
ORIGINAL ARTICLE

Ear-Shaped Stable Auricular Cartilage Engineered
from Extensively Expanded Chondrocytes
in an Immunocompetent Experimental Animal Model
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Advancement of engineered ear in clinical practice is limited by several challenges. The complex, largely
unsupported, three-dimensional auricular neocartilage structure is difficult to maintain. Neocartilage formation
is challenging in an immunocompetent host due to active inflammatory and immunological responses. The large
number of autologous chondrogenic cells required for engineering an adult human-sized ear presents an ad-
ditional challenge because primary chondrocytes rapidly dedifferentiate during in vitro culture. The objective of
this study was to engineer a stable, human ear-shaped cartilage in an immunocompetent animal model using
expanded chondrocytes. The impact of basic fibroblast growth factor (bFGF) supplementation on achieving
clinically relevant expansion of primary sheep chondrocytes by in vitro culture was determined. Chondrocytes
expanded in standard medium were either combined with cryopreserved, primary passage 0 chondrocytes at the
time of scaffold seeding or used alone as control. Disk and human ear-shaped scaffolds were made from porous
collagen; ear scaffolds had an embedded, supporting titanium wire framework. Autologous chondrocyte-seeded
scaffolds were implanted subcutaneously in sheep after 2 weeks of in vitro incubation. The quality of the
resulting neocartilage and its stability and retention of the original ear size and shape were evaluated at 6, 12,
and 20 weeks postimplantation. Neocartilage produced from chondrocytes that were expanded in the presence
of bFGF was superior, and its quality improved with increased implantation time. In addition to characteristic
morphological cartilage features, its glycosaminoglycan content was high and marked elastin fiber formation
was present. The overall shape of engineered ears was preserved at 20 weeks postimplantation, and the
dimensional changes did not exceed 10%. The wire frame within the engineered ear was able to withstand
mechanical forces during wound healing and neocartilage maturation and prevented shrinkage and distortion.
This is the first demonstration of a stable, ear-shaped elastic cartilage engineered from auricular chondrocytes
that underwent clinical-scale expansion in an immunocompetent animal over an extended period of time.

Introduction

Engineered auricle is a promising alternative to cur-
rent ear reconstructive options. However, several chal-

lenges limit the further advancement of engineered ear in
clinical practice.1–4 The greatest challenge is to maintain the
complex, largely unsupported, three-dimensional (3D) au-
ricular neocartilage structure. After implantation, engineered
auricular cartilage is subjected to strong mechanical forces
during maturation and wound healing, which can result in

shrinkage and distortion. To overcome these forces, internal
supportive scaffolds made of various materials and additional
external molds or stenting have been used with varying de-
grees of success.5–13

We proposed a composite ear-shaped scaffold composed
of porous collagen, which supports chondrocyte attachment
and matrix deposition, and an embedded titanium wire,
which prevents shrinkage and distortion.14,15 The size and
shape of engineered ears were maintained for up to 12
weeks in immunocompromised rodents. Moreover, the
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flexibility of engineered ears was preserved and the titanium
framework had no negative effect on the quality of en-
gineered cartilage. Here, we describe the performance of our
composite ear-shaped scaffold in immunocompetent ani-
mals in longer-term studies.

The second challenge for advancing, engineered ear tech-
nology is to reproducibly generate high-quality elastic cartilage
in immunocompetent animals. Active inflammatory and im-
munological responses in the subcutaneous environment of an
immunocompetent host negatively affect chondrogenesis.16,17

Few publications describe the autologous auricular cartilage
generation in immunocompetent animals; the reported neo-
cartilage quality has been inconsistent, and its long-term sta-
bility has not been demonstrated. Improvement of neocartilage
properties and alleviation of inflammation after implantation
have been achieved after in vitro preimplantation culture.18–20

Following this approach, we successfully engineered autolo-
gous elastic cartilage in a disk shape, with demonstrated sta-
bility up to 12 weeks in sheep.21 In this study, engineered
human ear-shaped, elastic cartilage was followed for up to 20
weeks in sheep.

Another limitation hindering the advancement of en-
gineered ear is the lack of sufficient number of autologous
chondrogenic cells. Autologous chondrocytes remain the
most reliable and the only practical source for clinical ap-
plications of engineered cartilage while stem cells sources
are being explored. A 300- to 500-fold increase in chon-
drocyte numbers is needed because of low cell yield from a
limited size cartilage biopsy, low cellularity of cartilage
tissue, and the large number of cells required to engineer
replacement cartilanginous tissues. Dedifferentiation during
chondrocyte expansion results in an irreversible loss of
chondrogenic properties. Preservation of cartilage-forming
ability of chondrocytes during expansion has been addressed
in laboratory experiments22; scale-up and regulatory chal-
lenges must be considered for translation of experimental
findings into healthcare practice.

Several types of procedures have been explored to pro-
duce large numbers of autologous chondrogenic cells using
clinically appropriate methods. One promising approach
involves the addition of either freshly isolated or cryopre-
served primary passage 0 (P0) chondrocytes to expanded
dedifferentiated chondrocytes. In vitro experiments pub-
lished to date demonstrate potential but used only articular

chondrocytes.23–27 In another approach, chondrocyte dedif-
ferentiation during in vitro expansion was prevented by
supplementing culture medium with basic fibroblast growth
factor (bFGF).28,29 We successfully used these protocols to
generate engineered elastic cartilage in immunocompro-
mised mice using auricular chondrocytes that underwent
clinically relevant expansion.30

Multiple efforts to engineer ear-shaped cartilage have been
extensively reviewed by our group and others.1,2 To date, only
a few reports described attempts to engineer autologous au-
ricular cartilage in the shape of a human ear from extensively
expanded chondrocytes in immunocompetent animals with
varying results.8,10,31 To the best of our knowledge, stable
contiguous auricular neocartilage has not been demonstrated
with preserved size and shape of a human ear and engineered
from extensively, expanded autologous chondrocytes.

Toward our ultimate goal of developing a living replace-
ment ear for human auricular reconstruction, the objective of
this exploratory study was to engineer stable human ear-shaped
cartilage in an immunocompetent animal model using exten-
sively expanded chondrocytes. Sheep auricular chondrocytes
were proliferated in vitro to achieve clinically relevant expan-
sion. Two approaches were evaluated to preserve chondrogenic
ability, and one approach was selected to engineer ear-shaped
cartilage. Human ear-shaped scaffolds for engineered auricles
were made from porous collagen with an embedded titanium
wire framework. Autologous chondrocyte-seeded scaffolds
were implanted subcutaneously in sheep after 2 weeks in vitro
incubation. The quality of the resulting neocartilage, its stabil-
ity, and retention of the original ear size and shape were eval-
uated 6, 12, and 20 weeks postimplantation.

Materials and Methods

Experimental design

The study was conducted in two stages to engineer stable
ear-shaped elastic cartilage in an immunocompetent animal
model using extensively expanded chondrocytes (Table 1).
First, two approaches were evaluated to obtain extensively
expanded chondrocytes with preserved cartilage-forming
ability. Based on the results of the first experiment, one of the
approaches was selected to engineer ear-shaped cartilage. All
procedures were approved by the Institutional Animal Care
and Use Committee of the Massachusetts General Hospital

Table 1. Experimental Design

6 Weeks 12 Weeks 20 Weeks

Experiment 1: Engineer cartilage from expanded chondrocytes
Sheep,

n = 2
P2+P0 Disk, n = 6 Disk, n = 6
P1 Disk, n = 4 Disk, n = 4
P2 Disk, n = 4 Disk, n = 4

Sheep,
n = 2

P2+bFGF Disk, n = 6 Disk, n = 6
P1 Disk, n = 4 Disk, n = 4
P2 Disk, n = 4 Disk, n = 4

Experiment 2: Evaluate stability of cartilage and retention of ear shape
Sheep,

n = 2
P1 Disk, n = 6 Disk, n = 6 Disk, n = 6

Ear, n = 2
Sheep,

n = 2
P2+bFGF Disk, n = 6 Disk, n = 6 Disk, n = 6

Ear, n = 2

bFGF, basic fibroblast growth factor; P0, passage 0; P1, passage 1; P2, passage 2.
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and performed according to the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals.

Experiment 1: Obtain sufficient number of extensively
expanded chondrocytes with preserved
cartilage-forming ability: impact of P0 chondrocytes
versus exogenous bFGF

Auricular chondrocytes from two sheep were expanded in
monolayer culture to passage 2 (P2) and mixed with cryo-
preserved P0 chondrocytes of the same origin (P2+P0) at an
80:20 ratio23 before seeding onto the disk-shaped scaffolds
(n = 6 per sheep, three per time point). In an alternative
approach, chondrocytes harvested from another two sheep
were expanded to P2 with 5 ng/mL bFGF (R&D Systems,
Minneapolis, MN) medium supplementation (P2+bFGF).
These bFGF-expanded chondrocytes were seeded onto the
disk-shaped scaffolds (n = 6, three per time point); the
constructs were cultured in vitro in dynamic conditions for 2
weeks in medium without bFGF. Disk-shaped scaffolds
seeded with moderately expanded P1 chondrocytes (n = 4
per sheep) and dedifferentiated P2 chondrocytes (n = 4 per
sheep) served as controls in all animals. Implants were re-
trieved in a survival surgery at 6 weeks and after animal
sacrifice at 12 weeks.

Experiment 2: Evaluate stability of cartilage
engineered from extensively expanded chondrocytes
and retention of the original ear size and shape

Chondrocytes harvested from two sheep were expanded to
P2 in monolayer in the culture medium supplemented with
5 ng/mL of bFGF (P2+bFGF), as described above, and
chondrocytes were seeded on ear-shaped scaffolds (n = 1 per
animal) and disks (n = 9 per animal, three per time point). In
two control sheep, chondrocytes expanded to P1 in standard
culture medium were seeded on ear-shaped scaffolds (n = 1
per animal) and disks (n = 9 per animal, three per time point).

Disk implants were retrieved during survival surgeries at 6
and 12 weeks to validate cartilage formation at intermediate
time points, and the final disks were retrieved along with the
ear-shaped constructs after animal sacrifice at 20 weeks.

Chondrocyte isolation and culture

Chondrocytes were isolated from sterilely harvested
sheep auricular cartilage (n = 8, Polypay, female, 11.5 – 0.8
months old) as previously described.14,21 Briefly, finely
minced cartilage was digested with 0.1% collagenase type II
(Worthington Biochemical Corp., Lakewood, NJ) at 37�C
for 16 h. Freshly isolated chondrocytes were plated at 3 · 103

cells/cm2 into vented cell culture flasks (BD Falcon, Franklin
Lakes, NJ) in Ham’s F12 medium (Invitrogen Co., Carlsbad,
CA) supplemented with 10% fetal bovine serum (FBS;
Sigma-Aldrich Co., St. Louis, MO), 100 U/mL of penicillin,
100mg/mL of streptomycin, 292mg/mL of l-glutamine, and
0.1 mM nonessential amino acids (all from Invitrogen Co.).

Upon reaching confluency the chondrocytes were further
passaged. The chondrocytes were detached with 0.05%
trypsin-ethylenediaminetetraacetic acid (EDTA; Mediatech,
Inc., Manassas, VA) and replated at the same density into
vented cell culture flasks (BD Falcon). At each passage, a
cell aliquot was frozen for RNA extraction. Population
doublings (PD) were calculated using the equation PD =
log10(N/N0) · 3.33, where N is the number of harvested and
N0 the number of plated cells. Excess P0 chondrocytes were
cryopreserved using standard techniques.

Scaffold preparation and cell seeding

Two scaffold geometries were utilized in the study: disk
and ear-shaped scaffolds. Porous bovine dermis-derived
type I collagen sheets, 2 mm thick, were provided by DSM
Biomedical Corp. (Exton, PA). Ten-millimeter-diameter
disks were made using dermal biopsy punches (Acuderm,
Inc., Ft. Lauderdale, FL).

FIG. 1. Composite ear-
shaped scaffold fabrication.
Digital image of an adult
human ear was modified
(A) and a three-dimensional
plastic ear model printed
(B). A two-piece clamshell
mold (C) was manufactured
using this model. Titanium
wire framework (D) was
inserted into the mold, and
the collagen slurry was cast,
embedding the framework
(E). The resulting compos-
ite collagen scaffold with
embedded wire framework
(F). Color images available
online at www.liebertpub
.com/tea
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Composite ear-shaped scaffolds were designed and fab-
ricated as previously described (Fig. 1).15 A digital image of
an adult human outer ear (SolidWorks software; SolidWorks
Corp., Waltham, MA) was modified based on input from a
facial plastic surgeon, and a 3D plastic ear model was
printed (Realize, Inc., Noblesville, IN). A two-piece clam-
shell mold was manufactured from poly(dimethylsiloxane)
(PDMS; Dow Corning Corp., Midland, MI) using this 3D
ear model. Titanium wire frameworks, manually produced
to replicate the shape of the prominent ear contours, con-
sisted of an inner core surrounded by an outer coil. To create
ear-shaped scaffolds, these wire frameworks were embed-
ded in fibrillar collagen slurry (bovine dermis type I colla-
gen; DSM Biomedical Corp.) within the PDMS molds and
subjected to lyophilization. Before cell seeding, all scaffolds
were sterilized with cold ethylene oxide gas.

Chondrocytes were suspended in the culture medium at
50 · 106 cells/mL; 100 · 106 cells were seeded on each ear-
shaped scaffold and 12 · 106 cells on a disk-shaped scaffold.
Half of the cell suspension was pipetted onto the each side of a
scaffold in a 20-min interval; the scaffold was then flipped
every 20 min for 3 h to facilitate a more uniform distribution
of cells. Ear-shaped constructs were cultured in wide mouth,
500-mL polypropylene jars with screw-top lids (Fisher Sci-
entific, Waltham, MA). For gas exchange, 4-mm-diameter
holes were drilled into the lid and the bottom of the containers
and covered with a silicone film, which was glued to the cap
and bottom of the container as previously described.15

Disk-shaped constructs were cultured in ultralow attach-
ment six-well plates (Dow Corning Corp.). Ear and disk-
shaped construct culture was performed on a Talboys orbital
shaker (Henry Troemner LLC, Thorofare, NJ) at 40 rpm for 2
weeks in standard incubator conditions. The culture medium
supplemented with 50mg/mL of ascorbic acid (Wako Pure
Chemical Industries Ltd., Osaka, Japan) was changed twice a
week. Five to seven days before implantation, FBS in the
culture medium was replaced with autologous sheep serum.
To obtain autologous serum, 100 mL of blood was drawn
during ear cartilage harvest and allowed to clot at 37�C for
30–60 min; serum was decanted into a new centrifuge tube
and centrifuged at 1800 g for 10 min. The supernatant con-
taining the serum was collected and stored at -20�C until use.

Construct implantation

Autologous constructs were implanted subcutaneously
in the dorsolateral aspect of the sheep neck. The animal
was sedated with an intramuscular injection of 4.4 mg/kg of
telazol and, after induction of endotracheal intubation, was
maintained on 1–2% isoflurane in oxygen for the surgery
duration. A preoperative dose of 0.3 mg/kg buprenorphine
was administered intramuscularly for intraoperative anal-
gesia. Incisions (10 cm) were made starting at the condyle
of the mandible and extending caudally on both sides of
the neck. Individual subcutaneous pockets were created
through blunt dissection and one construct (disk or ear-
shaped) was implanted into each pocket. Titanium rings
(12 mm diameter) with surrounding disk constructs were
implanted to facilitate identification at explant. The incisions
were closed with absorbable sutures. Postoperative analgesia
was achieved with 1 mg/kg of flunixin meglumine for 72 h
postoperatively.

Gross evaluation

Surrounding connective tissue was carefully dissected
from all retrieved implants. Digital images were obtained of
ear-shaped constructs and length and width measured by
three researchers individually using Adobe Photoshop tools.

Histological and immunochemical analyses

Full-thickness, 7-mm-diameter biopsies were punched at
four locations in engineered ears; each biopsy and each disk-
shaped implant were bisected. One-half of each sample was
fixed in 10% buffered formalin for histology, and the other half
was snap frozen and stored at -80�C. Paraffin sections were cut
at 8mm and stained with hematoxylin and eosin (H&E), saf-
ranin O, toluidine blue, and elastin (Verhoeff’s Elastin Staining
Kit; American MasterTech Scientific, Lodi, CA) using stan-
dard protocols. Collagen was detected with mouse anti-human
collagen type II antibody (1:100, clone 6B3; EMD Millipore,
Temecula, CA) and mouse anti-human collagen type I anti-
body (1:100, clone I-8H5; EMD Millipore) after pretreatment
with 1 mg/mL of pepsin as described before.21

Biochemical assays

For the DNA content, frozen samples were weighed, and
DNA extracted and purified with the DNeasy Kit (Qiagen,
Inc., Valencia, CA). Total DNA content was determined using
the PicoGreen dsDNA assay (Invitrogen Co.). For glycos-
aminoglycan (GAG) determination, samples were lyophilized
for 24 h and digested overnight at 60�C in 125mg/mL of type
III papain (Sigma-Aldrich Co.) in phosphate buffer with
EDTA, pH 6.5. GAG content was determined using the
Blyscan Glycosaminoglycan Assay Kit (Biocolor Ltd., Car-
rickfergus, United Kingdom). Elastin content was determined
using the Fastin Elastin Assay Kit (Biocolor Ltd.) after ly-
ophilized samples were digested in 0.25 M oxalic acid at 95�C.

Gene expression analysis

Total RNA was extracted with the RNeasy Mini Kit
(Qiagen Sciences, Gaithersburg, MD) and the concentration
determined by absorbance. First-strand complementary
DNA (cDNA) was synthesized using SuperScript III (Life
Technologies, Carlsbad, CA). Relative COL1A1, COL2A1,
COL3A1, and versican (VCAN) gene expression profiles
were determined using end point polymerase chain reaction
(PCR). Primer pairs were designed to span introns.

Each 25mL of reaction contained template cDNA derived
from 10 ng of input RNA and 0.5 units of Taq DNA polymerase
in 1· ThermoPol Buffer (New England Biolabs, Ipswich, MA).
Annealing temperatures are listed in Table 2. Ten microliters of
each reaction product was then electrophoresed on a 2% agarose
gel. Specificity of the product was confirmed by fragment length
of the observed band. Relative expression levels were deter-
mined in ImageJ and normalized using GAPDH for each cDNA
sample. For graphing, the mean expression level of COL2A1 in
P0 chondrocytes was assigned a value of 1.

Statistical analysis

Values are expressed as mean – standard deviation. Sta-
tistical analysis was performed using Student’s t-test; p < 0.05
was considered significant.
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Results

To engineer stable ear-shaped elastic cartilage in an im-
munocompetent animal model, two approaches were eval-
uated to obtain extensively expanded chondrocytes with
preserved cartilage-forming ability. The most promising
approach was used to engineer ear-shaped cartilage.

Extensively expanded auricular chondrocytes
produced neocartilage in vivo: impact of P0
chondrocytes versus exogenous bFGF

Both approaches to produce neocartilage from extensively
expanded chondrocytes were successful in disk-shaped car-
tilaginous constructs (Fig. 2A). After 12 weeks implantation

Table 2. Oligonucleotide Primers Used for RT-PCR, Including Annealing Temperatures

and Size of the Amplified Products

Gene Primer
Annealing

temperature (�C)
Product
size (bp)

Sheep COL1A1 Forward: AGG GAC CCA AAG GAG ACA CT 55 198
Reverse: GCA CGG AAA TTC CTG TTG AT

Sheep COL2A1 Forward: CGT CAC CTA CCA CTG CAA GA 58 219
Reverse: GGG AGA CGT GAG GTC TTC TG

Sheep COL3A1 Forward: CTT TTC GCT CTG CTT CAT CC 55 216
Reverse: TTC TCC AAA CGG GAT TTC AG

Sheep VCAN Forward: CCTGTTGTAGAAAATGCCAAGACC 58 344
Reverse: GTTAGGACTTTGGCTGAAATGATGA

GAPDH Forward: CTC ACT GGC ATG GCC TTC CG 55 293
Reverse: ACC ACC CTG TTG CTG TAG CC

COL1A1, collagen type I; COL2A1, collagen type II; COL3A1, collagen type III; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
RT-PCR, reverse transcription polymerase chain reaction; VCAN, versican.

FIG. 2. Histological and
biochemical evaluation of
neocartilage engineered
from extensively (passage 2
[P2]) and moderately (P1
[passage 1]) expanded
chondrocytes in fibrous col-
lagen disks after 12 weeks
implantation in sheep com-
pared to native sheep auric-
ular cartilage. High-quality
neocartilage was engineered
from P2+passage 0 (P0) and
from P2+basic fibroblast
growth factor (bFGF) chon-
drocytes (A). This cartilage
was comparable to neo-
cartilage engineered from P1
chondrocytes. Control P2
chondrocytes formed poor
quality cartilage. Glycosa-
minoglycan (GAG) content
and GAG/DNA ratio (B, C)
and elastin content (D)
confirmed histological find-
ings (n = 4 for each group).
Residual scaffold fibers
stained red on hematoxylin
and eosin (H&E)-stained
sections. Scale bar: 200mm
except 100 mm for elastin.
Color images available
online at www.liebertpub
.com/tea
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in autologous sheep, high-quality neocartilage formed from
P2+P0 chondrocytes except for elastin expression. Histolo-
gically, this neocartilage looked similar to that produced from
moderately expanded P1 chondrocytes. Cells were located in
lacunae structures and were surrounded by cartilaginous ma-
trix. The matrix stained intensely for GAG, based on toluidine
blue and safranin O staining as well as for type II collagen.
Type I collagen was expressed in the capsule surrounding
engineered cartilage. Elastin fibers were sparse and stained
faintly.

Neocartilage produced from P2+bFGF chondrocytes
demonstrated marked elastin fiber formation in addition to
characteristic morphological cartilage features. The inten-
sity of the elastin staining was similar to that in the native
sheep auricular cartilage. Control samples produced from P2
chondrocytes expanded in standard medium were markedly
smaller; histologically, neocartilage was sparse, noncontig-
uous, and staining intensity was low.

Quantitative extracellular matrix analysis (Fig. 2B–D) con-
firmed histological findings. The highest GAG content was
produced from P2+bFGF chondrocytes (74.5% – 14.1% of na-
tive) followed by P2+P0 and P1 groups. GAG content in the P2
group was significantly lower than in other groups ( p < 0.01).
Similar results were obtained for the GAG/DNA ratio; it was
the highest in the P2+bFGF group at 88.9% – 15.9% of na-
tive. The lowest GAG/DNA ratio was in the P2 group, relative
to other groups ( p < 0.01). P2+bFGF chondrocytes produced
cartilage with the highest elastin content (120.7 – 40.9mg/mg
dry weight). Elastin content in the P2 group was significantly
lower than in other groups ( p < 0.05). In native sheep auric-
ular cartilage, GAG content measured 124.4 – 27.6mg/mg
dry weight, DNA content measured 124.4 – 41.7 ng/mg wet
weight, and GAG/DNA ratio was 1.1 – 0.3. Elastin content
was 201.4 – 43.3mg/mg dry weight.

bFGF supplementation during chondrocyte expansion
in monolayer culture had an impact on cell morphology,
proliferation rate, and collagen gene expression

Morphology. Chondrocytes became smaller and more
elongated within the first several days after culture medium
was supplemented with bFGF (Fig. 3A). During the same pe-
riod, chondrocytes cultured in standard medium preserved
their size and rounded shape. By P2, chondrocytes cultured
with bFGF supplementation regained a more rounded shape
but remained small. Chondrocytes cultured in standard me-
dium became larger and acquired a fibroblast-like morphology.

Expansion. Compared to standard conditions, bFGF
supplementation significantly reduced population doubling
times ( p < 0.02) and resulted in significantly greater cumu-
lative cell expansion fold ( p < 0.02) regardless of passage
number (Fig. 3B, C). Only chondrocytes expanded with
bFGF supplementation, not in standard medium, achieved the
target, clinically relevant, cumulative expansion exceeding
500-fold at P2.

Gene expression. End point PCR demonstrated that P0
chondrocytes expressed the three collagen type genes
COL2A1, COL1A1, and COL3A1, and VCAN (Fig. 3D, E).
COL2A1 was downregulated past the threshold of detection,
and COL1A1, COL3A1, and VCAN were upregulated in
low (P1) and higher (P2) passage chondrocytes expanded
in standard conditions confirming their dedifferentiation.
Supplementation with bFGF resulted in COL1A1, COL3A1,
and VCAN downregulation for both P1 and P2 chondrocytes
compared to cells expanded in standard conditions; how-
ever, COL2A1 expression remained below the detection
limit.

FIG. 3. Effect of bFGF
culture medium supplemen-
tation on sheep auricular
chondrocytes. Chondrocyte
morphology changed (A),
doubling times were signifi-
cantly reduced (B), and ex-
pansion fold significantly
increased (C) in the presence
of bFGF compared to stan-
dard conditions (n = 4 for each
group). Detectable levels of
COL2A1, COL1A1, COL3A1,
and versican (VCAN) were
present in P0 chondrocytes
(D). COL1A1, COL3A1, and
VCAN were upregulated in
expanded chondrocytes.
bFGF supplementation re-
sulted in COL1A1, COL3A1,
and VCAN downregulation
but COL2A1 was not rescued
(E). Scale bar: 100mm. Color
images available online at
www.liebertpub.com/tea
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Elastic neocartilage produced from chondrocytes
extensively expanded in the presence of bFGF was
stable in long-term in vivo studies

Neocartilage was stable as demonstrated by histological
cross sections of disk-shaped constructs explanted at 6, 12,
and 20 weeks and stained with safranin O for GAG (Fig. 4A).
Neocartilage was markedly thinner than the scaffold at 6
weeks. However, the neocartilage to scaffold thickness ratio
remained unchanged with increased implantation time, both in
constructs made with extensively expanded P2+bFGF and
with control moderately expanded P1 chondrocytes (Fig. 4B).

All constructs stained intensely with safranin O indicating
high GAG content. This was confirmed by GAG quantifi-
cation and GAG/DNA calculation (Fig. 4C, D); the GAG

content remained unchanged during the observation period
( p > 0.1) in both P2+bFGF and control P1 groups. However,
GAG content was higher in P2+bFGF constructs than in
control P1 constructs at all time points ( p < 0.01) and ap-
proximated that of native sheep auricular cartilage. GAG/
DNA ratio was also higher in the P2+bFGF group, at all
time points and remained constant.

Elastin expression was more prominent in P2+bFGF
constructs at all time points. First elastin expression was
seen in P2+bFGF constructs at 6 weeks; in P1 constructs, it
was delayed to 20 weeks (Fig. 5A). Elastin stained more
intensely and more expansively with time. At 20 weeks
implantation, elastin content reached 78.1% – 19.5% of na-
tive sheep cartilage in constructs engineered from P2+bFGF
chondrocytes (Fig. 5B). Elastin content was significantly

FIG. 4. Stability of neocartilage en-
gineered from extensively expanded
P2+bFGF and moderately expanded P1
chondrocytes. High-quality neocartilage
formed from both P2+bFGF and P1
chondrocytes at all time points. * scaf-
fold, ** neocartilage (A). Neocartilage to
scaffold ratio remained unchanged
throughout the experiment (B). GAG (C)
and GAG/DNA ratio (D) remained stable
in neocartilage engineered from
P2+bFGF chondrocytes (n = 4 for each
group). Safranin O stain, scale bar:
500mm. Color images available online at
www.liebertpub.com/tea

FIG. 5. Elastin expression in neocartilage
engineered from extensively expanded
P2+bFGF and moderately expanded P1
chondrocytes. Elastin staining was most pro-
minent in P2+bFGF constructs at all time
points; first elastin expression was seen in
P2+bFGF constructs at 6 weeks and in P1
constructs it was delayed to 20 weeks (A).
Elastin content approximated that of native
cartilage in P2+bFGF constructs and was
significantly lower in P1 constructs at 20
weeks postimplantation (n = 4 for each group)
(B). Verhoeff’s elastin stain, scale bar:
100mm. Color images available online
at www.liebertpub.com/tea
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less ( p < 0.01) in P1 constructs. In native sheep auricular
cartilage, elastin content was 201.4 – 43.2 mg/mg dry weight.

Ear-shaped constructs had minimal shrinkage
and distortion after 20 weeks in vivo

The overall ear shape was maintained in all constructs
after 20 weeks implantation in sheep (Fig. 6A). Slight
swelling was observed during 2 weeks in vitro culture, re-
gardless of the chondrocyte source. Some shrinkage oc-
curred after 20 weeks implantation compared to the dry

scaffold. The length and width of the ear construct were
measured as shown in Figure 6B; the decrease in dimensions
varied between constructs but did not exceed 10% at the 20-
week time point (Fig. 6C).

High-quality elastic neocartilage was uniformly distributed
throughout the ear scaffold after 20 weeks in vivo

The neocartilage quality within ear constructs was eval-
uated in four full-thickness biopsies obtained throughout the
construct (Fig. 7A). All sections stained intensely with

FIG. 6. Gross images of representative ear-
shaped constructs and size comparison. Same
ear scaffolds were imaged before chondrocyte
seeding, after 2 weeks in vitro culture, and
after 20 weeks in vivo (A). Length and width
were measured (B). Decrease in dimensions
did not exceed 10% at the 20-week time
point (C). Color images available online at
www.liebertpub.com/tea

FIG. 7. Neocartilage quality in ear-shaped
constructs after 20 weeks implantation.
Neocartilage in all four biopsies taken
throughout ear scaffold stained intensely with
safranin O (A). Neocartilage from P2+bFGF
and from P1 chondrocytes was of high quality
as confirmed by cartilage-specific stains (B).
The elastin was more prominent in P2+bFGF
neocartilage. Scale bars: 500mm (A) and
100 mm (B). Color images available online at
www.liebertpub.com/tea
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safranin O indicating high GAG content. High-power im-
ages demonstrate neocartilage morphology similar to native
cartilage and intensive additional toluidine, collagen type II,
and elastin cartilage-specific stainings (Fig. 7B). More
elastin was detected in P2+bFGF constructs.

Discussion

In our earlier work, we systematically addressed several
major challenges that have prevented the further advance-
ment of engineered auricle in clinical practice.14,15,21,30 This
manuscript describes our exploratory study to engineer
stable human ear-shaped elastic cartilage in an immuno-
competent animal model using chondrocytes that underwent
clinically relevant expansion.

To obtain a sufficient population of chondrocytes with
preserved cartilage-forming ability, sheep auricular chondro-
cytes were expanded with and without bFGF supplementation.
Cells were plated at low density for two-dimensional (2D)
culture to decrease auricular chondrocyte dedifferentiation
and achieve greater cell numbers in shorter time.32 As ex-
pected, significantly higher expansion was achieved with
bFGF supplementation.28,32 To reverse dedifferentiation of
cells cultured without bFGF, we combined them with cryo-
preserved P0 chondrocytes at the time of scaffold seeding.
Similarly to our previously reported studies in immunode-
ficient nude mice,30 better quality cartilage was engineered
from P2+bFGF than from P2+P0 chondrocytes in sheep,
based on histological findings and biochemical analysis.

The mechanism of expanded chondrocyte redifferentiation
in the presence of P0 chondrocytes is poorly understood. The
factors secreted by P0 chondrocytes that are responsible for
chondrocyte phenotype recovery have not been identified.
The ability of P0 chondrocytes to induce redifferentiation
depends on donor age; P0 chondrocytes from older donors
failed to induce redifferentiation.25 Most importantly, re-
differentiation has not been demonstrated when human P0
chondrocytes were used.25,26,30 Therefore, the applicability
of this approach for future clinical use remains questionable,
warranting further investigation.

In contrast, bFGF has been successfully used to expand
human autologous chondrocytes in several clinical appli-
cations outside the United States.33,34 The effect of bFGF on
maintaining chondrocyte differentiation during standard 2D
culture remains poorly understood despite significant re-
search efforts.28,35,36 Chondrocyte morphological changes
during expansion may be due to cytoskeleton reorganization
in the presence of bFGF.28 Our gene expression analysis
demonstrated that the dedifferentiation genes COL1, COL3,
and VCAN were downregulated in auricular P2+bFGF
chondrocytes compared to chondrocytes expanded in regular
conditions. Other groups reported significant suppression of
type II and III collagen gene expression in human auricular
chondrocytes expanded with bFGF supplementation.37

In our experiment, the COL2 expression was not rescued
by bFGF supplementation in auricular chondrocytes. How-
ever, the loss of COL2A1 expression is reversible at this
time as chondrocytes are able to redifferentiate after being
placed on a 3D scaffold and into an in vivo environment.
Collagen type II was abundant in engineered cartilage after
in vivo incubation demonstrating that cartilage-forming
phenotype of auricular P2+bFGF chondrocytes was readily

induced when chondrocytes were seeded on a 3D scaffold
and implanted. This phenotypic rescue did not occur with P2
chondrocytes that had been cultured in standard conditions
without bFGF supplementation.

Supplementation with bFGF has been reported to cause
significant elastin gene downregulation in expanded chon-
drocytes.37 However, in our studies, we detected more robust
elastin fibers in neocartilage engineered from bFGF-expanded
chondrocytes than from control P1 chondrocytes after in vivo
incubation. Strong collagen type II expression and elastin
fiber formation confirms the overall high quality of cartilage
engineered from extensively expanded chondrocytes. Elastin
has been demonstrated in neocartilage engineered from
freshly isolated P0 auricular chondrocytes in swine and ca-
nine models.6,38–40 To date, we know of no studies describing
elastin formation in neocartilage engineered from extensively
expanded chondrocytes in immunocompetent animals.

Neocartilage engineered from expanded P2+bFGF chon-
drocytes was stable and not subjected to resorption during
6–20 weeks observation as neocartilage to scaffold thick-
ness ratio remained unchanged. Some resorption occurred
before the 6-week time point, possibly due to inflammatory
reaction. Complete resorption of auricular cartilage en-
gineered from expanded autologous chondrocytes was ac-
companied by severe inflammation in other large animal
models.8,41 Local environment, scaffold materials and their
degradation products, and unprotected antigen-presenting
chondrocyte surface have been implicated in the generation
of inflammatory and immune responses, which negatively
affect chondrogenesis and contribute to autologous neo-
cartilage resorption.16,17,41–45

The overall shape of engineered ears was well preserved
with minimal dimensional changes that were similar to those
reported in our prior rodent studies.14,15 The wire frame
within the engineered ear was able to withstand mechanical
forces during wound healing and neocartilage maturation
and prevented shrinkage and distortion.

Several limitations exist in our study. Chondrocyte ex-
pansion was performed in FBS-containing medium; autolo-
gous serum was used in the final stages of in vitro culture to
minimize the inflammatory response to the implants. Defined
serum-free culture medium or medium supplemented exclu-
sively with autologous serum will need to be tested to confirm
our findings. The quality of neocartilage in the engineered
ears was assessed from punch biopsies. Because of technical
challenges due to the titanium wire frame, we were unable to
obtain full-size cross sections to demonstrate the contiguous
nature of neocartilage throughout the engineered ear.

Although the results of this pilot study are encouraging,
the quality of engineered ear-shaped cartilage could be
further improved through the refinement of scaffold mate-
rials and the manufacturing process. More uniform cell
seeding, possibly with commercially available sprayers,40

could improve the neocartilage quality. Size and shape of
engineered ears were evaluated based on the image outlines
in this study while we were developing techniques to assess
the complex 3D shape of a human ear.15 Comprehensive,
noninvasive, 3D shape analysis could lead to improved
design and incorporation of alternative framework materi-
als.15 Elevation of implanted engineered ear will need to be
performed and its survival demonstrated in future studies to
more fully recapitulate clinical methodology.
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Conclusions

To the best of our knowledge, this is the first demon-
stration of ear-shaped elastic cartilage engineered from au-
ricular chondrocytes that underwent clinical-scale expansion
in an immunocompetent animal model. The stability of this
neocartilage and of the resulting engineered auricle was
evaluated over several months. The quality of engineered
cartilage was confirmed by robust auricular cartilage-
specific GAG, collagen type II, and elastin expression.

The present work made significant advances in the devel-
opment of engineered elastic neocartilage for human auricular
reconstruction.
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