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Abstract 
Skeletal diseases, such as nonunion and osteonecrosis, are now treatable with tissue engineering 
techniques. Single cell sheets called osteogenic matrix cell sheets (OMCSs) grown from cultured 
bone marrow-derived mesenchymal stem cells show high osteogenic potential; however, long 
preparation times currently limit their clinical application. Here, we report a cryopreservation 
OMCS transplantation method that shortens OMCS preparation time. Cryopreserved rat OMCSs 
were prepared using slow- and rapid-freezing methods, thawed, and subsequently injected scaf-
fold-free into subcutaneous sites. Rapid- and slow-frozen OMCSs were also transplanted directly to 
the femur bone at sites of injury. Slow-freezing resulted in higher cell viability than rapid freezing, 
yet all two cryopreservation methods yielded OMCSs that survived and formed bone tissue. In the 
rapid- and slow-freezing groups, cortical gaps were repaired and bone continuity was observed 
within 6 weeks of OMCS transplantation. Moreover, while no significant difference was found in 
osteocalcin expression between the three experimental groups, the biomechanical strength of fe-
murs treated with slow-frozen OMCSs was significantly greater than those of non-transplant at 6 
weeks post-injury. Collectively, these data suggest that slow-frozen OMCSs have superior osteo-
genic potential and are better suited to produce a mineralized matrix and repair sites of bone in-
jury. 
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1. Introduction 
With rapid advancements in tissue engineering, various skeletal diseases and complications—such as osteone-
crosis and nonunion—can be now treated using tissue-engineered bone derived from bone marrow-derived me-
senchymal stem cells (BMSCs) [1]-[4]. In the fields of orthopedic and plastic surgery, open surgery for conven-
tional bone transplantation is still the gold standard for nonunion and osteonecrosis. However, a less invasive 
approach for bone reconstruction is clinically preferable since it is likely to result in reduced scarring and an ear-
lier start to rehabilitation. To accomplish this, further technical advances and investigations are required, in-
cluding minimally invasive surgery using tissue engineering. 

Recently, the use of cell sheets has been widely investigated as a promising technology in regenerative medi-
cine research [5] [6]. Cell sheets have been created from the skin [7], myocardial cells [8] [9], periodontal liga-
ments [10], corneal epithelia [11], bladder epithelia [12], and mucosal epithelia [13]. A cell sheet transplantation 
technique for bone regenerative medicine was recently developed using BMSCs [14]-[16]. BMSCs are cultured 
in media containing dexamethasone (Dex) and ascorbic acid phosphate (AscP), and then lifted as single cell 
sheets using a scraper. The resulting sheets are referred to as osteogenic matrix cell sheets (OMCSs). OMCSs 
show high osteogenic potential in vitro and in vivo after subcutaneous scaffold-free transplantation [14] and in 
combination with artificial bone, such as beta-tricalcium phosphate [16]. Moreover, successful in vivo bone 
formation was observed after scaffold-free OMCS injection [14]. Experimental animal models have successfully 
demonstrated the ability for OMCSs to treat fracture nonunion [15] and ligament reconstruction [17] by en-
hancing bone union and callus formation between bones, as well as ligamentous surfaces and bone tunnels. Tis-
sue invasion by injectable bone may be small, as transplantation is conducted only by injection; however, this 
method can be used to treat delayed union and fracture nonunion with repeated cell sheet transplantation.  

One disadvantage of this technique is that the process of OMCS preparation, including BMSC culture, takes 
approximately 4 weeks. This may limit its clinical application. To expand the applications of OMCS transplan-
tation in orthopedic and plastic surgery, new approaches that shorten the preparation time for cell sheets are re-
quired. 

To reduce the cell preparation time required prior to transplantation, we developed a method of OMCS cryo-
preservation and transplantation that can be used for skeletal reconstruction. In this study, OMCSs were cryo-
preserved by rapid- and slow-freezing methods, thawed, and either injected scaffold-free as injectable bone to a 
subcutaneous site or transplanted directly onto sites of bone defects in rat femurs. The capacity of grafts to repair 
bone was then monitored over the course of 6 weeks. 

2. Methods 
2.1. Ethics Statement 
The care and handling of the rats used in this study were approved by our institute’s Animal Care Committee, 
and met the standards of the National Institutes of Health. Male Fischer 344 (F344) rats were purchased from 
Japan SLC (Shizuoka, Japan), and used as donors and recipients. 

2.2. Bone Marrow Cell Preparation 
Bone marrow cell preparation was conducted according to previous reports [14]-[18]. Briefly, bone marrow 
cells were obtained from the femur shafts of 7-week-old male F344 rats. Both femur ends were cut and the bone 
marrow was flushed out using 10 mL of standard culture medium [minimal essential medium] (Nacalai Tesque 
Inc.; Kyoto, Japan) with 15% fetal bovine serum (Gibco Life Technologies; Carlsbad, CA, USA) and antibiotics 
(100 U/mL penicillin and 100 μg/mL streptomycin; Nacalai Tesque Inc.). Released cells were collected into two 
T-75 flasks (BD Falcon; BD Biosciences; Franklin Lakes, NJ, USA) containing 15 mL of standard culture me-
dium. Cells were cultured in an incubator under 5% CO2 at 37˚C. After reaching confluence, primary cultured 
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cells were trypsinized from T-75 flasks using trypsin/ethylenediaminetetraacetic acid (Nacalai Tesque Inc.). 

2.3. OMCS Preparation 

OMCSs were prepared according to previously reported methods [14]-[18]. Briefly, primary cultured BMSCs 
were seeded at 1 × 104 cells/cm2 in 10-cm dishes (100 × 20 mm; BD Falcon) containing 10 nM Dex (Sigma; St. 
Louis, MO, USA) and AscP (L-ascorbic acid phosphate magnesium salt n-hydrate, 82 µg/mL; Wako Pure 
Chemical Industries; Kyoto, Japan), and grown until confluent (approximately 14 days). Cells were rinsed twice 
with phosphate-buffered saline (PBS; Gibco) and then OMCSs were lifted using a scraper. 

2.4. Cryopreserved OMCS Preparation 

Cryopreserved OMCSs were prepared using rapid- and slow-freezing methods. For the rapid- and slow-freezing 
groups, tweezers were used to transfer OMCSs grown in 10-cm dishes to 2-mL cryovials (cryogenic vial; BD 
Falcon) containing 500 μL cryopreservation medium (Cell Banker 1; Juji Field, Inc.; Tokyo, Japan).The OMCSs 
in the slow-freezing group were then cryopreserved in a controlled-rate freezing chamber (Bicell; Nihon Freezer, 
Tokyo, Japan) placed in a −80˚C freezer. The rate of cryopreservation was set at −1˚C/min from +4˚C to −80˚C. 
After overnight storage at −80˚C, OMCSs were stored in a liquid nitrogen tank. For the rapid-freezing group, 
cryovials were placed directly into a −80˚C freezer with no controlled-rate freezing chamber. After overnight 
storage at −80˚C, cryovials were transferred and stored in a liquid nitrogen tank. In both groups, temperature 
changes in the cryopreservation medium were measured in cryovials using a thermometer sensor (CENTER370 
RTD thermometer; Center Technology Group; New Taipei, Taiwan),which was inserted into the cryopreserva-
tion medium through a hole in the cryovial cap. 

After cryopreservation, samples were placed in a water bath at 37˚C until completely thawed. Thawed OMCSs 
were rinsed twice with PBS prior to use in subsequent experiments. 

2.5. Cell Viability Assay 

Viability of OMCSs in both the rapid- and slow-freezing groups was determined using a previously reported 
method based on tetrazolium reductase activity (Cell Counting Kit-8 [WST-8]; Dojindo; Kumamoto, Japan) [18] 
[19]. Briefly, standard curves were generated using OMCSs cultured in 6-, 12-, 24-, and 48-well culture plates 
(BD Falcon; n = 5 per plate). The differently sized OMCSs were harvested from each culture plate using a scra-
per, and incubated in 1 mL culture medium in a 95% humidified atmosphere with 5% CO2 at 37°C for 24 h. 
Next, samples were placed in WST-8 solution (100 μL in 1 mL culture medium) in culture wells. After 2h incu-
bation, the solution obtained from each culture well was analyzed using a spectrophotometer set at 450 nm. A 
linear relationship (correlation R2 = 0.969) was observed between the average optical density and number of 
seeded cells per unit volume of cultured medium (cells/mL). 

OMCSs cultured in 12-well plates (n = 5) were cryopreserved using the same protocol for the rapid- and 
slow-freezing groups, and after thawing at 37˚C were incubated in the same manner as for standard curve prep-
aration. Using the standard curve, the number of viable cells in OMCSs from each group was analyzed before 
freezing and after thawing. Measurement of cell viability was the same as for standardization. For all samples, 
cell viability was calculated at 24 h after initiation of thawing as a percentage relative to the fresh group.  

2.6. Osteogenesis of Injected Cryopreserved OMCSs at Ectopic Sites 

Osteogenesis of rapid- and slow-freezing OMCSs was compared to that of fresh OMCSs. OMCSs obtained from 
anentire 10-cm dish were collected into 500 μL standard culture medium in a 1-mL syringe (JMS Co. Ltd.; 
Tokyo, Japan), and then injected into a subcutaneous site on the backs of F344 rats (n = 12) using a 16-G needle 
(Terumo; Tokyo, Japan). Thawed OMCSs were transplanted immediately without culturing. Four weeks after 
injection, all samples were harvested and fixed in 10% neutral buffer formalin for 2 days. X-ray images of each 
sample were then obtained. Next, samples were decalcified in K-CX solution (Falma Co.; Tokyo, Japan), em-
bedded in paraffin, and cut in parallel down the middle prior to hematoxylin and eosin (H&E) and Sirius red 
staining. 
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2.7. RNA Isolation and Real-Time Quantitative Polymerase Chain Reaction (PCR) 
To confirm osteogenesis in the harvested OMCSs, levels of osteocalcingene expression was measured. RNA 
was isolated from five samples from each group using an Isogen RNA extraction kit (Nippon Gene Co. Ltd.; 
Toyama, Japan). Harvested samples were placed in matrix bead vials with Isogen solution and disrupted using a 
Fast Prep FP120 cell disrupter (Qbiogene, Inc.; Carlsbad, CA, USA). The remaining steps of RNA isolation 
were performed according to the manufacturer’s instructions. 

To measure mRNA expression levels, real-time quantitative PCR (ABI PRISM 7700 Sequence Detection 
System; Applied Biosystems; Norwalk, CT, USA) was performed using appropriate primers and specific fluo-
rogenic probes for rat cDNA sequences of osteocalcin and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), as described previously [14] [20] [21]. Target osteocalcin mRNA levels in injected OMCS samples 
collected from each group (n = 5) were compared after correcting to GAPDH levels. We used GAPDH as an in-
ternal standard to adjust for sample differences in reverse transcription efficiency. Osteocalcin (Rn01455285 g1), 
GAPDH (Rn99999916 s1) primer and probe sets were purchased from Applied Biosystems (Foster City, CA, 
USA). Thermal cycling conditions were 10 min at 95˚C for activation of universal mixture Ampli Taq Gold Po-
lymerase, followed by 35 cycles of 15 s at 95˚C for denaturing and 1 min at 60˚C for annealing and extension. 
PCR experiments were conducted in duplicate. 

2.8. OMCS Osteogenesis at Bone Defect Sites 
An experimental rat femur bone defect model was generated under isoflurane anesthesia. Briefly, a lateral incision 
was made on the hind limb, and the vastus muscle was divided longitudinally to expose the right femur. After 
making a triangle osteotomy of the femoral shaft using an oscillating mini saw, a 1.2-mm K-wire was inserted into 
the femoral shaft intramedullary from the distal femoral condyle in a retrograde fashion, resulting in rigid fixation 
to maintain the bone defect. The femur bone defect was wrapped using two pieces of OMCSs from the rapid- and 
slow-freezing groups. In the non-transplant group, the right femur was treated in the same manner but without 
OMCS transplantation. Unprotected weight bearing was allowed immediately after the operation. 

Post-operative femur X-ray photographs were taken under anesthesia at 3 and 6 weeks to evaluate callus and 
bridging bone formation at the bone defect site. Two femurs from each group were harvested at 3 and 6 weeks 
post-transplant. After removing the intramedullary pins from the femur, the surrounding muscle was dissected, 
and harvested femurs were fixed in 10% neutral buffer formalin, decalcified using ethylene diamine tetraacetic 
acid solution, and embedded in paraffin. Femurs were cut longitudinally, H&E stained, and histologically eva-
luated. 

2.9. Biomechanical Analysis 
Fifteen rats were used for biomechanical evaluation. Femurs were harvested at 6 weeks post-operatively, and 
three-point bending tests were performed in a vertical direction using a universal testing machine (EZgraph, 
Shimadzu; Kyoto, Japan). After removing the intramedullary pins, the harvested femurs were fixed in a clamp-
ing jig. All 15 femurs (five from each group) were bent at a constant rate of 10mm/min, and the maximum force 
at failure was recorded. 

2.10. Statistical Analysis 
Cell viability, real-time PCR, and biomechanical test values are represented by means± standard deviation. Mul-
tiple comparisons among groups were evaluated by one-way analysis of variance with post-hoc multiple com-
parisons using Tukey’s test. P < 0.05 was considered statistically significant. All statistical analysis were con-
ducted by using Ekuseru Toukei 2010 (Social Survey Research Information Co., Ltd; Tokyo Japan). 

3. Results 
3.1. Temperature Change during Cryopreservation 
Representative temperature changes in the rapid- and slow-freezing groups are shown in Figure 1. In the 
slow-freezing group, almost 3 h was required for cryopreservation from 0˚C to −80˚C. In contrast, in the rapid-  
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Figure 1. Temperature change during cryopreservation of osteogenic matrix cell sheets by slow-freezing (A) and rapid- 
freezing (B). A sensor was inserted into the cryopreservation medium through a hole in the cryovial cap. Measurements (n = 
1) were repeated three times, with similar results. 
 
freezing group, only 25 min was needed for cryopreservation from 0˚C to −80˚C. Measurements (n = 1) were 
repeated three times, with all recordings showing a similar trend. 

3.2. Cell Viability of OMCSs 
The cell viability of cryopreserved and thawed OMCSs is shown in Figure 2. There was no significant differ-
ence in cell viability between the fresh and slow-freezing groups, whereas cell viability in the rapid-freezing  
group was significantly lower than that of the fresh group. Average cell viability in the slow-freezing group was 
approximately 70% that of the fresh group. 

3.3. Osteogenesis of Injected Cryopreserved OMCSs at Ectopic Sites 
The macroscopic appearances of harvested specimens obtained from the fresh, rapid-, slow-freezing groups are 
shown in Figure 3(A), Figure 3(G) and Figure 3(M). Specimens appeared as hard masses and showed calcifi-
cation, as determined by X-ray photography (Figure 3(B), Figure 3(H), Figure 3(N)).H&E staining showed a 
bone matrix with osteocytes in each groups (Figure 3(C), Figure 3(D), Figure 3(I), Figure 3(J), Figure 3(O), 
Figure 3(P)). Sirius red staining was used to assess the extent of collagen deposition (predominantly collagen 
type I and III fibers), and positive staining was observed on newly formed bone (Figure 3(E), Figure 3(F), 
Figure 3(K), Figure 3(L), Figure 3(Q), Figure 3(R)). These observations indicate that after injection, OMCSs in 
the fresh, rapid-freezing, and slow-freezing groups were viable in subcutaneous sites and form bone tissue in a 
scaffold-free manner. 

Osteocalcin expression levels evaluated by real-time PCR are shown in Figure 4. Osteocalcin expression level 
was 0.97 ± 0.44, 1.33 ± 0.57 and 1.08 ± 0.34 in fresh, rapid-freezing and slow-freezing groups, respectively. 
There was no significant difference in osteocalcin expression among the fresh, rapid-freezing, and slow-freezing 
groups. 
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Figure 2. Cell viability in fresh, slow-, and rapid-frozen osteogenic matrix cell sheets. Viability was measured using tetrazo-
lium activity, and compared to standard curves (n = 5). Cell viability differed significantly between the fresh and rapid- 
freezing groups. *P < 0.05. **P < 0.01. 

3.4. Osteogenesis of OMCSs at Bone Defect Sites 
In the rapid- and slow-freezing groups, radio graphs taken 3 weeks after transplantation of cryopreserved/thawed 
OMCSs showed callus formation around bone defect sites (Figure 5(A)). The cortical gap at the defect site dis-
appeared by 6 weeks post-transplantation. In the non-transplant group, only faint callus formation was seen at 3 
weeks, and the cortical gap was still present even at 6 weeks. At 6 weeks, cortical bone continuity was observed 
in the rapid- and slow-freezing group but not in the non-transplant group (Figure 5(B)). 

The maximum forces applied to femurs in the non-transplant, rapid-, and slow-freezing groups are shown in 
Figure 6. While no significant difference in the maximum force at defect sites was observed between the non- 
transplant and rapid-freezing groups at 6 weeks, femurs from the slow-freezing group were able to withstand 
much greater force than those from the non-transplant group. 

4. Discussion 
The results of our study demonstrate that cryopreserved OMCSs have osteogenesis. Rapid freezing decreased 
OMCS cell viability to a greater degree compared to slow freezing. Following injection of rapid- and slow-frozen 
OMCSs into subcutaneous sites or transplantation to bone defect sites, we observed abundant bone formation or 
bone union. Osteocalcin was used as a marker of bone maturation, since its expression increases continuously 
throughout this process; however, no significant difference in osteocalcin expression among three groups. 
Moreover, in femurs transplanted with slow-frozen OMCSs, our biomechanical examination demonstrated sig-
nificantly higher bone strength against bending stress than non-transplant group, indicating that slow-frozen 
OMCSs are useful for skeletal reconstruction. Our group has previously reported on the usefulness of fresh sheets 
[15]. In cases of delayed union, fracture bone formation is generally promoted using low-intensity pulsed ultra-
sound [22] [23] or pulsed electromagnetic fields [24]. If the fracture develops into a nonunion, an invasive oper-
ation, such as bone transplantation with autologous (including vascularized) bone grafts, is commonly performed. 
However, such procedures require sacrificing intact bone such as that of the pelvis or fibula, and there is limited 
bone available for autologous transplantation. Therefore, a less invasive technique is required. 
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Figure 3. Osteogenesis after subcutaneous injection of fresh (A)-(F), rapid-frozen (G)-(L), and slow-frozen (M)-(R) os-
teogenic matrix cell sheets. (A), (G), (M): macroscopic appearance. (B), (H), (N): X-ray photography. (C), (D), (I), (J), (O), 
(P): hematoxylin and eosinstaining. Asterisks indicate newly formed bone. (E), (F), (K), (L), (Q), (R): Sirius red staining. 
(D), (F), (J), (L), (P), (R): high-magnification images of each rectangular area (C)-(D), (E)-(F), (I)-(J), (K)-(L), (O)-(P), 
(Q)-(R).  
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Figure 4. Osteocalcin mRNA expression after subcutaneous injection of the fresh, rapid-, and slow-freezing 
groups. There was no significant difference in osteocalcin expression. n = 5; *P < 0.05. 

 

 
Figure 5. Osteogenesis at bone defect sites after injection with rapid- or slow-frozen osteogenic matrix cell 
sheets as compared to non-transplant. A: radiographs at 3 and 6 weeks (3W, 6W). B: representative histological 
sections at 3 and 6 weeks. Red arrow, cortical gap; black arrows, soft tissue. 
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Figure 6. Biomechanical analysis. Results of three-point bending tests of femurs at 6-weeks post-transplant (n 
= 5 per group). *P < 0.05. 

 
In the orthopedic and plastic surgery fields, distraction osteogenesis techniques are commonly applied to the 

lower extremities and craniofacial skeleton. Robiony et al. [25] and Kitoh et al. [26] reported that distraction can 
be accelerated by mesenchymal stem cells and platelet-rich plasma transplantation, resulting in a shortened 
treatment period. Our results suggest that injectable bone using slow-frozen OMCSs may also enhance or speed 
up bone formation in cases of delayed union and distraction osteogenesis, and would enable repeated treatments. 

Successful clinical application of regenerative treatment for skeletal reconstruction based on cell transplanta-
tion requires precise timing, so that cell preparation coincides with the time of the operation. Decreasing cell 
preparation time is currently an unmet clinical need. Although prior BMSC cryopreservation is a technique that 
may shorten the process, cultivation time is nonetheless required before transplantation to prepare the cell/scaffold 
constructs for thawed BMSCs [27]. An OMCS cryopreservation method was developed to overcome this disad-
vantage [18]. The previously reported cryopreservation method used a rapid-freezing technique that resulted in 
deterioration of OMCS cell viability during the cryopreservation/thawing process. Here we have demonstrated 
that a slow-freezing method for cryopreserved OMCSs maintains cell viability and promotes osteogenesis. Both 
nonunion and distraction bone reconstructions tend to require long treatment periods; thus, OMCS cryopreserva-
tion will enable the rapid preparation and immediate use of cell sheets that may expedite this process. 

Our study had a few limitations. First, we used rat BMSCs, and further experiments using human BMSCs must 
be performed to evaluate clinical applications of this technique. Second, the experimental bone defect we inves-
tigated was relatively small, and further study using a critical-sized bone defect model is needed. Third, we 
showed bone formation after cryopreserved OMCS injection to subcutaneous sites; however, it is also necessary 
to examine the bone union capacity of OMCSs at defect sites to fully evaluate the effects of repeated OMCS in-
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jection. Thus, additional research is needed to clearly determine the clinical significance of cryopreserved 
OMCSs, and we are preparing further studies to address these points. 

5. Conclusion 
Cryopreserved OMCSs prepared using slow-freezing and rapid-thawing methods have osteogenic potential. 
Cryopreserved/thawed OMCSs are capable of producing a mineralized matrix at bone defect sites that results in 
bone union. Slow-frozen OMCSs are useful for skeletal reconstruction such as in cases of bone defects, nonunion, 
and osteonecrosis. This method shows good potential for reducing the cell preparation time needed for OMCS 
treatment. 
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