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Abstract: Microtia and anotia are congenital auricular anomalies
that negatively impact the psychosocial development of those af-
fected. Because auricular cartilage is a type of elastic cartilage that
lacks regenerative capacity, any notable defect in its structure re-
quires a surgical approach to reconstructing the auricle. While
there are several reconstructive options available between allo-
plastic and prosthetic implants, autologous rib cartilage grafts re-
main the most commonly used treatment modality. Still, this
widely used technique is accompanied by significant patient dis-
comfort in a young child and carries additional risks secondary to
the traumatic process of rib cartilage extraction, such as pneumo-
thorax and chest wall deformities, and the final esthetic results may
not be ideal. To circumvent these limitations, tissue engineering
approaches have been used to create a realistic-looking ear that
mirrors the complex anatomy of the normal ear. This article re-
views the biochemical and biomechanical properties of human
auricular cartilage as they relate to design criteria. In addition, a
variety of cell sources, biocompatible scaffolds, scaffold-free tech-
niques, and mechanical and biological stimuli are discussed. This
review aims to identify knowledge gaps in the literature related to
auricular cartilage characteristics and make recommendations to
drive the field of auricular tissue engineering.

Key Words: Auricular cartilage, biochemical properties, mechan-
ics, reconstruction, tissue engineering
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Congenital auricular anomalies may occur as an isolated
condition or as part of a syndrome, such as hemifacial
microsomia or Treacher-Collins syndrome.! Although most
cases of congenital auricular anomalies are sporadic, hereditary
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cases have also been described.? The most recognized ear con-
genital anomalies are microtia and anotia. Microtia (“small
ear”) is a defect in which the external ear is underdeveloped and
malformed and only a small part of the pinna is present.’
Anotia (“no ear”), while rare, is the most severe type of mi-
crotia, which involves the complete absence of the pinna and the
narrowing or absence of the auditory canal.

The overall prevalence of microtia varies between 0.83 and
17.4 per 10,000 live births, depending on the population
studied.® The prevalence is nearly 1.2 times higher in males,
Asians, and Hispanics.* Its inheritance is multifactorial, with a
recurrence risk of 5.7%.> Most cases are unilateral, and the right
side is typically affected.® Beyond the ear’s apparent visual de-
formity, children with microtia often experience hearing loss
due to the closure or absence of the external auditory canal,
which can hamper speech development. In addition, microtia
patients exhibit considerable psychosocial consequences, in-
cluding depression, interpersonal sensitivity, social difficulties,
hostility, and aggression.” Together, these factors necessitate the
treatment of microtia with an interdisciplinary team composed
of craniofacial surgeons, psychiatrists, speech therapists, and
counselors for the patients and their parents.®?

Despite the evolution of current reconstructive options, the
intricacies of the auricular anatomy make it challenging to
achieve a satisfactory esthetic outcome. Certainly, the advent of
tissue engineering has furthered efforts toward fabricating car-
tilaginous frameworks tailored to individual patient needs.
However, several obstacles remain, including the need for high
chondrogenic cell quantities, navigating the nuances of resist-
ance to deformation forces, and troubleshooting sustainable
framework longevity. Thus, before embarking on a potential
novel solution to auricular framework creation, the biochemical
and biomechanical properties of human auricular cartilage need
to be clearly defined.

This review outlines the aforementioned properties of the
human ear and discusses current techniques and the role of
tissue engineering in auricular cartilage reconstruction. To-
gether, this information will enable us to improve the design
criteria for an auricular construct that is well-suited for both
structural and esthetic needs.

We searched PubMed and Google Scholar databases using
the following keywords: “auricular,” “reconstruction,” “carti-
lage,” “anatomy,” “biochemical,” mechanical,” “tissue en-
gineering,” “graft,” and “scaffold.” We grouped our findings
according to anatomy, biochemical content, mechanics, and
current methods of repair and reconstruction. In addition, we
identified gaps in the literature and suggested potential areas for
further investigation to improve auricular cartilage engineering
as it relates to the treatment of microtia.
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ANATOMY

The ear can be divided into the external (outer), middle, and
inner ear. The external ear (auricle or pinna) is a single piece of
elastic cartilage with an elaborate and complex architecture.!° It
resides between 2 layers of perichondrium and is covered by
hairless skin.2 The different parts of the external ear are as
follows: 1. Helix (HE); 2. Lobule (LO); 3. Antihelix (AH); 4.
Antitragus (AT); 5. Concha (CO); 6. Scapha or scaphoid fossa
(SC); and 7. Triangular fossa (TF) (as demonstrated in Fig. 1A).
The LO is the only part that is devoid of cartilage and is made
up of connective tissue (Fig. 1B).

In utero, mesenchymal proliferation guides the development
of auricular structures.!! Specifically, these proliferations, also
known as auricular hillocks, form on the first and second
pharyngeal arches. The first pharyngeal arch further divides and
folds to form the TR, HR, and cymba concha, while the second
pharyngeal arch forms the cavum concha, AH, and AT. The
cartilage is then covered by ectodermal-derived epithelium to
form a recognizable ear structure as early as the 18th gestational
week.!213 However, the process of auricular cartilage folding
varies for each individual. This variability renders the devel-
oping cartilage vulnerable to exertional forces in an un-
predictable manner. The AH, HE, and SC are the least rigid,
most variable, and highly significant in terms of esthetics.
Moreover, in conjunction with the TF and AT, these auricular
components are formed from the free ear fold, which makes
them malleable and most susceptible to deformational forces in
utero and/or ex utero.?

TISSUE ENGINEERING

To overcome the limitations associated with autologous and
alloplastic reconstructive options while also minimizing sur-
geon-specific  inconsistencies in structural esthetics, pre-
fabricated autologous cartilaginous frameworks have been
proposed. The concept of prefabrication was introduced in the
1940s'* when costal cartilage was harvested, diced, and placed
in an ear-shaped metal mold. The mold was banked in the
patient’s abdomen for months, and the cartilage pieces were
eventually joined together by fibrosis. Unfortunately, the
structural outcomes of this technique were highly variable be-
cause scar tissue contraction distorted the framework.

More recently, tissue engineering techniques have led to ex-
panding autologous chondrocytes in vitro and subsequently
seeding them onto various biological or synthetic scaffolds.
However, culturing chondrocytes is not ideal due to their limited
capacity to proliferate in culture and their tendency to lose
their chondrogenic potential with subsequent passages.!>1°
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FIGURE 1. Ear anatomy. (A) The anterior surface of the auricle. (B) The anterior
surface of the auricular cartilage. AH indicates, antihelix; AT, antitragus; HE,
helix; SC, scapha; TF, triangular fossa; TR, tragus.
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Consequently, to bolster chondrogenic potential, the addition of
mesenchymal stem cells (MSCs) and other biofactors has been
investigated.!”2* These types of 3-dimensional (3D) cartilaginous
frameworks have been placed under the loose skin on the dorsum
of mice to test survival and maintenance of shape.2*> However, the
loose skin of mice does not mirror the conditions encountered in
human auricular reconstruction, where the skin in the mastoid
region is tightly adherent to the underlying bone or the skin-
grafted muscle flap, exerting restrictive forces under which a weak
construct can deform. Thus, the successful creation of a tissue-
engineered ear requires a strong, yet flexible, framework that can
withstand the mechanical disruptions encountered by a normal
ear. For this purpose, it is necessary to understand the mech-
anical, biochemical, and structural properties of auricular elastic
cartilage to establish design criteria while also lending mindful
consideration to the preconditions of a surgeon.

Mechanical Properties

Auricular cartilage has viscoelastic properties and is pri-
marily composed of collagen and elastin fibers that encompass a
proteoglycan gel.2027 This structural composition allows the
cartilage to retain water, which translates into an elastic re-
sponse to load. Elastin is the major contributor to the intrinsic
mechanical properties of the auricular cartilage. It promotes
stiffness at equilibrium and allows the ear to be flexible, main-
taining its shape against the micromechanical forces exerted
during an individual’s lifetime and postsurgery.?®

To study the microdeformation characteristics of the human
auricular cartilage, its mechanical properties through tensile and
compressive testing have been characterized and are summar-
ized in the following sections:

Thickness

Various studies report the thickness of auricular cartilage
across different anatomic regions and ages (summarized in
Supplemental Table 1, Supplemental Digital Content 1, http:/
links.lww.com/SCS/F904). Griffin and colleagues divided 15
human cadaver auricular cartilage samples into 5 anatomic
regions, namely the CO, TR, AT, HE, and AH. They used
electronic calipers to measure the thickness of each region and
reported that the all HE and AH were significantly thinner than
the CO, TR, and AT (P <0.01).2° Nimeskern et al® divided the
auricular cartilage into 6 regions (CO, TR, AT, HE, AH, and
SC) and noted the AT was the thickest, with little variation
among the other regions. They also reported that the older
adults (age 50 years or older) had thicker cartilage in compar-
ison to the younger adults (age: 20-34 years).

Chui et al,3! on the other hand, compared the thickness of
human conchal cartilage with that of other species. The tissues
from rats, rabbits, and humans were significantly thinner than
those from pigs and cows (P=0.001). The cartilage thickness
observed in the rat specimens was also significantly thinner than
the human specimens (P =0.015). Overall, the thickness of the
human samples was higher than that of the rats/rabbits but
lower than that of the pigs/cows.>!

Compressive Properties

The compressive properties of cartilage can be tested using a
wide variety of methods. In general, compression indentation
techniques and atomic force microscopy have been used to
measure Young’s modulus and stress-relaxation rates of human
auricular cartilage (Supplemental Table 2, Supplemental Digital
Content 1, http://links.lww.com/SCS/F904). The testing con-
ditions greatly affect the mechanical properties measured. For
example, AFM gives a highly localized measurement of surface
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stiffness (hardness), whereas gross compressive indentation
gives a bulk property reflective of the whole tissue.32

Bos et al’? used a commercial nanoindenter (Piuma; Optics11,
Amsterdam, The Netherlands), capable of applying forces rang-
ing from 0.1 uN to 7.5 mN at indentation depths ranging from 1
to 17 pm. Twenty conchal biopsies were punched out from 10
human auricular cartilage samples, and each sample was indented
10 times at the same anatomic location. The resulting stress-strain
curves were analyzed and produced an average compressive
Young’s modulus of 1.14+0.71 MPa, with considerable varia-
tion in stiffness between donors.??

Griffin et al,” on the other hand, used a Mach-1 material
testing device (Biomomentum, Canada), with a 1 kg load cell.
Initially, they divided the auricular cartilage into 14 anatomic re-
gions. No significant differences were elucidated between the dif-
ferent parts, with an average overall compressive Young’s elastic
modulus of 1.66 £0.63 MPa, which suggested that auricular car-
tilage has homogenous compressive properties. However, after
reanalyzing the data, the authors delineated a 5-point map, which
revealed that the CO (2.08 £ 0.70 MPa) had a significantly greater
Young’s elastic modulus than the HE (1.41 £0.67 MPa) (P <0.01),
and a higher rate of loading than the AH in compression
(P<0.05). The Young’s elastic moduli of the AH, TR, and AT
were 1.7110.63 MPa, 1.6720.61 MPa, and 1.79+0.56 MPa,
respectively. These findings demonstrate that ultrastructural var-
iances account for differences in compressive mechanical
properties.2? The authors also calculated the final stress-relaxation
rates for all 5 structural components of the auricular cartilage.?’
The similarities in this parameter among all the regions conveyed
that the entire ear could reach a similar load equilibrium over
15 minutes. Moreover, the final absolute relaxation was also sim-
ilar among the 5 regions, indicating that all parts of the auricular
cartilage relax to a similar final stress level.?

Chiu et al’! used the same device to test 5 human pediatric
CO cartilage samples and compared them with auricular car-
tilage samples from rabbits, cows, pigs, and rats. A double
compressive indentation method with plane-ended indenters
(diameters: 1 and 2 mm), was used to perform indentations at a
rate of 10% strain/s to a maximum of 10% strain. There were no
significant differences between the mechanical properties of
human auricular cartilage and those of other species. The bulk
moduli and Young’s moduli were higher than rat/rabbit but
lower than pig/cow.’!

Lastly, Pappa et al®® utilized atomic force microscopy
(MFP-3DBio; Asylum Research, Santa Barbara, CA) and
compression testing (Bose ElectroForce 3100, Framingham,
MA) to determine the elastic moduli and stress-relaxation rates
of cartilage samples from various ages of patients from the
normal conchal bowl, microtia ears, and preauricular tags.
Costal cartilage was also characterized because it is used in
autologous reconstruction. All the native samples were com-
pared with tissue-engineered (TE) cartilage generated from
umbilical cord MSCs to identify the best candidate for re-
construction purposes. The authors reported that the elastic
modulus increased with increasing age in all the native cartilage
samples, except the preauricular tags, and it was the highest in
the costal cartilage (361 372 kPa), followed by microtia, pre-
auricular appendages, normal conchal cartilage (31.8 + 18 kPa),
and the TE pellet.2° A similar pattern was observed in the stress-
relaxation rates. The highest value was seen in costal cartilage
(64.7 kPa/s), followed by microtia, preauricular, and conchal
cartilage (15.1 kPa/s). The TE pellet exhibited the lowest value
(7.6 £ 1.1 kPals).26

The geometric stiffness of the whole ear is another mech-
anical parameter reported in the literature. Zopf et al>* used an

Copyright © 2024 by Mutaz B. Habal, MD

MTS Alliance RT/30 testing machine, equipped with a 500 N
load cell, to apply load at a constant displacement rate of
10 mm/min to the entire, intact ear. Nine fresh human auricles
from 7 donors and porcine ears from 8 adult pigs were tested in
a helix-down position. The stiffness of the human ear was cal-
culated to be 0.194 + 0.202 N/mm in the linear region between 2
and 4 mm of displacement. Moreover, a nonlinear strain-stiff-
ening elastic behavior characteristic of other physiological soft
tissues was observed in both human and porcine ears. The lat-
ter, however, was found to be more compliant.*

Another study outlined the instantaneous modulus (Ej,),
equilibrium modulus (E.y), and maximum stress (6max) values of
human auricular cartilage. Nimeskern et al?? tested 15 male and
12 female fresh cartilage samples from children (age below
20 years), young adults (age 20-34 years), middle adults (age
35-49 years), and older adults (age 50 years or older). The E,,
E.q, and 0.« values were not significantly different among the
age groups and genders. In contrast, regional variation patterns
across the auricle were observed for Ej,, E.q, and 6yax, Where
the HE demonstrated the lowest values and the AT the highest.
This was significantly different from all the regions except the
TR.3° The authors also estimated the viscoelastic relaxation by
measuring the relaxation half-life (#,,) after the first strain
application.?® The f;,, pattern observed showed a slower re-
laxation in the HE and AH compared with the other 4 anatomic
regions of the auricle.3

Supplemental Table 2, Supplemental Digital Content 1,
http://links.lww.com/SCS/F904 outline the different com-
pressive properties of human auricular cartilage samples
stratified by anatomic regions.

Tensile Properties

When evaluating the tensile properties of auricular cartilage,
it is important to consider the following 3 parameters: ultimate
tensile strength (UTS), stiffness, and resilience.>> UTS is the
maximum tensile stress a material can sustain, after which it
fractures. The stiffness of a material corresponds to its Young’s
modulus in tension and defines the ease of elongation in re-
sponse to incremental loads.3>3¢ Resilience is the energy ab-
sorbed by a material during elastic deformation, and it is a
measure of how tough a material is, that is, the energy required
to break it. These values are calculated using stress-strain
graphs generated after a material experiences a tensile load.
Stress is the load on the sample normalized to the cross-
sectional area, and strain is the resultant elongation normalized
to the original length of the specimen.3® Supplemental Table 3,
Supplemental Digital Content 1, http:/links.lww.com/SCS/
F904 highlight the different experimental setups used to mea-
sure the tensile properties of human auricular cartilage samples
by various authors.

Zahnert et al’® obtained cartilage samples from 2 anatomic re-
gions (CO and TR) of 10 fresh human cadavers. The authors found
a mean tensile Young’s modulus of 3.4 N/mm? for conchal cartilage
and of 2.8 N/mm? for tragal cartilage. Thereafter, Park et al®
calculated all 3 parameters of tensile properties in § specimens of
human auricular cartilage (4 males, 4 females). The instantaneous
load (kg) and displacement data (inches) was used to generate a
stress-strain graph, which showed a UTS of 2.18 MPa, tensile
stiffness of 5.11 MPa, and resilience of 0.42 J/m™. Finally, Nayyer
et al’’ tested human auricular cartilage samples (region not speci-
fied). The samples showed a maximum tensile strength of
2.02£0.25 MPa, a Young’s modulus in tension of 5.02 £ 0.04 MPa,
and a 40.62% + 28% elongation at break.’’
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Mechanical Properties Summary

Auricular cartilage has varying degrees of thickness, and the
high degree of ultrastructural variations accounts for the dif-
fering compressive mechanics. Studies to date reveal that there
is a need for optimization of specimen geometry, preparation
methods, and testing conditions to understand the mechanical
characterization of auricular cartilage. Hence, the suitability of
testing methods should be analyzed based on the reproducibility
of the results. For these reasons, it is important to re-explore the
mechanical properties of human auricular cartilage and estab-
lish the techniques/devices that are most reliable and reprodu-
cible.

Biochemical Content

The physical characteristics of cartilage, including its viscoe-
lasticity, tensile strength, and compressive strength, depend on
the cartilage composition and the amount of collagen, elastin,
and proteoglycans in the extracellular matrix (ECM). One study,
in particular, demonstrated that the DNA, sulfated glyco-
saminoglycan (sGAG), and elastin content correlate significantly
with the Ej,, 6max, and Ecq.30 Thus, in order to curate the perfect
TE cartilage for auricular reconstruction, the biochemical com-
position and microstructure of auricular cartilage have been
studied using bioassays and histologic examinations.3® Real-time
polymerase chain reaction (RT-PCR) techniques have also been
used to quantify gene expression profiles. This information is
relevant to the different anatomic parts of the auricle and ana-
lyzes differences in age, sex, and conditions, such as microtia.
Because a combination of biochemical composition and local
tissue morphology is responsible for the regional variations ob-
served in the mechanics of auricular cartilage, we have grouped
these findings based on the analyses described in the literature
(Supplemental Table 4, Supplemental Digital Content 1, http://
links.Iww.com/SCS/F904).

Microstructure and Tissue Organization

The principal cells of cartilage, chondrocytes, reside within
lacunae.?! The lacunae are surrounded by an abundant, com-
pact ECM composed of elastin, collagen, and sGAGs. Elastin is
present in all cartilage components of the auricle, both intra-
cellularly and extracellularly, and appears as weakly stained
thin fibers in the ECM.?3! The elastic fibers form a dense
lattice network around the individual chondrocytes.?

Griffin et al® report that the auricle is homogeneous in
chondrocyte morphology, ECM, and elastin content. They
observed evenly distributed chondrocytes with similar mor-
phologies across all anatomic regions of auricular cartilage.?’
However, zonal differences do exist. Melgarejo-Ramirez*® ob-
served a change in the shape of the chondrocytes as they ap-
proached the perichondrium. Chondrocytes in the peripheral
zones appear flatter and closer together in comparison to the
central zones.*® The matrix is also more compact near the
perichondrium.*0

In contrast, Kana and colleagues not only observed zonal
but regional differences as well, which contradicted Griffin’s
findings. For example, they noted that the external surface in an
area of concavity (SC) was less cellular, with oval-shaped
chondrocytes and a higher density of elastic fibers interspersed
between the cells.?® In contrast, the external surface of the
convex side (HE, AH) housed an increased number of chon-
drocytes, which were more elongated and fusiform in shape and
were surrounded by a lower concentration of elastic fibers.?
Interestingly, in areas devoid of undulating topography, the
density and shape of the chondrocytes in both peripheral zones
were similar. Overall, the auricular cartilage showed a

4

tri-lamellar structure, with a greater concentration of elastic
fibers in the central lamella than both peripheral zones.?

Furthermore, examining samples from different age groups
under light microscopy has also revealed differences in the
number of chondrocytes. Cartilage from younger donors has an
increased quantity of chondrocytes, and the elastic fibers form a
continuous thick layer. In older donors, fewer chondrocytes are
present, with larger vacuoles and fragmented heterogeneous
elastic fibers, with multiple branches.*! However, despite having
larger lacunae, the aged human cartilage has a higher Young’s
modulus compared with their younger counterparts. This may
be due to the age-related variations in the ECM components
leading to differing cartilage mechanics, which are discussed in
the following sections.

In addition to normal age-related changes, researchers have
also studied tissue architecture under pathologic conditions,
such as microtia.*® Surprisingly, histologic analyses reveal that
despite the external abnormality seen in microtia, the internal
tissue organization is similar to that of healthy auricular
cartilage.*0

Elastin

Elastin is the principal protein present in elastic cartilage.
Elastin fibers can be stretched by ~200% of their resting length
without deforming.?’ Nimeskern et al* measured elastin and
normalized the values to sample wet mass (Supplemental
Table 4, Supplemental Digital Content 1, http://links.lww.com/
SCS/F904). They found that auricular cartilage contained a
large amount of elastin, with > 15% elastin content per sample
wet mass. However, overall, there were no significant regional
differences based on age or harvesting location (P> 0.05).3°
Pappa and colleagues analyzed both the elastin and fibrillin (a
glycoprotein that binds elastin) content in cartilage samples
from normal conchal bowls, preauricular appendages, and mi-
crotia patients. They then compared them to TE cartilage
generated from umbilical cord MSCs.*? All the native auricular
cartilage samples showed similar elastin and fibrillin staining. In
contrast, the costal cartilage did not stain for elastin, and the
fibrillin staining was weak. The TE pellet had less elastin but a
comparable fibrillin content. Moreover, it demonstrated the
presence of fibrillin 111, which reflects the immaturity of the TE
cartilage. Dahl et al* also analyzed pediatric microtia cartilage,
pediatric preauricular appendages, and normal adult auricular
cartilage and observed similar levels and distribution of elastin
in all the samples.

Collagen analysis

Collagen is a fibrous protein arranged in parallel fibers that
are attached at various locations. This arrangement reflects the
tensile strength of cartilage.?” There are 16 types of collagen.**
However, collagen II is the major matrix protein in cartilage.*®
Nimeskern and colleagues estimated collagen content by mea-
suring hydroxyproline (HYP).® No regional variations were
observed, but older adults had significantly lower HYP levels.

As such, Dahl et al* revealed the expression of collagens I,
II, and X in human auricular cartilage samples through a his-
tologic examination. On gross inspection, collagen II was ex-
pressed at a much lower level in the microtia samples (288 cells/
mm? in microtia, 652 cells/mm? in pediatric preauricular tags,
and 681 cells/mm? in adult conchal bowl). An image analysis
demonstrated that collagens I and X were expressed at similar
levels in each of the auricular cartilage samples.*® These findings
were corroborated by Pappa et al,*?> who reported similar
collagen I, II, and X levels in normal conchal cartilage and
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preauricular tags. In microtia samples, the quantities of collagen
I and X were similar to the aforementioned cartilages. However,
collagen II levels were lower. Interestingly, the presence of
calcium was also noted in microtia cartilage, whereas it was
absent in all the other samples. Costal cartilage exhibited de-
creased quantities of all 3 collagen types compared with the
auricular samples.*?

Collagen X is specific to cartilage and is produced by ter-
minally differentiated chondrocytes.*® It plays a role in matrix
mineralization and endochondral ossification and hence serves
as a marker for hypertrophic, calcified cartilage.*’ In the ab-
sence of any genetic variations, the presence of collagen X in
normal pediatric auricular cartilage appears out of place since
the ear is a nonmineralizing connective tissue.*® This property of
auricular cartilage is surprising and raises the question of
whether collagen X is present in all types of elastic cartilage or if
it is specific to the ear cartilage. Animal studies have identified
its absence in the epiglottis, which is also composed of elastic
cartilage.*® In contrast, nasal and tracheal cartilage synthesize
type X collagen, which persists within the ECM without min-
eralizing.*>>0 Further elucidation of collagen X’s role is re-
quired to establish its importance in maintaining the structural
integrity of various cartilaginous structures and allow re-
searchers to manipulate its ratios to achieve the perfect tissue-
engineered construct.

Glycosaminoglycan (GAG) analysis

Glycosaminoglycans are highly polar, negatively charged
polysaccharide compounds present in the ground substance of
elastic cartilage that attracts water.>! There are several types of
GAGs, but the most abundant are chondroitin-4 and chon-
droitin-6 sulfate.>> Heparin sulfate and chondroitin sulfate are
both involved in different stages of elastic fiber development.33-34
Moreover, hyaluronate and proteoglycan aggregates also co-lo-
calize with elastic fibers, without any zonal differences through-
out the substance of the auricular cartilage.>>>® GAGs interact
with other compounds, including collagen, laminin, and fi-
bronectin, to form connections and provide structural support.
Thus, the quantity of GAGs in auricular cartilage reflects the
compressive properties of the connective tissue framework.’!

Nimeskern and colleagues demonstrated that older adults
demonstrated thicker cartilage and lower sGAG (sulfated GAG)
levels, suggesting age-dependent differences (Supplemental Ta-
ble 4, Supplemental Digital Content 1, http://links.Iww.com/SCS/
F904). Auricular cartilage also displays half the amount of
sGAGs compared with nasal septal cartilage. This corresponds to
the significantly lower strength, stiffness, and sGAG content and
the significantly higher relaxation time and DNA content in au-
ricular cartilage.’® In addition, regional differences are apparent.
For example, sGAGs are more abundant in the AT and TR than
the HE. This correlates with the mechanical parameters because
the AT is the stiffest, and the HE is the softest when measured
mechanically. Furthermore, Pappa et al*? demonstrate similar
levels of GAGs in all native cartilage samples and a lower
quantity in a TE pellet.

Due to the involvement of GAGs in the formation of elastic
fibers and their interactions with the ECM, we believe that the
GAG-matrix binding plays a functional role in the stiffness of
auricular cartilage. This hypothesis was tested by Nimeskern
et al, 28 when they attempted to remove the sGAGs and found it
difficult to completely deplete the sGAGs without affecting the
elastin content. This temporal interaction between the 2 com-
ponents of auricular cartilage requires further exploration from
a structural perspective on a larger scale.

Copyright © 2024 by Mutaz B. Habal, MD

DNA Content

Nimeskern et al®0 revealed regional variations in DNA
content in the auricular cartilage. The SC had the highest
content, and the AT and the TR had the lowest DNA content
(Supplemental Table 5, Supplemental Digital Content 1, http://
links.lww.com/SCS/F904). In contrast, no significant differences
were found between the various age groups or males and fe-
males. While this data might signify that postbirth, aging does
not affect the proliferative capacity of the chondrocytes, the Ki-
67 staining (a marker for proliferation) in adult and 22-week
aborted fetal auricular cartilages demonstrate that aging results
in a significant prolongation of the cell cycle resulting in an
extremely low proliferative activity.>

Biochemical Content Summary

The biochemical content of the auricular cartilage influences
its mechanical properties. The GAG and collagen content cor-
relate with the stiffness and strength of the cartilage. These
differences are reflected in varying degrees of GAGs in the HE,
TR, and TR, which corresponds to the variation in mechanical
characteristics in these anatomic locations. As humans age, the
thickness of the auricular cartilage increases, which is reflected
in the fragmentation and heterogeneity observed in elastic fi-
bers, along with a reduction of GAG and collagen content.
Moreover, the chondrocytes, within the matter of the cartilage,
reside in small lacunae, which enlarge with age.*! Microtia
cartilage demonstrates decreased functional elasticity compared
with normal auricular cartilage, which is evidently due to the
increased calcium content. As discussed previously, in addition
to the compressive properties, the biochemical composition of
preauricular cartilage remnants is similar to conchal cartilage
and hence, may provide the best source for TE cartilage.
Overall, there is a paucity of quantitative data characterizing
the biochemical properties of human auricular cartilage and
contradicting results on its microstructural organization. Hence,
future work should focus on quantitatively analyzing the
ECM components on a larger scale and studying the general
morphology and cellular architecture in detail.

Scaffold and Scaffold-Free Techniques for TE

Cartilage

Scaffolds provide a stable 3D framework that host cells and
other biological molecules that secrete ECM and regenerate
functional tissues.>’ In addition to providing the cells with an
appropriate microenvironment that mimics native tissue, an
ideal scaffold must have the following properties: 1) adequate
pore size; 2) a large surface area; 3) a rate of scaffold degra-
dation that is in equilibrium with the rate of tissue regeneration;
4) suitable mechanical strength to maintain the predesigned
structure; 5) biocompatibility; and 5) a positive interaction with
the cells, including cellular adhesion, migration, proliferation,
and differentiation to achieve optimal biomaterial-tissue
integration.>’-8

Recently, 3D bioprinting technology has made it possible to
generate intricate scaffolds of a predetermined shape, such as an
ear.” The contralateral ear is scanned and measured so that the
resultant scaffold precisely mirrors the contours and projections
of the normal ear.®0 Despite this feat, scientists continue to
struggle to render a scaffold with an adequately large pore size
ratio that facilitates deeper migration of cells into the scaffold
without compromising its mechanical stability. Moreover, the
accuracy of the printing nozzle and the precise size of the bio-
ink particles are difficult to control.®! While the laser-assisted
printing technology may be considered a good alternative, the
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lower cellular viability compared with other bioprinting meth-
ods, along with the time-consuming nature of the process, and
the high cost limit its use.®! Therefore, maintaining this struc-
ture in vitro and in vivo has proven challenging.

The choice of material used, whether synthetic or naturally
derived, a porous or hydrogel-based polymer, is critical to the
success of tissue engineering cartilage. Several biomaterials and
their hybrids have been used to generate auricle-shaped constructs
(Supplemental Table 5, Sug)g)lemental Digital Content 1, http://
links.lww.com/SCS/F904).55-02  Collagen, the most abundant
ECM component, is recognized as a promising biomaterial for
scaffolds in tissue engineering. The benefits of using collagen as a
biological scaffold include its low immunogenicity, porous struc-
ture, and favorable biocompatibility. However, collagen scaffolds
often lack the rigidity needed for tissue engineering purposes.

Another subtype of naturally occurring scaffold that has been
used in cartilage engineering includes decellularized human tis-
sue, such as acellular cartilage matrix (ACM) and allograft adi-
pose matrix (AAM). Jia et al®® demonstrated that an ACM/
gelatin suspension, with a polycaprolactone (PCL) inner core, can
be prepared into a porous scaffold using 3D printing. The authors
noted a cell seeding efficiency of more than 90%, and after 14 days
of growth, they implanted the newly formed cartilage-like tissue
into nude mice. Subsequent analyses, 6 and 12 weeks after im-
plantation, showed gradual regeneration of mature cartilage with
abundant lacunae and a homogenous ECM distribution. How-
ever, little fibrous tissue was seen up until 12 weeks. The DNA,
GAG, and collagen contents showed levels equivalent to native
cartilage. The constructs also maintained their original shape
with good elasticity.** However, the initial heterogeneous nature
of the cartilage and the presence of fibrous tissue signifies that
optimization of the scaffold preparation and further evaluation of
the scaffold biosafety are required.

Our laboratory utilized AAM as a disc-like framework to co-
culture auricular chondrocytes (AuCs) and adipose-derived
stem cells (ADSCs) and observed chondrogenesis induction.®
While our experimental bioscaffold lacked pores, resulting in
cells’ inability to penetrate the entire AAM disc, it confirmed
that AAM preserves the essential components of native ECM,
which provided the necessary microenvironment for activating
chondrogenesis. In the future, 3D bioprinting AAM into a
scaffold will allow us to control the porosity better and establish
a construct capable of being fully infiltrated by cells.

As an alternative to natural materials, biodegradable synthetic
polymers, such as polycaprolactone (PCL), polyglycolic acid
(PGA), and poly-L-lactic acid (PLLA), offer certain advantages
for developing scaffolds in tissue engineering. The key benefits
include controllable mechanical properties and overall malle-
ability, as these scaffolds can be fabricated into various shapes
with different pore sizes. However, synthetic materials may elicit
a foreign body response from an immunocompetent host.®® This
is problematic because the inflammation leads to the generation
of a fibrous capsule, impeding the integration of the implant into
the host tissue. Moreover, long-term exposure to inflammatory
cells can lead to unwanted corrosion of the implanted bio-
materials and has been shown to negatively impact the seeded
cells’ ability to regenerate and induce chondrogenesis.®’

To further improve upon these tissue engineering techniques,
composite scaffolds that utilize both biological and synthetic
materials have been created. The synthetic component provides
mechanical strength, while the naturally occurring substances,
such as collagen, mimic the native tissue environment.®8 This
technique was utilized by Zhou and colleagues when they used
autologous chondrocytes derived from microtia cartilage and
seeded them onto a scaffold comprised of a PCL mesh inner

6

core, wrapped with PGA unwoven fibers, and coated with
polylactic acid (PLA). The structure was created using a neg-
ative mold of the patient’s ear, and the biomaterials were cast
into the ear-shaped mold. This system created an in vitro en-
vironment for generating cartilage, and after 12 weeks, the
cultured scaffolds were implanted into humans.%® However,
even after 18 months postimplantation, the PCL inner core was
still detectable.®® Moreover, the study described using a neg-
ative mold to generate the ear shape by casting the biomaterials.
It would be ideal to directly fabricate the 3D ear shape with the
scaffold material and possibly with the cells.

Scaffold-free methods have also been developed to engineer
cartilage. These include cell sheet engineering, aggregate
engineering, and the self-assembling process. Aggregate engineer-
ing is a cell culture technique that provides a 2-dimensional
structure for cell-to-cell interactions resulting in free-floating cell
aggregates.®® Cell sheet engineering uses a cultured monolayer
subjected to thermal energy and physical manipulations, a process
that may or may not use enzymatic cleavage depending upon the
mandrel used.”® With this approach, multiple cell layers are added
on top of one another to add depth to the TE framework. In
contrast, the self-assembling process helps aggregate chondrocytes
independent of external energy, where inherent free energy and
cellular tension drive cell-to-cell adhesion, which mimics the mes-
enchymal condensation seen during native development.”

Although these modalities appear promising, they do present
limitations. As mentioned before, one of the well-established
challenges in tissue engineering cartilage for auricular con-
struction is the incredibly high number of chondrocytes re-
quired. Microtia cartilage lacks a sufficient number of normal
chondrocytes to meet this demand. In addition, once the cells
are in monolayer culture, adequate numbers still cannot be
obtained due to the loss of the chondrogenic capacity of the
chondrocytes.

To reconcile these challenges, Yanaga et al’!-7> developed a
multilayer culture system supplemented with fibroblast growth
factor-2 (FGF-2). In this environment dedifferentiated chon-
drocytes re-differentiate, secrete hyaluronic acid, and eventually
form a scaffold in vitro.”! The multilayer, cultured chondrocytes
were injected subcutaneously in the lower abdominal wall of 12
patients. After 6 months, the neocartilage was extracted,
sculpted into an auricle, and retransplanted in the mastoid re-
gion. Mechanical and histologic analyses revealed similarities to
the native ear cartilage, and a 6-year follow-up of 1 patient
demonstrated morphologic maintenance without absorption.”!
While this technique bypasses the limitations of implanting
synthetic or biological materials, it requires additional surgeries,
similar to autologous reconstruction. Taken together, the cur-
rent constraints associated with scaffold and scaffold-free car-
tilage engineering necessitate the development of even better
techniques that are amenable to ear reconstruction.

Cell Sources

When considering auricular chondrocytes (AuCs) to create a
cartilaginous framework, we must consider the underlying
pathologic processes that result in microtia. Specifically, it has
been suggested that “microtia cartilage is not simply smaller
normal cartilage, but cartilage that cannot reach the maturity
and organization of healthy auricular cartilage.””> This hy-
pothesis undoubtedly impacts the choice of ear sample used to
harvest the chondrocytes. While Zhou et al®® successfully im-
planted a tissue-engineered auricle in 5 patients using microtia
chondrocytes, 2 of the 5 ears demonstrated distortion when
examined 6 months postoperatively. Interestingly, Dahl et al*3
reported that microtia cartilage contains lower levels of collagen
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II. However, a tragal biopsy from one of the tissue-engineered
constructs implanted by Zhou et al®® showed a notable collagen
II. These discrepant findings warrant further characterization of
microtia cartilage to determine the course of the pathologic
signaling once it is transferred onto a scaffold. Likewise, Ya-
naga and colleagues used microtic chondrocytes as seed cells for
clinical auricular reconstruction and monitored 1 patient post-
operatively over the course of 6 years. They noted that the
neocartilage maintained its structure without absorption, con-
cluding that this was because of the soft, yet viscoelastic char-
acter of the newly formed cartilage that resembled native
auricular cartilage.”! Additional long-term patient follow-ups
should be carried out to further analyze the structural integrity
of the TE framework after the scaffold has degraded.

Alternatively, allogeneic chondrocytes have been hypothe-
sized to be a viable cell source. The avascular nature of auricular
cartilage is suggested to make it immunologicall%/ privileged, al-
lowing its transplantation into another human.’* This may be
true for transplanted fragments of allogeneic cartilage under
physiological conditions, but isolated allogeneic chondrocytes
have been known to elicit an immune response.”> During trans-
plantation, their surface molecules (major histocompatibility
complex, MHC) encounter immunocompetent cells, and while
they may form cartilage similar to their parent source, it is
gradually resorbed by the infiltrating immune cells. In contrast,
chondrocytes have also been documented to have im-
munosuppressive properties by disrupting T-cell function and
inhibiting MHC-II expression.”> These conflicting results are
mirrored in the literature, where several studies highlight the
possibility of transplanting allogeneic articular chondrocytes’* 70
and others report immune rejection.”’ "

In light of the considerations mentioned above, the current
most practical cell source suited for auricular cartilage en-
gineering reported in the literature remains autologous AuCs
derived directly from a patient’s microtia ear or, if necessary,
from a small biopsy of the patient’s unaffected, contralateral
conchal bowl.®® For microtia patients, the typically discarded
microtia ear cartilage has the potential to increase the initial
chondrocyte population in combination with normal AuCs for
cell expansion. AuCs are easily harvested with less donor-site
morbidity, produce twice the cell yield per gram, and proliferate
faster in a monolayer culture when compared with articular
cartilage.3! One gram of elastic cartilage provides roughly 10
million cells that can be subsequently expanded to generate
~138 million AuCs after just three passages.®?> However, this
number is still less than the purported 200 to 250 million cells
required to create a full-scale pediatric auricle.®?

While cell expansion allows us to achieve the desired cell
quantities, there remains the challenge that chondrocyte ex-
pansion beyond the second passage (P2) results in “dediffer-
entiation,” marked by decreased deposition of chondrogenic
matrix materials (ie, type II collagen) and increased fibroblastic
behavior (ie, type I collagen deposition).!>1¢ The initial few
studies that did utilize late-passage human AuCs (HAuCs) were
not promising.!>16-84 But in 2018, Bernstein et al®? conducted
an in vivo experiment in nude mice and discovered that HAuCs
expanded through P3, 4, and 5, maintained not only their
original cylindrical geometry but also their histologic and bio-
chemical integrity with similar amounts of collagen, proteo-
glycan, elastin ann hydroxyproline content when compared with
native auricular cartilage.

Furthermore, studies have demonstrated that co-culturing P2
expanded cells with freshly isolated chondrocytes over 4 weeks
renews their ability to secrete abundant ECM.$%8¢ Others have
looked into the prospect of growth factors and co-stimulatory

Copyright © 2024 by Mutaz B. Habal, MD

molecules as a means to stave off dedifferentiation.”!8>87 These
studies illustrate that the in vitro changes resulting in dediffer-
entiation are reversible with the right environmental cues. How-
ever, their clinical translatability has yet to be validated.

Co-stimulatory cells and molecules

Various cytokines and growth factors have demonstrated the
potential to abrogate the dogma of chondrocyte dedifferentiation
and enhance the chondrogenic capacity of cells. For instance,
pediatric AuCs incubated with insulin and triiodothyronine (T5)
in vitro and with BMP-2 within the atelocollagen hydrogel pro-
duce the greatest quantities of GAGs and viable cells compared
with other combinations of the 3 stimulatory molecules tested
in vitro and within the scaffold.8® The organization of this model
and the timing of the introduction of the growth factors is crucial
because insulin and T3 have a short half-life. Faster degradation
causes them to function better in the medium, with frequent me-
dium changes. In contrast, BMP-2 has a half-life of 5 to 6 days,
allowing it to function as a stable growth factor in the scaffold.
In addition to timing, the selection (and combination) of optimum
growth factors has been studied. b-FGF increases the chondrocyte
number 5.5-fold in 3 weeks in vitro and produces a hi%her quantity
and quality of tissue in vivo compared with TGF-p.8° While these
results highlight the importance of identifying the optimal con-
centrations and combinations of growth factors to be applied at
distinct time points during chondrogenesis to create a TE con-
struct similar to native auricular cartilage, the literature discussing
the effects of various growth factors and proteins on human AuCs
is scarce. Future experiments must focus on that direction in order
to increase the translatability of these experiments.

In addition to biofactors, the use of stem cells has also been
explored to aid in cell expansion. Mesenchymal stem cells
(MSCs) are multipotent stem cells with immense chondrogenic
potential. Their ability to continuously proliferate and achieve
sufficient numbers in vitro may allow for cell growth and
ameliorate the issue of dedifferentiation. They are also available
in high numbers without any associated ethical concerns, and an
increasing number of methods have been identified for their
isolation and expansion.”® Bone marrow mesenchymal stem
cells (BMSCs) are the most comprehensively used and inves-
tigated MSCs. Nearly 40 studies have implemented MSCs for
the clinical repair of cartilage, albeit primarily articular
cartilage.®® Co-culturing MSCs with articular chondrocytes,?*
meniscal fibrochondrocytes,?223 and nucleus pulposus cells?! all
resulted in the enhancement of cartilage development. Co-
culturing and coimplanting MSCs with AuCs have also been
demonstrated with animal cells!®?° and human-animal cell
hybrids.!®19 In the setting of auricular tissue engineering, Zhang
et al'® cotransplanted microtia chondrocytes with BMSCs (25%
MCs and 75% BMSCs) and successfully demonstrated the
strong chondroinductive ability of microtia chondrocytes to
promote the stable ectopic chondrogenesis of BMSCs in a
subcutaneous environment. Moreover, cell labeling showed that
BMSCs had the propensity to transform into chondrocyte-like
cells secondary to the chondrogenic niche afforded by the
cocultured MCs. Most importantly, a human-ear-shaped carti-
laginous tissue with a delicate structure and proper elasticity
was successfully constructed by seeding the mixed -cells
(microtia chondrocytes and BMSCs) into a preshaped bio-
degradable ear-shaped scaffold, followed by 12 weeks of sub-
cutaneous implantation in a nude mouse.

Despite these successes, BMSC harvesting still has several
limitations. There is a significant amount of pain and morbidity
associated with the bone marrow collection procedure, and the
number of harvested bone marrow cells that are MSCs is rela-
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tively small (hundreds of cells per ml of marrow).! Also, when
BMSCs are expanded in vitro, they show signs of senescence.”
Thus, alternative and comparable sources of MSCs are desir-
able. Adipose-derived stem cells (ADSCs) are a favorable al-
ternative, as they can be derived from adipose tissue through
minimally invasive means, yielding tens of thousands of ADSCs
per ml of lipoaspirate.” To the best of our knowledge, only one
previous coimplantation study combined both AuCs and stem
cells of human origin, coimplanting AuCs with ADSCs.!7 AuCs
from microtia tissue promoted the chondrogenic differentiation
and chondrogenesis of ADSCs by co-grafting in vivo. We
confirmed these results in our laboratory by co-culturing AuCs
and ADSCs in vitro and examining the gene expression of type
II collagen and SOX9 (key regulators of chondrogenesis).®> In
our efforts, we determined that a 1:9 (AuCs:ADSCs) culture
ratio provided an acceptably optimum microenvironment suited
for chondrogenesis.®> Given the substantially lower number of
chondrocytes required in our co-culture setting, the utilization
of ADSCs may circumvent the need for conventional chon-
drocyte expansion.?* These co-culture systems using ADSCs or
other MSCs, combined with AuCs, demonstrate advantageous
paracrine signaling that may mimic the native cell-cell inter-
actions lost through the enzymatic digestion and processing of
the cells.”* As a result, this new microenvironment is conducive
to functionally stable AuCs.34879%9 Moving forward, more
attention should be focused on a means to optimize this mi-
croenvironment so that a clinically relevant expansion of
chondrocytes can be achieved in a consistent, predictable
manner. Figure 2 illustrates the current techniques used in tissue
engineering for auricular cartilage.

Mechanical Stimulation

Apart from biological factors, another component of the
microenvironment surrounding the chondrocytes affecting their
differentiation and proliferation is mechanical loading. Bio-
reactors capable of transmitting sound waves, microgravity,
hydrostatic pressure, compression, and fluid shear, magnetic,
electric forces have been created to reproduce the mechanical
microenvironment of native cartilage.®’” % These 3D bio-
mimetic culture systems allow cellular interactions with the
application of physical stimulation under optimal levels of
oxygen, carbon dioxide, pH, temperature, and growth factors to
enhance cell proliferation and matrix deposition.!00-101

Static compression inhibits, and dynamic compression pro-
motes biochemical anabolism.!92 Chung et al'%? applied a 5%
static compression, followed by a dynamic axial strain of 10% at
1 Hz after achieving equilibrium. They also tested higher fre-
quencies (3 Hz) and larger amplitudes (15% dynamic strain) on
both in vitro-cultured AuCs and cell-seeded hyaluronic acid
hydrogels. Collagen II and aggrecan increased (1.3-fold and 1.4-
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FIGURE 2. Current technique used in tissue engineering auricular cartilage.
Autologous or allogeneic chondrocytes are isolated from auricular cartilage and
subsequently expanded in vitro. Once expanded, they are added onto a
biological or synthetic scaffold, with or without co-stimulatory molecules and/
or stem cells (ADSCs or MSCs). Together, they form elastic cartilage, which is
ultimately implanted into the patient.
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fold, respectively) in the AuC-constructs after 5 days of con-
secutive loading, whereas the expression of collagen I was
downregulated. However, the increase in ECM components was
more robust for the articular cartilage after mechanical
compression.'9 These results highlight the inherent differences
in the physiological characteristics of different types of chon-
drocytes, which is expected because articular cartilage under-
goes massive bending and buckling forces. In contrast, auricular
cartilage is a nonload-bearing structure. The literature is densely
populated with studies reporting the effects of various forms of
physical stimulation on articular chondrocytes, but the tissue
engineering field related to auricular cartilage is still relatively
novel. As such, the magnitude of various types of mechanical,
electrical, or magnetic forces needs to be adjusted to levels
suitable for auricular chondrocytes to promote the development
of functional tissue. Moreover, standardized methods and out-
come measures of mechanical loading systems are required to
facilitate comparisons between various experiments.

CONCLUSION AND FUTURE DIRECTIONS

This review sheds light on the need for cartilage tissue engineering
for auricular reconstruction and outlines the importance of es-
tablishing design criteria to achieve biomimetic auricular carti-
lage. We also provided insight into gaps in the literature
pertaining to the biological and mechanical characteristics of
auricular cartilage and the current techniques used to engineer
elastic cartilage. We believe the first step is to perform an in-depth
assessment of the properties inherent to auricular cartilage, most
notably collagen X and the GAG-elastin interactions, which may
be responsible for its native characteristics. Large-scale studies
that include various anatomic regions, congenital pathologies,
ages, sexes, and ethnicities must be performed to understand the
diversity seen in individual patients.

Several framework designs have been proposed that use a
variety of scaffolds, cellular components, and co-stimulatory
molecules. The use of AAM in our lab has proven to be chon-
droinductive in the presence of AuCs and ADSCs. Thus, 3D
printing AAM or other ECM scaffolds might be a means to
achieve an auricle-shaped construct that mimics the native ear.
Since AAM originates from cadaveric donor tissues using
standardized and controlled methods, there is also an opportunity
for large-scale manufacturing to create an off-the-shelf scaffold.
In addition to the scaffolding techniques, the scaffold-free tissue
engineering approach also appears promising. However, because
the shape of the resultant ear will still be dependent on the sur-
geon’s artistic competency, future studies should focus on elimi-
nating the esthetic variability by combining this approach with a
mold using computer-aided design software.

The ideal choice of cells for cartilage generation is under-
standably normal auricular chondrocytes, but it is imperative to
troubleshoot alternative solutions due to their low availability.
For instance, continued work on the co-transplantation of ac-
cessible sources of MSCs, such as ADSCs, as well as an in-depth
review examining a gamut of possible co-stimulatory molecules
and their optimal concentrations and combinations in relation
to chondrogenesis, should be prioritized. Alternatively, the po-
tential for utilizing allogeneic chondrocytes should be explored.
A thorough comprehension of phenotypic stability, function,
and antigenicity is required to implement allogeneic tissue-
engineered neocartilage successfully. As in the case of rhino-
plasty, irradiated and decellularized auricular cartilage can also
be tested for auricular reconstruction.

While it is vital to achieve a framework that is biologically,
structurally, and mechanically similar to native cartilage, we must
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keep in mind that there are restrictive and jarring forces (often
related to the nature of the reconstructed skin or muscle envelope)
exerted upon a transplanted auricular cartilage framework that
can potentially distort the 3-dimensional complex. Hence, the
tissue-engineered framework, in addition to being flexible, must
have greater tensile and compressive strengths compared with the
native structure. For this reason, future work should be directed
toward exploring the optimal biological molecules for cross-
linking purposes. Various types and magnitudes of mechanical
stimulation under favorable conditions must also be tested to
mold the TE constructs. The ability to control the mechanical and
biochemical properties of the TE cartilage will allow us to achieve
a high degree of customization.

Taken together, we are optimistic that advances in tissue
engineering and regenerative medicine will allow for an en-
gineered auricle that mimics the natural auricle. Collaborations
across all disciplines are crucial to achieving this objective. In
addition to the involvement of biomedical engineers, surgeons,
and researchers, it might be beneficial to involve patients or
their guardians in the dialog relating to their concerns and ex-
pectations, which may potentially alter the design process to
achieve a more satisfactory outcome.
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