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Introduction

Microtia, characterized by a small, abnormally shaped auri-
cle, is one of the most common external ear abnormalities, 
with an incidence of 1–10 per 10,000 births.1–3 Auto-
transplantation of costal cartilage segments is one of the 
most popular treatments. However, this strategy has disad-
vantages, such as the lack of elasticity of costal cartilage, 
difficulty in harvesting costal cartilage, and post-operative 
pain at the donor site.4,5 To this end, elastic cartilage engi-
neering methods involving scaffolds, such as polyglycolic 
acid and polylactic acid, have been developed.6–10 However, 
post-operative problems such as rejection and deformation 
of the materials can occur.10–13 Scaffold-free elastic carti-
lage has been constructed using auricular chondrocytes but 
has not been evaluated in vivo.14,15 Therefore, a system for 
establishing morphologically stable scaffold-free elastic 
cartilage amenable to in vivo evaluation is necessary.
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In our previous study, we succeeded in developing a 
method for creating scaffold-free elastic cartilage in vivo.16 
However, the tissue shrank to approximately half its initial 
size during transplantation.16 Mesenchymal aggregation, 
which occurs during cartilage differentiation, may explain 
this shrinkage.17,18 Therefore, a method in which cartilage 
differentiation is mostly completed in vitro is required. 
The cell type used for reconstruction is another important 
matter in elastic cartilage engineering. While most studies 
have used auricular chondrocytes, CD44+CD90+ chon-
droprogenitor cells found in the auricular perichondrium 
have been reported to be an ideal resource, as they exhibit 
a high proliferation capacity and can be obtained with min-
imal invasion.19,20

In this study, we aimed to develop an in vitro method 
for reconstructing morphologically stable elastic cartilage, 
using human auricular perichondrial chondroprogenitor 
cells. To improve the in vitro culturing conditions, we 
focused on mimicking the morphological aspects of chon-
drogenic induction during early auricular development. 
The development of the human auricular cartilage begins 
with the emergence of six round 200–300 μm structures 
with a mesenchymal character, termed “auricular hill-
ocks,” at 6 weeks gestation (Figure 1(a)).21–23 The three 
anterior hillocks (hillocks 1–3) are derived from the first 
pharyngeal arch, and the three posterior hillocks (hillocks 
4–6) are derived from the second pharyngeal arch; both 
arches originate from the migrating neural crest cells. The 
hillocks then fuse together, creating the complex auricle 
structure.21–23 Previous studies of elastic cartilage tissue 
engineering have achieved chondrogenic induction by 
creating macro-level structures.6–15 We hypothesized that 
chondrogenic induction could be improved by mimicking 
the auricular hillock morphologically, using Φ200–300 μm 
spheroid culture plates (micro 3D culture).

We compared the chondrogenic induction efficacy of 
micro 3D culture with that of petri dish culture (2D culture) 
and Φ1000–2000 μm spheroid culture (macro 3D culture). 
Micro 3D–cultured spheroids were fused together to form a 
tissue large enough for manipulation and then cultured in a 
rotating wall vessel. Histological and morphological evalu-
ation of the reconstructed elastic cartilage was performed, 
and the reconstructed cartilage was compared with human 
native auricular cartilage. Finally, the morphological stabil-
ity of the elastic cartilage tissue after craniofacial transplan-
tation was examined in immunodeficient mice.

Material and methods

Observation of auricular hillocks in mouse 
embryos

Pregnant wild-type mice were purchased from Japan SLC. 
E10.5, E11, E11.5, and E12 mouse embryos were col-
lected, and the amniotic membrane was peeled off micro-
scopically. After microscopic pictures of the auricular 

hillocks were taken, the embryos were placed in 4% para-
formaldehyde for whole-mount immunohistochemistry.

Isolation of auricular chondroprogenitor cells

Elastic cartilage samples were obtained from microtia 
patients following the approved guidelines set by the ethi-
cal committee at Yokohama City University Graduate 
School of Medicine Hospital (approval no. B130905006). 
Auricular chondroprogenitor cells in the perichondrium 
were isolated using previously reported methods.16,20 In 
brief, auricular tissue samples from microtia patients were 
microscopically separated into the chondral layer, the 
interlayer, and the perichondral layer. The perichondral 
samples were minced into a paste and centrifuged at 37°C 
and 600 rpm for 2 h to isolate the perichondrial cells. The 
suspension was then filtered through a 40 μm cell strainer 
and centrifuged at 1500 rpm for 5 min. The collected cells 
were resuspended in DMEM containing 10% fetal bovine 
serum (FBS) and cultured in a 35 mm dish until confluent. 
This was defined as passage 0.

Flow cytometry

The expression of the auricular perichondrial chondro-
progenitor cell markers CD90, CD44, CD73, and CD105 
on the cell membrane was analyzed in perichondrial cells 
(passage 0) using flow cytometry. The perichondrial cells 
were washed with Dulbecco’s phosphate-buffered saline 
(DPBS) and dissociated into single cells with 0.25% 
trypsin. The cells were collected by centrifugation, re- 
suspended in DPBS with 1% bovine serum albumin (FACS 
buffer), and incubated with antibodies for 30 min at 4°C. 
After the cells were washed three times with FACS 
buffer, the fluorescence of the cell membrane was detected 
using the Cell Sorter MA900 (Sony). See Supplemental 
Figure 1(a) for the gating process, and Supplemental Table 
1 for antibody information.

Cell expansion culture

The confluent perichondrial cells were dissociated into 
single cells with 0.25% trypsin. Next, 50,000 cells were 
seeded in a 100 mm dish containing Dulbecco’s Modi-
fied Eagle’s Medium (DMEM)/F12 Ham (1:1) (Sigma-
Aldrich), stabilized antibiotic–antimycotic solution 
(100×) (Sigma-Aldrich), 0.2 mM ascorbic acid 2-phos-
phate (AA2P) (Sigma-Aldrich), 10−7 M dexamethasone 
(Sigma-Aldrich), 1× ITS-X (Gibco), 5 ng/mL insulin-like 
growth factor (IGF) (Sigma-Aldrich), 10 ng/mL basic 
fibroblast growth factor (FGF) (Wako), 10 ng/mL platelet-
derived growth factor BB (PDGF-BB) (Peprotech), and 
2% FBS. The medium was changed every other day until 
the cells became confluent, which occurred between 7 and 
10 days of culture (passage 1 cells).
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Chondrogenic induction culture

The following three culture methods are described: 2D 
culture, micro 3D culture, and macro 3D culture. The 
expanded auricular perichondrial chondroprogenitor 
cells (passage 1) were dissociated into single cells with 
0.25% trypsin. For 2D culture, 30,000 cells were seeded 
into a well of a 24-well plate containing 300 μL of chon-
drogenic induction medium comprising DMEM/F12 
Ham (1:1) (Sigma-Aldrich), stabilized antibiotic–anti-
mycotic solution (100×) (Sigma-Aldrich), 0.2 mM AA2P 
(Sigma-Aldrich), 10−7 M dexamethasone (Sigma-Aldrich), 
1× ITS-X (Gibco), 5 ng/mL IGF (Sigma-Aldrich), 10 ng/
mL basic FGF (Wako), 10 ng/mL PDGF-BB (Peprotech), 

10 ng/mL transforming growth factor β1 (TGFβ1) 
(Peprotech), and 2% FBS.

For micro 3D culture, 30,000 cells in 300 mL of chon-
drogenic induction medium were divided into two wells of 
a 96-well U-bottomed micropatterned plate (Corning). 
Each well of the U-bottomed micropatterned plate had 79 
micro-wells. Thus, 158 micro-wells were used, and each 
micro-well contained 190 cells. For macro 3D culture, 
30,000 cells in 300 μL of chondrogenic induction medium 
were seeded into a well of a 96-well U-bottomed plate 
(Greiner Bio-One). The medium in each culture system 
was carefully changed daily. After a culture duration of 1, 
3, and 5 days, cells were collected for analysis in each 
culture system.

Figure 1. Analysis of fetal auricular hillocks and human perichondrial chondroprogenitor cells. (a) Schematic representation of a 
human embryo at 6 weeks gestation, showing the emerging auricular hillocks. (b) Image of the auricular hillocks of an E11.5 mouse 
embryo, with a magnified view shown on the right. Dashed line indicates the outline of the hillocks. White arrowheads indicate the 
first pharyngeal groove. (c) Immunohistochemistry of E11.5 mouse embryonic auricular hillocks. Left panel: type I collagen (COL1) 
(green), type II collagen (COL2) (red), and diamidino-phenylindole (DAPI) (blue) staining; right panel: SOX9 and DAPI staining. (d) 
Image of an excised auricular perichondrium (scale: 1 mm). (e) Image of expanded auricular perichondrial chondroprogenitor cells 
(scale bars: 100 μm). (f) Representative flow cytometry analysis of perichondrial cells to determine CD44, CD90, CD73, and CD105 
expression in four patient samples. Left panels: unstained cells (negative control). Data are shown as the mean ± SD.
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Rotating wall vessel culture

Approximately 3000 spheroids from day 3 micro 3D  
culture were collected from the micropatterned plate by 
gentle pipetting and transferred to a rotating wall vessel 
containing 50 mL of chondrogenic induction medium.  
The spheroids were kept still overnight to allow fusion, 
followed by rotating culture at 15 rpm. The following 
week, the medium was replaced with chondrogenic  
induction medium containing DMEM/F12 Ham (1:1) 
(Sigma-Aldrich), stabilized antibiotic–antimycotic solution 
(100×) (Sigma-Aldrich), 0.2 mM AA2P (Sigma-Aldrich), 
10−7 M dexamethasone (Sigma-Aldrich), 1× ITS-X 
(Gibco), 5 ng/mL IGF (Sigma-Aldrich), 10 ng/mL basic 
FGF (Wako), 10 ng/mL PDGF-BB (Peprotech), 10 ng/nL 
TGFβ1 (Peprotech), 20 ng/mL bone morphogenetic pro-
tein 4 (R&D), 1% Glutamax (Gibco), and 1% FBS. The 
medium was changed weekly for a total of 4 weeks.

Animal experiments

Eight-week-old female NOD/Scid mice were purchased 
from Oriental Yeast Co. After anesthetization, hair around 
the forehead was removed, and the skin was sanitized with 
70% ethanol. A horizontal incision was made in the poste-
rior forehead, and a subcutaneous space was created by 
anteriorly inserting a spatula. In the treatment group, the 
reconstructed elastic cartilage was inserted into the created 
space with ring tweezers. The incision was closed with 6-0 
silk thread sutures. Using a caliper, the thickness of the 
transplanted cartilage and skin was measured in the treat-
ment group, and pinched skin was measured in the sham 
group. After a 2-month transplantation period, the mice 
were sacrificed, and the elastic cartilage was excised for 
further analysis.

Size measurements

The diameters of the micro 3D–cultured spheroids, macro 
3D–cultured spheroids, in vitro elastic cartilage, and ex 
vivo elastic cartilage were calculated by taking the mean 
of the maximum and minimum Feret diameters of images 
obtained using ImageJ software.

Quantitative reverse transcription-polymerase 
chain reaction (qRT-PCR)

Total RNA was extracted using the PureLink RNA mini kit 
(Thermo Fisher Scientific). Total RNA was reverse tran-
scribed into cDNA using a Thermal Cycler TP600 (Takara) 
and High-Capacity cDNA Reverse Transcription Kit  
with random primers (Thermo Fisher Scientific). cDNA  
samples were mixed with THUNDERBIRD Probe qPCR 
Mix (Toyobo), Taqman probe (Universal Probe Library; 
Roche), and gene-specific primers. As an internal refer-
ence, Eukaryotic 18S rRNA Endogenous Control (Thermo 

Fisher Scientific) was used. Thermal cycling was per-
formed using the Light Cycler 480 system (Roche). The 
gene expression levels were quantified using the ∆∆Cp 
method. The primers used are shown in Supplemental 
Table 1.

Enzyme linked immuno-sorbent assay (ELISA)

For measurements of secreted melanoma inhibitory activ-
ity (MIA) levels and hyaluronic acid (HA) levels, the 
DuoSet capture, detection, and standard kits were used 
(R&D Systems). The blank, standard, and sample (100 μL 
each) were dispensed into a 96-well plate. Capture reagent 
(100 μL) was added to each well, which were then kept at 
room temperature overnight. For washing, 200 μL of 0.1% 
Tween 20 in PBS (PBS-T) was used. After each well was 
washed three times, 300 μL of Block Ace (DC Pharma) 
was added, and the wells were kept at room temperature 
for 1 h. Each well was washed again three times. Next, 
100 μL each of the blank, standard, and sample was added 
to the 96-well plate, which was kept at room temperature 
for 2 h. Each well was washed three times. Next, 100 μL of 
Detection regent (R&D Systems) was added, and the wells 
were kept at room temperature for 2 h. Each well was 
washed three times. Then, 100 μL of Diluted Streptavidin-
HRP (R&D Systems) was added, and the wells were kept 
at room temperature for 20 min. The wells were washed 
three times, and 100 μL of Substrate solution (R&D 
Systems) was added. The wells were washed three times, 
and 50 μL of Stop solution (R&D Systems) was added. 
MIA and HA levels (450 nm) and reference levels were 
measured by determining the absorbance with a plate 
reader (540 or 570 nm). Detailed antibody information is 
shown in Supplemental Table 1.

Histology and immunohistochemistry

For whole-mount immunostaining of the auricular hillocks 
of fetal mice, samples were fixed in 4% paraformaldehyde 
for 2 h. For washing, PBS-T was used. After the samples 
were washed twice, Protein Block Serum-Free (Dako) was 
added, and the samples were kept at room temperature for 
2 h. The samples were then washed once and incubated 
with primary antibodies (1:100) for 4 days at 4°C. After 
they were washed three times, the samples were incu-
bated with secondary antibodies (1:500) overnight at 4°C. 
After the samples were washed three times, the nuclei 
were counterstained with diamidino-phenylindole (DAPI) 
(1:500). Next, the samples were cleared using benzyl alco-
hol + benzyl benzoate (BABB) (1:1) for microscopic 
observation. Samples were placed in 50% methanol, 100% 
methanol, 100% methanol + BABB (1:1), and BABB for 
15 min each, respectively.

For immunostaining of 2D-cultured cells, micro 3D– 
cultured spheroids, and macro 3D–cultured spheroids, the 
samples were washed with PBS twice and fixed in 4% 
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paraformaldehyde. After washing with PBS three times, 
0.1% Triton/PBS was added, and the samples were incu-
bated at room temperature for 15 min (2D-cultured cells), 
30 min (micro 3D–cultured spheroids), or 1 h (macro 
3D–cultured spheroids). The samples were washed with 
PBS three times and placed in PBS with 1% BSA for 
10 min. After washing once with PBS, the samples were 
incubated with primary antibodies (1:200) overnight at 
4°C. After washing three times with PBS, the samples 
were incubated with secondary antibodies (1:1000) for 
30 min at room temperature. After washing with PBS three 
times, the nuclei were counterstained with DAPI.

The in vitro and ex vivo elastic cartilage samples were 
fixed in 10% formalin and embedded in paraffin. The sam-
ples were sliced into 5 μm sections using a microtome. 
After deparaffinization, the samples were stained with HE, 
Alcian blue (AB), and Elastica Van Gieson (EVG). For 
immunohistochemistry, the samples were incubated with 
primary antibodies (1:200) overnight at 4°C and with sec-
ondary antibodies (1:1000) for 30 min at room temperature. 
Then, the nuclei were counterstained with DAPI. Detailed 
antibody information is shown in Supplemental Table 1.

Elasticity test

A mechanical stress testing instrument, EZ-Test EZ-SX 
(Shimadzu), was used to measure the elastic modulus. 
Samples were set on a pedestal, and a 1 mm diameter jig 
(Shimazu) was used for compression and detection. The 
elastic modulus (MPa) at 0.2–0.6 mm was obtained via 
3 mm/min indentation and evaluated using Trapezium 
ver1.4.5 (Shimazu). The measurement was performed three 
times for each sample, and data were presented as the mean.

Data analysis and statistical methods

The experiment data are presented as the median and inter-
quartile range (IQR), unless otherwise stated. One-way 
ANOVA followed by Tukey’s multiple comparison test was 
used for comparisons among multiple groups. The Mann–
Whitney U test was used for comparisons between two 
groups. Statistical analysis was performed using GraphPad 
Prism 6.0 (La Jolla, CA, USA). Differences with p-values 
<0.05 were considered statistically significant.

Results

Auricular hillocks in mice embryos

To analyze morphogenesis in early auricular elastic carti-
lage, we observed the auricular hillocks, which differenti-
ate into auricular cartilage, in E11.5 mouse embryos.21–23 
Morphological characteristics, such as a 200–300 μm diam-
eter, round shape, and adjacent positioning, were moder-
ately consistent with those of human auricular hillocks 
(Figure 1(b)).22 Immunohistochemistry analysis indicated 

that the auricular hillocks were positive for type I collagen 
(a broad mesenchymal marker) and SOX9 (a craniofacial 
chondrogenic and mesenchymal condensation marker)24,25 
and negative for type II collagen (a chondrogenic marker). 
These results were consistent with previous reports that the 
auricular hillocks are the origin of auricular cartilage and 
that they exhibit a mesenchymal character at this stage 
(Figure 1(c), Supplemental Video 1).23 We hypothesized 
that elastic cartilage chondrogenesis would be improved by 
mimicking these morphological features.

Human auricular perichondrial chondroprogenitor  
cell expansion in 2D culture

After isolation, the auricular perichondrial cells were  
cultured for 5–7 days until colonies were observed 
(Figure 1(d) and (e)). The expression of the auricular 
perichondrial chondroprogenitor markers CD90 and 
CD44 was detected by flow cytometry.16,20 CD90+CD44+ 
auricular perichondrial chondroprogenitor cells com-
prised 98.2% ± 0.9% of the auricular perichondrial cells. 
Furthermore, 98.0% ± 2.1% of the auricular perichondrial  
cells were CD73+CD105+ (Figure 1(f), Supplemental 
Figure 1(a)). As highlighted by these results, the use of 
the auricular perichondrium is advantageous because of 
the high content of stem cells.

Effects of micro 3D culture on elastic cartilage 
chondrogenesis induction

To mimic the morphology of auricular hillocks, we used a 
U-bottomed micro-welled plate. Each micro well was 
500 μm in diameter and 400 μm in depth, facilitating sphe-
roid creation (Figure 2(a)). We termed this culture method 
“micro 3D culture.” 2D culture (using petri dishes) and 
macro 3D culture (using a 96-well U-bottomed plate with 
wells that were 6990 μm in diameter and 10,300 μm in 
depth) systems were also established. The expression lev-
els of chondrogenic markers and cartilage-related protein 
secretion were measured to evaluate the effectiveness of 
each culture system in terms of elastic cartilage chondro-
genesis induction (Figure 2(b)). The spheroids observed 
on days 1, 3, and 5 of micro 3D culture and macro 3D 
culture were Φ200–300 μm and Φ1000–2000 μm in size, 
respectively, as expected (Figure 2(c)).

According to the results of qRT-PCR analysis, on days 
3 and 5, micro 3D culture induced significantly higher 
expression of the chondrogenic markers SOX9 and 
COL11A2, which have crucial roles in craniofacial carti-
lage development,24–28 than 2D culture and macro 3D cul-
ture (Figure 2(d)). The ELISA results indicated that micro 
3D culture induced a significantly higher level of MIA 
secretion on day 3 than 2D culture and macro 3D culture. 
On day 3, micro 3D culture also induced a significantly 
higher level of HA secretion than macro 3D culture, but no 
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Figure 2. Comparison of 2D, micro 3D, and macro 3D cultures. (a) Image of micro 3D culture with a magnified panel below. 
Scale bars: 2 mm. (b) Time course images of 2D (top row), micro 3D (middle row), and macro 3D (bottom row) cultures. Scale 
bars: 100 μm. (c) Diameter of micro 3D and macro 3D spheroids. (d) Gene expression of SOX9 and COLL11A2 against 18S in 
each culture system on a time course. (e) Secretion level of melanoma inhibitory activity (MIA) and hyaluronic acid (HA) in each 
culture system on a time course. (f) Merged and magnified immunohistochemical images of 2D (top row), micro 3D (middle row), 
and macro 3D (bottom row) cultures after staining with type I collagen (COL1) (green), type II collagen (COL2) (red) (left panels), 
and SOX9 (green) (right panels), along with diamidino-phenylindole (DAPI) (blue). Scale bars: 50 μm. (g) Areas positive for COL1 
staining (%) and cells positive for SOX9 staining (%) based on immunohistochemical images of each culture system. Data are shown 
from eight independent experiments.
ns: not significant.
*p < 0.01.
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significant differences were observed in comparison with 
2D culture (Figure 2(e)). In micro 3D culture, the expres-
sion of SOX9 and COL11A2 and the level of MIA and HA 
secretion were significantly higher on day 3 than on days  
1 and 5 (Figure 2(d) and (e)). These results suggest that 
micro 3D culture enhances chondrogenesis and that the 
performance of the system peaks at 3 days of culture.

The auricular hillocks exhibited a mesenchymal, pre-
chondral character. Therefore, we analyzed each culture 
method by performing immunohistochemistry analysis of 
type I collagen, type II collagen, and SOX9 (Figure 2(f)). 
Positive type I collagen staining was observed in all cul-
ture systems (2D culture, 25.4% (24.9%–26.0%); micro 
3D culture, 50.7% (44.1%–56.4%); macro 3D culture, 
45.6% (42.5%–48.1%)). Type II collagen was not detected 
in any of the culture systems. These findings were consist-
ent with the immunohistochemistry results for the E11.5 
embryonic auricular hillocks (Figures 1(c) and 2(f)). The 
micro 3D–cultured spheroids were 84.8% (82.5%–88.7%) 
positive for SOX9, a significantly higher proportion than 

that observed in the 2D culture (33.3% (27.6%–48.5%)) 
and macro 3D culture (70.1% (65.6%–78.3%)) (Figure 
2(g)). These results indicate that micro 3D–cultured sphe-
roids have a mesenchymal character and a higher chondro-
genic potential than 2D cultured–spheroids and macro 
3D–cultured spheroids.

Rotating wall vessel culture and in vitro analysis

To promote further chondrogenesis and produce an elas-
tic cartilage tissue, we transferred 3000 spheroids of day 
3 micro 3D culture into a rotating wall vessel and allowed 
12 h for fusion, followed by 4 weeks of rotation culture, 
which has been reported to be effective for inducing 
chondrogenesis (Figure 3(a), Supplemental Video 2).16 
The spheroids fused into a tissue within a week, after 
which the tissue exhibited a weekly increase in size 
(Figure 3(b)). ELISA of the culture medium revealed sig-
nificantly increasing levels of MIA, which is secreted by 
developing cartilage,29,30 at weeks 3 and 4 of rotating 

Figure 3. Maturation of fused micro 3D–cultured spheroids into elastic cartilage via rotating wall vessel (RWV) culture.  
(a) Schematic representation of micro 3D–cultured spheroids transferred into an RWV. (b) Representative image of tissue  
cultured in an RWV. Scale bars: 1 mm (c) Secretion level of melanoma inhibitory activity (MIA) and hyaluronic acid (HA) on a time 
course (n = 8). (d) Gene expression of AGGRECAN and ELASTIN against 18S in passage 2 chondroprogenitor cells, day 3 micro 
3D–cultured spheroids and week 4 RWV–cultured cartilage (n = 4).
ns: not significant.
*p < 0.05. **p < 0.01.
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wall vessel culture. Levels of HA, which is abundant in 
elastic cartilage,31 progressively increased until week 3; 
no significant differences were observed at week 4 
(Figure 3(c)). The expression of AGGRECAN and 
ELASTIN were significantly higher in week 4 cartilage 
than in day 3 micro 3D spheroids (Figure 3(d)). These 
results indicate the benefit of using rotating wall vessel 
culture to promote cartilage maturation, consistent with 
previous reports.16,32,33

After 4 weeks of rotating wall vessel culture, the 
reconstructed elastic cartilage reached 4.3 mm (3.9–
4.5 mm) in diameter (Figures 4(a) and 5(e)). Histological 
analysis revealed positive Alcian blue, EVG, and type II 
collagen staining, which was consistent with the results 
for the human native auricular cartilage. The recon-
structed elastic cartilage also showed inconsistent EVG 
staining pattern with the human native costal hyaline  
cartilage (Figure 4(b)). Elastic modulus measurements of 

Figure 4. Characterization of in vitro human perichondrial chondroprogenitor cell–derived reconstructed elastic cartilage. (a) 
Images of the frontal and side view. Scale bars: 2 mm. (b) Histological images of in vitro reconstructed elastic (top row), human 
auricular (middle row), and human costal (bottom row) cartilages stained with HE, Alcian blue (AB), Elastica Van Gieson (EVG), 
type I collagen (COL1) (green), type II collagen (COL2) (red), and diamidino-phenylindole (DAPI) (blue), each with magnified images 
below. Elastica Van Gieson (EVG) panels have further magnified panels of the section with dashed lines with white arrowheads 
indicating elastic fibers. Scale bars: 50 μm.



Oba et al. 9

the reconstructed elastic cartilage were also consistent 
with those of human native auricular elastic cartilage 
(Figure 5(f)). These results indicate that our novel method 
of using micro 3D culture followed by rotating wall ves-
sel culture can be used to successfully reconstruct a scaf-
fold-free elastic cartilage tissue from human auricular 
perichondrial cells in vitro.

Craniofacial implantation treatments and in 
vivo analysis

To evaluate whether the reconstructed elastic cartilage 
exhibited morphological stability after craniofacial trans-
plantation, the cartilage was transplanted into the subcuta-
neous layer of the forehead in immunosuppressed mice 
(Figure 5(a)). The transplantation group exhibited signifi-
cantly increased superficial thickness in the forehead 
immediately following surgery and 2 months after, com-
pared with the sham surgery group (Figure 5(b)). The 
elastic cartilage was extracted 2 months after transplanta-
tion (Figure 5(c)). The ex vivo elastic cartilage was 
4.2 mm (3.8–4.4 mm) in diameter. When compared with 
the in vitro elastic cartilage, there was no significant dif-
ference in size (Figure 5(e)). Furthermore, no significant 
differences were observed between the elastic moduli of 
the in vitro and ex vivo elastic cartilage (Figure 5(f)). The 
ex vivo elastic cartilage was positive for Alcian blue, 
EVG, and type II collagen staining, similar to the in vitro 
cartilage (Figure 5(g)). Overall, these results indicated 
that the reconstructed elastic cartilage exhibited morpho-
logical stability without shrinkage when used for cranio-
facial transplantation.

Discussion

The development of morphologically stable, scaffold-free 
reconstructed elastic cartilage tissue is necessary to 
improve treatments for craniofacial defects. However, 
mesenchymal condensation, which occurs during chon-
drogenesis, poses a challenge with in vivo maturating 
methods. Therefore, we propose a method in which chon-
drogenesis is completed in vitro, to avoid shrinkage after 
transplantation. To our knowledge, this study is the first to 
demonstrate the in vitro production of human auricular 
perichondrial chondroprogenitor cell–derived elastic carti-
lage via micro 3D culture (Figure 6).

Despite the advantages of auricular perichondrial chon-
droprogenitor cells, few reconstruction methods have been 
reported, whereas numerous methods using auricular cells 
have been described. This could be attributed to the diffi-
culty of detaching the auricular perichondrium from the 
auricle and isolating the chondroprogenitor cells. However, 
we succeeded in isolating a high percentage of perichon-
drial chondroprogenitor cells (Figure 1(f)), and our results 
may encourage further attempts. The success of our novel 

reconstruction method can be partially ascribed to the 
use of auricular perichondrial chondroprogenitor cells. 
Experiments comparing the potential of auricular chondro-
cytes and auricular perichondrium–derived chondropro-
genitor cells may be beneficial for optimizing this method.

Mimicking the embryonic process is a principal 
approach to tissue reconstruction. Most elastic cartilage 
protocols mimic the embryonic process in a chemical man-
ner by using differentiation factors to mimic cell-to-cell 
cytokine reactions. Cytokines such as TGFβ, PDGF-BB, 
FGF-2, and IGF have been reported to improve chondro-
genesis, and we used several cytokines in this study.10,33–38 
In contrast, mimicking morphological factors such as 
embryonic size and shape has not been frequently 
attempted; handling 3D structures on a microscopic scale 
is more difficult than simply adding cytokines to the 
medium. In this study, the mouse auricle originated from 
emerging auricular hillocks, which were 200–300 μm in 
size with mesenchymal characteristics, moderately similar 
to previously reported human auricular hillocks (Figure 
1(a)–(c)).22 The morphological characteristics of the auric-
ular hillocks may play an important role in early auricular 
chondrogenesis, despite the differences between human 
and mouse auricles in terms of the final size and shape. 
Thus, mimicking the morphological characteristics of the 
auricular hillocks may have contributed to the increased 
expression of chondrogenic induction factors observed in 
the micro 3D culture system. Our results demonstrated that 
mimicking the embryonic process in a morphological 
manner is an important aspect of elastic cartilage engineer-
ing; this finding may be applicable to the engineering of 
other tissue types, as well.

SOX9 is a key factor in both chondrogenesis and mes-
enchymal condensation in cartilage development through-
out the body. In particular, SOX9 plays a major role in 
regulating chondrogenesis in the craniofacial area, includ-
ing in neural crest–derived phalangeal arches, from which 
auricular hillocks originate.23–25 Heterozygous mutations 
in the human SOX9 gene cause campomelic dysplasia, 
which results in low-set dysplastic ears.39,40 Therefore, we 
evaluated SOX9 expression in mouse embryos and micro 
3D culture. One of the limitations of our study was that 
the cell density of the auricular hillocks, which may be  
an important morphological factor, was not examined. 
However, the feasibility of evaluating cell density in the 
auricular hillocks and controlling cell density using cen-
trifugation at the micro scale is uncertain. The self-aggre-
gation method used in this study was selected over methods 
involving centrifugation because cell-to-cell aggregation 
obviously occurs without centrifugal force during natural 
embryogenesis.

As mentioned, owing to the difficulty of handling 
microscopic 3D structures, the morphological features  
of cultured spheroids may vary widely, and creating a 
reliable method for both clinical and laboratory use is 



10 Journal of Tissue Engineering  

Figure 5. Craniofacial implantation treatments and in vivo analysis. (a) Representative images of the craniofacial area of elastic 
cartilage–implanted mice (upper row) and sham-treated mice (lower row), with (b) measured forehead thickness. Scale bars: 1 cm. 
Yellow arrows: Implanted elastic cartilage. Data are shown as the mean ± SD. (c) In vivo images of the implanted elastic cartilage 
after 2 months of transplantation. (d) Images of the frontal view and side view of the ex vivo elastic cartilage. Scale bars: 2 mm. 
(e) Diameter of in vitro and ex vivo elastic cartilage. (f) Elastic modulus of human costal hyaline cartilage, human auricular elastic 
cartilage, in vitro, elastic cartilage reconstruction and ex vivo elastic cartilage reconstruction. (g) Histological images of ex vivo 
elastic cartilage reconstruction stained with HE, Alcian blue (AB), Elastica Van Gieson (EVG), type I collagen (COL1) (green), type 
II collagen (COL2) (red), and diamidino-phenylindole (DAPI) (blue), each with magnified images below. Elastica Van Gieson (EVG) 
panels have further magnified panels of the section with dashed lines with white arrowheads indicating elastic fibers. Scale bars: 
50 μm. n = 8 mice for the treated group, and n = 4 mice for the sham-treated group.
ns: not significant.
*p < 0.01.
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difficult because of unstable results. However, the micro 
3D–cultured spheroids created in our study exhibited low 
variability on day 3, without requiring a high level of 
technical skill (Figure 2(c)). Day 3 micro 3D–cultured 
spheroids exhibited better results than day 5 micro 
3D–cultured spheroids (Figure 2(d) and (e)). Attachment 
to the culture plate on day 5 may be one of the reasons for 
this observation (Supplemental Figure 1(b)). Preventing 
this phenomenon may produce different results.

Exposing tissues to shear stress by using bioreactors 
has also been reported to be an effective culture method 
for elastic cartilage reconstruction.16,32,33 Our results also 
indicated that this is a promising method, based on the 
progressive increase in chondrogenesis-related protein 
secretion levels and the in vitro histological analysis of 
elastic cartilage cultured via rotating wall vessel. 
Surprisingly, 3000 micro 3D–cultured spheroids fused 
together within a day strongly enough to tolerate a speed 
of 15 rpm (Figure 3(b)). Success in generating spheroids 
that exhibited high SOX9 expression may explain this 
result. Further studies should assess the effects of using 
different numbers of spheroids for the fusion step.

The morphological stability of engineered tissues in 
terms of size, shape, and stiffness is crucial when perform-
ing craniofacial transplantations, because the results are 
particularly noticeable. In our previous study, we created a 
scaffold-free human perichondrium–derived pre-cartilage 
structure in vitro that exhibited shrinkage after maturing 
into elastic cartilage in vivo.16 Condensation during carti-
lage differentiation, which occurred after transplantation, 
may have caused the shrinkage. In this study, the cartilage 
exhibited significant morphological stability when trans-
planted in craniofacial sites; the size of the sample was 
maintained post operation (Figure 5(e)). The completion of 
differentiation in vitro may explain this major improve-
ment. The mechanical measurement results supported these 
findings. The human auricular elastic cartilage had a lower 
elastic modulus than human costal hyaline cartilage, which 

was consistent with previous studies.5 The elastic modulus 
of our reconstructed elastic cartilage was similar to that of 
human native elastic cartilage and was maintained after 
transplantation (Figure 5(f)). However, the transplanted 
elastic cartilage was not subjected to long-term observation 
in this study; this should be considered in the future. 
Additionally, the reconstructed elastic cartilage was simple 
in shape, and future goals include establishing a method for 
creating more complex elastic cartilage structures.

Conclusions

In summary, we established an efficient culture method 
for promoting chondrogenic induction by using micro 
3D–cultured spheroids to morphologically mimic auricu-
lar hillocks. Using this method, we succeeded in develop-
ing human auricular perichondrial chondroprogenitor 
cell–derived elastic cartilage in vitro that exhibits super-
ficial effects when transplanted craniofacially, without 
major post-transplantation shrinkage. Micro 3D–cultured 
spheroids may be a useful tool for further exploring 
auricular development, which remains poorly under-
stood. Furthermore, this novel elastic cartilage recon-
struction method may contribute to the future treatment 
of patients with external auricular disorders.
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