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We have developed a unique method that allows us to culture large volumes of chondrocyte expansion from a
small piece of human elastic cartilage. The characteristic features of our culturing method are that fibroblast
growth factor-2 (FGF2), which promotes proliferation of elastic chondrocytes, is added to a culture medium, and
that cell-engineering techniques are adopted in the multilayered culture system that we have developed.1–4 We
have subsequently discovered that once multilayered chondrocytes are transplanted into a human body, dif-
ferentiation induction that makes use of surrounding tissue occurs in situ, and a large cartilage block is obtained
through cartinogenesis and matrix formation. We have named this method two-stage transplantation. We have
clinically applied this transplantation method to the congenital ear defect, microtia, and reported successful ear
reconstruction.4 In our present study, we demonstrated that when FGF2 was added to elastic chondrocytes, the
cell count increased and the level of hyaluronic acid, which is a major extracellular matrix (ECM) component,
increased. We also demonstrated that these biochemical changes are reflected in the morphology, with the elastic
chondrocytes themselves producing a matrix and fibers in vitro to form a natural scaffold. We then demonstrated
that inside the natural scaffold thus formed, the cells overlap, connect intercellularly to each other, and recon-
struct a cartilage-like three-dimensional structure in vitro. We further demonstrated by immunohistochemical
analysis and electron microscopic analysis that when the multilayered chondrocytes are subsequently trans-
planted into a living body (abdominal subcutaneous region) in the two-stage transplantation process, neo-
cartilage and neoperichondrium of elastic cartilage origin are regenerated 6 months after transplantation.
Further, evaluation by dynamic mechanical analysis showed the regenerated neocartilage to have the same
viscoelasticity as normal auricular cartilage. Using our multilayered culture system supplemented with FGF2,
elastic chondrocytes produce an ECM and also exhibit an intercellular network; therefore, they are able to
maintain tissue integrity post-transplantation. These findings realized a clinical application for generative car-
tilage surgery.

Introduction

Reconstruction of hard-tissue defects associated with
a craniofacial lesion, including injuries and abnormali-

ties, is a major challenge in plastic surgery. For reconstructive
surgery, a large volume of cartilage is necessary for recon-
struction and remodeling. However, autologous cartilage
grafts can be harvested in only small and limited volumes,
and are associated with donor-site morbidity. Transplanta-
tion of cultured autologous chondrocytes has some advan-
tages, such as minimal burden and morbidity at the donor
site, and a large volume of chondrocytes is obtainable.

Many researchers have attempted transplantation of cul-
tured human chondrocytes in animal models,5–13 but have

been unable to clinically apply these. This is because cultured
chondrocytes grow in a monolayer fashion in vitro, separate
from each other,14,15 and do not maintain the integrity of
cartilage tissue after transplantation. As a consequence, these
chondrocytes are absorbed after transplantation. It has been
reported that with a chick limb bud, murine cell line, human
articular chondrocytes, etc., when hyaline chondrocytes are
dropped onto a Petri dish at a high density in microunits of
10–20 mL, that is, in a micromass spot culture or micromass
pellet culture, the phenotype of the chondrocytes is main-
tained, and a more tissue-like environment is created.16–18

However, if the chondrocytes are seeded or inoculated, at a
high density from the beginning, the cells form a mass and
do not undergo expansion growth.

1Yanaga Clinic and Tissue Culture Laboratory, Chuo-ku, Fukuoka, Japan.
2Department of Plastic Surgery, Osaka City General Hospital, Miyakojima-ku, Osaka, Japan.

TISSUE ENGINEERING: Part A
Volume 18, Numbers 19 and 20, 2012
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ten.tea.2011.0370

2020



We believe that a large amount of elastic chondrocytes is
necessary for the use of clinical facial reconstruction. We thus
developed a multilayered culture system in which, first, fi-
broblast growth factor-2 (FGF2),19–24 known as a prolifera-
tion promoter of chondrocytes, is added to a medium to
make cells multiply and undergo sufficient expansion, and
these cells are then layered on top of each other and seeded.1–4

With this system, a large volume of chondrocytes was ob-
tained, since the cells are prevented from becoming dis-
persed and are connected mutually by being multilayered.
We also considered that if the chondrocytes can be arranged
multilayered to form a three-dimensional (3D) structure, the
intercellular connections will be strong and cells will not be
absorbed readily after transplantation.

We then proposed two transplantation methods for the
clinical application of multilayered chondrocytes. We first
developed (1) a one-stage injection–transplantation method.
In this method, the multilayered chondrocytes are injection-
transplanted to the craniofacial region directly. We have re-
ported a successful clinical application of this method for
tissue defects, such as injury, anomaly, and deformity cases
of the craniofacial region.1–3 We then developed (2) a two-
stage transplantation method. In the two-stage transplanta-
tion process, the multilayered chondrocytes formed a neo-
cartilage with neoperichondrium in the abdominal wall of a
patient over a 6-month period; this method has been suc-
cessfully clinically applied to ear reconstruction in microtia,
as we previously reported.4 We have already used elastic
chondrocyte transplantation to treat 110 patients with cra-
niofacial lesions safely for 10 years.

The purpose of our study was to demonstrate that when
using the multilayered culture system supplemented with
FGF that we have developed the chondrocytes form multi-
layers, differentiation is induced and they produce and se-
crete hyaluronic acid (HA) and then form a natural scaffold,
all in vitro. The HA binds with aggrecan, a cartilaginous
proteoglycan that is a principal component of the main ex-
tracellular matrix (ECM) of cartilage and forms a natural
scaffold in vitro. We thus measured HA in the medium to
which FGF was added. We also performed an electron mi-
croscopic analysis to morphologically observe that dediffer-
entiated chondrocytes redifferentiate in the multilayered
culture system.

We then demonstrated by immunohistochemical analysis
that when in the application of the two-stage transplantation
process for the clinical example of microtia, the multilayered
chondrocytes are transplanted into the abdominal subcuta-
neous region, and neocartilage and neoperichondrium of
elastic cartilage origin are regenerated 6 months after trans-
plantation. Further, to determine whether the regenerated
cartilage has the same viscoelasticity as normal auricular
cartilage, we measured and evaluated tan delta (d) as as-
sessed by the dynamic mechanical analysis (DMA).

From the results obtained in this study, it would be pos-
sible to use further these multilayered chondrocytes in the
treatment of a wide variety of craniofacial defect/deformity/
anomaly in a plastic reconstructive surgery.

Materials and Methods

This study was approved by the Ethics Committee of the
Osaka City General Medical Center.

Tissue sources

The human auricular cartilage tissue used in the culture
systems was obtained from the remnants of cartilage that
were discarded during reconstructive surgery for treatment
of microtia. The neocartilages that were examined in this
study were the excess portions of neocartilages that formed
in the abdominal wall and were then discarded during
framework preparation when microtia patients were treated
as previously reported.4

Multilayered culture system

Auricular cartilage remnants (*1 cm2) were treated in
0.3% collagenase II (Worthington Biochemical). Samples
were stirred for 4 h at 37�C and filtered through a cell
strainer with a 100-mm pore size (BD Bioscience), and then
cells were isolated. The obtained cells were seeded at a
density of 1 · 103 cells/cm2, primary cultured, and then
subcultured. At the third passage, cell counts became
*1000 times larger than the primary culture. Finally, the
cells obtained by the subculture were seeded on the
monolayer culture at a density of 2 · 104 cells/cm2. In
the multilayered culture system, cells were seeded three
times on top of the previously seeded cells, as previously
described.1–4 The cells were seeded repeatedly into the same
flask every 7 days at a density of 2 · 104 cells/cm2 for a total
of three times. With our multilayered culture, cells of a
density of 2 · 104 cells/cm2 are seeded or inoculated to a
total of 3 · 106 cells/25 mL into a 150-cm2 flask. Next, the
same number of cells is further seeded or inoculated 1 week
later into the same 150-cm2 flask in the same manner for
stratifying. One week is provided in between to allow the
cells to expand during this period, and a large amount of
chondrocytes is thereby obtained. Thirty 150-cm2 flasks of
the multilayered cultures are used per single transplanta-
tion in auricle reconstruction.

The schema of our multilayered culture system is shown
in (Fig. 1). The medium used was a blend of F-12 medium
and DME medium in an equal volume supplemented with
10% autoserum, FGF-2 (10 ng/mL, Fibrast�; Kaken Phar-
maceuticals), penicillin G, streptomycin sulfate, and am-
photericin B (2.5 mg/mL; Invitrogen). The optimal effective
concentration of FGF-2 was examined in advance with data
not shown. Based on the results, the FGF-2 was set to 10 ng/
mL in consideration that the minimum effective concentra-
tion should be used clinically. FGF-2 is clinically approved
and used as a wound-healing agent in Japan.

HA measurement assay

To determine whether the cultured chondrocytes extra-
cellularly secrete HA, which is an ECM component, the
amount of HA in the medium was measured by the latex
agglutination method.25 A latex was added to the medium,
and an absorbance at 800 nm was measured by an automatic
analyzer (Hitachi 7170S; Tokyo) to quantify the HA con-
centration.

Transplantation

As described in our previous clinical study,4 the multi-
layer, cultured chondrocytes were collected, drawn into a
syringe, and transplanted by injection into a subcutaneous
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pocket on the fascia of the lower abdominal wall. It was *4
weeks from the beginning of primary culture to transplan-
tation. Six months later, a solid, newly regenerated cartilage
block had formed subcutaneously. This neocartilage was
surgically harvested, sculptured into an ear framework, and
retransplanted into the microtia patient.

Histological and immunohistochemical analysis

Histological examinations were performed on the neo-
cartilage with a neoperichondrium block that was collected
6 months after transplantation, and was fixed with 10%
neutral buffered formalin and embedded in paraffin. After

deparaffinization, the specimens were stained with hema-
toxylin and eosin, toluidine blue, and ElasticaVan Gieson
(EVG) stain. The presence of type I and II collagen was
confirmed by immunohistochemistry. Human type II colla-
gen antibodies that are cartilage specific were from Chemi-
con International, and Human type I collagen that presents
perichondrium or are fibrous tissue specific were from
Southern Biotech. For Type I and II collagen staining, an
antibody dilution of 1:40 (40 mg of antibody in 100 mL) was
used. Slides were then washed and linked to streptavidin via
horseradish peroxidase (Vectastain ABC-PO) and visualized
with DAB (Vectastain). Incubation without the primary an-
tibody was used as a negative control.

FIG. 1. A schematic of the multilayered culture systems. (a) Biopsy: elastic cartilage was harvested from auricular remnants.
(b) Primary culture: the obtained chondrocytes were seeded and expanded in a flask. (c) Secondary culture: the chondrocytes
were seeded at 2 · 104 cells/cm2 in each flask. (d) Multilayer culture: cells were cultured three times on top of the previously
seeded cells, respectively. (e) Injection: the multilayered chondrocytes were aspirated using a syringe and then injected into
the patient’s body for transplantation. (f) When cultured by the multilayered system, the chondrocytes form a gel-like mass
that can be picked up easily in a sheet-like form from a Petri dish.
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Electron microscopic analysis

Scanning electron microscopy. On the 28th culture day,
the chondrocyte sheet was cut into small pieces. The speci-
mens were fixed in a 2% glutaraldehyde/HEPES buffer
(pH = 7.4) and postfixed with a 2% OsO4/HEPES buffer.
Samples were dehydrated in ethanol, cooled in liquid nitrogen,
and broken apart. These specimens were replaced in isoamyl
acetate, critical point dried, coated with a layer of sublimated
OsO4 using an osmium plasma coater, and examined by
scanning electron microscopy (SEM, JSM-6320F; JEOL).

Evaluation of tan delta (d) assessed by DMA

DMA has been utilized to characterize auricular elastic
cartilage, costal hyaline cartilage, and neocartilage viscoelas-
tic mechanical properties. This method is nondestructive, and
a specimen can be measured repeatedly at various frequen-
cies using a dynamic mechanical analyzer when the specimen
is subjected to very small nondestructive loads.26 After the
thickness and width at the center of each cartilage were
measured, the cartilage was placed in a DMA device (DMA
7e PerkinElmer), and then we determined viscoelastic me-
chanical properties (storage modulus: G¢ and loss modulus:
G¢¢) of the cartilage with three-point bending configuration.
The parameter of tan d is calculated as the ratio of G¢¢/G¢.

Statistical analysis

In statistics, a two-way analysis of variance (ANOVA) was
used to compare means of two or more groups for the ob-
jective study period. The t-test or one-way ANOVA was also
used to compare means of two or more groups at each
measurement day. The Scheffe’s method of multiple com-
parisons was used as an ad hoc analysis to evaluate the dif-
ferences in all combinations of arbitrary two groups at each
measurement day.

Results

Proliferation and redifferentiation capability of human
elastic chondrocytes in multilayered culture system

Chondrogenic cells were obtained from elastic cartilage
remnants. FGF-stimulated proliferation was consistently
seen with an increase of approximately threefold. Clearly,
the cell count significantly increased under the presence of
FGF2 ( p < 0.01), and it was thus demonstrated that FGF2 is
involved in the proliferation of elastic chondrocytes. Next,
FGF was added to a monolayer culture and a multilayer
culture. Under the presence of FGF2, the concentration of
HA, which is one component of an ECM glycosaminoglycan
of cartilage, clearly increased ( p < 0.01) in comparison to the
group to which FGF was not added. The HA concentration
level in the medium was higher in the multilayer culture
than in the monolayer culture.

The above results indicate that the addition of FGF and the
multilayered culture system induced the proliferation and
differentiation of elastic chondrocytes (Fig. 2).

In vitro multilayered chondrocytes regenerate the 3D
cartilage-like structure

Phase-contrast microscopy findings. We observed that
in the monolayer culture, the chondrocytes dedifferentiate

and change to flat fibroblastic cells, and the phenotype of the
chondrocytes is lost. However, in the multilayered culture
system, the cells overlap, connect mutually upon projecting
intercellular protrusions, redifferentiate into round chon-
drocytes, and transform in morphology to the chondrocyte-
like form (Fig. 3).

Scanning electron microscopic findings. We observed
that chondrocytes proliferated as a monolayer in the

FIG. 2. Proliferation and redifferentiation capability of
human elastic chondrocytes in multilayered culture sys-
tem. (a) Cell proliferation of the cells in response to fibro-
blast growth factor-2 (FGF2) after 28 days of culture. Data
are shown as the mean – standard deviation (SD; N = 4)
(when compared with no addition). There were significant
differences between two groups at 7, 14, 21, and 28 days.
That is, the cell number of cartilage of FGF ( + ) group was
significantly bigger than FGF ( - ) group at all measurement
days without the day 1. (b) Hyaluronic acid (HA) concen-
tration level of chondrocytes in response to FGF2 in
monolayer culture and multilayered culture system. Data
are shown as mean – SD (N = 4) (when compared with no
addition). There were significant differences among three
groups on or after day 3. At 21 days, there are significant
differences between the monolayer FGF ( - ) group and the
multilayer FGF ( + ) group, and between the monolayer
FGF ( + ) group and the multilayer FGF ( + ) group. There
was no significant difference between the monolayer
FGF ( - ) group and the monolayer FGF ( + ) group. At 28
days, there were significant differences in all combinations
of arbitrary two groups.
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conventional culture system. In our multilayered culture
system, clear stratification of the cultured chondrocyte sheets
was observed (Fig. 3). In the multilayered system, the
chondrocytes were connected to each other, produced ECM
components and web-like networks, and were surrounded
by matrix fibers and vesicles. The cytological details can be
seen in the highly detailed micrographs, which show chon-
drocytes tightly connected to each other (Fig. 4).

In vivo multilayered chondrocytes regenerate
neocartilage and neoperichondrium in two-stage
transplantation process

The cultured multilayered chondrocytes regenerated a
neocartilage with a neoperichondrium block in the subcuta-
neous pocket of a patient’s abdomen post-transplantation in
6 months. The neocartilage formed in the subcutaneous re-
gion of the lower abdomen neither adhered to surrounding
tissue nor dispersed to the surroundings and could be har-
vested readily as a single, large block. The section of the
harvested neocartilage exhibited the glossy white color
characteristic of cartilage tissue, and its periphery was
surrounded by a neoperichondrium (Fig. 5, Supplementary
Video S1 available online at www.liebertpub.com/tea).

Histological analysis of the neocartilage
with neoperichondrium

With toluidine blue staining, metachromasia was depicted,
and the presence of aggrecan (a cartilage-specific differentia-
tion marker) was confirmed. Immunohistochemistry revealed
that chondrocyte-derived neocartilage exhibited the human
type II collagen, which shows the formation of human carti-
lage. Immunohistochemistry also revealed that chondrocyte-
derived neoperichondrium exhibited the human type I colla-

gen, which shows the formation of human perichondrium.
EVG staining presented elastic fibers that are specific to elastic
cartilage, which showed that the neocartilage block was elastic
cartilage (Fig. 6). These findings together confirmed that the
neocartilage block was elastic cartilage originating from the
auricle cartilage, and that the cultured chondrocytes displayed
normal differentiation after injection-transplantation.

Mechanical evaluation of the neocartilage

Using a DMA device, we determined the viscoelastic me-
chanical properties (storage modulus: G¢ and loss modulus:
G¢¢) of the cartilage with three-point bending configuration.
As a result, it was found that neocartilage (0.2217 – 0.017) is
lower in viscoelasticity than costal cartilage (0.2557 – 0.0085),
has substantially the same viscoelasticity as native auricular
cartilage (0.2157 – 0.0245), and is elastic (Fig. 7).

Neocartilage is softer than normal costal cartilage, and
its viscoelasticity is equivalent to that of normal auricular
cartilage.

Clinical application

There have been 12 patient cases of ear reconstruction of
microtia using the cell-engineering techniques of cultured
auricular chondrocytes, and in all cases, the postgrafting
results are satisfactory and absorption of reconstructed
neocartilage is not seen. We described one example of a long-
term follow-up case in the present report.

The ear framework produced from this neocartilage block
was transplanted to the auricular defect area, and an auricle
with a smooth curvature and shape was subsequently con-
figured. In the 6 years of postoperative monitoring, the
neocartilage maintained a good shape without absorption
(Fig. 8).

FIG. 3. Phase-contrast
microscopic image and three-
dimensional scanning electron
microscopic analysis of cells. In
the conventional monolayer
culture, thin and flat fibroblast-
like cells adhere to the
membrane as a single layer (a,
c). In the multilayer culture, the
chondrocytes stratified into
several layers (b, d). (b) These
chondrocytes maintained
round phenotypes and connect
to each other tightly similar to
cartilagenous morphorogy. (d)
These chondrocytes were
thicker than the cells present in
the monolayer culture. The
black arrows show the focused
cross section of the cells. The
black triangles indicate whole
cells, and the white arrows
show the fibrillar components.
Scale bars indicate 50mm in (a,
b) and 10mm in (c, d).
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Discussion

In the human body, chondrocytes located within the matrix
and mature chondrocytes gradually lose their proliferation
capabilities with aging. However, when the matrix is removed
with enzyme treatment, chondrocytes in culture dedifferenti-
ate and regain their ability to proliferate.13–15 Various studies
have been conducted using culture methods; however, as
insufficient volumes of chondrocytes were obtained, their
applications in clinical studies have been limited. To over-
come this problem, the ex vivo culture of chondrocytes in
combination with artificial scaffolds polylactic acid (PLA),
polyglycolic acid (PGA), their copolymer (PLGA),27–29 algi-
nate beads, agarose gel,30,31 and with biomaterial scaffolds
(collagen, chitosan, fibrin, and HA32–38) has been investigated,
but these studies did not result in any clinical applications.

Why have clinical applications been unsuccessful? Thus,
instead of using artificial scaffolds, we performed cell engi-
neering so that the cells themselves form a natural scaffold;
that is, cell proliferation was promoted by addition of FGF2,
and the cells were thereafter cultured by the multilayered
culture system. In the results that we obtained, the group to
which FGF2 was added to the medium had a clearly higher
cell count than the control and also had a clearly higher level
of HA. HA binds with aggrecan, a major cartilage matrix
component. These results demonstrate that FGF2 causes
elastic chondrocytes to proliferate and increases the pro-
duction of HA, which is an ECM component of cartilage.

Also, it has been reported that although FGF-2 exhibits
effects of cell proliferation and cell expansion, it suppresses
cartilage phenotype expression.20 Thus, to maintain the
phenotype of the proliferated chondrocytes, we arranged the

FIG. 4. Higher
magnification images from
the three-dimensional
scanning electron
microscopic findings of
multilayered chondrocytes.
(a) The surface view of a
chondrocyte culture shows
chondrocytes (red triangles)
connected to each other,
creating web-like networks.
(b) A higher magnification
indicated a single
chondrocyte with several
processes extending out to
the surrounding area. (c) A
cross section of a chondrocyte
culture shows that the
chondrocytes (red triangles)
overlap, and fibrillar
components create a network
between the chondrocytes
and many matrix vesicles. (d)
A higher magnification of the
area indicated by the green
rectangle in (c); many matrix
vesicles (green triangles) and
microfibrillar components
(yellow arrows) are evident.
Scale bars indicate 50 mm in
(a), 10mm in (b, c), and 1 mm
in (d).
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cells three-dimensionally in multilayers. By in vitro prepara-
tion of a state that is as close as possible to cartilage tissue,
redifferentiation of the chondrocytes was induced; that is, it
was found that when the chondrocytes are arranged in mul-
tilayers, the chondrocytes themselves produce ECM, and the
chondrocytes connect to each other to form cartilage tissue,
although immature, while forming a natural scaffold in vitro.

These results indicate that in the multilayered culture
system supplemented with FGF2, the chondrocytes produce
HA and form an ECM, and the redifferentiation of chon-
drocytes is induced.

As a reflection of these results, the above-described evi-
dence was also obtained by a histological analysis. In vitro
phase-difference microscopy showed that chondrocytes
project protrusions and connect to each other and change
from fibroblastic cells to round, chondrocyte-like forms.

In an electron microscopic analysis, SEM showed the dif-
ferences in the 3D structure of cells cultured by various means.
Cells cultured in a conventional monolayer formed a single
layer, with no matrix components observed. Cells cultured in
the multilayer system proliferated over several layers, having
a rich intercellular matrix, forming networks, and producing
matrix fibers and vesicles. This showed that the multilayered
culture system induces cartilage tissue-like structures.

We succeeded in inducing multilayered chondrocytes be-
fore transplantation, in which the chondrocytes themselves
produced a matrix structure and generated cellular networks
between each other. The matrix networks developed into a
natural scaffold and produced immature cartilage-like tis-
sues in vitro.

In the in vivo histological analysis, aggrecan, a marker of
cartilage differentiation, was confirmed to be present in post-
transplantation tissue by toluidine blue staining, and the
expression of human type II collagen, which is characteristic
of cartilage matrix, was confirmed by immunostaining. By
EVG staining, the presence of elastic fibers, which is a
characteristic of auricular elastic cartilage, was confirmed. It
was thus demonstrated that the cultured chondrocytes re-
generated the origin-derived auricular cartilage after trans-
plantation. It was also demonstrated that with the cultured
chondrocytes, normal differentiation is induced and mature

FIG. 5. In vivo multilayered chondrocytes regenerate neo-
cartilage and neoperichondrium in a two-stage transplantation
process. (a) At 6 months after transplantation, a large neo-
cartilage with neoperichondrium was reconstructed in the pa-
tient’s lower abdomen. (b) In the section of the extracted
sample, the glossy neocartilage was white in color, and its pe-
riphery was surrounded by the neoperichondrium. For video
presentation, see Supplementary Video S1.

FIG. 6. Histological analysis of the neocartilage with neoperichondrium 6 months after transplantation. (a) Hematoxylin and
eosin and (b) toluidine blue staining shows that neocartilage produced a large amount of aggrecan. (c) Elastica Van Gieson
staining showed that neocartilage contained elastic fibers. Immunohistochemistry revealed that elastic chondrocytes regenerated
neocartilage-containing type II collagen (d) and neoperichondrium-containing type I collagen (e). (f, g) Normal human auricular
elastic cartilage-containing type I or type II collagen, positive control. Vessels were seen in both normal perichondrium and
neoperichondrium. Also, the type I collagen was seen rich in the neocartilage matrix than in the auricular cartilage matrix.
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cartilage tissue is formed after transplantation. Also, by im-
munostaining, human type I collagen, which is stained spe-
cifically in the perichondrium or fibrous tissue, was
expressed in the neoperichondrium in the same manner as in
the perichondrium of normal auricular cartilage. It was thus
proven that the chondrocytes themselves form perichondri-
um-like tissue after transplantation.

Further, as a result of performing a viscoelasticity test on
the neocartilage formed after transplantation, the neo-
cartilage was found to be softer than costal cartilage and to
exhibit substantially the same viscoelasticity as auricular
cartilage tissue. The mechanical characteristics of elastic
cartilage were thus reproduced.

In our unique method, multilayered chondrocytes were
cultured and expanded in a large volume in vitro and then
transplanted into a patient’s body in a two-stage transplan-
tation process. The transplanted chondrocytes regenerate the
ECM by themselves and develop into neocartilage with
neoperichondrium in vivo. This finding from our study is
crucial because of its likely clinical application. In future
studies, we plan to investigate the applicability of this cul-
ture method with other cell types.

FIG. 7. Dynamic viscoelasticity measurement of neo-
cartilage by applying three-point bending, 6 months after
transplantation. Y-axis shows tan v value. After transplan-
tation, neocartilage is softer than normal costal hyaline car-
tilage, and its viscoelasticity is equivalent to that of a normal
auricular elastic cartilage (N = 8).

FIG. 8. Clinical results of a long-term follow-up case of microtia in a 9-year-old girl (a, b). Preoperative view (c, d). The
regenerated neocartilage is elastic and can be bend into a curvilinear form (e). An ear framework, sculptured from the
neocartilage block (f). Six years and 6 months after transplantation to the lower abdomen, and 5 years after transplantation to
the temporal area. The photo shows the final appearance after transplanting the sculpted ear neocartilage; the patient’s course
has been favorable, with no absorption of the regenerated cartilage.
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We have successfully applied these cell-engineering tech-
niques of cultured auricular chondrocytes in 12 patients.
Therefore, we believe that this novel treatment method of-
fers tangible benefits and significant advantages over tradi-
tional methods, because it avoids repeated and severe
surgical burden on children and ensures successful ear re-
generation,4,39 one option of the microtia treatment. These
techniques can have other applications in the field of re-
constructive surgery as well as in the repair of other cra-
niofacial defects.
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