
INTRODUCTION

Hyaline cartilage is most widespread cartilage type mainly 
found in articular surface of all long bones trachea, nose, rib 
tips, and digits. Majority of hyaline cartilage is composed of 
water-entrapped extracellular matrix (ECM) such as type II 
collagen fibers and aggrecan which is proteoglycan associated 
with a variety of glycosaminoglycans (GAGs) such as chondroi-
tin sulfate (CS), keratan sulfate, and hyaluronic acid [1-3]. These 
ECM constitutes over than 90% weight of cartilage along with 
entrapped water, provides compressive strength and strain st-
rength to the cartilage tissue, and also defines shapes of each 
cartilage tissue. Since cartilage is a fully differentiated and avas-

cular tissue, which can hardly be recovered by endogenous tis-
sue repair [4,5], a variety of surgical methods such as osteoch-
ondral graft and microfracture [6,7] and therapeutics such as 
autologous chondrocytes, bone marrow mesenchymal stem 
cells, and cord blood mesenchymal stem cells have been devel-
oped to repair the cartilage defects by sports accidents and age-
related defects in cartilages [4,8]. However, these therapeutics 
cannot meet the need of articular cartilage due to incomplete 
hyaline cartilage formation, limited mechanical property, and 
functional deficiency in the long term [9]. Therefore, new tissue 
engineered bio-cartilage satisfying the mechanical and structur-
al property of naïve hyaline cartilage has to be developed for 
better outcome after transplantation. Furthermore, demand of 
small pieces of hyaline cartilage has been increased for plastic 
surgery such as rhinoplasty.

For tissue engineering of hyaline bio-cartilage, autologous 
chondrocytes of articular cartilage or costal cartilage, and bone 
marrow stromal cells (BMSCs) are most commonly used [8, 
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10-12]. Among them, articular cartilage may not be available 
as a donor tissue in the aged osteoarthritis patients but costal 
cartilage, one of large hyaline cartilage in our body with well 
reserved proliferating chondrocytes even in the aged, may be 
served as an alternative donor tissue for hyaline cartilage tissue 
engineering, whose feasibility was previously reported [11]. 
Alternatively, BMSCs, easily harvested by bone marrow aspi-
ration and expanded, are possible candidates for tissue engi-
neered hyaline bio-cartilage. However, still differentiation con-
trol to hyaline cartilage is difficult but BMSCs tend to form 
fibrocartilage [13]. Furthermore, BMSCs, with multipotent dif-
ferentiation capability to osteoblast, adipocytes, stromal cells, 
and chondrocytes, did not seem to maintain their original dif-
ferentiated phenotype but tended to be transformed to other 
type of differentiation after transplantation in vivo. Thus, main-
tenance of tissue property as well as its original shape of tissue 
engineered bio-cartilage under a variety of different in vivo mi-
croenvironment is very important task to be solved for success-
ful tissue engineered products.

A variety of chondrogenesis strategies with combinations of 
growth factors [14-16], hypoxic environment [17-19], pellet cul-
ture with high density cell seeding, transwell culture and bio-
processed membraneous scaffold [20-22], have been attempted 
to reconstruct bio-cartilage similar to naïve hyaline cartilage. 
High cell density pellet culture in defined serum free media 
supplemented with transforming growth factor (TGF) beta is 
used generally for in vitro chondrogenesis [14,23]. However, this 
bead-type bio-cartilage obtained by the pellet culture has sev-
eral problems such as apoptosis, necrosis, and poor extracellu-
lar matrix (ECM) formation in the central part and different st-
ructural architecture from naïve cartilage in the body unless 
merging and integration of bead-type bio-cartilage to the sheet 
form in vivo is not invented. In addition, bio-cartilage which 
was constructed by in vitro chondrogenesis, was lost their car-
tilage character by occurring calcification after in vivo trans-
plantation [24]. Especially, Murdoch et al. [22] reported that 
transwell culture is able to overcome pellet culture problems. 
However, transwell culture has a limitation to create a cartilage 
more than 6 mm diameter due to curling and contraction of 
bio-cartilage sheet. In this study, we compare chondrogenesis 
efficiency of a variety of chondrogenesis methods using dedif-
ferentiated human costal chondrocytes (deHCCs) as well as hu-
man BMSCs (hBMSCs) and also estimated different coating 
methods, different oxygen tension, as well as different bio-pro-
cessed native scaffolds such as amniotic membrane, small in-
testine submucosa (SIS) for the reconstruction of consistent 
disc-type bio-cartilage in vitro. Then, we also estimated whether 
this disc-type bio-cartilage reconstructed in vitro can maintain 
its cartilage phenotype under the osteogenic environment and 

after subcutaneous transplantation in vivo or not. The disc-type 
bio-cartilage larger than 12 mm diameter reconstructed by 3D-
cell sheet culture will be applicable for plastic surgery and car-
tilage repair with similar size requirement.

MATERIALS AND METHODS

Cell harvest and expansion
Human costal cartilage was obtained from 7 donors (20s–70s 

years) with written agreement of patients to use the remnant 
of costal cartilages for research purpose (SMC201501097-
HE003). The isolations of human costal chondrocytes (hCCs) 
were performed by mincing cartilage into 1–2 mm3 pieces, di-
gesting with an enzyme cocktail solution including collagenase 
D (2 mg/mL), hyaluronidase (1 mg/mL), and DNase (0.75 mg/
mL) (all from Roche Diagnostics, Mannheim, Germany) at 
37°C and 5% CO2 overnight, and filtering through 40 µm nylon 
mesh. The isolated cells were washed twice with mesenchymal 
stem cell growth medium (MSCGM) (Lonza, Basel, Switzerland) 
and plated at a density of 5×105 cells/100 mm culture dish in 
MSCGM supplemented with 1 ng/mL basic-FGF (bFGF). In 
order to reach more than 1×105 folds cell expansion and dedif-
ferentiation of hCCs, the hCCs were sub-cultured in MSCGM 
supplemented with 1 ng/mL bFGF up to passage 6, when all the 
hCCs were fully dedifferentiated as featured by complete loss 
of type II collagen expression and regain of type I collagen ex-
pression and other MSC-related markers such as CD44 (Sup-
plementary Fig. 1 in the online-only Data Supplement). HBM-
SCs were obtained from St. Peter’s Hospital (5 donors, Seoul, 
Korea) with written agreement of patients to use the remnant 
of hBMSCs for research purpose (KPH IRB 2009-003). Mono-
nuclear cell fraction was isolated from the bone marrow aspi-
rate by Ficoll-gradient centrifugation. hBMSCs were selectively 
cultured by removing one hour attached cells and unattached 
cells at 1 day culture. hBMSCs colonies were confirmed at 10 
days and replated at a density of 2×105 cells/100 mm culture 
dish in MSCGM supplemented with 1 ng/mL bFGF. hBMSC 
at passage 4–6 were used for this study. In all cases, the medi-
um was changed every 2–3 days.

 
Comparison of chondrogenic differentiation

Dedifferentiated hCCs at passage 4–8 were used to test chon-
drogenesis efficiency. For micromass culture, drops of 1×105 
cells/10 µL were seeded in 100 mm cell culture dish. After 3 
hours incubation, 10 mL of culture medium was added. For pel-
let culture, aliquots of 2.5×105 cells were spun down in 15 mL 
tubes (1 mL of cell culture medium, 1500 RPM, 5 minutes). For 
3D-cell sheet culture, aliquots of 1×106 cells/200 µL were seed-
ed on 12 mm diameter, 0.4 µm pore size polycarbonate tran-
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swell membrane (Merck Millipore, Darmstadt, Germany) and 
spun in 12 well culture plate (1500 RPM, 5 minutes). Cell cul-
ture medium (1 mL) was added to 12 well culture plate. Conflu-
ent monolayer culture with 5×106 cells/10 mL were seeded in 100 
mm cell culture dish as control. After 1 day culture in MSCGM 
medium supplemented with 1 ng/mL bFGF, all the cultures re-
ceived chondrogenic induction medium consisting of high glu-
cose DMEM containing 110 µg/mL sodium pyruvate (Gibco 
Life Technologies, Grand Island, NY, USA), 10 ng/mL TGF-β3 
(Peprotech, Rocky Hill, NJ, USA), 100 nM dexamethasone, 1X 
ITS+3, 0.35 mM proline, and 0.3 mM ascorbic acid (all from 
Sigma-Aldrich, St. Louis, MO, USA) and the medium was ch-
anged every 2–3 days. To estimate ECM coating methods to 
prevent the curling of the cell sheet, the transwell membrane 
were coated with 37.5 µg/50 µL type I collagen (Celtrix Labora-
tories, Palo Alto, CA, USA), 37.5 µg/50 µL CS, or 37.5 µg/50 µL 
chitosan (Sigma-Aldrich, St. Louis, MO, USA) and dried in bio-
safety cabinet overnight.

 
3D-cell sheet culture using bio-membrane

Amniotic membrane was obtained from Bioland Ltd. (Ch-
eonan, Korea) and SIS membrane was obtained from Biomed-
ical Engineering Lab (Chonbuk National University, Jeonju, 
Korea) [25,26]. SIS membrane was made as one layer on 3M 
paper, freeze-dried, sterilized in 70% ethanol, and dried before 
use. Bio-membrane was cut to the proper size for experiment 
and fixed using CellCrownTM (Scaffdax, Tampere, Finland). To 
compare chondrogenesis, aliquots of 1×106 cells/200 µL were 
seeded on bio-membrane and spun in 12-well culture plate (1500 
RPM, 5 minutes). The rest of procedure was followed as de-
scribed above.

Osteogenic differentiation on bio-cartilage
In order to test the phenotypic stability of bio-cartilage, the 

3D cell sheet culture after 4 weeks chondrogenic induction, 
was incubated with osteogenic induction medium consisting 
of high alpha-MEM containing 110 µg/mL sodium pyruvate 
(Gibco Life Technologies, Grand Island, NY, USA), 20% fetal 
bovine serum (Gibco Life Technologies, Grand Island, NY, 
USA), 10 nM dexamethasone, 10 mM β-glycerophosphate, and 
0.2 mM ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA) and 
their osteogenic transformation was estimated by Alizarin red-
S staining for calcium deposition and their chondrogenic main-
tenance was estimated by Safranin-O staining.

In vivo transplantation of disc-type bio-cartilage 
made by 3D-cell sheet culture

In order to estimate optimal culture period for transplant-
able bio-cartilage, the 3D-cell sheet culture was performed ei-

ther to 10 days or 28 days in the chondrogenic-induction me-
dium on transwell culture and then was subcutaneously tr-
ansplanted on back skin of 7–10 weeks old female nude mice 
(Jung-Ang Lab. Animal, Seoul, Korea). The transplanted bio-
cartilage was harvested for histological examination at four 
weeks after transplantation and fixed with 3.7% formaldehyde 
(Sigma-Aldrich, St. Louis, MO, USA). All the animal experi-
ments were approved by the institutional animal use commit-
tee of Kyung Hee University with the approval number KHU-
ASP(SU)-12-07. In order to estimate whether the stacking of 
the disc-type bio-cartilage can be integrated into one in vivo, 
three disc-type bio-cartilages were stacked and subcutaneously 
implanted on the back of nude mice.

Blyscan® GAG assay
The GAG content was measured using the Blyscan® (Bicol-

or, Northern Ireland, UK) 1,9-Dimethylmethylene Blue assay 
[27]. Aliquot of a 300 µL culture supernatant was analyzed ac-
cording to the manufacturer’s recommendations and calibrated 
using a standard curve constructed by using 0, 0.5, 1, 2, 3, 4, 5, 
7.5, and 10 µg of shark CS (Sigma-Aldrich, St. Louis, MO, USA).

Histology and immunohistochemistry
Bio-cartilages, made by 3D-cell sheet culture or pellet cul-

ture, were fixed in 3.7% formaldehyde (Sigma-Aldrich, St. Lou-
is, MO, USA). Bio-cartilages were processed and embedded in 
paraffin, sectioned (4-µm), and stained with Safranin-O/Fast 
Green for GAG expression and Alizarin red-S staining for cal-
cium deposition. Histological quality for cartilage induction 
was evaluated using Bern Score [28]. Sections for immunohis-
tochemistry were treated with pepsin at 37°C for 10 minutes 
and the goat anti-human type I collagen primary antibody (Sou-
thernBiotech, Birmingham, AL, USA) or mouse anti-human 
type II collagen primary antibody (Merck Millipore, Darmstadt, 
Germany), diluted 1:100 in PBS were incubated for 60 min-
utes. Secondary HRP-conjugated goat anti-mouse antibody or 
rabbit anti-goat antibody (all from Bio-Rad, Hercules, CA, USA) 
were applied to catalyze chromogen development in 3,3’-di-
aminobenzidine (Vector, Burlingame, CA, USA). Sections 
were counter stained with Nuclear Fast Red (Vector). Images 
were collected using an Olympus BX41 (Olympus, Tokyo, Japan).

Statistical analysis
Experimental data are presented as mean±standard devia-

tions. Statistical analysis was performed with the software Gra-
phPad Prism (GraphPad Software Inc., La Jolla, CA, USA). Dif-
ferences between groups were determined using one-way AN-
OVA and t-test. p values<0.05 were considered statistically sig-
nificant.
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RESULTS

Comparison of chondrogenesis efficiency between 
different chondrogenesis methods

Chondrogenesis in vitro is induced under high cell density 
culture such as micromass culture and pellet culture. However, 
this pellet-like sphere retains different cartilage architecture 
comparing to naïve cartilage tissue in our body. Furthermore, 
chondrogenic-induction on the surface of the pellet, more ac-
cessible to chondrogenic-induction medium, results in heavy 
deposition of ECM on the surface, which then inhibits effi-
cient permeation of nutrients and growth factors to the cells in 
central part of the pellets. If both sides of chondrocyte sheet 
are exposed to the culture media, more efficient permeation as 
well as layered cartilage may be provided. For this purpose, 
mesenchymal stem cells or chondrocyte precursors may be 
cultured on the polycarbonates surface of Transwell or Millicell, 
an insert of 12 well plates at very high cell density.

In this study, we compared chondrogenesis efficiency of dif-
ferent chondrogenic-induction methods based on their GAG 
production (Fig. 1A and B). For confluent monolayer culture, 
deHCCs were seeded at a density of 5×106 cells/100 mm dish, 
for micromass culture, deHCCs were inoculated at a density of 
1×105 cells/10 µL on 100 mm cell culture dish, for pellet culture, 
deHCCs at a density of 2.5×105 cells/mL were spun down to 
15 mL concave tube. In order to compare chondrogenesis effi-
ciency, all cultures received the chondrogenic-induction me-
dia and chondrogenesis efficiency was compared at the actual 
amount of GAG at 1 week and 4 weeks of the same culture 
method using Blyscan® GAG assay. Monolayer culture and 
micromass culture did increase the GAG production only slight-
ly even after 4 weeks culture under the chondrogenic-induction 
media. However, the total GAG contents of the pellet culture in-
creased approximately 20-fold at 4 weeks comparing to that of 
the 1 week culture.

Next, we compared the chondrogenesis-efficiency between 
the pellet culture and the 3D-cell sheet culture in Transwell. For 
efficient high density cell loading on the polycarbonate surface 
of Transwell, the deHCCs was loaded at a density of 1×106 
cells/12 mm Transwell and centrifuged in the 12 well plate, 
which allow homogenous and compact cell sheet on the bot-
tom of Transwell (Fig. 1C). After 4 weeks induction of chondro-
genesis of the 3D deHCC-cell sheet culture in Transwell, the 
disc-type bio-cartilage was formed in contrast to the bead-type 
bio-cartilage formation from the pellet culture (Fig. 1D). In the 
cross sections of the bead-type and disc-type cartilages, Safra-
nin-O staining and immunohistochemical staining were per-
formed (Fig. 1D). Uniformly dense deposition of GAG as well 
as type II collagen throughout the disc-type bio-cartilage was 

prominent. In contrast, deposition of GAG and type II colla-
gen was detected only at the outer shell of the bead-type bio-
cartilage and chondrogenesis was not efficiently proceed in the 
central part of the bead-type bio-cartilage. Comparing the Saf-
ranin-O positive area of both bio-cartilages (Fig. 1E), the disc-
type bio-cartilage showed approximately 74% GAG positive 
area but the bead-type bio-cartilage showed only 31% GAG pos-
itive area. This result suggests that the 3D-cell sheet culture in 
Transwell or its equivalent may be more efficient in chondro-
genesis and provide more homogenous and permeable condi-
tion for chondrogenesis.

Type I collagen coating inhibits spontaneous curling
and contraction of the chondrocyte-sheet during 
3D-cell sheet culture of human BMSC

The 3D-cell sheet culture in Transwell is an efficient culture 
method for homogenous disc-type bio-cartilage. During the 
chondrogenesis using hBMSCs, dense deposition of ECM 
sometimes caused the curling up of the whole sheet, which neg-
atively affect the integrity of the disc-type bio-cartilage and also 
GAG deposition (Fig. 2A). In order to prevent the curling phe-
nomena of the hBMSC cell sheet and induce firm attachment 
of the cells to the polycarbonate surface of Transwell, we inves-
tigated different ECM coating methods (Fig. 2B). Type I colla-
gen as one of sub-chondral bone ECM, CS as one of cartilagi-
nous ECM, and chitosan as a similar chemical nature to GAG 
were coated before high density cell seeding. Only type I colla-
gen coating allowed the firm attachment of the whole sheet of 
hBMSCs during the 4 weeks chondrogenesis in the Transwell. 
However, cartilage ECM such as CS or chitosan rather en-
hanced the curling of the whole sheet. The disc-type bio-carti-
lage on the type I collagen-coated surface maintained its origi-
nal surface area of 12 mm insert size, which was consistently 
produced as an integrated uniform disc-type bio-cartilage. The 
disc-type bio-cartilage was mechanically durable and strong 
enough to be hold on by the forceps and for the suture (Fig. 2B). 
Histological analysis by Safranin-O staining and immunohis-
tochemical staining showed no difference in GAG and type I 
collagen production with different membrane coating materi-
als. Especially, type I collagen coating did not induce type I col-
lagen expression and did not affect chondrogenesis. However, 
the difference in the type II collagen expression between mem-
brane coating materials was found. The disc-type bio-cartilage 
in the type I collagen coated one showed uniform expression of 
type II collagen throughout the bio-cartilage, whereas CS and 
chitosan coated ones in the curled sphere-like morphology ex-
pressed type II collagen outer shell of the bio-cartilage (Fig. 2B). 
Therefore, thin film coating of type I collagen on the surface of 
the 3D-cell sheet culture insert of hBMSCs inhibits the cell 
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Figure 1. Comparison of chondrogenesis efficiency between different chondrogenic-induction methods. (A) Scheme of chondrogenic 
induction methods and actual amount of GAG measured by Blyscan® GAG assay at 1 week and at 4 weeks. GAG expression was nor-
malized based on 1×105 inoculating cells in all three methods (*p<0.001). (B) Scheme of 3D-cell sheet culture method. (C) Comparison 
of chondrogenesis efficiency between the pellet culture and the 3D-cell sheet culture. GAG deposition was estimated by Safranin-O 
staining. Expression of type I and II collagens was estimated by immunohistochemical staining. (D) Analysis of GAG positive area in the 
total area of cartilage tissue. Scale bar=200 µm. GAG: glycosaminoglycan, deHCC: dedifferentiated human costal chondrocyte.
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Figure 2. Comparison of ECM coatings to prevent curling of hBMSC-cell sheet during chondrogenesis. (A) Scheme of 3D-cell sheet 
culture of BMSC and its possible fate without ECM coating. (B) Comparison of bio-cartilage formation after 4 weeks culture under differ-
ent ECM coating condition. Gross morphologies were shown at upper panel. Safranin-O staining for GAG deposition and immunohisto-
chemical stainings for type I, II collagen were shown. Scale bar=200 µm. ECM: extracellular matrix, GAG: glycosaminoglycan, hBMSC: 
human bone marrow stromal cell.
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contraction and the curling of the whole sheet like a sphere, 
which makes possible produce uniform disc-type bio-cartilage 
consistently.

 
Reconstruction of disc-type bio-cartilage on amniotic 
membrane and SIS membrane and comparison of 
their chondrogenesis efficiency 

Three-dimensional-cell sheet culture on type I collagen coat-
ed transwell enables to make uniform disc-type bio-cartilage. 
However, Transwell membrane, which is composed of chemi-
cally synthesized polycarbonate, is optimal to provide mechani-
cal support for bio-cartilage sheet but type I collagen coating is 
necessary for reproducible production of disc-type bio-carti-
lage using hBMSC. Furthermore, the polycarbonate membrane 
is not transplantable in vivo. In order to seek transplantable and 
collagen abundant bio-membranes which can replace polycar-
bonate membrane in mechanical property, we evaluated bio-
membranes such as amniotic membrane and SIS membrane 
in their applicability for disc-type bio-cartilage production. Am-
niotic membrane, which is mainly composed of type I, III, and 
IV collagens, is currently used as a graft or a dressing in different 
surgical subspecialties and to reconstruct the ocular surface. SIS 
membrane, which is mainly composed of type I collagen, is 
also used for reconstruction of a rotator cuff tendon and other 
applications. Each bio-membrane was inserted between two 
rings of the CellCrownTM (Fig. 3A). During 4 weeks chondro-
genic induction of hBMSCs, both amniotic membrane and SIS 
membrane were firmly attached to the membrane as a whole 
sheet in the CellCrownTM. However, histological analysis showed 
dense GAG depositions by Safranin-O staining and high his-
tological quality by Bern scoring of the disc in amniotic mem-
brane and type I collagen-coated polycarbonate membrane. In 
contrast, marked retardation of chondrogenesis was obvious in 
SIS membrane as shown by poor GAG deposition and low 
Bern score (Fig. 3B and C). In terms of chondrogenesis, amniotic 
membrane is better than SIS membrane.

The thickness of bio-cartilage was also varied between mem-
brane types. The thickness of the disc-type bio-cartilages on 
type I collagen-coated polycarbonate membranes was approxi-
mately over 600 µm, while those on amniotic membranes were 
approximately 300 µm and those on SIS membranes were un-
der 200 µm (Fig. 3D). This result suggests that polycarbonate 
membrane provides better condition for the disc-type bio-car-
tilage but amniotic membrane may also be recommended for 
production of a transplantable disc-type bio-cartilage with me-
chanical support for suture and surgical manipulation.

The disc-type bio-cartilage maintained its hyaline 
cartilage phenotype even under the osteogenic 
condition

The disc-type bio-cartilage reconstructed by 3D-cell sheet 
culture is a typical hyaline cartilage abundant with GAGs and 
type II collagens. However, after the transplantation, bio-carti-
lage made by BMSCs is known to decrease GAG and type II 
collagen expression and be calcified in vivo [24]. In order to 
test whether the disc-type bio-cartilage can be calcified under 
the osteogenic-induction condition or not, the disc-type bio-
cartilage reconstructed by 4 weeks chondrogenesis of hBMSC 
was transferred to the osteogenic-induction medium and cul-
tured for additional one or 3 weeks (Fig. 4A). Based on Safra-
nin-O staining for GAG deposition and Alizarin red-S stain-
ing for calcium deposition, osteogenic environment did not 
reduce GAG deposition and also did not induce calcium de-
position in the disc-type bio-cartilage (Fig. 4B). This result in-
dicates that the disc-type bio-cartilage regenerated from hBM-
SC 3D-cell sheet culture is a fully differentiated hyaline cartilage, 
which is not converted to calcified tissue phenotype even under 
the osteogenesis-favorable environment.

Disc-type bio-cartilage maintained their cartilage 
phenotype after in vivo transplantation

Disc-type bio-cartilage was efficiently reconstructed by 3D-
cell sheet culture of hBMSC and deHCC, whose cartilage phe-
notype was maintained under the osteogenesis environment. 
In order to test whether in vitro reconstructed bio-cartilages 
can maintain their cartilage phenotype after transplantation in 
vivo or not, the bio-cartilages which was cultured as 3D-cell 
sheet under the chondrogenic-induction medium for 10 days 
for immature bio-cartilage and 28 days for mature cartilage, re-
spectively were transplanted subcutaneously on the back skin of 
nude mice (Fig. 5A). At 4 weeks transplantation, the disc-type 
bio-cartilages were isolated for histological evaluation (Fig. 5B 
and C). Subcutaneous transplantation increased ECMs such as 
GAG, type I, and II collagen contents as well as lacunae forma-
tion of the bio-cartilage comparing to the in vitro 3D-cell sheet. 
Original disc-type bio-cartilage shape and phenotype was fair-
ly well maintained in 28 days 3D-cell sheet culture group and 
further maturation forming ECM-rich lacunae morphology 
was clearly detected (Fig. 5D). In contrast, in the case of 10 
days 3D-cell sheet, deformation and shrinkage of original disc-
type cell sheet was accompanied by approximately 70% reduc-
tion in size, while further maturation to the lacunae-rich hyaline 
cartilage was still progressed in in vivo environment. However, 
the bio-cartilage of 28 days 3D-cell sheet culture was approxi-
mately 2.5-fold larger in diameter than the 10 days’ one. These 
results indicated that the bio-cartilage reconstructed by in vitro 
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3D cell sheet culture for 28 days maintained its original disc 
shape and hyaline cartilage phenotype and subcutaneous envi-
ronment may further facilitate mature lacunae-rich chondro-
genesis.

In order to increase thickness of disc-type bio-cartilage, three 
sheets of both cultures were stacked, transplanted in the sub-
cutaneous tissue of the nude mice, and cured for 4 weeks to in-
duce fusion of three sheets. In the case of 28 days 3D-cell sheet 
culture as for mature cartilage, its gross appearance suggested 
the fusion of three discs during the 4 weeks curing in vivo by 

increasing the thickness approximately three folds (Fig. 6B and 
C) but the histology of cross sections revealed that complete 
fusion of the disc bio-cartilage was not proceeded (Fig. 6A, yel-
low arrow). In contrast, the histology of the 10 days 3D-cell sheet, 
as for the immature cartilage, revealed better fusion of three 
sheets (Fig. 6A).

DISCUSSION

Many clinical trials for the repair of articular cartilage defects 

Figure 3. Comparison of bio-cartilage formation cultured on different bio-membranes. (A) Scheme of 3D-cell sheet culture method us-
ing bio-membrane with the CellCrownTM. (B and C) Histology evaluation of GAG formation by Safranin-O staining (B) and Bern score (C) 
(*p<0.001). (D) Comparison of bio-cartilage thickness between different membrane types (*p<0.001). Scale bar=200 µm. SIS: small in-
testine submucosa, hBMSCs: human bone marrow stromal cell, GAG: glycosaminoglycan.
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have been made using autologous chondrocytes and MSCs 
from diverse origins but most successful outcome was obtained 
only in young patients within defects less than 10–20 mm in 
size [12,29,30]. Also, paracrine effect of MSCs on the control 
of inflammatory response has been proposed as one of mecha-
nism for the repair [12,31]. Bio-cartilage with transplantable 
size and mechanical requirement has not been developed so 
far. In this study, we have developed several strategies to con-
sistently reconstruct the disc-type bio-cartilage in 12 mm di-
ameter and 600 µm thick, whose shape and hyaline cartilage 
phenotype can be maintained even under the osteogenic-in-
duction condition and after subcutaneous transplantation. Since 
ample deposition of GAG and type II collagen and lacunae for-
mation were detected in this disc-type bio-cartilage, the disc-
type bio-cartilage is structurally and biochemically similar to 
naïve hyaline cartilage. Furthermore, the disc bio-cartilage is 
tangible and can be grabbed by forceps, which makes it ready 
for a variety of surgical procedures. Accordingly, this disc-type 

bio-cartilage may be clinically applied to repair cartilage defect 
on the articular surface, reconstructive plastic surgery, mandib-
ular joints, intervertebral disc, digits, and all of which requires 
cartilage with mechanical strength.

The disc-type cartilage reconstructed by 3D-cell sheet culture 
of hCCs in this study revealed approximately 12 mm diameter 
and 600 µm thickness, which is much thinner than human ar-
ticular cartilage with approximately 3–4 mm thickness [32]. Ac-
cordingly, the disc bio-cartilage may be used to repair partial 
thickness damages or mandibular condyle cartilage with ap-
proximately 15 mm in diameter and 1 mm thickness [33]. Our 
attempt to increase thickness of bio-cartilage by stacking and 
integrating three disc-type bio-cartilages into one thicker carti-
lage through the in vivo transplantation for 4 weeks was not suc-
cessful in the case of the 28 day in vitro 3D-cell sheet culture 
but merging of three discs was possible in the case of the 10 days 
3D-cell sheet culture even though it was not completely fused. 
This suggests that immature cartilage may be fused together 

Figure 4. Osteogenic-induction to the disc-type bio-cartilage. (A) Experimental scheme for the osteogenic-induction of disc-type bio-car-
tilage. (B) Histological evaluation of GAG formation by Safranin-O staining and calcium deposition by Alizarin red-S staining after 1 week 
and 3 weeks osteogenic-differentiation challenge. Scale bar=100 µm. hBMSCs: human bone marrow stromal cell, GAG: glycosamino-
glycan.

Chondrogenic
induction media

Osteogeic
induction media

Osteogenenesis
induction

4 weeks culture 1–3 week culture

Chondrogenesis
4 weeks

Chondrogenesis → Osteogenesis

Sa
fr

an
in

 O
A

liz
ar

in
 re

d 
S

1 week 3 weeks

hBMSCs hBMSCs

A  

B  



www.term.or.kr  361

Figure 5. Analysis of disc-type bio-cartilage phenotype change by in vivo transplantation. (A) Experimental scheme of disc-type bio-car-
tilage in vivo transplantation for identifying maintenance of their cartilage phenotype and fusion of multiple sheets of bio-cartilage. (B and 
C) Histological change analysis of (B) 10 day and (C) 28 days chondrogenic differentiation disc-type bio-cartilage after 28 days in vivo 
transplantation. Histological evaluation of GAG formation by Safranin-O staining and type I, II collagen expression by immunohisto-
chemical staining. (D) Gross morphology of disc-type bio-cartilage after 28 days in vivo transplantation. (E) Size of disc-type bio-carti-
lage after 28 days in vivo transplantation with 10 days and 28 days chondrogenic differentiation. *p<0.05. deHCCs: dedifferentiated hu-
man costal chondrocytes, GAG: glycosaminoglycan.
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easily accessible cell sources, which may also be attempted in the 
future study.
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The online-only Data Supplement is available with this arti-
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under the in vivo environment. Thus, alternate stacking of ma-
ture disc and immature disc and in vivo curing by transplanta-
tion may be the future study to be attempted.

For successful tissue engineering of transplantable bio-carti-
lage, more accessible and expandable donor tissue has to be 
identified. Among them, costal chondrocyte (CC) even after ex-
tensive expansion under the MSCGM+bFGF culture condition 
successfully reproduced the disc-type bio-cartilage by 3D-cell 
sheet culture. These CCs revealed most MSC phenotype after the 
dedifferentiation under the MSCGM+bFGF condition. How-
ever, CCs still retained the skewed tendency to preferentially 
differentiate into the hyaline cartilage. In terms of cell expan-
sion and chondrogenic differentiation, CCs is the better donor 
tissue than ACs in animals [11,34]. Furthermore, costal cartilage 
is well preserved and existed in active chondrocyte state even 
at patients 60 years [35,36].

BMSCs derived from bone marrow aspirate can also be dif-
ferentiated into disc-type bio-cartilage if curling up of the sheet 
is prevented by type I collagen coating but their tendency to 
calcification after the transplantation as noted by several previ-
ous reports [24] may limit their clinical application. Other MSC-
like cells such as adipose-derived stem cells may also be one of 

Figure 6. Fusion of multiple sheets of bio-cartilage under the in vivo environment. (A) Gross morphology of transplants harvested at 28 
days transplantation and Safrannin-O staining of cross sections of transplants. Comparison of the mean area of the disc-type bio-carti-
lage (B) and thickness (C) between one sheet and three sheets after 28 days in vivo transplantation of 10 days or 28 days chondrogenic 
differentiation. **p<0.01, ***p<0.001.

B  

30000

20000

10000

0
10 days 28 days

Bi
o-

ca
rt

ila
ge

 si
ze

 (p
ix

el
)

C  

1500

1000

500

0
10 days 28 days

Bi
o-

ca
rt

ila
ge

 th
ic

kn
es

s (
µm

)

10 d sheet
3 layer

28 d sheet
3 layer

10 d
3D-culture

1 
la

ye
r

3 
la

ye
r

28 d
3D-culture

A  

**

***
1 layer
3 layer

1 layer
3 layer



www.term.or.kr  363

REFERENCES

1.	 Aigner T, Stöve J. Collagens--major component of the physiological car-
tilage matrix, major target of cartilage degeneration, major tool in carti-
lage repair. Adv Drug Deliv Rev 2003;55:1569-1593.

2.	 Lee JY, Lee JS, Son YS. Morphological and histological characteristics for 
various types of cartilages. Tissue Eng Regen Med 2006;3:404-410.

3.	 Hayes AJ, Hall A, Brown L, Tubo R, Caterson B. Macromolecular orga-
nization and in vitro growth characteristics of scaffold-free neocartilage 
grafts. J Histochem Cytochem 2007;55:853-866.

4.	 Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson L. 
Treatment of deep cartilage defects in the knee with autologous chon-
drocyte transplantation. N Engl J Med 1994;331:889-895.

5.	 Buckwalter JA, Mankin HJ. Articular cartilage repair and transplanta-
tion. Arthritis Rheum 1998;41:1331-1342.

6.	 Rose T, Craatz S, Hepp P, Raczynski C, Weiss J, Josten C, et al. The autol-
ogous osteochondral transplantation of the knee: clinical results, radio-
graphic findings and histological aspects. Arch Orthop Trauma Surg 
2005;125:628-637.

7.	 Steadman JR, Rodkey WG, Rodrigo JJ. Microfracture: surgical technique 
and rehabilitation to treat chondral defects. Clin Orthop Relat Res 
2001;(391 Suppl):S362-S369.

8.	 Leijten JC, Georgi N, Wu L, van Blitterswijk CA, Karperien M. Cell 
sources for articular cartilage repair strategies: shifting from monocul-
tures to cocultures. Tissue Eng Part B Rev 2013;19:31-40.

9.	 Chahal J, Thiel GV, Hussey K, Cole BJ. Managing the patient with failed 
cartilage restoration. Sports Med Arthrosc 2013;21:62-68.

10.	 Popko J, Szeparowicz P, Sawicki B, Wołczyński S, Wojnar J. Rabbit artic-
ular cartilage defects treated with cultured costal chondrocytes (prelimi-
nary report). Folia Morphol (Warsz) 2003;62:107-112.

11.	 Lee J, Lee E, Kim HY, Son Y. Comparison of articular cartilage with cos-
tal cartilage in initial cell yield, degree of dedifferentiation during expan-
sion and redifferentiation capacity. Biotechnol Appl Biochem 2007;48(Pt 
3):149-158.

12.	 Mobasheri A, Kalamegam G, Musumeci G, Batt ME. Chondrocyte and 
mesenchymal stem cell-based therapies for cartilage repair in osteoar-
thritis and related orthopaedic conditions. Maturitas 2014;78:188-198.

13.	 Somoza RA, Welter JF, Correa D, Caplan AI. Chondrogenic differentia-
tion of mesenchymal stem cells: challenges and unfulfilled expectations. 
Tissue Eng Part B Rev 2014;20:596-608. 

14.	 Solchaga LA, Penick K, Goldberg VM, Caplan AI, Welter JF. Fibroblast 
growth factor-2 enhances proliferation and delays loss of chondrogenic 
potential in human adult bone-marrow-derived mesenchymal stem 
cells. Tissue Eng Part A 2010;16:1009-1019. 

15.	 Blunk T, Sieminski AL, Gooch KJ, Courter DL, Hollander AP, Nahir 
AM, et al. Differential effects of growth factors on tissue-engineered car-
tilage. Tissue Eng 2002;8:73-84.

16.	 	Shintani N, Hunziker EB. Chondrogenic differentiation of bovine 
synovium: bone morphogenetic proteins 2 and 7 and transforming 
growth factor beta1 induce the formation of different types of cartilagi-
nous tissue. Arthritis Rheum 2007;56:1869-1879.

17.	 Murphy CL, Polak JM. Control of human articular chondrocyte differ-
entiation by reduced oxygen tension. J Cell Physiol 2004;199:451-459.

18.	 Henderson JH, Ginley NM, Caplan AI, Niyibizi C, Dennis JE. Low oxy-
gen tension during incubation periods of chondrocyte expansion is suf-
ficient to enhance postexpansion chondrogenesis. Tissue Eng Part A 
2010;16:1585-1593.

19.	 Studer D, Millan C, Öztürk E, Maniura-Weber K, Zenobi-Wong M. Mo-

lecular and biophysical mechanisms regulating hypertrophic differentia-
tion in chondrocytes and mesenchymal stem cells. Eur Cell Mater 2012; 
24:118-135; discussion 135.

20.	 Wu SC, Chang JK, Wang CK, Wang GJ, Ho ML. Enhancement of chon-
drogenesis of human adipose derived stem cells in a hyaluronan-en-
riched microenvironment. Biomaterials 2010;31:631-640. 

21.	 Ng KK, Thatte HS, Spector M. Chondrogenic differentiation of adult 
mesenchymal stem cells and embryonic cells in collagen scaffolds. J 
Biomed Mater Res A 2011;99:275-282.

22.	 Murdoch AD, Grady LM, Ablett MP, Katopodi T, Meadows RS, Hard-
ingham TE. Chondrogenic differentiation of human bone marrow stem 
cells in transwell cultures: generation of scaffold-free cartilage. Stem 
Cells 2007;25:2786-2796. 

23.	 Mackay AM, Beck SC, Murphy JM, Barry FP, Chichester CO, Pittenger 
MF. Chondrogenic differentiation of cultured human mesenchymal 
stem cells from marrow. Tissue Eng 1998;4:415-428.

24.	 Pelttari K, Winter A, Steck E, Goetzke K, Hennig T, Ochs BG, et al. Pre-
mature induction of hypertrophy during in vitro chondrogenesis of hu-
man mesenchymal stem cells correlates with calcification and vascular in-
vasion after ectopic transplantation in SCID mice. Arthritis Rheum 2006; 
54:3254-3266.

25.	 Lindberg K, Badylak SF. Porcine small intestinal submucosa (SIS): a 
bioscaffold supporting in vitro primary human epidermal cell differenti-
ation and synthesis of basement membrane proteins. Burns 2001;27:254-
266.

26.	 Badylak SF. The extracellular matrix as a scaffold for tissue reconstruc-
tion. Semin Cell Dev Biol 2002;13:377-383.

27.	 Goldberg RL, Kolibas LM. An improved method for determining pro-
teoglycans synthesized by chondrocytes in culture. Connect Tissue Res 
1990;24:265-275.

28.	 Grogan SP, Barbero A, Winkelmann V, Rieser F, Fitzsimmons JS, 
O’Driscoll S, et al. Visual histological grading system for the evaluation 
of in vitro-generated neocartilage. Tissue Eng 2006;12:2141-2149. 

29.	 Krishnan SP, Skinner JA, Bartlett W, Carrington RW, Flanagan AM, 
Briggs TW, et al. Who is the ideal candidate for autologous chondrocyte 
implantation? J Bone Joint Surg Br 2006;88:61-64.

30.	 Niemeyer P, Köstler W, Salzmann GM, Lenz P, Kreuz PC, Südkamp NP. 
Autologous chondrocyte implantation for treatment of focal cartilage 
defects in patients age 40 years and older: a matched-pair analysis with 
2-year follow-up. Am J Sports Med 2010;38:2410-2416.

31.	 Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and 
disease. Nat Rev Immunol 2008;8:726-736. 

32.	 Hall FM, Wyshak G. Thickness of articular cartilage in the normal knee. 
J Bone Joint Surg Am 1980;62:408-413.

33.	 Reddy SS, Agarwal K, M N. Thickness of roof of the glenoid fossa, width 
of the articular disc space, mandibular head morphology among asymp-
tomatic temporomandibular joints in indian population. E-J Dent 2013; 
3;412-418.

34.	 Isogai N, Kusuhara H, Ikada Y, Ohtani H, Jacquet R, Hillyer J, et al. 
Comparison of different chondrocytes for use in tissue engineering of 
cartilage model structures. Tissue Eng 2006;12:691-703.

35.	 Quintarelli G, Dellovo MC. Age changes in the localization and distribu-
tion of glycosaminoglycans in human hyaline cartilage. Histochemie 
1966;7:141-167.

36.	 Mori R, Kataoka H, Kuriwaka M, Ochi M. Articular cartilage restoration 
with costal cartilage previously fused with bone. Clin Orthop Relat Res 
2003;(406):262-274.




