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a b s t r a c t

Introduction: Cartilage regeneration have been attracted attentions because of the poor ability of carti-
lage tissues to regenerate. Three-dimensional (3D) culture of chondrocytes is considered to be advan-
tageous for cartilage regeneration. Although it is plausible that maturation of the constructs before
transplantation positively affects the chondrogenesis, matured constructs after cultures for longer pe-
riods do not necessarily result in effective cartilage regeneration. In this study, we compared different
types of culture media including growth factors which are clinically available. We prepared differenti-
ation medium containing insulin-like growth factor-1 (IGF-1), proliferation medium containing fibroblast
growth factor-2 (FGF-2) and insulin, and combination of them, and compared their efficacies on chon-
drogenesis when used in 3D culture of engineered cartilage constructs.
Methods: Cartilage constructs were fabricated by auricular chondrocytes and atelocollagen, and they
were 3D-cultured with four types of media: control medium, differentiation medium, proliferation
medium, and combination medium. After 3 weeks of culture, the constructs were analyzed for cell
number, gene and protein expressions and mechanical properties. The constructs were also transplanted
into nude mice. After 8 weeks, the degree of cartilage regeneration was evaluated. Constructs manu-
factured with canine auricular chondrocytes were subjected to autologous transplantation into beagles
and examined for cartilage regeneration.
Results: During 3D culture, remarkably high gene expression of type II collagen was detected in the
construct cultured with the differentiation medium whereas cell apoptosis were suppressed in the
proliferation medium. When transplanted into nude mice, the constructs 3D-cultured in the proliferation
medium produced abundant cartilage matrices. In autologous implantation model, the construct
cultured in the proliferation medium again showed better chondrogenesis than those in other media.
Conclusions: The present study indicates that 3D culture with the proliferation medium maintains the
cell viability to potentiate the subsequent cartilage regeneration. Here, we propose that not only dif-
ferentiation but also high cell viability accompanied by proliferation factors should be taken into account
to improve cartilage regeneration.
© 2019, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

Over the past several decades, cartilage regeneration techniques
have been intensively studied, because cartilage tissues seldom
regenerate. Since the report by Brittberg et al., in 1995, autologous
chondrocyte implantation (ACI) has been applied for the treatment
of articular cartilage defects [1e3]. However, there was a concern
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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regarding dedifferentiation of applied chondrocytes because they
would readily undergo dedifferentiation during monolayer culture
[4,5].

Todate, somestudieshaverevealed that chondrocytescultured ina
three-dimensional (3D) environment with scaffolds composed of
severalmaterialssuchasagarosegels, collagengels, alginatebeadsand
hyaluronic acid, or in a scaffold free conditions are able tomaintain or
regain their characteristics as chondrocytes [6e11]. In addition, 3D
culture improves maturation of engineered cartilage after trans-
plantation into animals [12,13]. Based on this idea, regenerative
cartilage constructs composed of autologous chondrocytes and ate-
locollagen hydrogel were applied in clinical researches [14e17].

Culture conditions of regenerative cartilage largely affect carti-
lage formation after transplantation [12,13,18e23]. Culturemedia is
one of the factors which affects the cartilage regeneration. Moretti
et al. compared differentiating medium and proliferating medium
used in pre-culture, and concluded differentiation medium con-
taining transforming growth factor-b (TGF-b), insulin, and ascorbic
acid was better for the cartilage regeneration after transplantation
[19]. Culture period is another factor affecting the chondrogenesis.
Many of the studies concluded that appropriate culture period (i.e.
1e3 weeks) improved chondrogenesis, while too long culture
resulted in worse results in spite of the better maturation in vitro
[13,20,21]. These results suggested that in vitromaturation does not
necessarily promote chondrogenesis after transplantation.

Considering clinical application of the culture method, it is quite
important to use agents which have been approved for clinical use.
AlthoughTGF-b is oftenused for chondrogenic culture [19,20,24,25],
it has not been approved for clinical use. Alternatively, insulin-like
growth factor-1 (IGF-1), recombinant form of which is used for the
treatment of growth failure, is also known to induce chondrogenesis
as TGF-b [26]. In 3D environment, IGF-1 induce matrix synthesis in
explant culture of cartilage [27,28] and a scaffold free 3D culture of
chondrocytes using bioreactor [29], and to promote survival of
chondrocytes in alginate suspension culture [30]. On the otherhand,
effects of IGF-1 used in 3D preculture on cartilage generation after
transplantation have not been fully defined.

The effects of IGF-1 in monolayer preculture on chondrocytes
have been reported by several groups. Shakibaei M et al. reported
IGF-1 preserve chondrogenic potential of human chondrocytes in
monolayer culture [31]. IGF-1 was also shown to induce cell pro-
liferation and production of collagen and glycosaminoglycan [32].
On the contrary, Mounts T et al. showed that rabbit auricular
chondrocytes cultured with fibroblast growth factor-2 (FGF-2),
which induce proliferation of chondrocytes, was better than those
with IGF-1 in generating cartilaginous tissue by aggregate cultures
[33]. This report raised a question whether 3D preculture using
differentiating medium containing IGF-1 or that with proliferation
medium is better for cartilage generation after transplantation.

Our group have screened clinically-available growth factors for
their effects onproliferation of auricular chondrocytes, and found that
combination of FGF-2 and insulin or IGF-1was found to be best for the
expansion of auricular chondrocytes in monolayer culture [34].

In the present study, we compared the efficacy of differentiation
medium containing IGF-1, proliferation medium containing FGF-2
and insulin defined by our group, and combination of them used
in 3D culture on the maturation of engineered cartilage constructs
in vitro and in vivo.

2. Materials and methods

2.1. Materials and antibodies

Dulbecco's Modified Eagle's Medium/Nutrient Mixture F-12
Ham (DMEM/F12), human serum, penicillin-streptomycin solution,
and trypsineEDTA solution were purchased from Sigma Chemical
Co. (MO, USA), IGF-I was from Astellas Pharma Inc (Tokyo, Japan),
FGF-2 was from Kaken Pharmaceutical Co, Ltd. (Tokyo, Japan), and
insulin was from Novo Nordisk Pharma Ltd. (Tokyo, Japan). One
percent atelocollagenwas purchased fromKawaken Fine Chemicals
Co., Ltd. (Tokyo, Japan), 3% atelocollagen from Koken Co., Ltd.
(Tokyo, Japan), poly-L lactic acid (PLLA) scaffolds from GC R&D
Dept. (Tokyo, Japan), collagenase, type I from Clostridium histo-
lyticum from Worthington Biochemical Corporation, collagenase
from C. histolyticum and anti-collagen antibody (type I and II) from
LSL CO., LTD, TdT-mediated dUTP nick end labeling kit (TUNEL)
from TAKARA Bio Inc. (Tokyo, Japan), anti-proliferating cell nuclear
antigen antibody (PCNA) from Abcam® plc (Tokyo, Japan). Bio-
tinylated secondary antibody, Vectastain Elite ABC Kit, and DAB
Peroxidase Substrate Kit were all obtained fromVector Laboratories
(Burlingame, CA).
2.2. Isolation and culture of human auricular chondrocytes

The ethics committee of the University of Tokyo Hospital
approved all procedures in the present study (ethics permission
#622). Remnant auricular cartilages were obtained from microtia
patients during reconstruction surgeries of ears under informed
consent. Auricular chondrocytes were isolated and cultured as
previously described [35]. Briefly, cartilages were cut into small
pieces and incubated in 0.3% collagenase in DMEM supplemented
with penicillin and streptomycin at 37 �C for 16 h. After the incu-
bation, the solution containing cells was passed through a 70-mm
nylon cell strainer (BD Falcon, Bedford, MA), centrifuged at 430 g for
5min, andwashed twicewith DMEM supplementedwith penicillin
and streptomycin. Auricular chondrocytes were cultured in DMEM/
F12 supplemented with 5% human serum, FGF-2 (100 ng/mL), and
insulin (5 mg/mL), and cells of passage 1 (P1) were collected for the
fabrication of constructs. Their viability was confirmed by a
NucleoCounter™ device (Chemometec); only cells with more than
96% viability were used in this study.
2.3. Fabrication of constructs and transplantation in nude mice

For the fabrication of constructs, P1 human auricular chon-
drocytes were suspended in 0.8% atelocollagen gel (Kawaken) and
then incubated for gelation at 37 �C in 5% CO2 for 2 h. The cells were
embedded at three concentrations: 1 � 106 cells/100 mL (High),
1 � 105 cells/100 mL (Middle), and 1 � 104 cells/100 mL (Low). In 3D
culture, 4 types of media were employed: control medium con-
sisting of DMEM/F12 without any additives; differentiation me-
dium consisting of DMEM/F12 supplemented with IGF-I (1 mg/mL);
proliferation medium consisting of DMEM/F12 supplemented with
5% human serum, FGF-2 (100 ng/mL), and insulin (5 mg/mL); and
combination medium consisting of DMEM/F12 containing all the
factors (IGF-I, human serum, FGF-2, and insulin). The constructs
were cultured in 10 mL of each type of medium, and the medium
was fully exchanged twice a week.

To investigate cell proliferation, 36 constructs were fabricated
for 3 cell densities (High, Middle, and Low), 4 kinds of media
(control, differentiation, proliferation, and combination), and 3
culture periods (1, 2, and 3 weeks) for the 3D culture group, and 3
more constructs at each cell density were prepared for the direct
group; in total, 39 constructs were manufactured at the beginning
of a series of experiments (direct and 3D culture groups, n ¼ 3).
After each culture period, the constructs were weighed and
digested with 0.3% collagenase solution (Wako) at 37 �C for 1 h.
Then the number of cells was counted using a hemocytometer with
trypan blue staining.
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For transplantation experiments, 5 constructs at a cell density of
1 � 106 cells/100 mL (High) were prepared: one construct was
subcutaneously transplanted into the back of a 6-week-old male
BALB/c nu/numouse (Nisseizai, Tokyo, Japan) immediately after the
fabrication of the construct (direct group, n ¼ 3), and the other 4
were 3D-cultured in each medium for 3 weeks and then implanted
following the same procedure as the direct group (3D culture
groups, n¼ 3). Each construct was independently transplanted into
an individual mouse for 8 weeks.
2.4. Fabrication of constructs with PLLA and transplantation into
beagles

Canine auricular chondrocytes were isolated from the ear
cartilage of a beagle by digesting with 0.6% solution of type I
collagenase (Worthington) at 37 �C for 18 h. P0 cells were used
without passaging because the amount of autologous serum for the
media was not enough for 3 weeks of 3D culture. The cells were
suspended in 1% atelocollagen gel (1:2 mixture of 3% atelocollagen
gel and DMEM/F12), and applied to a porous PLLA scaffold, which
had successfully supported chondrogenesis in beagles [36], to
sustain the size and shape of a construct under the thick canine
skin. Each 10 � 10 � 5 mm3 PLLA scaffold held 2.5 � 106 cells/
500 mL and was incubated at 37 �C in 5% CO2 for 2 h to complete
gelation. The engineered constructs were then divided into the
direct group and 3D culture groups. The constructs were 3D-
cultured in 50 mL of each type of medium, and the medium was
fully exchanged twice a week. With time differences due to the
presence or absence of 3D culture, they were autologously trans-
planted into subcutaneous space in the back of the same beagle
under general anesthesia by halothane (Takeda Pharmaceutical Co.
Ltd., Osaka, Japan). Eight weeks after transplantation, the con-
structs were excised from the implantation site under general
anesthesia, and the animal was euthanized by intravenous injec-
tion of potassium chloride after the excision of the 3D cultured
constructs. One beagle was used in a series of experiments (direct
and 3D culture groups, n ¼ 3).
2.5. Histological and immunohistochemical staining

A harvested sample was cut in half; one half underwent
biochemical analyses (described below), and the other half was
fixed with 4% paraformaldehyde, embedded in paraffin, and cut
into 5 mm sections for histological analyses. The sections were
stained with toluidine blue (TB) to detect proteoglycan and with
hematoxylin and eosin (HE) to observe cell morphology. To
examine type I and II collagen, PCNA, and apoptotic cells, immu-
nohistochemical staining was employed according to the manu-
facturer's instructions. After activating the antigens and blocking
non-specific binding, incubation with primary antibodies (Rabbit
polyclonal anti-type I collagen, 1:6000 dilution; rabbit polyclonal
anti-type II collagen, 1:200 dilution; and rabbit polyclonal anti-
PCNA, 1:6000 dilution) was performed overnight at 4 �C. The sec-
tions were then incubated with biotinylated secondary antibodies
diluted 1:200 for 30 min at room temperature. The visualization of
positive reactions was conducted using a Vectastain Elite ABC kit
and DAB Peroxidase Substrate Kit following the manufacturer's
instructions. Finally, they were counterstained with hematoxylin
for type I and II collagen and with methyl green for TUNEL and
PCNA. Positive ratios of TUNEL and PCNAwere defined by counting
the number of positive cells out of total cells in randomly selected
five fields under a microscope (� 20 magnification); numerical
values were calculated by averaging the cell numbers.
2.6. Biochemical analyses and measurement of mechanical strength

One half of a harvested sample was cut into tiny pieces with
scissors and dissolved in 10 mg/mL pepsin and 0.05 M acetic acid at
4 �C for 48 h. Then, 1 mg/mL pancreatic elastase and 10 � TBS were
added to each sample, and they were incubated at 4 �C overnight.
The samples were centrifuged at 12,000 g for 15 min, and the su-
pernatant was subjected to examinations for type I and II collagen
by ELISA (Chondrex, Redmond, WA, USA) and glycosaminoglycan
(GAG) by Alcian blue binding assay (Wieslab AB, Lund, Sweden)
according to the manufacturer's instructions. Mechanical strength
was measured in terms of Young's modulus with a Venustron
tactile sensor (Axiom, Fukushima, Japan) as previously described
[37].

2.7. RNA isolation and real time RT-PCR

A collected samplewas dissected into small pieces and total RNA
of cells in the construct was isolated by ISOGEN (Nippon Gene Co.,
Ltd, Tokyo, Japan) according to the manufacturer's instructions.
RNA was reverse-transcribed with PrimeScript™ reagent Kit
(TAKARA Bio Inc., Tokyo, Japan), and gene expression was detected
by real time qPCR using Fast SYBR® Green Master Mix with ABI
Real-Time PCR System (Applied BioSystems, CA, USA). Sequences of
primers used for RT-PCR were as follows: 50-ATTCCAGTTCGAG-
TATGGCG-30 and 50-CGACAGTGACGCTGTAGGTG-30 for alpha-1 type
I collagen (COL1A1), 50-TTCAGCTATGGAGATGACAATC-30 and 50-
AGAGTCCTAGAGTGACTGAG-30 for alpha-1 type II collagen
(COL2A1); 50-ATGATGACCATGGCGTGTTCATAA-30 and 50-AAG-
GAAAAGGACTCAAATTCTGTTG-30 for caspase-3; 50-TCCTA-
CAAATCTCGCGGGAAT-30 and 5-GCATTTCTCGGAGCCTCTCA-30 for
matrix metalloproteinase-13 (MMP-13); 50-GAAGGTGAAGGTCG-
GAGTCA-30 and 50-GAAGATGGTGATGGGATTTC-30 for glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH). All the primers were
confirmed to be specific to only the human gene, and transcript
levels were normalized to that of GAPDH.

2.8. Statistics

Statistical evaluation was performed using JMP Pro software
version 12 software (SAS Institute Japan Ltd.). Data were expressed
asmean ± standard deviation. Statistical significancewas evaluated
using Dunnett's test. A value of p < 0.05 was considered to indicate
statistical significance.

3. Results

3.1. Characteristics of engineered constructs 3D-cultured with
different types of media

Firstly, to confirm the effects of different type of media on the
cell proliferation in constructs, cell numbers in the constructs were
counted at different time points during 3D culture. At the low and
middle cell densities, the cell number increased in a time-
dependent manner in proliferation and combination media for 3
weeks indicating the mitogenic effects of proliferation medium on
chondrocytes, while it gradually decreased in control and differ-
entiation media after 1 week (Fig. 1 Low and Middle). On the other
hand, at the high cell density, the cell number increased rapidly,
reached its peak at 2 weeks, and then turned to decline in prolif-
eration medium and combination medium. Cell number was
almost unchanged in differentiation medium, and the cells
constantly decreased in number from the beginning in control
medium (Fig. 1 High). As a result, cell numbers were similar in



Fig. 1. Number of chondrocytes in engineered constructs during 3D culture. P1
human auricular chondrocytes were mixed with atelocollagen at the densities of
105 cells/mL (Low), 106 cells/mL (Middle), and 107 cells/mL (High) to fabricate con-
structs. The number of cells in the constructs at 1, 2, and 3 weeks were calculated.
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constructs cultured in proliferation, differentiation and combina-
tion media at high cell density.

To evaluate the effects of 3D culture on cell differentiation and
tissue maturation, constructs of high cell density with or without
preculture in different media for 3 weeks were examined histo-
logically. Toluidine blue (TB) staining showed slight but uniform
metachromasia over the entire sections, indicating the immature
glycosaminoglycan production in all the 3D culture groups except
the control group (Fig. 2a TB). Hematoxylin and eosin (HE) staining
showed that spindle-shaped, fibroblast-like cells were observed for
the most part in the construct with control medium, whereas
chondrocytes in lacunae were abundantly detected in that with
differentiation medium. In the constructs with proliferation and
combination media, both types of cells were scattered over the
specimens (Fig. 2a HE).

Gene expression levels of collagens were determined to
examine effects of the media on chondrocyte differentiation during
3D culture. COL1A1, which is a marker of chondrocyte dedifferen-
tiation, was expressed higher in control medium than in the other
media. COL2A1 was expressed significantly higher only in the dif-
ferentiation group relative to the direct group, confirming the
chondrogenic activity of IGF-1 (Fig. 2b). Biochemical measurements
revealed that only differentiation medium promoted the accumu-
lation of both type II collagen and GAG whereas proliferation and
combination media enhanced only GAG production (Fig. 2c).
Similarly to the GAG measurement, the elasticity was increased in
combination group, and showed tendency to increase in differen-
tiation group, suggesting that the stiffness of constructs would
depend on the GAG accumulation, but not on type I or type II
collagen (Fig. 2d).

3.2. Chondrogenesis of engineered constructs after transplantation

To analyze the effects of different types of media during 3D
culture on following cartilage regeneration in vivo, engineered
constructs were transplanted into nude mice. Without 3D culture,
chondrogenesis was detected regardless of the cell density, and the
volume of the regenerated cartilage and GAG content increased
steadily, depending on the cell density (Fig. 3a and b). By 3D culture
in control medium, chondrogenesis was obviously suppressed in
constructs with all the cell densities; notably, the transplanted
construct with low cell density disappeared. In differentiation
medium, cartilage was regenerated and matured with abundant
ECM in the construct with the high cell density; however, with the
low and middle densities, the constructs barely sustained their size
and shape or produced cartilage matrices. In proliferation and
combination media, chondrogenesis was improved in the con-
structs with all the cell densities, exhibiting the excellent cartilage
formation in both histological and biochemical examinations; in
particular, GAG production in the proliferation and combination
group was significantly higher than that in the direct group at all
the cell densities (Fig. 3a and b).

The characteristics of engineered constructs after trans-
plantationwere examined in detail by evaluating the accumulation
and localization of type I and II collagen. The results of immuno-
histochemical staining revealed the deposition of dense type II
collagen from the surface to deep inside the construct only in the
proliferation group. On the other hand, sparse localization of type I
collagen was observed only near the surface in all the groups
(Fig. 4a). The accumulation of type I and II collagen was quantified
by ELISA, and the result supported the immunohistochemical
findings. Therewas a statistically significant difference in collagen II
accumulation between the proliferation group and the direct group
(Fig. 4b).

To elucidate why constructs that had been 3D-cultured in pro-
liferation medium showed the robust cartilage regeneration after
transplantation, we examined properties of the constructs before
transplantation. First, we explored gene expression levels of cata-
bolic and apoptotic factors. The expression of matrix metal-
loproteinase 13 (MMP-13), a catabolic factor of cartilage, was
enormously higher in control group than in the other groups. In the
differentiation group, expression of MMP13 is higher than prolif-
eration and combination groups (Fig. 5a). Caspase-3, which plays



Fig. 2. Histological, biochemical, and biomechanical analyses of engineered constructs in vitro. Engineered constructs were analyzed just after fabrication or 3-weeks culture in
control, differentiation, proliferation or combination media. (a): Histological findings of the constructs. (TB) Toluidine blue staining. Scale bars ¼ 1 mm. (HE) Hematoxylin and eosin
staining. Scale bars ¼ 50 mm. (b): Gene expression of alpha-1 type I collagen (COL1A1) and alpha-1 type II collagen (COL2A1) determined by real-time RT-PCR. Data are expressed as
mean ± standard deviation. Statistical significance was evaluated using Dunnett's test. **p < 0.01 vs. the direct group. (c): Matrix accumulation of the constructs. Protein synthesis of
type I and II collagen and GAG accumulation were examined by ELISA and Alcian blue binding assay, respectively. Statistical significance was evaluated using Dunnett's test.
**p < 0.01, *p < 0.05 vs. the direct group. (d): Young's modulus of the constructs. Young's modulus was measured with a Venustron tactile sensor. Data are expressed as
mean ± standard deviation. Statistical significance was evaluated using Dunnett's test. *p < 0.05 vs. the direct group.
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Fig. 3. Chondrogenesis of engineered constructs in vivo (nude mice). The constructs with or without 3D culture were transplanted subcutaneously into the back of BALB/c nu/nu
and evaluated histologically and biochemically after 8 weeks. (a): Toluidine blue staining. Scale bars ¼ 1 mm. (b): GAG accumulation examined by Alcian blue binding assay. Data are
expressed as mean ± standard deviation. Statistical significance was evaluated using Dunnett's test. **p < 0.01, *p < 0.05 vs. the direct group.
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an essential role in apoptosis and likely has a negative effect on
chondrogenesis, tended to be highly expressed in the constructs
without 3D culture or any stimulating factors during 3D culture
(Fig. 5a). In addition, immunohistochemical and biochemical ana-
lyses showed that apoptosis frequently occurred in control and
differentiation media (Fig. 5b and c TUNEL) whereas PCNA
expression was not significantly different among groups except the
control group (Fig. 5b and c PCNA). From these results, it is sug-
gested that proliferation medium promoted cartilage regeneration
by suppressing apoptosis of chondrocytes.
3.3. Autologous transplantation of engineered constructs after 3D
culture

Considering clinical application of regenerative cartilage,
autologous transplantation to immunocompetent host is a possible
case. We investigated the effects of 3D culture in the beagle
autologous transplantation model. In the proliferation group, the
engineered construct appeared glossy and white after trans-
plantation. By contrast, the surface of harvested construct in the
direct or other 3D culture groups were rough and tinged with red to
a greater or lesser extent (Fig. 6a). Certainly, the most extensive
metachromasia was observed by TB staining, although positive
areas of TB staining were limited to the superficial regions of the
constructs (Fig. 6b). A statistically significant increase in GAG
accumulation were detected in the proliferation group (Fig. 6c).
4. Discussion

Several studies have reported that 3D culture of chondrocytes
promotes cartilage regeneration after transplantation. Because
dedifferentiated chondrocytes recover their original properties
(redifferentiation) when cultured with scaffolds, it seems plausible
that maturation of engineered constructs during 3D culture prior to
transplantation determined the degree of subsequent cartilage
regeneration. Moretti et al. [19] compared their differentiation
medium containing TGF-b1, insulin, and L-ascorbic acid with pro-
liferation medium consisting of TGF-b1, FGF-2, and PDGF in 3D
culture. They concluded that only their differentiation medium
elicited efficient chondrogenic development of engineered
cartilage.

On the other hand, the present study showed that the prolifer-
ation medium used in 3D culture of constructs affect more posi-
tively on the cartilage regeneration after transplantation than the
differentiation medium (Figs. 3 and 4). The differentiation medium
certainly contributed to the efficient maturation of an engineered
construct during 3D culture, indicated by cartilage lacunae and
abundant cartilage matrices consisting of GAG and type II collagen
(Fig. 2). Although 3D culture with the differentiation medium was



Fig. 4. Immunohistochemical analysis of engineered constructs in vivo. Localization and content of type I and II collagen in the constructs were examined 8 weeks after
transplantation into nude mice. (a): Immunostaining for type I and II collagen. Scale bars ¼ 100 mm (b): Protein synthesis of type I and II collagen, examined by ELISA. Data are
expressed as mean ± standard deviation. Statistical significance was evaluated using Dunnett's test. *p < 0.05 vs. direct group.
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highly effective for redifferentiation and enhancement of stiffness
in vitro, the expression of type II collagen was relatively low in vivo
afterwards. On the other hand, in the proliferation medium, there
was abundant deposition of type II collagen as well as GAG accu-
mulation after transplantation despite the low degree of differen-
tiation and stiffness during 3D culture. Cartilage constructs
cultured in proliferation medium also showed better GAG accu-
mulation in the beagle autologous transplantation model (Fig. 6c).
However, areas positive for TB staining were limited to the super-
ficial regions even in the proliferation group (Fig. 6b). This insuffi-
cient cartilage formationmay partly be due to the choice of scaffold.
There are few reports for the combination of scaffold and canine
auricular chondrocytes for cartilage regeneration, in which cells
loaded to polymer-based scaffold showed limited cartilage forma-
tion [36,38,39]. To confirm the advantages of the proliferation
medium in this model, appropriate choice of scaffold must be
established.

Considering the mechanism by which proliferation medium
promote cartilage regeneration, it is possible that increased cell
number directly affected the matrix deposition. This hypothesis
may be partly true in the setting of low ormiddle cell concentration
in which cell number was largely different between proliferation
group and differentiation group (Fig. 1). On the other hand, at high
cell concentration, the cell number at the end of preculture was
quite similar between both groups, suggesting that there were
other factors which caused the difference in chondrogenesis be-
tween those groups (Fig. 1). As shown in Fig. 5, proliferation me-
dium contributed the reduction of MMP13, albeit not significantly,
and apoptosis of chondrocytes. MMP13 is involved in the patho-
genesis of osteoarthritis by degrading cartilage tissues [40].
Apoptosis of chondrocytes not only decreases the number of cells
which otherwise are able to contribute to matrix production, but
also induces inflammatory reaction. Dead cells induce inflamma-
tion by stimulating phagocytes through the secretion of endoge-
nous inflammatory materials called damage-associated molecular
patterns (DAMPs) [41e43] and high-mobility group box 1 protein
(HMGB1) [44,45]. It is possible that the proliferation medium
promotes cartilage regeneration by maintaining cell viability. To
test this hypothesis, the effects of prevention of apoptosis on
cartilage regeneration must be examined. In addition, contribution
of other factors on the promotion of chondrogenesis by prolifera-
tion medium must be considered. For example, an immature
engineered construct allows chondrocytes to proliferate and solu-
ble chondrogenic factors to penetrate inside.

This contradiction between a previous report and the present
study might arise from the differences in cell source (articular
cartilage and auricular cartilage), scaffolds (nonwoven meshes of
hyaluronic acid and atelocollagen) or culture media. IGF-1 is re-
ported to be as a potent chondrogenic factor as TGF-b [26]. These 2
factors may promote chondrogenesis of mesenchymal stem cells



Fig. 5. Biochemical examination and immunohistochemical analysis of catabolic factors and cell apoptosis in engineered constructs in vitro. Expression of catabolic factors
and cell apoptosis in the constructs with or without 3D culture were examined. (a): Gene expression of MMP-13 and caspase-3. Data are expressed as mean ± standard deviation.
Statistical significance was evaluated using Dunnett's test. **p < 0.01 vs. the direct group. (b): Immunostaining for PCNA and TUNEL. Scale bars ¼ 50 mm. (c): Positive ratios of PCNA
and TUNEL were counted under a microscope (positive cells out of total cells,�20 magnification, average of 5 fields). Data are expressed as mean ± standard deviation. Statistical
significance was evaluated using Dunnett's test. **p < 0.01, *p < 0.05 vs. the direct group.
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independently, while crosstalk of these factors was suggested by
other reports [26,46]. In addition, the effects of IGF-1 and TGF-b on
chondrocytes are affected differently by several factors such as
condition of cells or environmental oxygen saturation [29,47].

The results obtained by the present study raised a question on
the hypothesis that 3D preculture promotes cartilage regeneration
via maturation of constructs. One of the other hypotheses is that
the sensitivity of encapsulated chondrocytes against chondrogenic
stimuli was increased through 3D culture. The chondrocytes that
fell into a susceptible state in a 3D environment would easily un-
dergo redifferentiation stimulated by the host tissues with growth
factors [48,49], matrix signals [50e52], or host-donor cellular in-
teractions [53,54] and eventually promote cartilage regeneration
after transplantation. If this hypothesis is true, chondrogenesis after



Fig. 6. Chondrogenesis of engineered constructs in vivo (beagle). The constructs were fabricated with P0 canine auricular chondrocytes, atelocollagen (Koken), and PLLA
scaffolds, and then transplanted subcutaneously into the back of beagles. Eight weeks after transplantation, the constructs were evaluated histologically and biochemically. (a):
Morphological features of the constructs. Scale on the ruler ¼ 500 mm. (b): Toluidine blue staining. Scale bars ¼ 1 mm. (c): GAG accumulation examined by Alcian blue binding assay.
Data are expressed as mean ± standard deviation. Statistical significance was evaluated using Dunnett's test. *p < 0.05 vs. the direct group.
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transplantation of 3D-cultured constructs will be largely affected by
transplanted sites. The results of this study, in which constructs
were transplanted subcutaneously, may not be applicable for the
treatment of defects in articular cartilages.

Recognizing the contradiction between the previous studies in
which primary emphasis was devoted to differentiation and our
present study that places high importance on proliferation, further
studies are needed to investigate the changes in engineered carti-
lage constructs during 3D culture in more detail and to determine
the most suitable 3D culture condition. To attain this objective, we
should refine not only the 3D culture method but also the materials
such as gel or scaffolds and culture techniques, whichwill all lead to
the improvement of cartilage regeneration.
5. Conclusions

In this study, we found that cartilage regeneration was largely
affected by the composition of 3D culture media. We conclude that
it is important to maintain high cell viability, rather than promote
chondrogenesis during 3D culture, because the viability of 3D-
cultured chondrocytes would be a key factor that determines the
sensitivity to chondrogenic stimuli and the cartilage-forming po-
tential in subsequent transplantation.
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