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Basic Research Paper

Introduction

Articular cartilage defects show a poor capacity for self-
repair. Large defects in articular cartilage, including full-
thickness defects, often progress to osteoarthritis (OA). 
Current surgical treatments for defects include microfrac-
ture and mosaicplasty.1,2 The microfracture technique often 
results in repair with fibrocartilage,3 which has inadequate 
biomechanical properties compared with hyaline cartilage. 
Therefore, the progression to OA remains a concern.4 
Mosaicplasty requires the harvesting of cylindrical osteo-
chondral grafts from healthy, non-weightbearing areas of 
cartilage, which is invasive and destructive. Regarding cell 
therapies, autologous chondrocyte implantation (ACI) has 
been explored and performed more than 20,000 times.5 
However, this therapy remains controversial because of 
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Abstract
Objective. The object of this study was to determine culture conditions that create stable scaffold-free cartilage-like 
cell-sheets from human bone marrow–derived mesenchymal stem cells (hBMSCs) and to assess their effects after 
transplantation into osteochondral defects in nude rats. Design. (Experiment 1) The hBMSCs were harvested from 3 males, 
the proliferative and chondrogenic capacities were assessed at passage 1, and the cells were expanded in 3 different culture 
conditions: (1) 5% fetal bovine serum (FBS), (2) 10% FBS, and (3) 5% FBS with fibroblast growth factor 2 (FGF-2). The 
cells were harvested and made chondrogenic pellet culture. The cell proliferation rate, glycosaminoglycan/DNA ratio, and 
safranin-O staining intensity of pellets cultured condition 3 were higher than those of conditions 1 and 2. (Experiment 2) 
The hBMSCs were expanded and passaged 3 times under culture condition 3, and fabricate the cell-sheets in chondrogenic 
medium either with or without FBS. The cell-sheets fabricated with FBS maintained their size with flat edges. (Experiment 
3) The cell-sheets were transplanted into osteochondral defects in nude rats. Histological analysis was performed at 2, 4, 
and 12 weeks after surgery. Results. The osteochondral repair was better after sheet transplantation than in the control 
group and significantly improved Wakitani score. Immunostaining with human-specific vimentin antibody showed that the 
transplanted cells became fewer and disappeared at 12 weeks. Conclusions. These results indicate that culture with FGF-2 
may help to quickly generate sufficient numbers of cells to create stable and reliable scaffold-free cartilage-like cell-sheets, 
which contribute to the regeneration of osteochondral defects.
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problems with harvesting normal cartilage and periosteum, 
as well as with securing the periosteum over the defect to 
retain the transplanted cells, which increases the operation 
time and surgical stress.6 These disadvantages have led to 
the development of bio-absorbable material covers manu-
factured from porcine-derived type I/type III collagen, which 
have achieved similar clinical outcomes as ACI.7 The implan-
tation of cultured chondrocytes in suspension, as is done dur-
ing ACI covered with either periosteum or a collagen 
membrane, raises concerns about the uneven distribution of 
chondrocytes within the defect and the potential for cell leak-
age.8 To address those problems, matrix-induced autologous 
chondrocyte implantation (MACI) was introduced, which 
used a collagen bilayer seeded with chondrocytes (vergen, 
Leverkusen, Germany).9 However, this method does not 
address the problem that normal cartilage must be harvest 
and uses porcine-derived collagen as the scaffold.

Our group has been developing cell therapies using bone 
marrow–derived mesenchymal stem cells (BMSCs) for car-
tilage defect repair.10-12 BMSCs can be harvested easily 
using more minimally invasive methods than ACI.11 
Furthermore, there is no need to harvest normal cartilage 
tissue. BMSC transplantation is likely a safe procedure 
because neither tumors nor infections were observed from 5 
to 137 months (mean: 75 months) of follow-up in our study.12 
That study reported some success repairing osteochondral 
defects with human BMSCs (hBMSC), but did not regener-
ate new hyaline cartilage with the same properties as native 
articular cartilage.12 To find better methods for regenerating 
articular cartilage defects using hBMSC,s Agung et  al.13 
injected a large number of MSCs into multiple tissues of an 
injured knee joint. They found that the cells mobilized to the 
injured area and contributed to tissue regeneration. They also 
found that a large number of the injected MSCs generated 
free bodies of scar tissue in the joint.13 We hypothesized that 
the induction of chondrogenic differentiation and seeding of 
high density of cells into the tissue matrix directly within the 
defect are important for regenerating cartilage. The trans-
plantation of cell-sheets may enhance the repair of osteo-
chondral defects and produce better quality hyaline cartilage, 
because of the high density of cells on the sheet that are 
seeded into the tissue matrix within the defect.

In order to provide large, stable cell-sheets, a sufficient 
number of cells are needed within a short period of time. 
However, hBMSCs lose their differentiation potential after 
extensive passaging.14 Fibroblast growth factor 2 (FGF-2) 
supplementation in hBMSCs growth media was reported to 
increase cell proliferation and enhance chondrogenic poten-
tial.15 Our colleagues previously reported that scaffold-free 
cartilage-like cell-sheets derived from hBMSCs shrink 
when prepared with serum-free chondrogenic medium, but 
not when prepared with chondrogenic medium containing 
serum.16 While they cultured their cell-sheets in medium 
supplemented with 10% fetal bovine serum (FBS).We are 

planning to use autologous serum for clinical applications, 
using a large amount of serum during cell culture require, 
large samples of peripheral blood. To reduce the amount of 
necessary serum, we expected that FGF-2 was a suitable 
compensation. Thus, the purpose of this study was to deter-
mine the culture conditions that provide a sufficient number 
of hBMSCs to create stable scaffold-free cartilage-like cell-
sheets and to assess their effects after transplantation into 
osteochondral defects in nude rats.

Materials and Methods

Isolation of hBMSCs

hBMSCs were prepared from three male donors aged 21 
(#1), 27 (#2), and 31 (#3) years and from one commercially 
available bone marrow (Allcells LLC, Alameda, CA, USA) 
from a 20-year-old male (#4). The donor cells were derived 
from bone marrow aspirated from the iliac crest of normal 
healthy human donors at the Osaka City University Hospital 
and Hyogo College of Medicine after obtaining informed con-
sent from each patient before they underwent lower extremity 
joint surgeries. The protocols used in this study were approved 
by the institutional committees on human research.

The bone marrow samples were seeded on T175 flasks 
(175 cm 2; Corning, NY, USA) and cultured in Dulbecco’s 
modified Eagle’s medium–low glucose (DMEM-LG; Nacalai 
Tesque, Kyoto, Japan) supplemented with 100 U/L penicillin 
and 0.1 mg/L streptomycin (Nacalai Tesque), as well as (1) 
5% fetal bovine serum (FBS; Sigma-Aldrich, Tokyo, Japan), 
(2) 10% FBS, or (3) 5% FBS and 10 ng/mL of FGF-2 (Kaken 
Pharmaceutical, Osaka, Japan). All the cells were incubated 
at 37°C in a humidified atmosphere of 95% air and 5% CO

2
. 

The medium was first changed 3 days after seeding and was 
then replaced twice a week. When the adherent cells reached 
sub confluent, they were collected using trypsin–ethylenedi-
amine tetraacetic (trypsin-EDTA) (Sigma Chemical, Tokyo, 
Japan) and further subcultured by counting and reseeding at a 
density of 1.0 × 106 cells per 175 cm2 (Fig. 1).

Cell Expansion

The trypsinized cell suspensions were manually counted 
using a hemocytometer. Population doublings for each of the 
3 treatment groups—(1) 5% FBS, (2) 10% FBS, and (3) 5% 
FBS + FGF-2—were calculated based on the number of 
population doublings in that passage divided by the duration 
of the passage in days, as previously described (Fig. 1).14

Flow Cytometric Analysis

The surface protein expression of the hBMSCs was examined by 
flow cytometry. Passage 1 hBMSCs before chondrogenic differ-
entiation were stained using antibodies against CD44-FITC, 
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CD105-PE, isotype control PE, and isotype control FITC for 
20 minutes. After staining, the cells were washed twice in 
phosphate buffered saline (PBS) and analyzed on a standard 
Becton–Dickinson FACS Aria instrument (BD, San Jose, 
CA, USA). The data were acquired and analyzed using a 
FACSCalibur (BD, Franklin Lakes, NJ, USA). All the anti-
bodies and isotype controls were purchased from BD.

Chondrogenic Differentiation

Pellet Culture.  During passage 1 (P1) the cells were subcul-
tured in chondrogenic medium A), which consisted of high-
glucose DMEM (Nacalai Tesque) supplemented with 1% 
ITS Premix (BD Biosciences, Franklin Lakes, NJ, USA), 
100 mM ascorbate-2-phosphate (Wako, Osaka, Japan), 10−7 
M dexamethasone (Sigma Chemical), and 10 ng/mL trans-
forming growth factor (TGF)-β1 (Peprotech, Rocky Hill, 
NJ, USA). Aliquots of 200 µL containing 0.25×106 cells were 
placed in polypropylene conical, nonadherent, V-bottom 
96-well plates (Evergreen Scientific, Los Angeles, CA, USA), 
centrifuged at 2400 rpm, and placed in a 37°C, 5% CO

2
 incu-

bator. The chondrogenic medium was replaced every 2 days. 
On day 21, the cell aggregates (pellets) were harvested. Repli-
cate pellets from each of the 3 groups were processed for his-
tology and glycosaminoglycan (GAG) and DNA quantification 
using the methods described below (Fig. 1).15

Cell-Sheet Culture.  Cells from donor #1 (a 21-year-old male) 
were grown until passage 3 (P3) in condition 3 (5% FBS + 
FGF-2). Then, using the method of Takagi’s group,16,17 we 
prepared scaffold-free cartilage-like cell-sheets using 2 dif-
ferent conditions: (A) a chondrogenic differentiation media 
alone (i.e., no FBS) and (B) equal mixtures of A and growth 
media 2 (10% FBS). The cell suspensions in chondrogenic 
medium (0.3 mL, 1.86 × 106 cells/well) were added to 
empty wells of a cell culture insert (CCI; 0.3 cm2, thickness 
20-25 µm, polyethylene terephthalate; BD Biosciences) in 
wells of a 24-well plate containing 1.0 mL of the chondro-
genic medium. The cells were incubated at 37°C in 5% CO

2
 

for 21 days, and the chondrogenic medium was replaced 
every 2 days (Fig. 1).17

Cell-Sheet Culture for Transplantation.  To create cell-sheets 
for transplantation, the cells from 2 donors (#1 and #4) were 
grown to P1 in condition 3 (5% FBS + FGF-2). Then, we 
prepared scaffold-free cartilage-like cell-sheets using con-
dition B, which included FBS.

DNA and GAG Quantification

The P1 cell 3 pellets from each group were digested with 
papain (Sigma Chemical), stained with safranin-O (Sigma 
Chemical) and Hoechst33258 (Sigma Chemical), and the 

Figure 1.  Chondrogenic differentiation induction and culture. Human bone marrow–derived mesenchymal stem cells (hBMSCs) were 
derived from bone marrow aspirates from the iliac crest of 3 male donors aged 21 (#1), 27 (#2), and 31 (#3) years. The bone mallow 
cells were seeded on flasks in media supplemented with 3 conditions: (1) 5% fetal bovine serum (FBS), (2) 10% FBS, and (3) 5% FBS 
+ 10 ng/mL fibroblast growth factor 2 (FGF-2). The cells were subcultured at passage 1 (P1). Cell pellets were prepared using one 
of the following conditions: chondrogenic medium A that was chondrogenic differentiation media (i.e., no FBS). The trypsinized cell 
suspensions were manually counted using a hemocytometer, and population doublings were calculated using the equation shown. Cells 
from donor #1 were expanded to passage 3 (P3) in media from condition 3. Scaffold-free cartilage-like cell-sheets were prepared using 
two different conditions: one was A only and another was B, which was equal mixture of A and growth media 2 (i.e., includes FBS). 
The pellets and sheets were harvested and analyzed for glycosaminoglycan (GAG) and DNA contents and tissue matrix composition.
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GAG and DNA was assayed in triplicate as previously 
described.15 The GAG content of the pellets was normal-
ized to the DNA content.

Histology of Cell-Sheets and Pellet Cultures

The pellets and cell-sheets were harvested and fixed in buff-
ered formalin containing 2.5% cetylpyridinium chloride 
monohydrate (Wako Pure Chemical Industries, Osaka, 
Japan) at 4°C and embedded in paraffin. Histological imag-
ing using light microscopy was performed on the safranin-
O stained sections of the pellets and cell-sheets at a thickness 
of 3µm and the images were analyzed.

Animals

Fifteen 11-week-old female immunodeficient rats (F344/
Njcl-run/run) purchased from Clea Japan, Inc. (Tokyo, 
Japan) were maintained on a 24-hour light-dark cycle with 
food and water ad libitum. All animal protocols were 
approved by and conducted in accordance with the regula-
tions of the Osaka City University School of Medicine 
Committee on Animal Research.

Osteochondral Defect Creation

The rats were anesthetized by subcutaneous injections of 
ketamine (50 mg/mL; Sankyo Co., Ltd., Tokyo, Japan) and 
xylazine (0.2 mg/mL; Bayer Co., Ltd., Tokyo, Japan) in a 
ratio of 10:3 at a dose of 1 mL/kg body weight. An incision 
through the skin was made at the midline of the knee to 
expose the joint, and the patella was dislocated laterally 
using medial parapatellar methods. Osteochondral defects 
(diameter 2.0 mm, depth 1.0 mm) were created in the patel-
lar groove of the femoral bone in both knees using a hand 
drill. In one knee, the defect was filled with a scaffold-free 
cartilage-like cell-sheet and fixed with fibrin glue. In the 
other knee, the defect was left empty. The dislocated patella 
was sutured and returned to the original position, and the 
incision was sutured closed. The animals were allowed to 
recover and move freely after surgery.

Histological Evaluation of the Osteochondral 
Defects in Animals

At 2 weeks (n = 5), 4 weeks (n = 5), and 12 weeks (n = 5) 
after the osteochondral defect surgery, rats at each time 
point were euthanized by CO

2
 inhalation. The knees were 

harvested and fixed in 4% paraformaldehyde (Wako Pure 
Chemical Industries, Osaka, Japan) for 24 hours at 4°C. The 
knees were decalcified with 0.5 M EDTA at pH 7.4 for 3 
weeks, and then embedded in paraffin and sagittally sec-
tioned to the femur at a thickness of 4 µm. The sections were 
stained with hematoxylin/eosin or toluidine blue. Microscopy 
images of the sections were evaluated and quantified using 

the Wakitani score.10 Sections from each animal were 
scored independently by 3 of the authors (M.I., H.M., and 
Y.T.) who were blinded to the study groups.

Immunohistochemistry

To evaluate chondrogenesis in the transplanted tissues, sec-
tions were prepared and stained for collagen types I (ColI), 
II (ColII), X (ColX) and human-specific vimentin (hVIM) 
using anti-colI (ab34710, 1:50; Abcam, Cambridge, MA, 
USA), anti-colII (ab34712, 1:50; Abcam), anti-colX (ab58632, 
1:8000; Abcam) and anti-hVIM (ab16700, 1:100; Abcam) 
antibodies. All of the sections were deparaffinized in xylene, 
and those for ColI and ColII were digested with target retrieval 
solution (S1699; Dako, Glostrup, Denmark) for 20 minutes. 
For ColX, antigen retrieval was performed with Pronase E 
(Sigma) at room temperature for 10 minutes. All the sections 
were then blocked with goat serum for 60 minutes. The pri-
mary antibodies and normal goat IgG (negative control) were 
diluted in 0.01 M PBS at pH 7.4 and applied at 4°C overnight. 
The sections were then incubated with goat anti-rabbit IgG 
(Chemicon, Temecula, CA, USA) secondary antibody for 60 
minutes and then treated with a Vectastain ABC kit (Funakoshi 
Co., Tokyo, Japan). The ColI, ColII, ColX, and hVIM were 
visualized by the reactions of the secondary antibody with 
0.01% diaminobenzidine (Wako, Osaka, Japan) in Tris-
buffered saline containing with 0.01% H

2
O

2
.

Statistical Analyses

The statistical significance of differences in the number of 
population doublings and the GAG/DNA ratio were deter-
mined using t tests. Comparisons of the Wakitani score7 
between the 2 treatment groups were analyzed using 
Wilcoxon signed-rank tests. P values less than 0.05 were 
considered statistically significant.

Results

Surface Protein Expression

Passage 1 hBMSCs, that is, before chondrogenic differen-
tiation, were examined for surface protein molecule expres-
sion by flow cytometry. We examined the expression of 
CD44, CD105, and their isotype controls. Representative 
surface marker expression patterns are shown in Figure 2. 
More than 90% of the hBMSCs expressed both CD44 and 
CD105. These results indicated that most of the cultured 
cells were in fact hBMSCs (Fig. 2).

Proliferation and GAG/DNA of Pellets

The proliferation rates of condition 2 (10% FBS) were 
twice as high as those found for condition 1 (5% FBS), 
while those of condition 3 (5% FBS + FGF-2) were 4.5 
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times higher than those of condition 1 (5% FBS) (P < 0.05; 
Fig. 3A). No significant difference was found in the GAG/
DNA ratio between conditions 1 (5% FBS) and 2 (10% 
FBS), but the ratio of condition 3 (5% FBS + FGF-2) was 
3-fold higher than the other conditions (P < 0.05, n = 3, 
assayed in triplicate; Fig. 3B). These results indicated that 
addition of FGF-2 during the expansion of hBMSCs not 
only increased cell proliferation over a short period of time, 
and enhanced their chondrogenic potential as previous 
reports had described,18-21 but it was also possible to lower 
the concentration of FBS.

Safranin-O Staining of the Pellets, Cell-Sheets, 
and Shape of the Cell-Sheets

The safranin-O staining in condition 3 (5% FBS + FGF-2) 
was more intense than that in conditions 1 (5% FBS) and 2 
(10% FBS) (Fig. 3C). The macroscopic observations of 
scaffold-free cartilage-like cell-sheets, the center of group A 
(with no FBS) was recessed slightly, but did not shrink. The 
surface of group B (with FBS) was stable and flat (Fig. 4A). 
The histology showed that the margins of the sheets in A 
were curled. The surface of B was flat. In addition, com-
pared with group A (with no FBS), group B (with FBS) was 
more intensely stained by safranin-O (Fig. 4B).

Animal Experiments

Macroscopic Observations.  In the sheet-transplanted groups, 
at 2 weeks after transplant of the cartilage-like cell-sheet, 

the surfaces of the defects were covered with a smooth, 
white tissue layer that resembled articular cartilage, though 
the margins of the defects were recognizable (Fig. 5A). At 
4 weeks, the margins of the defects were unclear, and by 12 
weeks, the repair tissue looked similar to the surrounding 
articular cartilage (Fig. 5B and C).

In the control groups, at 2 weeks the defects were cov-
ered with red tissue and the margins were discernible (Fig. 
5A). At 4 weeks, the defects were covered with white tissue 
and the defect edges were still distinguishable (Fig. 5B). At 
12 weeks, the defects showed irregular tissue and a depres-
sion at the defect site was evident (Fig. 5C).

Histological Observation by Toluidine Blue Staining.  In the 
sheet-transplanted groups, at 2 weeks after the operation the 
defects transplanted with cell-sheets were covered with tis-
sue that showed faint metachromatic staining (Fig. 5D). At 
4 weeks, more metachromatic-stained tissue was found in 
the defect, and that tissue was thicker than the surrounding 
host cartilage (Fig. 5E). At 12 weeks, the defects trans-
planted with cell-sheets were filled with intensely stained 
metachromatic matrix, suggesting the active production of 
GAG, and the reparative tissue resembled hyaline cartilage. 
In addition, the subchondral bone was completely remod-
eled by new bone (Fig. 5F). At higher magnification, the 
cells appeared similar to differentiated chondrocytes, and 
continuity with the surrounding host cartilage was observed 
(Fig. 5G).

In the control groups, at 2 weeks the defects were not 
completely filled with repair tissue, and the deep part of the 

Figure 2.  The surface marker expression was determined by flow cytometry for donor #1, who was 21 years old. (A) CD44-
positive, (B) CD105-positive, (C) both negative, and (D) both positive. FACS analysis showed that more than 93.5% of the bone 
marrow–derived mesenchymal stem cells (BMSCs) expressed both CD44 and CD105.
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defect was filled with cancellous bone, while the surface of 
the defect was filled with fibrous tissue (Fig. 5D). At 4 
weeks, the defects were still not yet completely filled. De 
novo bone was found in the proximal areas and fibrous tis-
sue expanding to the distal edge was observed (Fig. 5E). At 
12 weeks, the defects were filled with an irregular fibrous 
tissue without cartilage (Fig. 5F).

Histological Grading of the Repair Tissue.  The Wakitani scores 
of the transplanted groups at 2, 4, and 12 weeks were signifi-
cantly improved compared with those of the control groups 
(P < 0.05, n = 5, Wilcoxon signed-rank tests; Table 1).

Immunohistochemistry

At 12 weeks after the surgery, the regenerated cartilage 
showed strong staining for ColII (Fig. 6G and H) and no 
staining for ColI, similar to the surrounding host cartilage 
(Fig. 6C and D). The surface of the regenerated cartilage-like 
repair tissue was slightly positive for ColX, but that intensity 
was weak compared with the growth plate and control defect, 
similar to the surrounding host cartilage (Fig. 6I-L).

Immunostaining with the hVIM antibody showed a high 
level of human cell chimerism in the repair tissue at 2 weeks 
(Fig. 7A and B). At 4 weeks, this chimerism was decreased 
in the repair tissue, but increased in the subchondral bone 
(Fig. 7D and E). At 12 weeks, however, very low levels of 
human cell chimerism were found (Fig. 7G and H). No 
clear specific staining was found in the control sections 
incubated with normal goat IgG (negative control, Figs. 
6M-P and 7C, F, and I)

Discussion

The positive effect of FGF-2 on enhancing proliferation and 
chondrogenic potential of MSCs is well extablished.18-21 
Our results indicate that the addition of FGF-2 during the 
expansion of hBMSCs not only increased cell proliferation 
over a short period of time and enhanced their chondrogenic 
potential, but also it was possible to lower the concentration 
of FBS. This culture condition may be useful to quickly 
yield enough cells under the lower concentration of FBS to 
reliably create stable scaffold-free cartilage-like cell-sheets. 
But FGF-2 does not prevent the subsequent formation of 
hypertrophic cartilage.22,23 Recently Narcisi et al.24 reported 
that the signaling protein Wnt3A, in combination with 
FGF-2, supports the long-term expansion of hBMSCs. They 
found that endogenous Wnt signals are the main drivers of 
the hypertrophic maturation that follows chondrogenic dif-
ferentiation. Further inhibition of Wnt signals during dif-
ferentiation prevented calcification and maintained the 
cartilage properties following implantation in a mouse 
model.24 Including Wnt signaling modulation in our culture 
protocol may allow us to create better quality scaffold-free 
cartilage-like cell-sheets.

Figure 3.  Human bone marrow–derived mesenchymal stem cells 
(hBMSCs) from donors #1, 21 years old; #2, 27 years old; #3, 31 
years old at passage (P1) were used to assess population doubling 
(PD) per day described in Figure 1, pellets glycosaminoglycan 
(GAG)/DNA (μg/μg), and donor #2 was histological safranin-O 
staining. (A) The proliferation rates of cells in condition 3, 5% 
fetal bovine serum (FBS) + 10 ng/mL fibroblast growth factor 2 
(FGF-2) were higher than those in condition 1 5% FBS (*P < 0.05, 
t test). (B) No difference in GAG/DNA ratio was found between 
conditions 1 and 2, 10% FBS; the ratio in condition 3 was higher 
than the others (*P < .05, n = 3, assayed in triplicate, t test). (C) 
The safranin-O staining was more intense in condition 3 than in 
conditions 1 and 2.

Figure 4.  Human bone marrow–derived mesenchymal stem 
cells (hBMSCs) from donor #1, 21 years old, at passage 3 
(P3) were prepared into scaffold-free cartilage-like cell-sheets 
and assessed macroscopically and by histology for safranin-O 
staining. (A) The center of sheets cultured in condition A, no 
fetal bovine serum (FBS), was recessed slightly but did not 
shrink. The surface of sheets cultured in condition B, includes 
FBS, was stable at 5 mm diameter and flat. (B) As assessed by 
histology, the margins of sheets in condition A had curled, while 
the surface of those in condition B were flat. The sheet cultured 
in condition A stained more intensely for safranin-O than those 
cultured in condition B. Bar: 500 μm.
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There have been conflicting reports on whether age 
causes changes in the differentiation capacity of MSCs.25 
Zaim et  al.26 found that the adipogenic, osteogenic, and 
neurogenic differentiation potentials of hBMSCs declined 
with age, but that the chondrogenic potential did not. In 
contrast, Kanawa et al.27 reported that the adipogenic and 
osteogenic differentiation capacities of human BMSCs 
were unaffected by age, but the chondrogenic capacity of 
BMSCs declined with age. We used 3 volunteers as sources 
of BMSCs in the present study with an average age of 26 
years. While we found no effect of age, it will be necessary 
to consider age for future clinical use.

Many different scaffolds for implantation have been 
described, including those made from synthetic polymers 
such as poly-l-lactic acid, polylactic acid-co-polyglycolic 
acid, and poly-l-lactide-co-glycolide28-30 and from 

biological materials such as collagen, fibrin, hyaluronan, 
chitosan, and alginate.31-34 However, several issues remain 
concerning their long-term safety. Synthetic polymers may 
have problems with retention and degradation in situ,35 
while biological materials carry the risk of infection and 
immunological reactions.36,37 Therefore, new approaches 
that avoid the use of such scaffolds have been developed, 
including the use of thermos-responsive polymeric sur-
faces,38 acellular sheet technology,39 and electrospun sheet 
technology.40 Unfortunately, these technologies are not easy 
to manipulate.41 Compared with these other sheet technolo-
gies, our scaffold-free cartilage-like cell-sheets are easy to 
manipulate, harvest, and transplant.

One common general complication of BMSCs-based 
strategies is that they produce fibrocartilaginous repair tis-
sue and graft calcification through the endochondral route. 

Figure 5.  Macroscopic and histological observation of the animals transplanted with cartilage-like cell-sheets. (A) At 2 weeks after 
transplantation, the surfaces of the defects were covered with a smooth, white, tissue layer. Control group, the defect was left 
empty. (B) At 4 weeks, the margins of the defects were unclear compared with control. (C) At 12 weeks, the repair tissue appeared 
similar to the surrounding articular cartilage. Control group, the defect was still left empty. Bar: 2 mm. Toluidine blue histology of 
the transplanted animals. Black arrow: cartilage defect. Red arrow: boundary between the transplant section and the normal cartilage. 
(D) At 2 weeks, the defects transplanted with cell-sheets were covered with a matrix that stained faintly with the metachromatic 
stain. Bar: 500 μm. (E) At 4 weeks, the defects were filled with stained tissue compared with control. Bar: 500 μm. (F) At 12 weeks, 
the defects transplanted with cell-sheets were filled with repair tissue compared with control. That repair tissue resembled hyaline 
cartilage. The repair tissue appeared continuous with the surrounding native cartilage tissue. Panel (G) is an enlarged view of the 
section in (F) identified by the red arrow. Bar: 40 μm.
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Type X collagen (ColX) is a well-established marker of 
hypertrophic chondrocyte differentiation. The repair tissue 
generated after scaffold-free cartilage-like cell-sheets 
implantation was positive for colII and negative colI. The 
surface of the regenerated cartilage like repair tissue was 
lightly for ColX compared with the growth plate and con-
trol defect. These results suggest that our cell-sheets may be 

able to generate a matrix composition similar to that of 
articular cartilage.

We transplanted scaffold-free cartilage-like cell-sheets 
created using hBMSCs into osteochondral defects in immu-
nodeficient rats. At 2 weeks after transplantation, immunos-
taining with hVIM shows that the cell sheets were still 
present in the defects. By 4 weeks after transplantation, 

Table 1.  Average Wakitani Scores at Each Week of the Experiment Scored by 3 Different Investigators.

Group

Interval until 
Animals were 

Euthanized 
(Wks.)

No. of 
Specimens

Wakitani Score

Cell 
Morphology 
(Maximum 4)

Matrix-
Staining 
(max 3)

Surface 
Regular 

(Maximum 3)

Thickness 
of Cartilage 

(Maximum 2)

Integration of Donor 
with Adjacent Host 
Cartilage (Maximum 

2)

Total 
(Maximum 

14)

Control 2 5 3.7 2.6 2.5 1.7 1.1 11.7
4 5 3.5 2.7 2.3 1.5 0.9 10.9

12 5 2.2 2.5 1.6 1.2 0.4 7.9
Transplantation 2 5 3.1 2.2 1.4* 1.5 0.9 9.2*

4 5 2.6 2.2 1.2* 1.0 0.4* 7.4*
12 5 1.4 1.6* 0.8 0.7 0.2* 4.7*

* P < 0.05 (n = 5, Wilcoxon signed-rank tests).

Figure 6.  Immunostaining for collagen types I (A, B, C, D), II (E, F, G, H), X (I, J, K, L), and negative control goat IgG (M, N, O, 
P) at 12 weeks after transplantation. B, D, F, H, J, L, N, P: magnified views of the sections in A, C, E, G, I, K, M, and O labeled with 
red arrows. Black arrow: cartilage defect. Red arrow: boundary between the transplant section and the normal cartilage. Blue arrow: 
growth plate. In the transplanted defects, staining was positive for collagen type II, but not collagen type I. Type X staining was weak 
compared with the growth plate and control defect. Bar: 500 μm.
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human cell chimerism had spread to the deep portions of the 
defect, though very low levels of human cell chimerism 
were found at 12 weeks. We believe this result can be 
explained by the following hypothesis. Over time, most of 
the proximal chondrocytes and the cartilage tissue itself 
became hypertrophic, showing vascular infiltration. The 
repair cartilage, up to the junction between the subchondral 
bone and cartilage, was eventually replaced by host-derived 
vascular and bone-forming cells. The articular cartilage dis-
tal from the defect site is also affected by injurious signal 
communication through the synovial fluid because the rats 
were allowed to move freely after surgery.

As the cartilage repair process proceeds during cell ther-
apy with BMSCs, the influence of TGF-β and bone mor-
phogenetic protein (BMP) created by the host tissue on the 
transplanted BMSCs should be considered.10 The TGF-β 
superfamily is one of the most investigated and biologically 
active substances within the field of cartilage tissue engi-
neering.42 For example, TGF-β1 stimulates the synthetic 
activity of chondrocytes and acts against the catabolic activ-
ity of inflammatory mediator interleukin 1 in vivo.43 In 
addition, treatment of MSCs with TGF-β1enhanced the 
synthesis of sulfated GAG and induced production of carti-
laginous extracellular matrix (ECM).44 BMPs are homodi-
meric molecules that belong to the TGF-β superfamily. 
Treatment with BMP-2 increases cell proliferation and car-
tilaginous ECM production and upregulates collagen type II 
gene expression.45 Based on those findings, we believe that 
the creation of a defect in the cartilage creates an osseous 

receptacle that stores and releases host bone-derived bioac-
tive factors, such as TGF-β and BMPs. These bioactive fac-
tors promote the differentiation of the cells in the 
scaffold-free cartilage-like cell-sheets into chondrocytes 
after transplantation into defects in the distal femoral con-
dyle of the experimental rats. Furthermore, under physio-
logical conditions, chondrocytes experience dynamic 
changes in the osmolarity of their microenvironment caused 
by loading induced consolidation and recovery of the carti-
lage ECM. The downstream effects of chondrocyte swell-
ing are multifocal and include increases in intracellular 
Ca

2

+, cytoskeletal rearrangement,46 gene activation,47 and 
activation of a regulatory volume decrease.48 One recent 
study suggested that this mechano-osmotic transduction 
occurs via the ion channel transient receptor potential vanil-
loid channel 4 (TRVP4).49 TRPV4-mediated Ca

2

+ influx 
can also activate the expression of SOX9, and TRPV4 
appears to play a critical role in the transduction of mechan-
ical loading into an intracellular signal that regulates chon-
drocyte matrix production.50,51 The articular cartilage distal 
from the defect site is also affected by biomechanical stim-
uli because the rats were allowed to move freely after 
surgery.

There are several limitations to this study. First, 2-, 4-, 
and 12-week outcomes are fairly short for cartilage regen-
eration. Assessing regeneration at longer time points will be 
necessary. Second, no biomechanical testing was per-
formed. Third, we did not compare the use of BMSCs with 
other cell sources. However, we successfully prepared 

Figure 7.  Immunostaining for human vimentin (hVIM). Black arrow: cartilage defect. Blue arrow: positively stained cells. (A) At 
2 weeks after transplant of the cartilage-like cell-sheets, the hVIM antibody showed a high level of human cell chimerism. (D) At 4 
weeks, the amount of chimerism was decreased in the regenerated cartilage layer, but increased in the subchondral bone. (G) At 12 
weeks, very low levels of chimerism were found. (B, E, H) Magnified views of the sections indicated by the red arrows in A, D, and 
G. (C, F, I) Goat IgG negative control sections. Bars: 500 μm (A, D, G); 40 μm (B, C, E, F, H, I).
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scaffold-free cartilage-like cell-sheets using the methods of 
Takagi et al.16,17 with the addition of FGF-2 during the cell 
expansion. This method does not require harvesting of nor-
mal cartilage or synovium, and can be performed without 
securing of the periosteum or a collagen membrane over the 
cell-sheets.

Conclusions

The proliferative and chondrogenic differentiation capacity 
of hBMSCs were enhanced by FGF-2 treatment during 
expansion, even with a reduced serum concentration, sug-
gesting that these conditions may be able to reliably provide 
stable scaffold-free cartilage-like cell-sheets. We success-
fully transplanted the scaffold-free cartilage-like cell-sheets 
made using hBMSCs into osteochondral defects in nude 
rats for up to 12 weeks. The results suggested that the cell 
sheets are useful for the treatment of cartilage defects. We 
speculate that this scaffold-free cartilage-like cell-sheet fab-
rication technique could be used for the treatment of carti-
lage defects in humans. Further studies are needed to 
confirm this new therapeutic approach for the treatment of 
cartilage defects in humans.
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