone were 

100%.Postoperative radiographic findings around the fixtures 

were consistent with integration between the implant and the 

regenerated bone (no bone loss or peri-implant radio 

lucency).At 6 months after loading, as tested after removal of 

the prosthetic reconstruction, all implants maintained stability. 

Fig. 2 T.E.B. application for maxillary sinus floor elevation with 

simultaneous dental implant installation. 

(a) Maxillary sinus was elevated with the lateral window technic and 

the dental implants were installed simultaneously. 

(b) The elevated maxillary sinus floor was filled with T.E.B.  

(c) Implanted T.E.B. was completely ossificated six months after first 

surgery. 

 

Fig. 3 Radiographic evaluation: a)Panorama X-ray 1 year after the 

surgery. Mineralized tissue was observed around the dental implants. b)The 

CT images showed that T.E.B. had already mineralized three months after 

the surgery. 
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Marginal bone resorption at 6 months after loading did not 

exceed 1.5 mm. 

 

 

3.2 Histomorphometric Analysis 

Although there was variation in new bone area among 

individuals, the average bone area was 41.9% at 6 months 

after cell transplantation (Fig.4). This was a major component 

of the regenerated bone in some of the samples and generally 

inversely related to the amount of new bone formation. The 

correlation between transplanted cell numbers, amount of the 

tissue-engineered bone, transplanted cell density and new 

bone was shown in Fig 5a,b and c. From these analyses, there 

were no correlation between these parameters and new bone. 

 

Sinus floor elevation with Tissue Engineered Bone 

 

4.0 Discussion 

4.1 Usability of tissue engineered bone 

Reconstruction of maxillofacial defects secondary to tumors 

and trauma relies on different sources of bone grafts with 

inherent morbidity. Stem cell based tissue engineering is a 

promising alternative for bone regeneration (Petite et al., 

2000; Bianco et al., 2001; Rose et al., 2002). The bone 

engineering is a fast-moving field with considerable potential 

clinical applications (Mao et al., 2006; Kaigler et al., 2006; 

Zhao et al., 2007). Unfortunately, only very small literatures 

of the above clinical studies except our study make it to the 

bedside in the form of clinical trials or therapies. Because of 

practical and ethical reasons, it is sometimes impossible to 

have proper control groups and therein lays the difficulty of 

data interpretation. 

The aim of this article is to summarize our current research on 

bone tissue engineering in Nagoya University Hospital and 

highlight an important translational study that has already 

been carried out on human subjects. Our studies are small, 

observational phase 1-type studies with no control groups and 

they have short-term follows. Despite this, they do provide 

valuable information and we know that the clinical use of 

autologous bone marrow derived MSC is relatively safe and 

does not preclude the use of other techniques in the event of 

failure. 

 

 

 

Fig. 4  Histrogical evaluation: A bone biopsy was performed in some 

cases. Newly regenerated bone was seen without any severe infiltration of 

inflammatory cells (H-E, x40). 

Table 2 Summary of the T.E.B. application for sinus floor elevation 

Fig. 5 The correlation between the transplanted cell and the new bone 

formation. The correlation between the transplanted cell numbers (a), 

amount of T.E.B. (b), the transplanted cell density (c) and the new bone 

formation were evaluated. These data indicated that there were no 

correlation between these three parameters and the new bone formation. 
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This study evaluated the performance of tissue-engineered 

bone in sinus floor augmentation with simultaneous or 

secondary implant placement. As a general consensus, the 

simultaneous procedure should be reserved for patients who 

have at least 5 mm of alveolar bone in the posterior maxilla to 

stabilize the implants. If there is less than 5 mm of available 

host bone, it is insufficient to mechanically maintain the 

endosteal implants, and thus we choose the2-step procedure 

combined with augmentation procedures (Jensen et al., 1990; 

Marx, 1994; Raghoebar et al., 1993). Thus, our results 

indicate that sinus floor augmentation caused by tissue-

engineered bone and simultaneous implantation is possible. 

As described in this article, sinus floor augmentation for 

implant using tissue-engineered bone has the potential to 

dramatically improve current methods that rely on sequential 

bone grafting followed by oral surgeries (Marx et al., 1988). 

The abilities to eliminate donor-site morbidity related to 

autogenous bone-graft harvest, and to provide comprehensive 

oral rehabilitation therapies superior to current synthetic 

implant materials, would make a significant contribution to 

current dentistry. The results of this study provide evidence of 

the safety and technical feasibility of tissue engineered bone 

form axillary sinus floor augmentation in agreement with 

those from earlier animal studies that have indicated that 

treatment with tissue engineered bone dose not result in 

toxicity, significant immunologic reactions, or other serious 

adverse effects (Smith, 1995; Gerhart et al., 1993; Toriumi et 

al., 1991; Sigurdsson et al., 1995). Adverse experiences (e.g., 

pain, swelling after operation) observed with tissue-

engineered bone were consistent with the usual morbidity 

observed in the maxillary sinus floor augmentation procedure. 

Radiographic assessments indicated that tissue engineered 

bone induced new bone growth in the maxillary sinus floor in 

100% of the patients treated, and showed 8.7 mm mean 

increase in mineralized tissue. In the meantime, in clinical 

human testing, protruding into the sinus cavity stimulated 

reactive bone regeneration by human bone morphogenetic 

protein-2 that is limited to 8.51 mm in height (Boyne et al., 

1997). This is almost the same as that regenerated by tissue-

engineered bone in this study. 

4.2 Who is the main player in bone tissue engineering? 

In terms of efficacy, we observed the relationship between the 

number of transplanted MSC and the bone regeneration in 5 

out of 22 cases. The results from histomorphometric analyses 

showed the average bone area was 41.9% at 6 months after 

transplantation. Also, the average cell number was 18.2x106 

(Table 2 and Fig.5).However, one drawback of the present 

study was the individual variation among patients, which may 

affect the usefulness of this treatment. Also there was no 

correlation between cell number and new bone, which means 

that transplanted MSC is not a main player in bone 

regeneration. 

Although bone marrow MSC implantation has beneficial 

effects on specific diseases, the implanted MSC did not 

survive for a long time but disappeared two to several weeks 

after transplantation (Kinnaird et al., 2004). It has been 

proposed that paracrine mechanisms triggered by growth 

factors and cytokines secreted by implanted MSC may 

explain the benefit that is observed after MSC implantation 

(Chen et al., 2008; Kinnaird et al., 2004).Since the paracrine 

factors secreted by MSC can accumulate in the conditioned 

media (Chen et al., 2008), Osugi et al, determined if MSC-

CM contains factors that regulate cell mobilization and 

osteogenic differentiation (Fig.6).They found that MSC-CM 

consistently stimulated rMSC migration and proliferation 

compared with serum-free DMEM. They also found, using 

ELISA analysis, that IGF-1and VEGF but not FGF-2, PDGF-

BB, BMP-2 and SDF-1 were present at high concentrations in 

MSC-CM (Osugi et al., 2012). These data are similar to those 

previously reported study (Nakano et al., 2010).IGF-1 is 

known to be present in bone tissue and to be mitogenic for 

osteoblasts (Spencer et al., 1991).Continuous systemic or 

local infusion of IGF-1 enhanced bone formation in normal, 

ovariectomized and osteopenia rat models (Spencer et al., 

1991; Mueller et al., 1994; Ammann et al., 1993).IGF-1 also 

increases the expression of CXCR4 and enhances SDF-1-

induced MSC migration through thePI-3-kinase (PI3K) 

pathway (Li et al., 2007).VEGF is thought to be the main 

regulator of angiogenesis and bone marrow stromal cells 

secrete sufficient quantities of VEGF to enhance survival and 

differentiation of endothelial cells (Kaigler et al., 

2003).Furthermore, IGF-1 induces VEGF mRNA in 

osteoblast-like cells through transcriptional mechanisms 

involving hypoxia-inducible factor (HIF)-2α, and these events 

occur secondary to IGF-1activation of the PI3K pathway 

during osteogenesis (Akeno et al., 2003; Riddle et al., 2009). 

 

 

Based on these data, we hypothesize that bone regeneration 

induced by MSC-CM might be mediated by cooperative 

effects between IGF-1 and VEGF on angiogenesis and 

osteogenesis after endogenous cell mobilization. Growth 

factors such as BMP-2 have demonstrated great osteogenic 

Fig. 6 The scheme of the effects of MSC-CM: MSC-CM may contribute 

the endogenous stem cell mobilization and osteogenic differentiation 
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potential (Shimazu et al., 2006; Herford et al., 2008) and are 

already on the market. However, unfortunately, these 

applications require supper physiological doses (Kawasaki et 

al., 1998) and may induce a severe inflammatory response 

(Perri et al., 2007; Shields et al., 2006). A serious adverse 

reaction with soft tissue swelling was reported when using rh-

BMP-2 in anterior cervical spine surgery (Perri et al., 2007; 

Vaidya et al., 2007; Shields et al., 2006).Eighty-five percent 

of the patients who receivedrh-BMP-2 therapy for anterior 

cervical discectomy and fusion showed dysphagia (Vaidya et 

al., 2007). 

Here, we present that stem cell based cytokines such as 

paracrine factors might enhance bone regeneration through 

migration and osteogenesis of endogenous cells. If it is 

possible to enhance new bone regeneration by implantation of 

stem cell derived cytokines rather than of living stem cells, 

this will be a paradigm shift in tissue engineering and 

regenerative medicine. 
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