recent literature.

Introduction

Otolaryngology focuses on the treatment of ear, nose, and
throat (ENT) disorders that affect thousands of patients world-
wide every year.! Those disorders could be life threatening,
for example, tracheal stenosis, which affects important senses
such as hearing and smell, and can impact the psychosocial
well-being of the patient, for example, microtia and vocal
folds (VFs) impairments.

Although the tissues/organs that are studied in otolaryn-
gology are different, the gold standard treatment for their dis-
orders is similar and based either on the use of cartilaginous
auto- or allograft, or on the use of prosthetic and augmentation
materials.> However, both of these solutions present several
drawbacks. Biological grafts suffer from donor-site morbidity,
limited availability, and adverse immune response, whereas
synthetic prostheses rarely lead to the regeneration of the tar-
geted tissue.® Hence, the interest in moving toward tissue engi-
neering to fabricate bioequivalent substitutes ideally enable
the host tissue to regenerate.*
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Three-dimensional and four-dimensional
printing in otolaryngology
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Each year, thousands of patients deal with ear, nose, and throat disorders that can be life
threatening such as tracheal stenosis, or impact the psychosocial well-being, such as
microtia. These often require surgical intervention using autologous or allogenic grafts. Tissue
engineering represents an exciting alternative to substitute the use of human tissues, by
fabricating living bioartificial constructs using three-dimensional scaffolds that incorporate or
support human cells that can proliferate and mature. The complex geometries of ear, nose,
and throat call for advanced fabrication techniques such as bioprinting, which leverages
additive manufacturing to fabricate patient-specific scaffolds with a high design freedom
and repeatability. Here, we will provide a comprehensive overview on the use of bioprinting
technologies to address specific challenges in otolaryngology, with relevant examples from

The complex three-dimensional (3D) geometry of ENT
organs poses a challenge to the fabrication of biomaterial
scaffolds with interconnected pore networks that provide
mechanical support for growing cells and developing tissue
while matching the original tissue shape. Bioprinting tech-
nology then offers an exciting option for scaffold production,
leveraging the possibility to manufacture highly reproducible,
customizable, and even cell-laden structures.>~’

Bioprinting has in fact been defined as the application of
additive manufacturing (AM) processes (i.¢., joining materials
layer by layer to make 3D objects starting from a 3D digital
model) to fabricate scaffolds by the deposition and assembling
of living and/or not living biomaterial(s) with an established
organization.® Bioprinting allows for a wide range of printing
resolutions and an extensive library of materials availability,
providing greater flexibility in shape creation than conven-
tional methods and a high control over scaffold architecture
and cell location. Moreover, bioprinting allows the fabrica-
tion of 3D scaffolds from volumetric information from patient
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THREE-DIMENSIONAL AND FOUR-DIMENSIONAL PRINTING IN OTOLARYNGOLOGY

medical images (e.g., computed tomography [CT]), and can
arrange multiple biomaterials, cells, and biomolecules with
high resolution, accuracy, and repeatability.”!°

Besides their complex 3D structures and microarchitec-
tures, native tissues in otolaryngology also possess unique
functions that are achieved through dynamic changes in tis-
sue conformation. Therefore, the fabrication via 3D bioprint-
ing of scaffolds is able to change, over time, their chemical
and/or physical properties under a predefined stimulus (i.e.,
four-dimensional [4D] bioprinting),'" and could improve the
potentiality of static scaffolds by mimicking the native tissue
movements and simplifying their seeding.'>!3

This article will provide an overview on bioprinting tech-
nologies for otolaryngology. After a brief description of the
AM applied to otolaryngology, we will articulate the use
of 3D and 4D bioprinting for the regeneration of ear, nose,
larynx, vocal folds, and trachea, with relevant examples.

Bioprinting technologies

Bioprinting is a broad term that encompasses different
AM technologies, which are described in detail elsewhere,
including a comparison of their resolution and printing
time.®'* Here, we briefly describe the main AM technologies
that have been applied to scaffold for otolaryngology, which
are compared in Table I and schematically shown in Figure
1. The classification we implemented is in accordance with
the standard ISO/ASTM 52900:2021."

Binder (BJ) and material jetting (MJ) use an inkjet tech-
nology to deposit liquid droplets of a target material. In BJ
(Figure 1a), the droplets are made of a liquid-bonding agent
jetted onto a powder bed of the final material.'® Differently,
in MJ (Figure 1b), a tool-head-based piezoelectric, thermal,
acoustic, or valve-jet actuation deposits small droplets (pico-
to nanoliters) of the material of interest on a target substrate.'”

Conversely, vat photopolymerization (Figure 1¢) uses a light
source to initiate a polymerization reaction in specific locations
of a layer of resin or monomer solution. After polymerization,
a pattern inside the resin is solidified, which corresponds to the
cross-sectional image of the final object. Vat photopolymeriza-
tion techniques are generally classified as either stereolithogra-
phy (SLA) or digital light processing (DLP). The former uses a
focused laser beam to scan the surface of the cross-linkable resin,
the latter uses a projector to cross-link a whole layer at a time.*®

In material extrusion (ME), a pressure gradient is used to
force the printable material through an orifice in a continuous
strand deposited upon the printing plate or the previous layer,
where it solidifies to create the final 3D object. The main ME
technologies are fused deposition modeling (FDM, Figure 1d)
and extrusion-based bioprinting (EBB, Figure le¢). In FDM,
the material is heated at a temperature slightly below melting
point, forced through the nozzle, and deposited on the printing
bed layer by layer.® Differently, in EBB processes, viscoe-
lastic materials at low temperatures (room or physiological

temperature), usually contained in a syringe, are extruded
through a needle by pneumatic or mechanical methods.?’

Recent advancements in bioprinting
for otolaryngology

Ear
The human ear is a morphologically complex structure with
critical functions, such as hearing and body balance, and cos-
metic importance. It is composed of (1) the external ear that
goes from the cartilaginous auricle to the ear canal; (2) the mid-
dle ear that comprises the tympanic membrane and the ossi-
cles; and (3) the internal ear, where the bony labyrinth and the
cochlea are located.! The most common ear deformity is microtia,
a congenital disorder affecting three to five infants out of 10,000; it
is characterized by a spectrum of deformations of the external ear,
ranging from milder variation to complete absence of the exter-
nal ear.*® Surgical reconstruction is performed using cartilaginous
autograft or alloplastic reconstruction®**° to restore appearance,
and ideally, function.**? Although these surgical methods have
yielded great results, several important limitations remain, such as
donor-site morbidity, foreign body reaction, and the non-restora-
tion of biological function.*’ In this scenario, TE, along with 3D
bioprinting, offers an innovative and disruptive opportunity.*4>
For example, Jia et al.?? developed a biological auricu-
lar equivalent using a bioink made of (1) chondrocyte-laden
methacrylate-modified acellular cartilage matrix (ACMMA),
(2) methacrylate gelatin (geIMA), and (3) poly(ethylene oxide)
(PEO), along with polycaprolactone (PCL). The ACMMA pro-
vided the bioink with a bioactive environment for cell activ-
ity, whereas the gelMA increased its printability; differently
the PEO was used as sacrificial porogen, to allow the for-
mation of micropores in the scaffolds, essential for nutrients’
exchange. PCL was introduced to provide mechanical sup-
port and higher morphological fidelity to the scaffold. With
a multi-nozzle EBB, the authors were able to manufacture a
human-like auricle, starting from the digital model of human
auricula acquired by 3D laser scanning. In vivo tests in a nude
mouse model showed the ability of the structure to maintain
its shape, resisting skin tension. Moreover, histological assays,
such as Safranin-O and Alcian Blue, revealed the formation of
mature cartilage-like tissue with typical chondrocyte lacunae.
Exploiting a similar bioink, Xie et al.'” created a human-
sized auricle construct via DLP (Figure 2a). The authors cre-
ated a bioink made of gelMA, chondrocytes from the microtic
auricle, and cartilage acellular matrix (CAM) microtissue,
resulting in a highly biocompatible and easily DLP processa-
ble system. The 3D bioprinted structures were viable and flex-
ible, with a strong texture and a fast rebound (Figure 2a[ji, ii]).
In vivo tests performed in nude mice revealed the formation
of mature cartilage, with a more pronounced chondrogenic
phenotype when compared to chondrocytes cultured in a mere
gelMA hydrogel (Figure 2a[iii-iv]).
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Table I. Comparative table for commonly used additive manufacturing technologies in otolaryngology.

Classification AM Techniques Material Native Depo- Advantages Drawbacks Reference
According to ISO Form sition of Living
52900 Material
Binder jetting 3D printing Powder No Reduced need for support Presence of excess solvent 16
of polymeric grain
Material jetting Inkjet bioprinting, Polyjet Liquid Yes Low cost, high resolution Narrow material selection 17,18
Vat polymerization SLA, DLP Liquid Yes High accuracy, high A limited selection of 19-21
resolution biocompatible resin
Material extrusion FDM Filament No Fast-cost-effective, good Anisotropic mechanical 22-26
accuracy and repeat- properties, poor surface
ability quality, and evident
layered structure
Material extrusion EBB Gel or slurry Yes Wide range of processable Low resolution, nozzle 22,24-35

The references’ order refers to their appearance in the text.

materials clogging, material sagging
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Figure 1. Commonly used additive manufacturing technologies. Image adapted with permission from Moroni et al.® © 2018 Elsevier.

In the context of microtia reconstruction via 3D bio-

printing, the clinical trial of a patient-specific 3D bioprinted
scaffold (referred to as AuriNovo) is currently recruiting
test subjects.?” AuriNovo is a 3D bioprinted collagen-based
scaffold encapsulating the patient’s own auricular chon-
drocytes, to treat people born with severe microtia (Grades
II-1V).
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In addition to the auricle, the middle and internal ear are
often damaged. For instance, tympanic membrane perfora-
tion is a serious health issue that could derive from acute
and chronic otitis as well as traumatic injury.*® Such perfo-
rations are surgically treated with an autologous cartilage or
fascia graft, but success rate is highly variable and depends
on the skill of the surgeon, and how irregular the shape of the
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Figure 2. (a) Auricle bioprinting by Xie et al.: (i) Bioprinted solid auricular structure with GelMA and GelMA + CAM (cartilage acellular matrix)
bioinks (scale bar full sample: 5 mm, scale bar close up: 1 mm) and their flexible properties. (ii) Viability of chondrocytes cultured in bioprinted
constructs for 1, 10, and 20 days (**p < 0.001, ****p < 0.0001). (i) Photos of the in vivo constructs at week 6 and week 12 (scale bar: 1 mm)

in subcutaneous mouse model. (iv) mRNA expression analysis of chondrocytes in auricular constructs at week 12 (*p < 0.05, **p < 0.0001).
Reproduced with permission from Reference 19. © 2022 Wiley. (b) Ossicle bioprinting by Dairaghi et al. (i) Ossicle models printed on a solid sup-
port (from top to bottom, from left to right: malleus, incus, and steps). Scale bar 2 mm. (i) Models printed with a mesenchymal stem cells-laden
alginate-nanocellulose bioink. Scale bar 2 mm. Reproduced with permission from Reference 29. © 2022 MDPI.
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perforation.*’ Thus, Kuo et al.”® combined the medical images
obtained from endoscopy with EBB to bioprint-personalized
acellular grafts to treat tympanic membrane perforations. The
authors used a biomaterial ink made of geIMA and epidermal
growth factor to support scaffold invasion in vivo. The heal-
ing effects of the fabricated acellular grafts were tested in vivo
in a chinchilla model and micro-CT, and histology analysis
revealed the repair of the perforate tympanic membrane with
visible ongoing membrane remodeling in 28 days.

Focusing on a complete substitution of the tympanic mem-
brane, Mota et al.>> combined electrospinning and FDM to
fabricate a multiscale scaffold able to mimic the collagen fiber
arrangement of the human tympanic membrane. The authors
fabricated the framework of the construct combining specific
radial and circular-patterned grooves via FDM exploiting a
copolymer made of poly(ethylene oxide terephthalate) and
poly(butylene terephthalate) (PEOT/PBT). This biomimetic
pattern was designed to guide the deposition of cells along
the directions created by the grooves. Then, a PEOT/PBT
electrospun mesh was deposited by either (1) the “dual scale”
approach, in which the electrospun mesh was placed on the
top of the framework, or (2) the “triple scale” approach, in
which the electrospun mesh was placed between the radial
and circular patterns. Electrospinning fabrication parameters
(such as needle-collector distance and applied voltage) were
adjusted to control the thickness of the mesh and match the
native tympanic membrane thickness (i.e., 30-100 pm). The
authors also studied the cytocompatibility of the construct
showing that cultured hMSCs remained viable, metabolically
active, and effectively organized following the anisotropic
character of the scaffold. Moreover, the dual- and triple-scale
scaffolds resulted in a higher viability, cellularity, and pro-
tein content when compared with mere electrospun mesh,
thus, proving the increased functionality of the multiscale
approach.

Past the tympanic membrane, the middle ear ossicle (mal-
leus, incus, and stapes), the smallest bones in the human
body, can be damaged due to trauma or congenital deforma-
tions leading to partial or total deafness, as their function is to
transmit sound from the tympanic membrane to the cochlea.*®
The gold standard treatment for their replacement involves
substitutes from cadavers or the use of metal prosthesis. How-
ever, the highly personalized, small, and complex anatomy of
human ossicles limits the outcomes of these treatments.*+>
Thus, 3D bioprinting has opened new possibilities for ossicle
reconstruction. For example, Dairaghi et al.?’ exploited EBB
to fabricate a realistic ossicle substitute with a paste made of
calcium phosphate and hydroxyapatite (Figure 2b[i]). Due to
the complex shape of the ossicle, the prints occurred into a
sacrificial support bath (i.e., bioplotting technique®') made of
a Carbopol hydrogel. The authors also tested the possibility
to bioprint a mesenchymal stem cells (MSCs) laden alginate-
nanocellulose bioink for the fabrication of living ossicles
(Figure 2b[ii]).
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Although highly advanced, none of the studies previously
described aimed at directly restoring auditory sensing. In this
context, in a pioneering work, Mannoor et al.** exploited a
multi-extruder bioprinter to combine structural (i.e., noncon-
ductive silicone), biological (i.e., chondrocytes-laden hydro-
gel), and electronic (i.e., silver nanoparticle infused silicone)
constituents. The authors realized an auricle-shaped structure
made of chondrocytes-laden alginate with an integrated circu-
lar coil antenna connected to cochlea-shaped electrodes. The
bioelectronic bionic ear was then cultured in vitro to enable
cartilage tissue formation. To demonstrate the construct func-
tionality, the authors performed a series of electronic char-
acterizations that showed the system capability to receive
electromagnetic signals over a wide frequency range, from
Hz to GHz.

Nose

The nose’s primary physiological functions encompass the
olfactory sense and the warming, humidifying, and clean-
ing of inhaled air." The nose structure is ensured by its main
component, hyaline cartilage, which has low cellularity and a
poor self-repair capacity.’? Nasal defects result from trauma,
congenital defects, or oncological resection and could lead to
both functional and cosmetic deficits. Autologous grafting and
synthetic prostheses are currently the gold standards for treat-
ing nose defects, although their drawbacks point to the need
for an innovative alternative, such as bioprinting.

Indeed, AM is ideal for manufacturing the complex geom-
etry of the nose as AM provides great design freedom and
capacity of scaffold customization to match individual patient
features. For example, Nuseir et al.'® proposed a 5 h long digi-
tal workflow to directly design and fabricate a prosthetic nose
using a Polyjet 3D printer (Table I). The workflow was applied
to restore the esthetics of nasal loss in a 27-year-old woman
and started with the digital reconstruction of the patient nose
via CT-acquired images to then design the patient-specific
nose prosthesis, which was 3D-printed with TangoPlus, as
flexible and tear-resistant ink. External color pigmentation was
applied to the structure to match the skin color of the patient.
The 3D printed nose was retained in place using a bioadhe-
sive and the patient reported satisfaction with the esthetic and
comfort of the prosthesis.

This study showed the potential of AM to realize complex
geometry and personalization, but was based on elastomers
that do not lead to the regeneration of the tissue. Recently, we
exploited EBB to fabricate instead human-size nose scaffolds
for TE possessing interconnected micro- and macropores.>!
Pectin, a green and biocompatible polysaccharide, was used
as biomaterial ink, which we have shown to be biocompat-
ible and to support a high viability of MSCs seeded on the
scaffolds. Similarly, Lan et al.’” used a nasal chondrocytes-
laden collagen I bioink to fabricate nose-shaped scaffolds
via EBB. Due to the complex geometry of the structure, the
print occurred in a sacrificial support bath of gelatin. The
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Figure 3. Nose bioprinting by Jodat et al. (a) Schematic diagram of the fabrication approach and cell integration in the bioprinted construct.

(b) Integration of the biosensing system with the 3D bioprinted construct: bioprinting phase, bioprinting outcome compared with the printing
preview and digital model, and 3D bioprinted structure integrated with the biosensors in each nostril. (c) Confocal images of 3D soft gels immu-
nostained with F-actin/DAPI on day 10 and day 30 of culture. The scale bars in the insets are 50 pm. (d) Bode plots using 0.1-1000 pg/mL of
trinitrotoluene (TNT), sensing using ferrocyanide or culture media as electrolyte mediators. Reproduced with permission from Reference 33.
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upregulated expression of several cartilage-related genes
alongside the detection of collagen I and II in the constructs
after 42 days of in vitro culture confirmed the synthesis of a
cartilaginous matrix by the embedded chondrocytes.
Although these examples highlight innovative approaches
for rhinoplasty, they only targeted the reconstruction of nasal
cartilage for cosmetic purposes without reestablishing the
nose sensory functionality. In this context, a pioneering study
was carried out by Jodat et al.>* who integrated a bioprinted
cartilage-like tissue with an electrochemical biosensing sys-
tem to obtain both esthetic outcomes and functional olfac-
tory sensation (Figure 3). The authors exploited pneumatic
EBB to develop a multimaterial nasal construct alternating
soft cell-laden layers for chondrogenic growth and stiff layers
for mechanical robustness (Figure 3b), obtained by adjust-
ing the respective concentrations of gelMA and poly(ethylene

glycol) dimethacrylate. The hydrogels are highly biocompat-
ible, as shown by Figure 3c). Moreover, the construct design
included open nostril cavities to embed three biocompatible
metal-based microelectrodes to form an olfactory microfab-
ricated biosensor able to bind various chemical functional
groups (Figure 3d).

Larynx and vocal folds

The larynx is a sphincter in the upper airway that orchestrates
swallowing, breathing, coughing, and voice.** It is composed
of several main cartilages interconnected by ligaments. Cancer
and trauma are common reasons for the surgical removal of
parts of or the full larynx, which is presently the only treat-
ment for many complex larynx disorders.>* Hence, TE and
bioprinting could offer great new opportunities to recreate the
complexity of this organ.
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Figure 4. (a) Larynx bioprinting by Park et al.: (i) 3D digital model of the larynx (gray = PCL framework, yellow =bioink) and bioprinted structure.
(i) 3D bioprinting process with the use of the fluidics supply system. (i) Photographs of surgical procedures and endoscopic postoperative
images of the transplantation area. (iv) Histology of the 3D bioprinted larynx after 1 and 2 weeks of in vivo transplantation. Reproduced with
permission from Reference 24. © 2022 Wiley. (b) Vocal folds (VFs) bioprinting by Greenwood et al.: (i) Steps for fabricating the VF model via
extrusion-based bioprinting. (i) Front and lateral views of two 3D bioprinted VF models. (jii) Vibration tests: superior-view high-speed images at
subglottal pressures of 0.89 kPa (top) and 2.60 kPa (bottom) and kymograms at 0.89 kPa (top) and 2.60 kPa (bottom). SEM, scanning electron
microscopy; SLP, superficial lamina propria. Reproduced with permission from Reference 35. © 2021 Elsevier.
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A first attempt in this direction was made by Galliger
et al.>* who developed a photocross-linkable bioink made of
gelMA and decellularized cartilaginous extracellular matrix
(dcECM). The addition of the dcECM increased the rheo-
logical features of gelMa in terms of viscosity, shear thinning
behavior, and yield stress, thus allowing its bioprinting at room
temperature without the need of external support. The authors
exploited this innovative material to print a pediatric-size acel-
lular larynx scaffold (21 mm in height, with a top flaring of
12 x 17 mm by an 8 x 12 mm diameter base). Micro-CT imag-
ing confirmed the minimal variation of the scaffold from the
digital model, with an average distance between the bioprinted
structure and the digital model of 0.5 + 0.4 mm.

Taking a step forward, Park et al.>* fabricated a cell-laden
larynx by EBB, combining rabbit chondrocytes with a hydro-
gel based on gelMa and hyaluronic acid (Figure 4a[i]). First,
the authors created a PCL framework for structure integrity
with 200-500-pm-sized pores to allow cell invasion and nutri-
ent transport. Then, the bioink was deposited in the space
between the PCL framework, and subsequently cross-linked
via UV irradiation. A fluidic system supplied basal medium to
the building plate during the bioprinting process, thus lower-
ing the temperature of the printed PCL and preventing bioink
dehydration to improve cell survival (fabrication workflow in
Figure 4a[ii]). The capacity of the larynx structure to replace
a larynx defect was tested in vivo in a total laryngectomized
rabbit model. Endoscopic examination showed that the inner
surface of the scaffold was covered with newly formed con-
nective tissue, and mucosal regeneration was observed 14 days
after transplantation (Figure 4a[iii]). Moreover, the luminal
diameter was well preserved without clear signs of stenosis.
Histological analysis revealed that the construct maintained
its structure postoperative until the end of the test (day 14)
and the chondrocytes maintained their morphology and stained
positive for collagen type II and Safranin-O (glycosaminogly-
cans) (Figure 4a[iv]).

The VF, or vocal cords, are housed in the larynx and are the
main driver of voice production.’® They stretch horizontally
across the larynx and are constituted by (1) an outer squa-
mous non-keratinizing stratified epithelium; (2) the lamina
propria populated by fibroblasts that possess a density gradient
that promotes the creation of mucosal waves responsible for
good-quality phonation; and (3) the thyroarytenoid muscle that
modifies the elongation and tension state of the VF. Vibration
of VF result in sound production in a range between 100 and
3000 Hz,*° whereas VF dysfunctions from overuse, trauma,
neurological disease, or congenital malformation lead to voice
disorders. Usually, VF injuries are characterized by the fibrotic
conversion of the ECM of the lamina propria, with an increase
in stiffness, which leads to the disruption of the mucosal wave,
and consequently, to phonation disorders.’” Despite being not
vital, VF dysfunctions significantly affect the patient psycho-
social activities, reducing its occupational performance and
attendance’® and could be particularly impactful for children
and their psychosocial development. Unfortuantely, at present,

there are no surgical procedures available to regenerate the
native stratified composition of the lamina propria.>®

A first attempt to use bioprinting for VF engineering was
made by Greenwood et al.*> who fabricated a functional mul-
tilayered VF model (Figure 4b). First, the authors created
a mold with the shape of VF, then filled the mold with an
epithelium-mimicking silicone, and finally, extruded by EBB
different types of silicones within the epithelium-like one, to
create a multilayered structure, possessing epithelium, lamina
propria, and ligaments (Figure 4b[i—ii]). Vibration tests on the
models showed a flow-induced vibration with several charac-
teristics similar to human phonation (Figure 4b[iii]). High-
speed images suggest the presence of an alternating conver-
gent-divergent profile, a hallmark characteristic of human VF
vibration.

Other than the stratified architecture, one of the main char-
acteristics of the VF is their high resistance to the repeated
and rapid oscillations required for phonation.®® To artificially
mimic this peculiar property, Yang et al.° developed a hetero-
geneous structure with complex and customized shape as well
as a high fatigue resistance, able to withstand copious and
sustained mechanical deformations. This structure comprised a
holey polyacrylamide-poly(acrylic acid) hydrogel scaffold fab-
ricated via SLA and strengthened by carboxyl-Fe*". A softer
hydrogel of polyacrylamide was then casted into the scaffold
resulting in the topological entanglement of the polymeric
networks. Thus, when the structure was stretched, the com-
pliance of the matrix deconcentrated the stress in the scaffold,
amplifying the fatigue, and under cyclical pressure achieved
a fatigue threshold of 400 J/m?, withstanding approximately
50,000 deformation cycles.

Trachea

The trachea is a tube-shaped structure that forms a connec-
tion between the larynx and the lungs.®! It maintains an open
conduit during respiration, cleaning and humidifying the
inspired air before it reaches the lungs, provides elasticity
during deglutition, and assists in speaking. It is a compos-
ite structure consisting, from the inner to the outer layer, of
epithelium, basement membrane, connective tissue, smooth
muscle, and cartilage, which is organized into 18 to 22 hyaline
cartilage C-shaped rings.!* Trachea defects (e.g., congenital
defects, stenosis, tumors, trauma) that require surgical treat-
ment have been increasing in recent years®? and expanded
(more than 50% of the trachea length) or complex defects
require the replacement of a tracheal segment by grafts® or
synthetic implants.®*% However, in the human body, there
are no replacement tissue available to restore the authentic 3D
complex structure of trachea, thus, limiting the use of auto-
grafts.®>®” On the other hand, the use of synthetic prosthesis,
typically made of silicone, rarely conducts to tissue regenera-
tion.®® Thus, there is much potential in the adoption of a TE
approach to recreate the complex tracheal structure by bio-
printing to customize the construct geometry with reproduc-
ible manufacturing.
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Figure 5. Trachea bioprinting by Park et al.: (a) Bioprinting system components and bioprinting process. (b) Photo of the bioprinted trachea.
(c) Fluorescent microscopic image (green dye =epithelial cells—red dye =chondrocytes) revealing that the two hydrogel layers are completely
separated. (d) Photo of the surgical procedures for the in vivo validation. () In vivo epithelium regeneration after 3, 6, and 12 months, showing
the complete regeneration of the trachea epithelium after 6 months. Reproduced with permission from Reference 26. © 2019 Springer Nature.

For example, Kaye et al.?> fabricated via multi-extruder
EBB a biodegradable multimaterial tracheal scaffold with a
backbone consisting of a 270° PCL partial ring segment to
provide mechanical stability, and multiple empty channels
injected layer by layer with a chondrocytes-laden hydrogel.
The constructs were tested iz vivo in a rabbit model, showing
adequate hyaline cartilage formation. Moving a step further,
Park et al.?® 3D-bioprinted a trachea scaffold comprising both
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an external cartilage phase and internal epithelial layer (Figure
5). The authors used a multi-extruder 3D bioprinter to fabri-
cate on a rotating spindle a hollow, 20-mm-long, cylindrical
scaffold comprising five different layers: (1) PCL framework;
(2) epithelial cell-laden alginate; (3) PCL framework; (4)
chondrocytes—laden hydrogel; and (5) PCL framework (Fig-
ure Sa—b). The innermost and outermost PCL layers possess a
grid pattern to promote cell infiltration and neovascularization.
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Conversely, the middle PCL layer was solid to physically
separate the epithelial and cartilaginous alginate layers. The
viability of embedded cells as well as their correct positioning
was evaluated in vitro via live/dead assays and cell tracker kits
(Figure 5¢). Then, the authors evaluated the in vivo therapeutic
efficacy of this artificial trachea in a rabbit model that showed
some degree of neonatal cartilage formation at 6 months after
implantation (Figure 5d—e).

Even more exciting is the work of Kim et al.?! who fol-
lowed the 4D bioprinting approach to design a manufacture
a self-folding trachea construct via DLP. To achieve the
desired movement, the authors exploited the self-folding
ability of a bilayer film, whose layer has differential swell-
ing properties. The authors fabricated the higher hydro-
philic layer with a chondrocytes-laden silk-gelMA hydrogel
at low concentration, whereas the lower-hydrophilic layer
was made of a high concentration of turbinate-derived cells
in a silk-geIMA hydrogel. The structure was initially fabri-
cated as flat layers that self-folded once hydrated, assum-
ing a C-shaped geometry (degree of curvature ~80%) with
turbinate-derived cells in the inside mimicking the mucus
membrane of the trachea, and chondrocytes on the outside,
mimicking the tracheal ring. Constructs were cultured in
vitro for two weeks, after which both cell types were able
to maintain their initial position and the chondrocytes main-
tained their phenotype that positively stained for Safranin-
O. Finally, the authors tested the constructs in vivo in
a rabbit model with a 210° defect. At eight weeks after
implantation, the constructs were stably integrated with the
host tissue, with regenerated epithelium already two weeks
postoperatively. Moreover, the histological Safranin-O/Fast
Green staining highlighted the formation of neo-cartilage
in the outer layer of the trachea.

Conclusion

Tissue engineering opens new horizons in the treatment of
airway disorders. When tissue engineering is combined with
AM, it results in 3D bioprinting, which allows the fabri-
cation of highly reproducible and accurate living scaffolds
with a high control over architecture that can be based on
the patient medical images. This approach has the potential
to drastically improve the outcomes of surgical procedures
in otolaryngology, where tissues are extremely complex in
their shape and organization. In this article, we discussed
encouraging results on the use of 3D bioprinting in otolar-
yngology, focusing on ear, nose, and throat. A clear hallmark
of the success of the bioprinting approach in otolaryngol-
ogy is given by the fact that one of the first clinical trials in
bioprinting is in the treatment of microtia with AuriNovo,
a 3D bioprinted collagen-based scaffold populated with the
patient cells. Nevertheless, a number of improvements still
need to be made in biomaterial performance, to achieve both
biocompatibility and bioactivity, as well as mechanical per-
formances that match those of native tissues. Moreover,

the continuous innovation in fabrication technologies will
lead to the development of improved methodology that will,
for example, combine different approaches together, thus
allowing the creation of graded, multimaterial, multiscale,
and multicellular constructs that will more closely mimic
the heterogeneity of native tissues. Similarly, advanced and
innovative fabrication approaches, such as in situ bioprint-
ing (i.e., the direct bioprinting of the construct on/into the
patients), have the potential to revolutionize the “traditional
bioprinting” (usually defined as in vitro bioprinting), espe-
cially for external anatomical districts as the ENT.

Similarly, the advancement of 4D bioprinting could also
well represent a breakthrough in the TE for otolaryngology, by
the fabrication of active structures able to mimic ear, nose, and
throat tissue dynamics, in their development, physiology, and
pathology state. Finally, an essential element that needs to be
addressed to introduce bioprinting in the clinical practice is the
establishment of an automatic tight control over the bioprint-
ing process, so that the final bioprinted constructs possess a
high quality and, as a consequence, could be compliant with
EU regulations, FDA requirements, and relevant harmonized
standards.
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