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Abstract

Purpose of Review Autologous reconstruction of microtia,
the most common congenital external ear deformity, is one
of the more challenging plastic surgical procedures, caus-
ing obligatory donor site morbidity and often resulting in
suboptimal aesthetic outcomes. Recent advances in the
fields of tissue engineering and 3D printing promise to
profoundly affect the practice of reconstructive surgery.
Recent Findings 3D printed guides are already used by
reconstructive surgeons during correction of complex
anatomic defects. Similarly, the prosthetics industry has
benefited from the ability to rapidly prototype customized
pieces. Bioprinting, the ability to 3D print living tissue, is
an emerging field that may soon allow the possibility of
creating autologous cartilage in specific shapes.

Summary In this review, we explore the numerous ways
3D printing is being employed to address external ear
deformity and how, when used in combination with cut-
ting-edge tissue engineering technology, it may finally help
us achieve the holy grail of ear reconstruction—an “off-
the-shelf” auricular scaffold.
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Introduction

Microtia is the most common congenital auricular anomaly
with a prevalence of approximately 2 per 10,000 births [1ee,
2¢¢]. This external ear deformity encompasses a broad
spectrum of phenotypes from mild structural anomalies to
complete absence of the ear (anotia) (Fig. 1 [1e°]) [1ee, 2e°].
Microtia and its associated disfigurement, even when
minor, can cause significant psychological distress and
negatively impact psychosocial functioning. [2¢s, 3-6, 7°°]
Beyond congenital anomalies, ear reconstruction is often
necessary secondary to trauma or oncologic resections,
with more than 1 in 500 people sustaining an acquired
auricular deformity annually [2ee, 8, 9].

The current gold standard for reconstruction of the
external ear, which utilizes autologous tissue, has signifi-
cant shortcomings [10, 11, 12, 13, 14¢]. In this procedure,
costal cartilage is harvested from multiple ribs and then
meticulously sculpted and assembled into a three-dimen-
sional ear scaffold before being implanted under the peri-
auricular skin [15, 16]. However, the resultant donor site is
quite painful (especially for children), and the carving of
the scaffold into a reasonable facsimile of the ear requires
immense technical skill and experience [1, 17-21]. Further,
the use of rib fibrocartilage instead of elastic cartilage
poorly mimics the biomechanical properties of native
elastic ear cartilage. Thus, surgeons have long sought an
innovative solution devoid of the morbidity and technical
challenges associated with autologous ear reconstruction.

Tissue engineering—‘“an interdisciplinary field that
applies the principles of engineering and life sciences
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Fig. 1 Microtia and anotia. Digital photographs showing the wide range of phenotypes seen in microtia/anotia. Top left image shows a normal

ear Reproduced with permission from Fig. 1 of [1°]

toward the development of biological substitutes that
restore, maintain, or improve whole organ or partial tissue
function” [22]—has long offered the promise of creating
“off-the-shelf” tissue replacements for use in patients [23].
This approach holds particular potential for cartilage
engineering as one of the major limitations for engineering
tissues of clinically relevant size remains the inability to
create an inherent hierarchical vasculature, a requirement
obviated in cartilage, which is an avascular tissue.
Similar to the field of tissue engineering, the advent of
three-dimensional printing (also known as additive manu-
facturing) can be traced back to the 1980s [24, 25, 26].
The flexibility of its application has allowed engineers to
design everything from intricate machine parts to self-
assembling houses, and more recently it has become an
important tool for innovation and rapid prototype fabrica-
tion in science and medicine. [25°°, 26, 27, 28¢s, 29e¢]
Combined with brisk advances in printer technology—
some printers are capable of printing in resolutions at the
micron scale—it is now feasible to take a conceptual object
or design and have a prototype printed within the span of a
single day. [29¢, 30°] In the medical world, this translates
into the ability to take digital images of intricate three-
dimensional patient anatomy, such as an ear or an
anomalous internal organ, and transform those CT or MRI
images into 3D models which can be handled and studied
with a level of detail and precision previously unavailable
(Fig. 2). This functionality is particularly appealing to the
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reconstructive surgeon as it offers the potential for more
accurate and aesthetic outcomes in even the most chal-
lenging cases. [31°]

At present, 3D printing is already used clinically by
some microtia surgeons as a modeling guide for creation of
the scaffold during ear reconstruction, either autologous
(costal cartilage) [32¢¢, 33¢¢] or prosthetic (MEDPOR®)
[34ee, 35, 36°+]. Patients uninterested in or ineligible for
surgical reconstruction have also benefited from the cre-
ation of custom-made prosthetic ears with contour match-
ing previously unattainable by the traditional methods of
prosthesis creation [37]. However, it is the combination of
3D printing technology with advanced tissue engineering
that promises to deliver the holy grail of ear reconstruc-
tion—an “off-the-shelf” auricular scaffold composed of
autologous elastic cartilage that is a perfect mirror image of
the patient’s contralateral ear.

Modeling the Auricle

Because of the inherent technical difficulty associated with
reconstruction of the microtic auricle and the extensive
experience required, very few plastic surgeons routinely
perform this procedure [38¢+]. The traditional approach to
creating a mirror image auricle involves the placement of a
transparent film against the unaffected ear (or a radiograph
of the ear) to hand-trace the ear’s main topographic
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Fig. 2 3D Printing in reconstruction planning. Digital rendering and
reconstruction planning of mandibular neoplasm with free fibula flap
and 3D printed guides. a Digital images of planned reconstruction.
b 3D printed guide of mandible showing reconstruction plan. ¢ Digital

features. This two-dimensional film is then used as a visual
guide in the operating room to shape the harvested rib
cartilage. Many limitations of this 2D model, such as
lacking height, depth features, and the intricate details of
the auricle (of the 14 described structures of the auricle,
usually only 6-8 are captured [32e]), often resulted in
suboptimal 3D outcomes. [33e¢]

and 3D printed mandible cutting guides. d Fibula cutting guide
showing sections of bone that will be integrated into reconstructed
mandible. e Final reconstruction with custom osseointegrated plate

Although surgeons have previously utilized patient-
specific “3D” ear models made from plaster [39+], paper
[40], or other materials [41, 42], it is only in the past few
years, with the increasing availability and precision of
(non-ionizing) image acquisition and printing technology,
that the ability to rapidly (within hours) create a patient-
specific 3D model of the ear has become feasible, leading
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directly to improved patient outcomes. Although surface
image acquisition includes both the skin and cartilage, the
thickness of the skin over the auricle ranges from 0.8 to
1.0 mm [43]. 3D printed models of an ear, thus, are close
approximations of the natural underlying elastic cartilage.

In 2016, Jeon et al. demonstrated improved outcomes in
autologous reconstruction for microtia when using a 3D
model as a guide [32¢]. In this work, a casting technique
was used to generate an alginate mold of the patient’s
unaffected ear (they believed that the patients were too
young to remain still long enough to complete a scanning
process). The mold was used to cast the patient’s ear,
which was subsequently laser scanned and digitally trans-
formed into the mirror image of the unaffected ear and then
3D printed. The custom ear models were utilized in com-
bination with the Nagata technique [16, 44¢] to reconstruct
the microtic ears. The group concluded that the 3D printed
models differed in shape on overlaid image comparison an
average of 2.31% from actual ear, whereas the 2D model
differed over 16% [32°°].

In the same year, Zhou et al. described the use of a
three-dimensional printed template for autologous ear
reconstruction [33¢¢]. In this study, a 3D surface scanner
with 0.1 mm resolution was used to acquire the details of
the patient-specific auricle, which were then processed and
converted to stereolithography interface format (STL) files.
The data were then used to 3D print both a 2D sheet mold
designed from the surface scan of the unaffected ear and a
3D ear-shaped model of the patient-specific auricle. These
templates were used to assist in autologous costal cartilage
auricular reconstruction, providing the surgeon with
information such as height, width, and depth of the con-
tralateral ear while reconstructing the affected ear (Fig. 3
[33e¢]). This new planning technique was compared to the
results achieved using the traditional 2D contralateral
tracing approach. When comparing their templates against
the standard 2D film guide, they found that the 3D model
produced  significantly = more accurate  outcomes
(» < 0.001) on the evaluation of five distinct indexes
(symmetry, length, width, cranioauricular angle, and the
substructure of the reconstructed ear) as evaluated by both
the surgeons and the patients’ parents [33ee].

As demonstrated by these studies, 3D printing a patient-
specific auricular model not only improves aesthetic out-
comes, but also reduces operating room time (Zhou et al.
found that operative time decreased an average of 15 min
when using a 3D printed template [33¢°]). Although the
preoperative planning (scanning the unaffected ear, digi-
tally remodeling or altering it, printing the model, etc.) is
more costly and requires greater involvement on part of the
reconstructive team, the reduction in surgical time and
increased precision and accuracy of outcomes represent
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indisputable benefits with few, if any, disadvantages to the
patient [32ee, 33ee].

3D Printing and Prosthesis Creation

In some instances, reconstructive options for auricular
defects are limited by a lack of sufficient autologous tissue,
either at the donor or recipient site, or by patient comor-
bidities. In such cases, patients may achieve a better result
through the use of a custom prosthesis [45¢¢, 46]. Tradi-
tional design and fabrication of craniofacial prosthetics is
performed by clinical anaplastologists through a meticu-
lous artistic and technical hand carving process (Fig. 4a
[47]). Given the expertise and length of time required to
produce a high-quality prosthesis, the cost of production
can reach $15,000 (and may not be covered by insurance
[48]).

In perhaps the most obvious example of the disruptive
nature of 3D printing in the clinic, intricately shaped
prosthetics, which previously had to be hand-made, can
now be rapidly prototyped through a combination of 3D
image acquisition and digital remodeling (Fig. 4b [37]).
From these virtual renderings, it is possible to print solid
prosthetic ear models [49-51]. Because prosthetics are
commonly made from polydimethylsiloxane or silicone,
the 3D printed ears then become an invaluable tool for the
creation of custom casting molds [37, 49, 52, 53]. These
personalized prostheses can be manufactured in hours at a
fraction of the cost of the traditional method. As they are
modeled from the patient’s unaffected ear, the final pros-
thetic has near-perfect symmetry with regard to shape, size,
and intricate anatomic features. Currently, it is not possible
to directly print a skin tone-matched silicone implant, and
thus the prosthetic ear still requires a custom paint job to
provide natural skin tone [29ee, 54, 55¢, 56°, 57¢]. With
further technological improvements, the direct printing of
prosthetics with correct color matching will soon be
possible.

Although the majority of published literature on the
subject of 3D printing prosthetics has involved the use of
costly industrial printers, the technology exists for the
creation of acceptable ear prosthetics using much
cheaper printers [56¢°]. In 2014, He et al. created a
custom prosthetic for an approximate cost of $30 using
an “at-home” desktop 3D printer. The final prosthesis
was not tested clinically; however, the results are
promising and suggest a future in medical 3D printing
that is not limited by cost or feasibility [56+¢]. Such
inexpensive printing technology holds promise for
immediate application in the developing world and other
underserved populations.
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Fig. 3 Surgical modeling in auricular reconstruction. Various auric-
ular guides used in costal cartilage reconstruction of the auricle. (Red
arrow) 3D printed model, (yellow arrow) sheet molding template, and

Tissue Engineering: Fulfilling the Promise?

Although direct 3D printing of auricular prostheses or
models for intraoperative use has certainly resulted in
incremental improvements in aesthetic outcomes as well as
cost savings, the ultimate adaptation of this technology
would directly print living tissue. This process, known as
“bioprinting,” prints cells within a biologic carrier ink.
However, in order to understand how bioprinting may be

(white arrow) traditional drawn X-ray film template Reproduced with
permission from Fig. 6 of [33¢¢]

applied to the fabrication of living auricles, one must first
review the progress made in the field of auricular tissue
engineering.

In 1997, Cao et al. published their iconic “ear on a
mouse” in which a shaped polyglycolic acid/polylactic
acid scaffold was seeded with bovine articular chondro-
cytes and incubated in vivo for up to 12 weeks [58].
Although this seminal work demonstrated the feasibility of
creating cartilage in a specific framework, the authors used
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Fig. 4 3D printed prostheses. Comparison of traditional hand-
sculpted silicone prosthetic ear a with ear made from a 3D printed
mold b following color matching and hand-painting of dermatologic

articular chondrocytes as their cell source. Further, despite
the impressive image of the “ear” on the mouse, the shape
was due primarily to both the scaffold material itself and
support from external stenting, with very little (articular)
cartilage formation. Over the past two decades since that
report, considerable challenges have been overcome in the
quest to develop a tissue-engineered auricular scaffold for
clinical application [58].

Successful engineering of an ear scaffold requires the
careful manipulation of several variables including an
appropriate cell source (i.e., auricular chondrocytes) seeded
in/onto a suitable biocompatible scaffold that not only can
be formed into an accurate facsimile of a patient’s ear but
that can also degrade over time to be replaced by the
deposition of elastic cartilage matrix. Further, this process
must be finely tuned to ensure that the rate of degradation
does not exceed the rate of deposition of elastic cartilage
matrix or else the scaffold will lose its size and/or intricate
shape.

Several authors have utilized 3D printing to fabricate
auricular scaffolds made of various biocompatible materi-
als onto which chondrocytes may then be seeded. Synthetic
polymers such as polylactic acid (PLA) [59, 60], polylactic
glycolic acid (PLGA) [58, 61, 62], and polycaprolactone
(PCL) [63°e, 64¢+, 65°¢] are praised for the level of control
available in the fabrication process and their reliably
reproducible results [2¢e, 65, 66, 67, 68+]. The initial
stiffness of these materials resists the deforming and con-
tractile forces exerted both extrinsically and intrinsically,
respectively. However, limitations of these polymers for
use as scaffolding material include the inability to encap-
sulate cells within them, thus limiting the seeding density
to the number of cells that can fit on the surfaces of the
construct. Furthermore, as these materials degrade, they are
not replaced with cartilaginous matrix, leaving the final
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details in both examples 4A courtesy of Dr. Charles Thorne. 4B
reproduced with permission from Fig. 7 of [37]

construct shape in doubt. Accordingly, despite numerous
reports that have demonstrated the development of carti-
lage to some extent on such scaffolds, their use in this
context for clinical application seems unlikely [2ee,
66, 69°].

In contrast, the use of naturally derived biologic mate-
rials as scaffolding, such as collagen [31¢e, 70se, 71ee, 720,
73], alginate [74, 75+, 76], and chitosan [62, 77, 78], has
been explored with increasing success over the past few
years. Although biologic scaffolds are more delicate and
may introduce greater variability in their creation, chon-
drocytes may be encapsulated within the matrix at a suf-
ficient density to allow for efficient transformation of the
matrix into mature elastic cartilage.

Alginate hydrogels are one of the most studied bioma-
terials utilized in tissue engineering due to their durability
and relative ease of use; however, chondrocytes cannot
attach to alginate and therefore do not grow as well in 3D
culture [79, 80]. Furthermore, because alginate is a
polysaccharide derived from seaweed, chondrocytes are
unable to degrade the polymer as mammalian cells lack the
enzyme alginase [81¢]. In vitro, it is possible to dissolve
alginate using various chelating agents such as EDTA or
sodium citrate, but this process would not be possible
in vivo [79, 8le]. Thus, the translational potential of
alginate-based hydrogels for auricular tissue engineering
seems limited.

In contrast, collagen hydrogels are readily degraded (at a
tunable rate) to their constituent amino acids in mammals
by various collagenases and metalloproteinases [81°]. As
the most abundant protein in humans (comprising
approximately 30% of all protein in the human body) and
the major component of the extracellular matrix, type I
collagen provides an ideal environment for 3D culture of
chondrocytes in vitro and in vivo [80, 81ee].
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In 2014, Reiffel et al. reported the fabrication of high-
fidelity full-size pediatric auricular constructs using bovine
auricular chondrocytes [31¢]. Through the combination of
3D photogrammetry and 3D printing, they were able to
create a 7-piece mold of the digitized ear image. Ear-
shaped constructs were then fabricated from chondrocytes
encapsulated within type I collagen via the process of
injection molding (Fig. 5). The constructs were implanted
in nude rats and, after 3 months in vivo, scaffolds
demonstrated histologic, biomechanical, and biochemical
qualities identical to those of native (bovine) auricular
cartilage [31e¢]. Follow-on studies demonstrated the
effective “permanence” of these scaffolds at 6 months
[70e] as well as the effectiveness of this approach using
human auricular chondrocyte [82ee].

With the advent of bioprinters capable of printing bio-
logic inks (such as collagen containing encapsulated
chondrocytes), we are now at the cusp of being able to
“print” high-fidelity custom auricular scaffolds on
demand. However, printing a living auricular-shaped
scaffold is only the first step. For translation to the clinic,
strategies to mitigate loss of size and topographic definition
of the maturing scaffold must be developed.

The need for architectural stability and maintenance of
topographic detail has long been a challenge in auricular
tissue engineering. Cao et al. initially supported their
xenografted constructs with fixed, external stents, but on
removal of the stents the constructs contracted and lost
architectural detail. [58] Khan et al. have attempted to
increase the rate of cartilage maturation by applying vari-
ous growth factors to their constructs such as fibroblast
growth factor (FGF)-2 and transforming growth factor
beta-1 (TGF- B 1) [83, 84]. Others have developed methods
of creating hybrid constructs consisting of degradable 3D
printed external or integrated polymers, i.e., 3D printed
“cages,” with internal spaces that can support the delicate
structure of chondrocyte-seeded collagen hydrogels
[85-87, 88es].

In the pursuit of a 3D bioprinted ear, a bioink must be
stiff enough to capture the intricate topography of the
auricle [2+¢]. A Swedish group addressed this hurdle by
mixing cellulose nanofibrils into alginate, effectively
stiffening the bioink. They were able to 3D bioprint an ear-
shaped scaffold that demonstrated viable chondrocytes
after printing [89+]; however, the longevity of this method
and performance in vivo are unknown.

A 3D Panoramic
Photograph

B Virtual Image
of Ear

C Ear Injection
Mold

D Molded Ear
Construct

—)

)

y

-

E Construct
In Vivo

Fig. 5 Injection molding of chondrocyte-seeded type I collagen
hydrogels. a, b Normal ear is digitized with a 3D surface scanner.
¢ Using this 3D rendering, a negative mold is created. d Type 1
collagen seeded with bovine auricular chondrocytes is injected into

F Construct at
Explantation

the mold forming a hydrogel construct in the shape of an ear.
e Construct implanted in vivo in nude rats for up to 6 months.
f Explanted construct demonstrates the formation of neocartilage on
gross appearance. Scale bars = 1 cm
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Other investigators have employed support material that
can be removed or that degrades after the scaffold is
established [89+¢]. Park et al. have printed with alginate on
a PCL scaffold, demonstrating higher chondrocyte survival
in vitro in the bioprinted scaffold as compared to the hand-
seeded scaffold. In vivo, their bioprinted scaffolds exhib-
ited more robust neocartilage formation [90ee]. Other
approaches include printing alternate layers of electrospun
PCL nanofibers with fibrin—collagen hydrogel to increase
the strength of the construct and allow the hydrogel to
withstand naturally occurring mechanical forces in vivo.
The resulting constructs formed cartilage-like material over
the course of several months [29+e, 64¢¢]. The question of
whether the integration of non-permanent synthetic mate-
rial, such as PCL, would affect the final architecture of the
neocartilage over the long term remains to be determined.

An alternative to integrated support is the use of sacri-
ficial support material. In 2014, Lee et al. proposed poly-
ethylene glycol (PEG) as a feasible support material when
used in combination with their PCL and cell-laden hydro-
gels [91e]. PEG can be sacrificed by the addition of
aqueous solutions and has no effect on cell viability. The
shortcoming of sacrificial support is that it must be sacri-
ficed prior to scaffold implantation and therefore cannot
contribute to the maintenance of scaffold geometry in vivo.

Morris et al. have proposed a method employing stere-
olithography in the fabrication of an ear-shaped scaffold
from natural chitosan and synthetic polyethylene glycol
diacrylate [92¢¢]. They have shown that their scaffolds
maintained cell viability within the hybrid material over
the long term, but the use of chitosan (non-biodegradable
in mammals) as their biologic scaffolding material does not
provide the most suitable environment for the proliferation
of chondrocytes and development of a natural extracellular
matrix.

Conclusions

Which of these various tissue engineering approaches will
ultimately yield the “off-the-shelf” auricular scaffold
remains to be seen. Nonetheless, it is clear that 3D printing
has fostered the creation of sophisticated scaffolds, either
as supports or as the construct itself in a variety of syn-
thetic, biologic, and hybrid materials. As the technology
continues to improve, we can expect translational work to
follow in close succession.
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