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ORIGINAL ARTICLE

Long-Term Morphological and Microarchitectural Stability
of Tissue-Engineered, Patient-Specific Auricles In Vivo

Benjamin Peter Cohen, MS,1 Rachel C. Hooper, MD,2 Jennifer L. Puetzer, PhD,1 Rachel Nordberg, MEng,1

Ope Asanbe, MD,2 Karina A. Hernandez, MD,2 Jason A. Spector, MD,1,2 and Lawrence J. Bonassar, PhD1,3

Current techniques for autologous auricular reconstruction produce substandard ear morphologies with high
levels of donor-site morbidity, whereas alloplastic implants demonstrate poor biocompatibility. Tissue engi-
neering, in combination with noninvasive digital photogrammetry and computer-assisted design/computer-
aided manufacturing technology, offers an alternative method of auricular reconstruction. Using this method,
patient-specific ears composed of collagen scaffolds and auricular chondrocytes have generated auricular
cartilage with great fidelity following 3 months of subcutaneous implantation, however, this short time frame
may not portend long-term tissue stability. We hypothesized that constructs developed using this technique
would undergo continued auricular cartilage maturation without degradation during long-term (6 month) im-
plantation. Full-sized, juvenile human ear constructs were injection molded from high-density collagen hy-
drogels encapsulating juvenile bovine auricular chondrocytes and implanted subcutaneously on the backs of
nude rats for 6 months. Upon explantation, constructs retained overall patient morphology and displayed no
evidence of tissue necrosis. Limited contraction occurred in vivo, however, no significant change in size was
observed beyond 1 month. Constructs at 6 months showed distinct auricular cartilage microstructure, featuring a
self-assembled perichondrial layer, a proteoglycan-rich bulk, and rounded cellular lacunae. Verhoeff’s staining
also revealed a developing elastin network comparable to native tissue. Biochemical measurements for DNA,
glycosaminoglycan, and hydroxyproline content and mechanical properties of aggregate modulus and hydraulic
permeability showed engineered tissue to be similar to native cartilage at 6 months. Patient-specific auricular
constructs demonstrated long-term stability and increased cartilage tissue development during extended im-
plantation, and offer a potential tissue-engineered solution for the future of auricular reconstructions.

Introduction

Deformity of the auricle, or external ear, can result
from congenital defects, oncologic resection, or trau-

matic injury.1,2 Current clinical practice utilizes autologous
costal cartilage to fabricate auricular facsimiles with long-
term stability3,4; however, this method is limited by donor-site
morbidity,3–6 a complex surgical sculpting process,3–5,7 and
differing mechanical properties compared to elastic auricular
cartilage.4,5 Alternatively, alloplastic implants produce pre-
dictable shapes and eliminate donor-site surgery,3,8 but suffer
from poor biocompatibility and high rates of infection and
extrusion.3,6 A tissue engineering approach to auricular re-
constructions would overcome the limitations of both autolo-
gous and alloplastic contemporary treatments.

Toward this end, several tissue engineering methods have
been applied to fabricate full-scale auricular constructs. Sev-
eral synthetic scaffolds, such as polyglycolic acid,3,5,6,9–11

polylactic acid,12 polycaprolactone,3,12 or copolymer combi-
nations, have been applied with varying success. However, the
degradation of these polymers has been reported to cause in-
flammatory reactions.3,4 Natural polymer scaffolds and hy-
drogels, such as alginate13 and fibrin,14 are easily molded and
have high biocompatibility,4 but are limited by low stiffness,
making them difficult to handle.15 Chondrocytes encapsulated
in alginate and then implanted also become fibrochondro-
genic.16 In addition to scaffolds, choice of cell source is im-
portant. While articular or costal chondrocytes may be more
abundant, these cells do not produce elastin fibers when im-
planted.17 Mesenchymal stem cells (MSCs) are also a potential
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source, but these require in vitro chondrogenic induction be-
fore implantation.18

Despite the extent of auricular cartilage engineering, limi-
tations still exist. Few groups have worked with methods that
can apply patient-specific morphologies to engineered ear
constructs,19,20 resulting in generic ears that must be surgically
manipulated to reproduce particular aesthetics. Additionally,
the maintenance of ear morphology following implantation
often requires mechanical assistance, either through external
stenting over the skin14 or internal plastic21 or metal10,22–24

support that is included with the implant. Our group has pre-
viously applied digital photogrammetry and computer-assisted
design/computer-aided manufacturing (CAD/CAM) tech-
niques to fabricate molds replicating juvenile patient ears, a
novel technique to recreate specific ear morphology.25 Ear
constructs were then produced by injection molding of auric-
ular chondrocytes encapsulated within high-density type I
collagen hydrogels, which were implanted in vivo without
external stenting or internal synthetic components. Following 3
months in vivo, these constructs maintained detailed morpho-
logical characteristics and developed structural features and
mechanical properties similar to native auricular cartilage.25

Although our previous study demonstrated the potential of
utilizing photogrammetric and CAD/CAM methods to produce
patient-specific molds and constructs, the long-term stability
(greater than 3 months) of the developing tissue in vivo has
not been verified. In general, few studies utilizing complete
human ear geometries have exceeded this time point,3,6,10,12,23,26

and none of these featured a collagen scaffold. Additionally, the
biochemical composition of these constructs must be charac-
terized. To further validate our tissue engineering approach for
clinical translation, an extended implantation interval must
be explored. In this study, the long-term stability of patient-
specific engineered ear constructs in vivo was evaluated and the
microstructural, biochemical, and mechanical properties were
assessed following 6 months of implantation.

Materials and Methods

Ethics statement

All animal care and experimental procedures were in
compliance with the Guide for the Care and Use of Laboratory
Animals27 and were approved by the Weill Cornell Medical
College Institutional Animal Care and Use Committee (Pro-
tocol No. 2011-0036).

Isolation of chondrocytes

Bovine auricular chondrocytes were isolated as previously
described.28 Briefly, ears were obtained from freshly slaugh-
tered 1- to 3-day-old calves (Gold Medal Packing, Oriskany,
NY). Auricular cartilage was dissected from the surrounding
skin and perichondrium under sterile conditions. Cartilage was
diced into 1 mm3 pieces and digested overnight in 0.3% col-
lagenase (Worthington Biochemicals Corp., Lakewood, NJ),
100mg/mL penicillin, and 100mg/mL streptomycin in Dul-
becco’s modified Eagle’s medium (DMEM; Mediatech, Inc.,
Manassas, VA). Cells were filtered, washed, and counted the
following day.

Construct design and mold fabrication

Molds for the generation of ear constructs were designed
and fabricated as previously described.25 Briefly, high-

resolution images of the ear of a 5-year-old female with
informed consent were obtained using a Cyberware Rapid
3D Digitizer (3030 Digitizer, Monterey, CA). Images were
processed using PlyEdit software (Cyberware, Inc., Mon-
terey, CA), converted to stereolithography files, and im-
ported into SolidWorks (Dassault Systems Corp., Waltham,
MA) where the continuous three-dimensional ear surface
was embedded into a virtual block. This was used to design
seven-part molds, which were printed out of acrylonitrile
butadiene styrene plastic using a Stratasys FDM 2000 3D
printer (Eden Prairie, MN). Molds were sterilized by washing
with Lysol� (Parsippany, NJ) followed by a 1-h soak in 70%
ethanol and 30 min of drying in a sterile biological safety
cabinet before use.

Implant fabrication

Collagen was extracted and reconstituted as previously
described.29,30 At the time of fabrication, stock collagen so-
lution was returned to pH 7.0 and maintained at 300 mOsm by
mixing with appropriate volumes of 1 N NaOH (Mallinckrodt
Baker, Inc., Phillipsburg, NJ), 10· phosphate-buffered saline
(PBS; Mediatech, Inc.), and 1· PBS (Mediatech, Inc.) as
previously described.30,31 This collagen solution was imme-
diately mixed with cells suspended in media and injected
into ear molds as previously described.25 Briefly, an 8 mL
collagen–cell mixture, with a final collagen concentration of
10 mg/mL and a final cell concentration of 25 · 106 cells/
mL,13 was injected into the molds and allowed to gel for
50 min at 37�C. After 50 min, the ear constructs were re-
moved from the molds and cultured for 3–5 days in media
composed of DMEM, 10% fetal bovine serum (Gemini Bio
Products, Sacramento, CA), 100mg/mL penicillin (Media-
tech, Inc.), 100mg/mL streptomycin (Mediatech, Inc.),
0.1 mM nonessential amino acids (Gibco, Grand Island, NY),
50 mg/mL ascorbic acid (Sigma-Aldrich, St. Louis, MO), and
0.4 mM l-proline (Sigma-Aldrich) before implantation. A
total of six cell-seeded samples were generated for the
6-month time point in this study. Those implanted constructs
that were not complicated by wound infection or seroma
formation were included in the analysis.

In vivo implantation and explantation

Ear constructs were implanted as previously described.25

Briefly, 10-week-old male athymic nude rats (RNU; Charles
River, Wilmington, MA) were anesthetized through intra-
peritoneal injection of ketamine (80 mg/kg) and xylazine
(8 mg/kg). The surgical sites were shaved and prepped and all
animals received a subcutaneous injection of buprenorphine
(0.1 mg/kg) and an intraperitoneal injection of cefazolin
(11 mg/kg) before surgical manipulation. A small subcuta-
neous pocket overlying the dorsum was dissected and a
construct was inserted and oriented such that the anterior
surface was directed toward the overlying skin. Incisions
were closed with metallic wound clips and a sterile occlusive
dressing was placed before recovery from anesthesia.

Animals were sacrificed through CO2 asphyxiation fol-
lowed by bilateral thoracotomy after 6 months. Constructs
were harvested, weighed, and imaged. Construct length was
measured along the lobule–helix axis and construct width
was defined as the largest dimension measured along an
axis perpendicular to the lobule–helix axis. Half of each
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specimen was snap frozen in liquid nitrogen for biochemical
and biomechanical analyses, whereas the remainder was
fixed in 10% neutral buffered formalin for 48 h and trans-
ferred to 70% ethanol before histologic analyses.

Histologic analyses

The fixed portions of samples were dehydrated by se-
quential washes in ethanol, embedded in paraffin, cut into
5 mm sections, and stained with Safranin O/Fast Green to
assess proteoglycan distribution, Picrosirius Red to assess
collagen organization, and Verhoeff’s/Van Gieson to assess
the presence of elastin fibers. Images were taken in brightfield
at 100· and 200· using a Nikon Eclipse TE2000-S micro-
scope (Nikon Instruments, Melville, NY) fitted with a SPOT
RT camera (Diagnostic Instruments, Sterling Heights, MI).

Biochemical analyses

Biochemical analyses were performed as previously de-
scribed.32 Briefly, three samples were collected from each of
the frozen 6-month ears, previously studied 1- and 3-month
ears,25 and native juvenile bovine ears. Samples were weighed,
refrozen, lyophilized, and weighed again. Samples were then
digested with 1.25 mg/mL papain (Sigma-Aldrich) solution
overnight at 60�C and analyzed for DNA content through the
Hoechst DNA assay,33 sulfated glycosaminoglycan (GAG)
content through a modified 1,9-dimethylmethylene blue
assay,34 and collagen through a hydroxyproline assay.35 Bio-
chemical properties are reported normalized to the dry weight
of the samples.

Mechanical analysis

Six millimeter diameter by 1 mm height disks were cut
from the central portion of each frozen ear, as well as from
native juvenile bovine ears, using dermal biopsy punches.
Confined compression testing was performed as previously
described.13,25 Briefly, samples were thawed in PBS con-
taining protease inhibitors (Roche Diagnostics, Indianapolis,
IN) and placed in a cylindrical confining chamber mounted
in an ELF 3200 test frame (EnduraTec, Eden Prairie, MN).
Samples were compressed to 50% of their original height in
10 steps of 50 mm each, with 5 min between steps to allow
for full stress relaxation. Resultant stresses were recorded at
1 Hz and the temporal profiles of stress were fit to a por-
oelastic model of tissue behavior using custom MATLAB
(MathWorks, Natick, MA) code to calculate the equilibrium
modulus and hydraulic permeability.32

Statistics

All size, biochemical, and mechanical data were analyzed
by Kruskal–Wallis one-way ANOVA by ranks with Dunn’s
method for post hoc analysis, with the exception of the
hydraulic permeability, which underwent a logarithmic
transform and one-way ANOVA using Tukey’s t-test for
post hoc analysis. ANOVA by ranks was used for data that
failed a normality or equal variance test. A t-test was applied
to compare the sizes of implanted and nonimplanted con-
structs. A value of p < 0.05 was used as a threshold for
statistical significance. All data are expressed as mean plus
one standard deviation.

Results

Ex vivo gross analyses

Constructs maintained patient-specific geometry and ear-
specific external features following long-term implantation.
After 6 months, constructs maintained a visible projection
through the dorsal skin of the rats and retained general shape
definition. This was confirmed upon ex vivo inspection,
which demonstrated that ear constructs maintained anatomic
shape in comparison to the preimplant constructs (Fig. 1). At
6 months, constructs maintained definition of the lobule and
helical rim structures, with the antihelix represented to a
slightly lesser degree. Ear constructs showed no signs of
necrotic cores and displayed healthy tissue through full
thickness of the ear when inspected in cross-section (Fig. 2).

The sizes of the postharvest constructs were consistent for
the 1-, 3-, and 6-month constructs. Neither the lengths nor
widths at these time points displayed significant differences,
with the mean lengths ranging from 3.32 to 3.50 cm and the
widths from 2.01 to 2.44 cm ( p < 0.05) (Fig. 3). In contrast,
when all implanted constructs were compared to the con-
struct before implantation, the implanted ears significantly
contracted to 65% of the preimplant ear length of 5.18 cm
( p < 0.01), whereas the widths contracted to 78% of the
initial 2.82 cm width.

Histological analyses

Safranin O and Picrosirius Red stains indicated the for-
mation of distinct auricular cartilage microstructure. Stain-
ing with Safranin O revealed a profuse and consistent
proteoglycan matrix surrounding rounded cell lacunae that
was unchanged between 3 and 6 months after implantation
(Fig. 4A–C). By 6 months, the tissue stained for proteo-
glycans was almost indistinguishable from native auricular
cartilage (Fig. 4D). Picrosirius Red staining showed that the
outermost tissue layer was composed of organized collagen
bundles and that the cells contained in this region were
smaller and more fibroblast-like than the chondrocytes
contained in the proteoglycan bulk (Fig. 4E–G). Picrosirius
Red staining demonstrated a decreasing collagen composi-
tion within the deeper layers of the cartilage over time. The

FIG. 1. Ex vivo gross analysis of injection molded ear
before implantation (A) and explanted following 6 months
in vivo (B) displaying maintained anatomic fidelity. Scale
bar = 1 cm. Color images available online at www.liebertpub
.com/tea

LONG-TERM STABILITY OF PATIENT-SPECIFIC AURICLES 463



outer layering of collagen containing small, tightly packed
cells closely resembles the perichondrial layer observed in
the native bovine tissue (Fig. 4H).

The Verhoeff’s stain demonstrated a progressive increase
in the deposition of elastin fibers over time. While staining
was limited to small areas after 1 month in vivo, the inten-
sity of the staining increased by the 3-month time point
(Fig. 4I, J). After 6 months, the constructs maintained this
dense staining for elastin fibers and displayed a more
widespread and organized elastin matrix that approaches the
highly developed structure seen in native tissue (Fig. 4K, L).

Biochemical analyses

The preimplant constructs, which contained only cells
and collagen, had a significantly higher dry weight DNA
content when compared to implanted constructs ( p < 0.001)
(Fig. 5A). The DNA content decreased during the first

month in vivo, following which monotonic increases were
observed. There was no significant difference between the
engineered tissues at 3 and 6 months and the native bovine
ear, with the 6-month ears attaining *70% of the DNA
content of native.

Ear constructs at 6 months displayed an almost 40-fold in-
crease in GAG content as compared to the preimplant con-
structs ( p < 0.05) and contain over 80% of the total for native
tissue (Fig. 5B). Both preimplant and 1-month constructs had
significantly less ( p < 0.05) proteoglycan deposition than
6-month and native tissue, while monotonic increases in GAG
content were observed from 1 to 6 months of implantation. No
observable GAG deposition occurred during the first month
in vivo.

The hydroxyproline contents of all implanted constructs
were not statistically different from native cartilage, with a
monotonic increase observed through all time points (Fig. 5C).
After 6 months, engineered tissue had significantly higher
content when compared to preimplanted constructs ( p < 0.05)
and was within 15% of the native hydroxyproline amounts.

Mechanical analysis

The mechanical properties of the engineered ears improved
from the soft, preimplant constructs following implantation.
Although freshly molded constructs were durable enough for
placement during subcutaneous surgery, they would tear
under excessive force. Constructs explanted at 6 months,
however, demonstrated the ability to deform significantly and
elastically return to the original shape (Supplementary Movie
S1 and S2; Supplementary Data are available online at
www.liebertpub.com/tea).

Mechanical analysis demonstrated that the 3- and 6-month
constructs matched the equilibrium modulus and hydraulic
permeability of native cartilage (Fig. 6). The development of
the tissue in vivo resulted in a significantly higher equilibrium
modulus at 3 months compared to the preimplant constructs,
and all engineered tissues became stiffer with time in vivo.
After 6 months, the engineered tissue constructs possessed
15· greater modulus than the preimplant constructs and
reached 71% of the value for native tissue ( p < 0.05). All
in vivo tissues demonstrated lowered hydraulic permeability
when compared to preimplant constructs, with constructs
after 3 and 6 months featuring a significantly lower perme-
ability than after 1 month ( p < 0.05). No significant difference
existed between the 3-month, 6-month, and native cartilage
values.

FIG. 2. Ex vivo horizontal cross-section through the center
of an ear construct 6 months after implantation displaying
healthy, living tissue through full thickness. Scale bar = 1 cm.
Color images available online at www.liebertpub.com/tea

FIG. 3. Analysis of explanted construct
length and width. Both the length (A) and
width (B) of the postharvest constructs
displayed no change following 1 month
in vivo, but the dimensions of all ex-
planted constructs decreased compared to
preimplantation 0-month constructs
n = 3–5, p < 0.05.
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Discussion

The purpose of this study was to verify the long-term
stability of patient-specific ear constructs engineered using
high-density collagen scaffolds without stenting or support
of synthetic materials. The results of this study demon-
strated that the engineered ear constructs retained a high
degree of morphologic fidelity, developed auricular carti-
lage microstructure, and maintained or improved biochem-
ical and mechanical properties when compared to constructs
explanted at earlier time points. Following 6 months in vivo,
the ear constructs also displayed structural organization and
properties similar to native auricular cartilage tissue.

For a tissue-engineered reconstructive implant such as the
auricle, it is critical that the construct shape remains stable

over a long interval in vivo and that degradation, inflam-
mation, or invasion of other tissue types does not occur.
Additionally, the continued development or maintenance of
key auricular cartilage properties must be observed. While
some studies found significant loss of gross morphology
beyond 3 months in vivo,3,6 our constructs maintained
overall geometry and aesthetics at 6 months, and the amount
of contraction observed was comparable to other long-term
implantations.12 Additionally, this was accomplished with-
out the use of additional metal implants, which have been
used in other studies to provide mechanical support for
implantations beyond 3 months.10,23

Constructs in this study displayed key indicators of long-
term auricular cartilage development. Proteoglycan deposi-
tion, appearance of cellular lacunae, and formation of the

FIG. 4. Histological staining of constructs harvested after 1 (A, E, I), 3 (B, F, J) and 6 months (C, G, K) compared to
native bovine auricular cartilage (D, H, L). Safranin O staining (with Fast Green counterstain) (A–D) displayed increasing
proteoglycan deposition and development of cellular lacunae. Picrosirius Red staining (E–H) displayed the formation of
bundled collagen fibers forming a PC layer. Verhoeff’s stain (I–L) indicates increasing development of EF in the tissue
bulk. Microstructure of both 3- and 6-month constructs appears similar to native tissue (scale bar = 100 mm). EF, elastin
fibers; PC, perichondrial. Color images available online at www.liebertpub.com/tea

FIG. 5. Biochemical analysis of constructs and native auricular cartilage normalized to dry weight. DNA (A) rapidly
decreased after 1 month in vivo, but steadily rose to approach native amounts. Both GAG (B) and hydroxyproline (C)
composition increased in vivo, reaching similar values to native cartilage content by 3 months (n = 4–6). %, Significant
difference from 0 month; #, significant difference from 6 month; *, significant difference from native ( p < 0.05). GAG,
glycosaminoglycan. Color images available online at www.liebertpub.com/tea
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perichondrial layer were consistent with previous re-
search,3,6,10,12,23 and a continuous elastin network was found
similar to only one other tissue-engineered ear study at a
comparable time point.23 In contrast to other long-term
studies, auricular constructs at 6 months displayed no signs
of osteophyte development,6,10 necrosis,10 fibrocartilage
formation,10 or degradation at the periphery,26 despite the
production of thicker cartilage tissue.23 Beyond the micro-
structure, biochemical and mechanical properties of native
cartilage were also either reached or maintained through 6
months and were comparable to previously reported val-
ues.23 The initial observed reduction in DNA content per dry
weight at 1 month was likely a result of both decreasing cell
number as the tissue approaches native cellular density and
increasing matrix content as the encapsulated chondrocytes
remodeled the collagen scaffold and deposited proteogly-
cans and elastin. While observed hydroxyproline values
appear elevated, this is possibly due to cross-reaction of
the assay to hydroxyproline present in both collagen and
elastin.36,37

Although this study displayed the generation of auricular
cartilage, certain limitations in our technique must still be
addressed. While the engineered constructs did not contract
further after 1 month in vivo, some contraction occurred
shortly following implantation, and may have contributed to
the loss of fine details of the patient-specific auricular mor-
phology. Contraction is commonly observed in cell-seeded
collagen hydrogels,38,39 and a potential solution could be
combined riboflavin/ultraviolet A crosslinking, which has
been demonstrated to significantly reduce collagen hydrogel
contraction without loss of cell viability.39 Since the constructs
seen here maintained overall ear geometry, an alternative op-
tion is enlarging the initial constructs to account for the con-
traction. Another area of improvement is in the initial
mechanical properties. Before implantation, the constructs
were durable enough for the surgical procedure, but were
significantly less stiff than native cartilage and could poten-
tially be damaged if exposed to high loads. We note that im-
plantations in the murine model are performed under loose
skin, while clinical implantation under human skin may apply
increased forces on the early constructs. Again, riboflavin
crosslinking can increase the stiffness of the preimplant hy-
drogel and reduce the risk of damage before tissue remodeling
can occur.40,41

A final hurdle for clinical translation of this technique is
cell source and testing within immunocompetent hosts. This
study utilized primary neonatal bovine auricular chondrocytes,

which can be isolated in large enough numbers to produce full-
sized ears requiring *200 · 106 cells. However, for clinical
use, cells from a more mature, human source would be re-
quired. Further studies can apply human auricular chon-
drocytes, which can be acquired from a patient’s microtic ear
remnant or a biopsy of the healthy contralateral ear, to the
described scaffold and manufacture technique, however, the
in vitro expansion of chondrocytes can result in loss of chon-
drogenic capacity.42 Additionally, autologous MSCs offer a
potential cell source that can undergo chondrogenic differen-
tiation43 and can be obtained with minimally invasive surgery
from the patient undergoing reconstruction.42 Improvements in
chondrocyte expansion techniques and/or supplementation
with MSCs can increase the number of autologous cells
available.

The success of the long-term implantation of these
patient-specific auricular constructs has demonstrated the
potential of this technique for tissue engineering auricular
cartilage implants. The use of a noninvasive imaging mo-
dality allows for the application of this technique to a wide
array of patients, and the type I collagen hydrogel scaffold
promotes cartilage deposition without the potential of
harmful degradation products or additional synthetic im-
plant materials. The tissue-engineered auricles formed in
this study offer a potentially superior clinical option to
current autologous and alloplastic ear reconstruction pro-
cedures.
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