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Abstract

Tissue engineering and in vitro modeling of the airways and lungs in the respiratory system are of substantial research
and clinical importance. In vitro airway and lung models aim to improve treatment options for airway and lung repair
and advance respiratory pathophysiological research. The construction of biomimetic native airways and lungs with
tissue-specific biological, mechanical, and configurable features remains challenging. Bioprinting, an emerging 3D printing
technology, is promising for the development of airway, lung, and disease models, allowing the incorporation of cells and
biologically active molecules into printed constructs in a precise and reproducible manner to recreate the airways, lung
architecture, and in vitro microenvironment. Herein, we present a review of airway and lung bioprinting for applications
in tissue engineering and in vitro modeling. The key pathophysiological characteristics of the airway, lung interstitium, and
alveoli are described. The bioinks recently used in 3D bioprinting of the airways and lungs are summarized. Furthermore,
we propose a bioink categorization based on the structural characteristics of the lungs and airways. Finally, the challenges
and opportunities in the research on biofabrication of airways and lungs are discussed.
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economic burden worldwide. Three of the top ten causes
of death worldwide are related to the respiratory system,
namely chronic obstructive pulmonary disease (COPD),
pneumonia, and lung cancer. In addition, respiratory dis-
cases such as asthma, tuberculosis, sleep-disordered
breathing, pulmonary arterial hypertension, and occupa-
tional lung disease have become heavy burdens on the
quality of life and economy worldwide.'

The repair and regeneration of the airways and lungs is
worldwide problem. Owing to the lack of efficient research
methods for airway and lung diseases, many respiratory
diseases, such as asthma and acute respiratory distress syn-
drome (ARDS), require in vivo studies*’ that euthanize
many animals. Therefore, there is a need for a research
method that is mass-producible, effectively simulates the
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in vivo environment, and quickly obtains experimental
results. The treatment of long-segment tracheal defects
and end-stage lung diseases, including COPD and pulmo-
nary fibrosis, requires airway reconstruction or lung trans-
plantation.®” However, donor shortage is a global problem,
and there is an urgent need for airway reconstruction and
lung regeneration. It is difficult to solve these problems by
relying on a single technology; therefore, multidiscipli-
nary and multitechnical approaches have been explored.®

Emerging techniques for engineering living tissue con-
structs hold great promise in the aforementioned aspects
for treating respiratory diseases.”'> The development of
living tissue constructs that replicate the cellular composi-
tion, structural features, and biological functions of the
airways and lungs is supported by advances in disciplines
such as biomaterials, biotechnology, and manufacturing
technology. Tracheal and lung substitutes based on 3D
printing trend to transfer from the laboratory to the clinic.
The 3D printed extracellular tracheal stent has realized the
treatment of tracheomalacia.'>'* Biomimetic alveoli,
which use special gel materials and bioprinting technology
to prevent collapse, construct biomimetic gas exchange
and blood exchange pathway and realize trachea exchange
function. As for vitro models, for example, a simplistic
alveolar air-liquid model can be formed by seeding cells
on a Transwell membrane and cross-linking a mixture of
cells and precursor materials with hydrogels.!®!” These
living tissue constructs, involving the manipulation and
design of living cells to create functional tissues or organs
outside of the body, can be used as in vitro models for
pathological studies and drug development and replicate
the functions of airway and lung tissues more accurately
than 2D cell culture.'®?° In surgical procedures for replac-
ing and repairing defective respiratory tissues, these living
tissue constructs can be utilized to address challenges such
as the shortage of autotransplantation and allotransplanta-
tion.?!"23 The engineered living constructs are effective for
the study and treatment of airway and lung diseases.”*?
However, the pathophysiological processes, functions, and
fine structures of the airways and lungs have not been well
reproduced. Generating 3D biomimetic airway and lung
tissues with specific biological, mechanical, and configur-
able features is challenging.

Bioprinting is a promising novel method for creating
living tissue constructs with intricate features that mimic
native tissues. Bioprinting has tremendous potential for
tissue engineering applications.?*2® The ability to build
individualized designs with patient-derived cells to pre-
vent rejection, and complex 3D biological structures with
high resolution are some advantages. Bioprinting is devel-
oped from 3D printing techniques and can incorporate the
spatial arrangement of cells and materials, offering a novel
method for creating 3D multicellular architectures.?*
Bioinks serve as the “ink” or printable material in bioprint-
ing processes and are designed to incorporate living cells

and biomolecules to create three-dimensional structures
that mimic natural tissues. For example, a biomimetic arti-
ficial trachea can be formulated using an extrusion-based
bioprinter with a dual-head printing strategy to simultane-
ously print stiff ring-shaped scaffolds and soft tissue-like
constructs containing bioink and cells.’! Despite this
remarkable research progress based on bioprinting, some
critical functions of airways and lungs are yet to be
achieved with 3D-printed tissue constructs; for instance,
the digital light processing (DLP)-based bioprinting reso-
lution of 15-100 um is not suitable for the alveolar-like
structures size (300 um).3>33

This article reviews the latest developments in bioprint-
ing techniques for constructing 3D airway and lung tissues
to study and treat respiratory diseases. The guidelines for
adopting 3D printing techniques for respiratory diseases
summarize the key characteristics of the lungs and airways
(Figure 1). Cells, bioinks, and 3D printing techniques are
surveyed to provide a toolbox for printing lungs and air-
ways (Figure 2(a) to (c)). The applications of 3D printing
of the lungs and airways in tissue engineering and in vitro
biological modeling are elaborated (Figure 2(d)). Finally,
the future outlook for 3D printing of the airways and lungs
is discussed, focusing on possible strategies and chal-
lenges for accurately reconstructing additional airway and
lung functions.

Physiological features of the airway
and lung

Airway

As an important part of the respiratory system, the airway
has a special anatomical deconstruction and includes the
trachea and bronchi. The trachea begins at the lower bor-
der of the cricoid cartilage of the larynx and divides into
the left and right bronchi at the upper border of the fifth
thoracic vertebra. The left and right main bronchi are
connected to the lungs via the secondary and tertiary
bronchi, respectively.’* The main functions of the airway
include ventilation, foreign body removal, and respira-
tory regulation.®

Various components coordinate the ventilatory function
of the airway. Airway cartilage is primarily used to main-
tain the patency of the airway cavity. The posterior wall
and cartilaginous space of the airway are usually closed by
smooth muscle and fibrous tissue to prevent gas from
escaping into the surrounding tissue. The mucosal epithe-
lium can prevent the attack of air-borne microorganisms
and clear foreign bodies from the airway. Moreover, res-
piratory regulation and immunity are important and are
realized by the airway’s submucosal nerve and immune
system, respectively.

Although the natural airway has many functional
requirements, the ventilatory and foreign body removal
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Figure |. Schematic structure of human lung and airway: bioprinting of airway and lungs for tissue engineering and in vitro model.
The physiological structures of the lungs (featuring the architecture of alveoli) and the trachea (featuring cartilaginous rings and
connective tissue) are illustrated on the left. The bioprinted models of the lungs and the trachea are illustrated on the right, with

engineered features corresponding to the native tissues.

functions of the airway are vital. Therefore, the pressing
challenges in tissue-engineered airway construction
include regenerating the epithelium to clear foreign bodies
in the airway, regeneration of cartilage tissue for ventila-
tion, and tissue revascularization to maintain the epithe-
lium and cartilage.?

Lung

The lung is an important respiratory organ of the human
body and comprises the lung parenchyma and interstitium.
The pulmonary parenchyma includes alveoli, and the lung
interstitium includes connective tissue and microvascular
and lymphatic vessels around the alveoli.’” The lungs
mainly perform functions such as gas exchange and immu-
nity in the respiratory system.

Alveoli are the main components of gas exchange,
which is usually carried out at the air-liquid exchange
interface of the alveoli, called the respiratory membrane. It
consists of six layers: the liquid layer containing the alveo-
lar surfactant, alveolar epithelial layer, epithelial basement
membrane layer, interstitial layer between the alveoli and
capillaries, capillary basement membrane layer, and capil-
lary endothelial cells. Some key features, such as the res-
piratory membrane area and thickness, affect the rate of
gas diffusion. In addition, factors such as the difference in

gas partial pressure between the air and capillaries, alveo-
lar ventilation, and capillary blood flow affect the gas dif-
fusion efficiency.®® The respiratory membrane cells mainly
comprise type I/type Il alveolar epithelial cells, endothelial
cells, and fibroblasts (Figure 1). The respiratory membrane
also includes white blood cells, such as macrophages,
which participate in immune responses.>’

The normal lung interstitial matrix includes collagen
fibers, elastin, structural glycoproteins and proteogly-
cans.* Collagen account for 15% of normal lung weight,
which is the most prevalent type of protein in the lung
interstitial space. Elastin has hydrophobicity regions inter-
spersed by cross-linking domains, which accounts for
20%—30% of lung matrix. Fibronectin, which is a kind of
structural glycoprotein, which can be used in cell adhe-
sion, migration, proliferation, and it also can play the roles
in cytoskeletal organization and matrix assembly.
Proteoglycans include a core protein and glycosaminogly-
cans. Proteoglycans can be found in the ECM of lungs as
the intracellular structures. Some researchers also found
that proteoglycans can play an important role in pulmo-
nary immune function.*!

Several lung diseases require extensive research in lung
pharmacology and molecular biology. For example, treat-
ing pulmonary fibrosis has become a clinical challenge
worldwide, and impaired pulmonary interstitial function
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Figure 2. Bioinks and bioprinting techniques for airway and lung. (a) Various cells for bioinks of airway and lung. (b) Biomaterials
for the 3D printing of airway and lung. (c) The representation of bioprinting strategies: Inkjet printers eject small droplets of

the bioink sequentially to construct tissues; Laser-assisted printers use a laser to vaporize a region in the donor layer forming a
bubble that drives the suspended bioink to fall onto the substrate; Extrusion printers use pneumatics or mechanical pressure to
continuously extrude a highly viscous bioink for bioprinting trachea and lung structures. (d) Typical models of airway and lung for
modeling and reconstructing by bioprinting.
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often causes pulmonary fibrosis, interstitial pneumonia,
and other problems.*>* Research on lung-related diseases
requires a model that can simulate lung anatomy, physiol-
ogy, and pathology in vitro.*

In addition, patients with end-stage lung disease often
require a lung transplant.*® Shortage of donors, difficulties
in maintaining donor lungs, primary graft dysfunction, and
chronic graft failure hinder lung transplantation develop-
ment. Many techniques are used for lung transplantation,
such as donation after cardiac death, ex vivo lung perfu-
sion, and extracorporeal membrane oxygenation,*’*¥ but
problems such as high operating costs and difficulty in
lung maintenance remain. Therefore, manufacturing artifi-
cial lungs with ventilation functions has attracted interest
as a research topic.

Cells of the airway and lung

The lungs and airways are composed of a variety of
cells, mainly functional cells and stromal cells. The
functional cells mainly include epithelial cells and chon-
drocytes. We summarize the basic cell types and discuss
their combinations for constructing airway and lung tis-
sues (Figure 2(a)).

Epithelial cells. Alveolar cells include type I and II cells.
Type I alveolar cells are primarily involved in gas
exchange, whereas type Il alveolar cells secrete surface-
active substances. The airways are lined proximally by
tall columnar epithelium and distally by cubic epithelium.
Airway epithelial cells are essential for regulating airway
biology and function as a physical barrier between the air-
way and the host.>** Epithelial cells are conventionally
used to repair airway epithelium and the formation of air-
liquid interfaces. Park et al.*° constructed a 3D bioartifi-
cial scaffold loaded with rabbit epithelial cells to treat
tracheal lesions and for artificial tissue examination. Bae
et al.’! used rabbit epithelial cells to create a biocompati-
ble artificial trachea thought to be structurally similar to a
normal trachea.

There are two types of cells in the alveolar epithelium:
large, flattened alveolar type I (ATT) cells that cover 95%—
98% of the alveolar surface and permit gas exchange and
cuboidal alveolar type Il (ATII) cells that are the progeni-
tor cells responsible for regenerating ATI and ATII cells
during homeostasis and after injury.’>** The lung epithe-
lium serves as a barrier that protects the body from air-
borne pathogens and prevents leakage of bodily fluids into
the airspaces. In the event of epithelial cell death, such as
during infection or after exposure to cigarette smoke, the
barrier is compromised. During homeostasis, alveolar epi-
thelial cells have a long but limited lifespan.>? After the
death of an occasional alveolar epithelial cell, barrier func-
tion is maintained by adequate levels of ATII cell prolifera-
tion and differentiation to replace the lost cells. During

lung injury, excessive epithelial cell death results in
impaired barrier function. ATI cells are particularly sus-
ceptible to injury, but ATII cells can die in cases of severe
or certain types of injury.

It has long been known that ATII cells are the principal
progenitor responsible for regenerating the injured alveo-
lar epithelium,’>**>% although it is increasingly recognized
that other progenitors can be mobilized under certain cir-
cumstances.>* > ATII cells proliferate to replace lost cells,
and once sufficient cell numbers have been restored, some
differentiate into ATI cells to restore normal alveolar struc-
ture. Since ATI cells are largely responsible for barrier
function and gas exchange, the regeneration of ATI cells is
absolutely critical to restore normal lung function.

Chondrocytes. Chondrocytes are the only cells in the carti-
lage that can generate and are responsible for maintaining
the cartilage matrix. Up to now, no cartilage was found in
the lung, while cartilage can be found in the airways.
Chondrocytes constitute the cartilage tissue, with a dense,
strongly organized ECM synthesized by these chondro-
cytes. Chondrocytes can be derived from autologous ear or
nasal cartilage and used for chondrogenesis.>® In tissue
engineering, chondrocytes are used to generate neotra-
cheal cartilage and offer mechanical support. Park et al.®®
used a representative extrusion-based 3D printing strategy
with human nasal chondrocytes to generate a bionic tra-
chea that exhibited satisfactory cartilage-regeneration
competence and satisfactory biocompatibility with a nude
mouse model. Huo et al.®' developed a new strategy for 3D
bioprinting that used cartilaginous vascularized fibrous
tissue-integrated trachea with photocrosslinkable tissue-
specific bioinks to fabricate a trachea characterized by
fibrocartilaginous tissue, which may be effective for tra-
cheal construction.

Stromal cells. Stromal cells of lung and airway mainly
include fibroblasts, endothelial cells, stem cells and
immune cells et al.

During development, lung fibroblasts are derived from
lung interstitial progenitor cells and secrete reticular extra-
cellular matrices (ECMs) that allow the lungs to expand
and contract repeatedly and rapidly. In addition, the cells
secrete a variety of growth factors that regulate cell prolif-
eration and function,®>%3

Endothelial cells play an important role in bodily
homeostasis, including controlling vascular permeability
and regulating vascular tone. Endothelial cells can affect
the immunology and pathology of homeostasis in two
ways: if dysfunctional, they can lead to discases; how-
ever, they actively mediate immune responses at the site
of injury or infection.®* Endothelial cells play an impor-
tant role in bodily homeostasis, including controlling
vascular permeability and regulating vascular tone. Role
of endothelial cells in physiological processes, including
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vasoconstriction, inflammation, coagulation, metabolic
and oxidative/nitrosative stress, and cell viability, growth
and differentiation.%

Stem cells participate in most lung development peri-
0ds.% The various stem cell types include bone marrow
mesenchymal, umbilical cord blood-derived, and adipose
stem cells. Mesenchymal stem cells (MSCs) can differen-
tiate into various mesenchymal phenotypes during cultiva-
tion. MSCs have complex, multicomponent responsiveness
and can be induced by growth factors to differentiate into
bone, cartilage, muscle, and fat. MSCs can secrete proteins
essential for gas exchange, and when the lung is damaged,
they quickly form a transient expansion of cells involved
in injury and regenerative repair.%’ Stem cells play a role in
lung development, they are self-renewing and can differ-
entiate into multiple cell lines in response to bioactive
molecules, and then they further differentiate into organs
and tissues. Adipose stem cells have been proved to be
used for bioengineering lung construction.®® Hawkins
et al. reported that airway basal stem cells derived from
human pluripotent stem cells. Airways basal cells possess
adult stem cell self-renewal and multidirectional differen-
tiation properties that can be generated in vitro to mimic
airway diseases. Nevertheless, basal stem cells are prime
candidates for cell-based therapies aimed at reconstructing
the airway epithelium.®

Pulmonary immune cells, including macrophages, den-
dritic cells, neutrophils, T cells, and B cells, are essential
for protecting gas-exchange structures from invasive bac-
terial pathogens. These immune cells affect pulmonary
infection through both innate and adaptive immunity and
may interact with epithelial cells to induce a cascade
response.”’ Using immune cells to create lungs and air-
ways allows the simulation of different disease states. For
example, immune cells are integral in developing diseases,
such as pneumonia and airway inflammation.

The combinations of above basic cell types construct
airway and lung tissues. The architecture of bioprinted air-
ways and lungs that can perform biological functions
requires different cell type combinations.

Bioprinting techniques for airway and
lung

Various 3D printing techniques have been developed over
the past few decades. They offer distinct advantages in
terms of precision, efficiency, and structural complexity
for generating living tissue constructs. The development of
various 3D bioprinting techniques, such as extrusion-
based and light-based bioprinting, has been comprehen-
sively reviewed by Huang et al.’! highlighting their
potential in creating complex tissue constructs for respira-
tory applications. Here, we summarize the three primary
bioprinting techniques for generating airway and lung tis-
sues: extrusion, inkjet, and light-based bioprinting.

Extrusion-based bioprinting techniques

Extrusion-based bioprinting exerts pressure through a
syringe structure and needle-like nozzle to deliver bioink
in a layer-by-layer fashion. This printing technique is ver-
satile because it can be applied to a wide range of cells,
materials, and growth factors; however, there is the poten-
tial of damage to cells resulting from the shear stress dur-
ing the extrusion process. More information on these
technologies can be found in recent reviews.”>7*

In extrusion-based bioprinting, multiple factors need to
be comprehensively considered to achieve good printabil-
ity and ensure cell viability (Table 1). From the design of
bioinks (including rheological properties, viscoelasticity,
surface tension, gelation mechanisms, etc.) to the optimi-
zation of bioprinting process parameters (such as pressure,
speed, temperature, nozzle parameters, and cross-linking
strategies), and then to the rational planning of construct
design (filament spacing and orientation), each link is
interrelated and influences each other. Understanding the
relationships among these factors and implementing pre-
cise control and optimization contribute to the construc-
tion of high-quality lung/airway tissue models and the
effective maintenance of cell functions.”7

For instance, bioinks based on the hybridization of gel-
atin methacryloyl and glycidyl-methacrylated hyaluronic
acid were printed through an extrusion mechanism and
further cured with UV light. Lee et al.®* fabricated a photo-
curable bioink by mixed gelatin methacryloyl (GelMA)
and glycidyl-methacrylated HA (GMHA) and bioprinted a
rabbit larynx, including the hyoid bone, thyroid cartilage,
cricoid cartilage, arytenoid cartilage, and cervical trachea.
This strategy has been applied to generate structures for
chondrogenesis of tonsil-derived MSCs.

Jetting-based bioprinting technique

Jetting-based bioprinting techniques play a diverse and
crucial role in the field of biofabrication. Inkjet bioprint-
ing, being a significant subset, exhibits unique characteris-
tics. Its core mechanism depends on the precise placement
of minute droplets, ranging from 1 to 100 picoliters (pL),
which is accomplished through thermal or piezoelectric
actuation. This precision is a fundamental advantage,
facilitating high-resolution tissue engineering and the cre-
ation of intricate 3D structures. The process necessitates
meticulous selection of cells, biomaterials, and printing
parameters to ensure consistent and controlled droplet
ejection, which is vital for the stability and quality of the
bioprinted constructs.’ Generally, two inkjet-based print-
ing techniques are employed within inkjet bioprinting:
continuous inkjet printing (CIJ) and drop-on-demand
printing (DOD). In the CIJ mode, the morphological
change of the liquid streams leads to continuous drops,
often required for high-speed printing, due to a surface-
tension-driven mechanism known as Plateau—Rayleigh
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instability. In contrast, the DOD mode can be established
using piezoelectric or thermal mechanisms to achieve
higher droplet precision. For instance, Kang et al. fabri-
cated a 3D alveolar barrier model through multiple inkjet-
based printings in the DOD mode, where an 80-um
piezoelectric nozzle generated ink drops at an approximate
jet speed of 3m/s. The printing parameters were carefully
adjusted to attain high precision and stability of the cell-
laden drops.*®

Beyond inkjet bioprinting, other variants of jetting-
based bioprinting techniques exist.”” Laser-induced for-
ward transfer (LIFT) bioprinting, related to traditional
thermal inkjet printing, utilizes a focused laser beam to
generate a vapor bubble on an energy-absorbing layer, pro-
pelling liquid droplets for deposition. It is suitable for
high-viscosity bioinks and high cell concentrations, with a
viscosity range of 120-300mPa-s and cell concentrations
>10® cells/mL. Although it offers advantages such as the
ability to print high-viscosity materials, high throughput
(up to 100kHz), and no nozzle clogging, it is sensitive to
parameters like laser beam characteristics and energy-
absorbing layer properties, which can affect print resolu-
tion and cell viability.3

Acoustic bioprinting employs surface acoustic waves
generated by a piezoelectric actuator and interdigitated
gold rings to eject droplets from an open pool. Despite
being used for various cell types, it has drawbacks includ-
ing high sensitivity to print-head and substrate movement
and the limitation of only being able to eject low viscosity
droplets.?” Microvalve bioprinting, consisting of multiple
electromechanical print-heads and gas regulators, controls
droplet ejection via valve opening time and pressure.
Applicable to bioinks with viscosities between 1 and
70mPa-s and nozzle diameters of 100-250 um, it enables
reliable high-throughput printing (up to 1kHz) but has
limitations such as a limited number of dispense channels,
sensitivity to print pressure, and an impact on cell viabil-
ity.® Electrohydrodynamic jet bioprinting applies a high
voltage (0.5-30kV) between the nozzle and substrate to
overcome surface tension and eject droplets. It is suitable
for high-resolution printing of thin cell-laden constructs
using small-diameter nozzles (<100 um). Despite its high-
resolution capabilities and the ability to minimize lateral
variations, it faces challenges such as limited ink choices,
disordered fiber arrangement, and the inability to fabricate
large-scale 3D constructs (up to 5mm in height).3!
Overall, these different jetting-based bioprinting tech-
niques contribute to the diverse landscape of biofabrica-
tion with their unique characteristics and trade-offs.

Printability in bioprinting is affected by bioink proper-
ties, especially rheological ones characterized by Reynolds
(Re) and Weber (We) numbers (Table 2). These dimen-
sionless numbers aid in understanding the relative signifi-
cance of forces like inertia, surface tension, and viscous
forces during printing. In bioprinting, a low Re (<1)
implies laminar flow dominated by viscous forces,

beneficial for precise droplet formation and placement,
while a high Re (>1) indicates turbulent flow, leading to
irregular droplet formation and poor print quality. The We
number is vital for jet stability and droplet formation. A
low We (<1) means surface tension dominates, favorable
for jet integrity and preventing droplet breakage, and a
high We (>1) shows significant inertial forces, which can
cause satellite droplets and loss of print fidelity.””?

Light-based bioprinting techniques

Light-based bioprinting techniques, which are a subset of
vat photopolymerization-based bioprinting, play a crucial
role in creating three-dimensional (3D) structures. They
induce cross-linking, polymerization, or solidification of
monomers or precursors at desired locations.”!

Digital light processing (DLP), a common light-based
technique, selectively cures a liquid layer by layer with a
digitally controlled ultraviolet light source, enabling the
achievement of finer and more complex structural features
compared to some other bioprinting methods. The achiev-
able resolution in light-based bioprinting is high, typically
in micrometers or even sub-micrometer scales, depending
on factors like the light source wavelength, optical system
precision, and characteristics of the photopolymerizable
materials (photoresins). For example, DLP-based bioprint-
ers using a digital micromirror device can achieve resolu-
tions of 10—50 um (with advanced systems reaching below
10 um),”"1%  Stereolithography (SLA) bioprinters can
achieve 5-50 um, and Two-Photon Polymerization (2PP)
can reach sub-micrometer resolutions (100nm to a few
pum), making it suitable for fabricating extremely fine and
complex structures for applications such as artificial organ
and tissue engineering.!”! Projection stereolithography
(PSL), a variation of SLA, uses a digital light projector to
solidify liquid photopolymer resin layer by layer. It is
known for its speed and precision, allowing for the crea-
tion of intricate and highly detailed structures. The resins
used, often bio-compatible photopolymer resins, can be
tailored for specific applications to support cell adhesion,
proliferation, and tissue development.

The ability to achieve such high resolutions in light-
based bioprinting makes it a valuable tool for creating
intricate tissue constructs and mimicking the microarchi-
tecture of native tissues. This is particularly important for
applications where the precise arrangement of cells and
materials is critical, such as in the development of artificial
organs, tissues, or scaffolds for regenerative medicine and
tissue engineering.'”? Projection stereolithography of
hydrogels has been developed using food dye additives as
biocompatible photoabsorbers, generating vascularized
alveolar models with complex topologies.'

In light-based bioprinting, several key aspects related to
printability and cell viability need to be considered. Photo-
initiators like Irgacure 2959, Lucirin TPO, and camphorqui-
none (CQ) are crucial as they start the polymerization
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process upon light exposure, and their choice affects bio-
compatibility and the overall printing process. The light
wavelength, usually in the 365-405nm range for curing
photopolymers, is specific to the photo-initiator and pho-
topolymer system, and the penetration depth of the light
into the bioink is also important, with longer wavelengths
penetrating deeper but potentially sacrificing resolution.
Light intensity impacts the polymerization rate and printa-
bility; higher intensities speed up polymerization but may
generate heat harmful to cell viability, so controlling it is
essential to balance printing speed and cell survival. Cell
viability, a critical factor, can be high if light-based bio-
printing is optimized, with factors such as photo-initiator
type and concentration, light exposure time and intensity,
and protective bioink components affecting it. Printability
is influenced by the bioink’s rheological properties like vis-
cosity, elasticity, and thixotropy, which need to be adjusted
for accurate extrusion and shape maintenance before
polymerization. Additionally, oxygen inhibition in pho-
topolymerization can be mitigated by using oxygen scaven-
gers or modifying the bioink, and the printing environment,
including temperature and humidity control, also affects
printability and cell viability. Overall, light-based bioprint-
ing offers precision in 3D structure formation but demands
careful attention to bioink composition, light parameters,
and printing conditions for the best results in tissue engi-
neering and regenerative medicine applications.3*8!-103

Emerging bioprinting techniques

In bioprinting strategies, there are an increasing number of
new printing methods with advantageous manufacturing
efficiency (volumetric printing) and soft structure con-
struction (embedded printing). Volumetric printing can
generate three-dimensional objects by solidifying certain
volumes of inks, different from the traditional 3D printing
approaches based on layer-by-layer strategies. EHDP
(Electrohydrodynamic Printing), is a type of additive man-
ufacturing technique that uses electrically driven forces to
precisely position nanoparticles, droplets, or fibers at spe-
cific locations. This method is known for its high manufac-
turing accuracy, making it suitable for creating structures
with intricate detailing. Embedded printing features the
deposition of inks into supporting matrices in predefined
paths; therefore, even when the structures formed by the
inks are soft, they can be sustained by the matrices. These
printing methods could be explored to generate highly
complex and soft components of lung and airway with
improved accuracy and efficiency.

The current landscape of 3D bioprinting in tissue engi-
neering and the in vitro modeling of the airways and lungs
faces several challenges. The intricate architecture of the
lung, replete with a diversity of cell types, an elaborate
vascular system, and a network of airways, presents a sig-
nificant hurdle for replication with existing 3D bioprinting

technologies.'™ Additionally, the availability of bioinks
suitable for lung tissue construction is limited, constrain-
ing the ability to print detailed, high-fidelity structures.'®®
The prolonged duration of the bioprinting process can also
impact cell viability and functionality, potentially reducing
the efficacy of the engineered tissues or organs.®® Post-
printing, the maturation of printed constructs into fully
functional tissue is a complex task. Furthermore, the criti-
cal issue of vascularization remains a major obstacle; with-
out an adequate blood supply, the survival of cells within
larger engineered tissues is at risk.'’®!%7 These limitations
highlight the need for advancements in bioink develop-
ment, printing techniques, and post-printing tissue devel-
opment strategies to improve the viability and functionality
of 3D bioprinted airway and lung models.!%+108

Bioinks for the airway and lung

Bioinks comprise cells and biomaterials. Below, we sur-
vey the different cells and biomaterials involved in airway
and lung bioprinting and introduce bioprinting techniques
that can generate tissue constructs (Table 2).

Cell-type selection for tracheal and lung model

Cell-type selection is important in tracheal and lung recon-
structions. Cell lines and primary cells are both used; for
example, the vascularized lung tumor-on-a-chip model
consists of primary HUVECsS, primary normal human lung
fibroblasts, and A549 (human lung adenocarcinoma) cells.
In a model of SARS-CoV-2-induced lung injury, the alve-
olar-capillary barrier was composed of human alveolar
epithelial, vascular endothelial, and immune cells. In this
model, the epithelial cells used were the immortalized
human alveolar epithelial cell line (HPAEpiC), the vascu-
lar endothelial cells were the human lung microvascula-
ture cell line (HULEC-5a), and the immune cells were
primary isolated peripheral human blood mononuclear
cells. The use of primary cells or cell lines has been exten-
sively discussed in previous reviews. In general, primary
cells possess characteristics similar to their phenotype in
the native environment, which is preferable in lung-on-a-
chip models. However, maintaining the functionality of
primary cells over extended culture periods is difficult.
Cell lines have been widely used because of their facile
handling and growth, although they are limited by similar
functions in the original lungs and airways.

Biomaterials for 3D printing of the airway and
lung

Bioinks are the building blocks for engineered airways and
lung tissues and need to recreate specific functional prop-
erties and biological activities in bioprinting. The proper-
ties of the bioink must match those of the lungs and
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airways. For instance, bioinks should provide sufficient
mechanical strength and flexibility for 3DP structures to
mimic the viscoelastic behavior of the lungs, particularly
in the alveolar portions. Lung compliance and elasticity
must be considered when making bioinks. Bioinks should
promote lung and tracheal regeneration, while simultane-
ously protecting against adverse host reactions after
implantation. The development of bioinks suitable for lung
and airway printing is a critical aspect of 3D bioprinting.
Bioinks must provide not only the structural integrity
required for the printed constructs but also the biochemical
and biomechanical cues necessary for cell survival, prolif-
eration, and differentiation.'®® Natural biopolymers, such
as alginate, collagen, and decellularized extracellular
matrix (ECM) proteins, have been widely explored due to
their biocompatibility and ability to mimic the native lung
microenvironment. However, their printability is often
limited, leading to the development of modified natural
biopolymers with added reactive functional groups or
composite hydrogels combining natural ECM with syn-
thetic components.'” Bioinks can be categorized as natu-
rally derived, synthetic, or a mixture (Figure 2(b)).

Natural bioinks for 3D printing of the airway and lung. Bioinks
with natural ECM components, such as collagen and
fibrin, are naturally derived; alginate, cellulose, and gela-
tin are derived from various natural sources but not native
ECM components.'® '3 The intrinsic properties of natu-
rally derived bioinks benefit cellular interaction, adhesion,
proliferation, and motility; they are biodegradable and bio-
absorbable, have little host response, and participate
actively in lung and tracheal regeneration.?®!!%!15 Natural
biomaterial-based bioinks can recreate the viscoelasticity
of the airways and lungs, particularly the alveolar area.'**
For example, the elasticity modulus of the airway is 2.57—
34.4kPa, and the elasticity modulus of parenchymal lung
is estimated as 0.64-5.13kPa. Some natural biomaterial
moduli, such as collagen (0.5—-12kPa)!+!16117 and alginate
(20kPa)''® match those of primary tissues. To fabricate a
3D alveolar barrier model, lung fibroblasts (MRCS5) were
suspended in collagen ink to act as a basement membrane,
and type I and type II alveolar cells were printed onto the
collagen surface. The results showed high cell viability
(>90%) in the bioprinting model.*> However, naturally
derived bioinks are limited by insufficient printability and
may not efficiently transition from ink to gel.

Collagen. Collagen is a typical natural macromolecule
extracted from the ECM that provides a biomimetic envi-
ronment; for example, collagen bioinks exhibit high bind-
ing capacity with integrins and domain receptors.''® In the
lungs, collagen fibers are present in the conducting airway
walls and encompass the alveolar ducts. The gelation of
collagen bioinks can be controlled by an alkaline buffer
solution that neutralizes the acidic collagen solution and

warms it to a physiological temperature. Kang et al.®* pre-
pared bioinks by suspending fibroblasts in a dilute col-
lagen solution. During printing, the endothelial cell ink,
collagen ink, and collagen ink containing fibroblasts were
printed layer by layer. Collagen-based inks were printed
at 4°C to prevent cross-linking. These bioinks containing
collagen were used to construct alveolar tissues with struc-
tural and functional characteristics. Xu et al.'® integrated
type II atelocollagen with chondroitin sulfate bioink to
mimic the tracheal ECM components, demonstrating that
atelocollagen can mitigate immunological responses. The
obtained scaffolds reproduced the structural and functional
properties of native tracheal tissues during extensive tra-
cheal reconstruction.

Alginate. Alginate biomaterials are natural hydrophilic
polysaccharides with negative charges derived from
brown algae. Alginate hydrogel can entrap water and
allow it to diffuse from inside out.'""'?! Alginate-based
bioinks are suitable for cartilage cell printing because
their modulus is similar to that of cartilage tissue, and their
ionic cross-linking properties are suitable for printing.'??
Alginate bioinks cross-link primarily with calcium ions.
The majority of the Ca?* ions originate from the CaCl,
aqueous solution. Gelation occurs immediately when
ionic interchain bridges are formed between the polymer
chains.'?*1* Alginate-based bioprinting is widely used for
tracheal tissue engineering. For example, Bae et al.>! uti-
lized two layers of alginate hydrogels in tracheal scaffolds:
one layer contained MSCs or chondrogenic-differentiated
MSCs, and the other contained epithelial cells. In vitro
experiments revealed that chondrogenically differenti-
ated MSCs result in higher glycosaminoglycan accumu-
lation and higher chondrogenic marker gene expression
compared to undifferentiated MSCs. Furthermore, in vivo
neocartilage formation was observed in an alginate hydro-
gel containing -MSCs.

Lower alginate concentrations (1%—2%). Concentrations
in the range of 1%—2% are often chosen for bioprinting
lung and airway tissues that require a softer and more
compliant matrix, mimicking the elasticity of lung paren-
chyma and alveoli These concentrations are suitable for
creating structures resembling the delicate alveolar sacs
and ducts, which require a microenvironment that supports
gas exchange and allows for cell spreading and migration.
Lower concentrations offer a favorable balance between
maintaining cell viability and providing a realistic tissue-
like environment.'%’

Intermediate alginate concentrations (2%—3%). Algi-
nate concentrations between 2% and 3% strike a balance
between structural stability and printability, making them
ideal for constructing branching airway structures and
regions of transition within the lung. Bioprinted constructs
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using these concentrations can capture the mechanical
properties of airway epithelium and help maintain the
tubular shapes of bronchioles. The resulting constructs
may offer a combination of mechanical support and flex-
ibility, crucial for replicating the behavior of airways dur-
ing breathing and expansion.126

Higher alginate concentrations (3%—4%). Concentrations
of 3%—4% are chosen for bioprinting airway sections that
require greater mechanical strength and rigidity, such as
the trachea or larger bronchi. These concentrations can
support the creation of more robust and stable constructs
that can better withstand external forces and maintain their
structural integrity. Bioprinted tissues with higher alginate
concentrations might serve as foundational structures for
upper airway or larger bronchial segments.?!*4

In addition to concentration, other factors should be
considered:

Crosslinking Methods: The choice of crosslinking
method (e.g. using calcium ions) and its concentration
can significantly impact the mechanical properties and
stability of the printed constructs.

Cell Viability and Functionality: The selected alginate
concentration should support cell viability and desired
functionalities within the bioprinted tissue.

Co-Bioink Formulation: Alginate can be combined
with other bioink materials, such as cell-laden hydro-
gels or growth factors, to create more biomimetic and
functional lung and airway constructs.

Silk fibroin. Silk fibroin (SF), derived from the natural
fibrous polymer of silk, is recognized for its exceptional
mechanical properties, which can be tailored for various
tissue engineering applications. The Young’s modulus of
SF can vary from 1 to 20 GPa, influenced by processing
methods, crosslinking techniques, and fiber alignment.
This adjustable stiffness positions SF as a material with
moderate to high mechanical strength, suitable for applica-
tions requiring robust structural integrity. Native lung tis-
sue is defined by its high compliance and flexibility,
essential for the expansion and contraction facilitating res-
piration. The Young’s modulus for lung tissue is signifi-
cantly lower, within the range of 0.1 to 1 kPa, reflecting its
delicate and elastic nature optimized for physiological
functions such as gas exchange.!'” The airway system,
comprising cartilage and smooth muscle, demands a
slightly higher Young’s modulus to maintain structural
integrity and function.'?” Cartilage, which provides struc-
tural support, has a Young’s modulus ranging from 0.5 to
10 MPa, while the smooth muscle, responsible for airway
constriction and dilation, exhibits a modulus of about
1-5kPa.!?”128 These values are indicative of the balance

between flexibility and rigidity required for the airway
system’s functionality. When considering SF for the bio-
printing of lung or airway models, its significantly higher
stiffness compared to native tissues could affect the
mechanical behavior and cellular interactions. Neverthe-
less, SF’s favorable biological attributes, including cell
adhesion, proliferation, and low inflammatory response,
render it a promising candidate for bioinks that seek to har-
monize mechanical properties with biological compatibil-
ity.'”” To align SF’s mechanical properties with those of
the target lung or airway tissues, researchers have
employed various modification techniques. Blending,
crosslinking, and electrospinning are among the methods
used to enhance SF’s properties, aiming to produce biomi-
metic models with realistic mechanical behavior and bio-
logical functionality for research and therapeutic
applications.!3° SF’s utility in tissue engineering is further
expanded through modifications that improve its mechani-
cal properties and bioprinting performance. For instance,
the addition of methacrylate to SF allows for polymeriza-
tion under aqueous conditions and light-triggered pro-
cesses, enhancing its use in bioprinting. Studies indicate
that SF promotes chondrocyte proliferation and differenti-
ation by reversing the dedifferentiation process, guiding
the cells toward a cartilage lineage and potentially enhanc-
ing the synthesis of cartilage-specific extracellular matrix
(ECM)."! Chemical modifications, such as the use of gly-
cidyl methacrylate, have been successfully implemented
to create an artificial trachea with human and rabbit chon-
drocytes, demonstrating the potential of SF in bioprinting
complex structures.'*> The glycosaminoglycan content and
chondrogenic expression associated with SF bioinks sug-
gest their role in facilitating new cartilage formation (Gly-
cosaminoglycan and chondrogenic expression). In vitro
cultivation studies of glycidyl methacrylate-modified silk
(silk-GMA) hydrogel have shown cell viability, prolifera-
tion, and differentiation toward chondrogenesis, highlight-
ing the suitability of SF bioink for partial defected trachea
model requiring chondrogenic differentiation (Up to
4weeks of in vitro cultivation of silk-GMA hydrogel).
Additionally, incorporating glycosaminoglycans (GAGs)
into silk fibroin (SF) bioinks is critical for the development
of bioprinted trachea, as GAGs are essential for replicating
the structural and functional properties of native cartilage.
GAGs, such as chondroitin sulfate and hyaluronic acid,
enhance the compressive resistance and mechanical resil-
ience of cartilage, which are vital for the trachea’s struc-
tural integrity. Moreover, GAGs facilitate chondrogenic
differentiation, driving stem cells to become chondrocytes
that produce a cartilage-specific extracellular matrix. This
bioactive environment not only guides cell behavior and
tissue organization but also promotes better integration
with host tissues post-transplantation, leveraging GAGs’
known roles in tissue regeneration and wound healing.
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Thus, GAG-enhanced SF bioinks hold significant promise
for advancing tracheal tissue engineering through
bioprinting.

Decellularized extracellular matrix. Decellularized extracel-
lular matrices (IECMs) are a highly promising group of
bioink materials because they can form an extracellular
microenvironment that contains structural features and
extracellular cues for cell attachment, growth, differentia-
tion, and function, as well as vascularization. As an exam-
ple of adapting a decellularized ECM for the 3D printing
of tracheal tissues, Nam et al.® utilized a decellularized
ECM derived from porcine tracheas and blood vessels.
Tracheal and blood vessel modules were fabricated and
assembled into perfusable vascularized tracheal modules
as an in vitro model.

Synthetic biomaterials as bioinks for 3D printing of the airway
and lung. Synthetic biomaterials exhibit high flexibility
for property tuning and chemical modification. Accord-
ingly, bioinks based on these materials can be adjusted in
terms of the mechanical properties, degradation rate, and
printability to support 3D bioprinting development.'*?
Synthetic biomaterials used for bioprinting include Poly-
caprolactone (PCL),>31:134-136 polyyrethane (PU),"37138
poly(sebacoyl Diglyceride) (PSeD),”” and polylactic acid
(PLA)."*® In tracheal tissue fabrication, PCL can be
printed into fibrous networks to mechanically support the
hollow tissue and form microscale pores for nutrient dif-
fusion. In the study by Ke et al., a hydrogel material based
on a hydrogels kit, which includes thiol-modified colla-
gen, thiol-modified hyaluronan, and heparin, was used.
The bioprinting method employed was an extrusion-based
system facilitated the precise deposition of PCL and
MSC-laden hydrogels to construct patient-matched tra-
chea constructs. The resultant tracheal tissues were com-
parable to native tissues in terms of elastic modulus and
yield stress.!3? Xu et al.’” mixed PSeD with PCL to fabri-
cate ring-shaped porous scaffolds for loading chondro-
cytes in tracheal tissue regeneration.

The use of synthetic biomaterials as bioinks has the
advantages of high printability and easy customization;
however, synthetic biomaterials may not fully replicate
native tissues due to their lack of inherent bioactivity,
which is crucial for cell function and tissue development.
Additionally, their limited cellular interaction capabilities
can affect cell behavior, as they may not provide the neces-
sary binding sites or ligands present in natural extracellular
matrices. Furthermore, synthetics often fall short in repli-
cating the specific mechanical properties of various native
tissues, potentially leading to functional and stability
issues in the printed constructs.

Compound bioinks for airway and lung 3D printing. Although
natural biomaterials can create an ideal milieu for cell

adhesion and proliferation by mimicking a native ECM,
the adjustable qualities of natural polymers are low.!?>!40
“Adjustable qualities” in biomaterials refer to the capacity
to modify or customize a material’s characteristics, such as
mechanical properties, biodegradability, bioactive compo-
nent incorporation, and structural design, to align with the
specific needs of a biomedical application. Consequently,
these natural polymers can be blended with synthetic or
other natural polymers to produce stable structures with
adjustable properties for 3D bioprinting. The mechanical
qualities, printability, cross-linking, and other characteris-
tics of synthetic polymers can be adjusted to improve
them, despite not supporting cellular adhesion or promo-
tion as well as natural polymers.®® Many polymers, such as
alginate and collagen, have been combined to form differ-
ent bioinks and their properties can be adjusted according
to requirements. Traditional synthetic biodegradable poly-
mers, such as PLA, polyglycolic acid, and polylactic-co-
glycolic acid, combined with natural sources of polymers,
are popular for generating cartilage with a variety of cell
types, including mesenchymal stem cells (MSCs), MSC
aggregates (clusters or spheroids of MSCs), and cartilage-
resident chondroprogenitor cells. These aggregates gener-
ally present an earlier developmental stage and have a
greater differentiation capability than spread cells. In tis-
sue engineering, MSC aggregates are considered to have a
higher regenerative capacity compared to individual
MS(Cs, 141-143

Various gelation techniques have been employed to
compound bioinks, which are essential for the 3D printing
of complex structures like the airway and lung. These tech-
niques enable the utilization of different bioprinting meth-
ods to create constructs that mimic the native tissue
architecture and biological functions. gelation techniques
used in bioprinting including thermal gelation, chemical
crosslinking, photochemical crosslinking, enzymatic gela-
tion, hydrogel swelling and diffusion, electrostatic interac-
tions. Advanced bioprinting may employ a combination of
gelation methods to ensure both rapid initial setting and
long-term structural integrity. The selection of a gelation
technique is tailored to the bioink composition, the spe-
cific 3D printing technology (such as extrusion, inkjet, or
laser-assisted bioprinting), and the target application in tis-
sue engineering or regenerative medicine. Each method
can be optimized to balance the need for rapid gelation
with maintaining cell viability and achieving the required
mechanical properties for the printed tissue construct. As
3D bioprinting technology evolves, innovative gelation
strategies continue to emerge, enhancing the potential for
creating complex, functional tissues and organs.

Emerging bioinks for 3D bioprinting

New biomaterials, such as self-healing polymers, injecta-
ble rapid adhesive hydrogels, and on-demand antibacterial



14

Journal of Tissue Engineering

biomaterials, have proven promising for biomedical appli-
cations. Their printability and compatibility with lungs and
airway tissues deserve further verification as they may suit
the specific requirements in tissue regeneration and bio-
logical model constructure of lungs and airways. For
example, when self-healing polymers are printed to
repair lungs and airways, they can mimic the regenera-
tive capabilities of living tissues to support cell growth
and function and even to restore tissue when subjected
to damage. Besides, when used as part of tissue-engi-
neered scaffolds, adhesive hydrogels can not only pro-
mote the attachment to cells and tissues but also
potentially eliminate the need for suturing in implanta-
tion. Self-healing polymers: The respiratory system is
continuously subjected to physical stress and repeated
mechanical deformation during the breathing process.
Within these circumstances, self-healing polymers
could offer significant advantages for lung and airway
bioprinting applications. In particular, these biomateri-
als could help maintain the longevity of bioprinted lung
constructs or tracheal replacements by repairing any
microscale damage that may occur during physiological
processes.

Injectable rapid adhesive hydrogels: While hydrogels
offer excellent potential for cellular encapsulation and the
formation of scaffold materials in lung and airway bio-
printing, achieving proper adhesion and integration within
the host tissue is a challenge.'** Injectable rapid adhesive
hydrogels could address this issue by creating strong bonds
between the bioprinted construct and native tissue, regard-
less of the tissue’s mechanical properties. This would be
particularly crucial for bioprinted bronchi, bronchioles,
and alveoli, where constructs would need to withstand
repetitive mechanical strain during respiration.

On-demand antibacterial biomaterials: The risk of infec-
tion is a major concern for patients undergoing lung or air-
way grafting procedures. Bioprinted constructs can be
particularly susceptible to bacterial invasion due to their
high surface area and the presence of biomaterials, which
may serve as conducive environments for bacteria.
On-demand antibacterial biomaterials have the potential to
prevent or treat infections in lung and airway bioprinting
applications, thereby lowering the risk associated with
implant failure or the need for additional surgeries. For
instance, bioprinted bronchial or tracheal replacements can
be designed with these biomaterials, releasing antibacterial
agents upon detection of an infection to minimize infection-
related complications and promote long-term graft success.

Despite the promising applications, each biomaterial
requires extensive testing and development to ensure its
biocompatibility, mechanical properties, and functional
characteristics are optimized for lung and airway bioprint-
ing. The performance of these biomaterials under physio-
logical conditions, as well as their long-term safety and
effectiveness, will ultimately be key to their successful
implementation in clinical settings

Applications of 3D bioprinting in
tissue engineering and in vitro
modeling of the airways and lungs

Bioprinted airway tissues

Bioprinted trachea for tissue engineering. Geometric tracheal
features can be generated with 3D printing resolution. Bio-
logical structures and functions such as cartilage and epi-
thelium can also be realized by bioprinting. For cartilage
tissue, bioprinting offers precise chondrocyte placement
for controlled cartilage construct development, with
adjustable ECM composition and mechanical properties to
replicate native tissue.® Cartilage tissue regeneration in
bioprinted tracheal constructs has been widely proven.
Park et al.*° fabricated a multilayered artificial trachea
with autologous chondrocytes and applied it to lesions
measuring >6cm. The bioprinting of tracheal tissues of
clinically relevant sizes takes a long time, which may com-
promise cell viability and functionality; the research team
also developed a two-step bioprinting method to create a
trachea-mimicking cellular construct with cartilage forma-
tion in a nude mouse model.®*!3° Their key strategy was to
utilize extrusion-based printing to generate a porous bel-
lows framework, and selective printing of cellular compo-
nents (e.g. cartilage rings and epithelium lining) was
performed on the framework. Compared with other bio-
printing techniques that typically involve additional sacri-
ficial components, this two-step strategy significantly
reduces the printing time. The printed tracheal scaffold
and neo-cartilage both add mechanical strength and can
adapt to the mechanical requirements of the native trachea.
In addition to cartilage regeneration, biological properties
of the smooth muscle tissue and epithelium, and vasculari-
zation similar to those of the native trachea are important.
Extrusion-based bioprinting was used to generate separate
cartilage and smooth muscle regions using polycaprolac-
tone and human MSC-laden hydrogels. The obtained
structures exhibited mechanical properties comparable to
those of native tracheal tissues, and the formation of carti-
lage and smooth muscle was demonstrated through in vitro
culture.’! Extrusion-based scaffold printing has been
widely adopted to generate tracheal tissues, whereas other
approaches have also been explored. Huo et al. developed
a functional cartilage-vascularized fibrous tissue using 3D
bioprinting with photo-crosslinkable tissue-specific
bioinks. For epithelial tissues, bioprinting enables the cre-
ation of multilayered structures with barrier functions, spe-
cialized features like cilia and microvilli, mucin production
for protection, and the formation of tight junctions for tis-
sue integrity and substance regulation.?® Epithelium-like
tissue and regenerated cartilage rings help to recover tra-
cheal physiological functions for segmental tracheal
defects in a rabbit model.®! Although scaffold-based tra-
cheal tissue engineering can provide mechanical support
and structural guidance for tissue generation, there are
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issues such as the limited biocompatibility of the scaffold
materials and inflexibility of the scaffold design. To offer
a different approach for tracheal tissue engineering,
Machino et al. bioprinted a cartilaginous and fibrous tra-
cheal construct with tissue-specific bioinks embedding
human chondrocytes, MSCs, fibroblasts, and umbilical
vein endothelial cells. These bioprinted scaffold-free tra-
chea-like tubes replace the epithelium and capillaries lost
during surgical resection of rat tracheas.'*

Bioprinted in vitro airway models. In vitro airway models are
vital to study airway physiology and disease mechanisms
and development, such as rhinosinusitis, asthma, and
COPD (chronic obstructive lung disease).'*® A personal-
ized and specific airway disease model can be achieved
using 3D bioprinting. Bioprinting facilitates the placement
of various cell types at desired locations and mimics airway
cells and microenvironmental arrangements. Park et al. cre-
ated an in vitro airway model featuring printed airway epi-
thelium and a vascular network that exhibited respiratory
symptoms such as asthmatic inflammation and allergen-
induced asthma exacerbation, with a significant increase in
mucus production observed in a model simulating inflam-
matory conditions through the addition of IL-13.'47 Airway
models can be developed further with printing technology
and bioinks. Nam et al. fabricated the tracheal modules by
using the tracheal mucosa-derived dECM and microporous
membrane, and utilized the prepared vascular-tissue-
derived dECM to fabricate the blood vessel modules. After
assembling tracheal and blood vessel modules together to
manufacture the tracheal model, which imitated the inter-
face between the tracheal epithelium and blood vessels.
These modules were assembled to form a tracheal model
with perfusable blood vessels, which could be used to study
respiratory diseases.’® Physiologically biomimetic in vitro
airway model is more potential for clinical trial. An inkjet-
based bioprinting airway model, facilitated precise struc-
tural arrangement of cells to reflect cell-cell and cell-ECM
interactions, composed of epithelium, ECM and endothe-
lium, including tight junctions.'#®

Bioprinted lung tissues

Bioprinted lungs for tissue engineering. Different strategies
have been used to reconstruct the physiological character-
istics of lungs. Huang et al. have specifically addressed
the challenge of donor shortage in organ transplantation
by exploring 3D bioprinted lungs for transplantation.
They have investigated the bioprinting of functional lung
tissues that can potentially be used for the treatment of
end-stage lung diseases, where traditional transplant
options are limited. The advancements in their research
present a unique opportunity to study diseases like chronic
obstructive pulmonary disease (COPD), pulmonary fibro-
sis, and even the implications of COVID-19 on lung

function, within an in vitro setting that closely resembles
the human lung microenvironment.”! Huang et al.
employed extrusion-based 3D bioprinting to create silk-
and cellulose-based hydrogel scaffolds to investigate the
influence of fiber alignment on LESC behavior. The
aligned cellulose-based nanofibers acted as biomimetic
structures of the lung ECM, contributing to LESC orienta-
tion. This lung-like tissue structure with anisotropic ECM
is promising for lung tissue regeneration.'*’ To study the
effects of physical cues on myofibroblasts in a 3D micro-
environment, Matera et al.'* replicated the key features
(dimensionality, matrix stiffness, and fiber density) of
pulmonary fibrosis. A study of lung regeneration guided
by in vivo 3D biomimetic porous collagen scaffolds deliv-
ered hepatocyte growth factors to improve the microenvi-
ronment.”! All the 3D biomimetic lung structures
mentioned above can be fabricated by bioprinting,
although some use another method.

Bioprinted alveoli structural models. The respiratory
mucosa and alveoli reside at the air-liquid interface
(ALI). 3D bioprinting has been applied to generate ALI
culture models and can precisely control the composition
and surface structure on which the cells grow to mimic
the basement membrane of the epithelium. Kang et al.
used inkjet printing to achieve a single-cell-level arrange-
ment with high-resolution control of alveolar cells and
established an accurate arrangement of the three-layer
structure of four cells: pulmonary microvascular endothe-
lial cells (HUC-5A) were printed on the bottom layer,
pulmonary fibroblasts (MRCS5) were printed on the mid-
dle layer, and alveolar epithelial cells of types I and II
were arranged in an orderly manner on the top layer,
forming a respiratory membrane structure. The bionic
respiratory membrane structure thickness was only
10um.® A recent study described a comprehensive
organ-/disease-specific model that recapitulated the key
attributes of pulmonary fibrosis and conditions during
inhalation therapy.'>? To address the challenge of gener-
ating 3D complex tissue structures, Grigoryan et al.'®
reported on light-based printing using food dyes as bio-
compatible and potent photoabsorbers. Hydrogel struc-
tures with 3D complex topological features were
generated using this technique, which could mimic the
oxygenation and flow of red blood cells during tidal ven-
tilation and airway distension.'” Das et al.'>* constructed
an in vivo lung-cancer-on-a-chip model, including fluidic
channels, air channels and a porous membrane, which
can provide an air-liquid interface used in inhalation and
exhalation cycles. Similar to the biochemical composi-
tion of native lung tissues is important for lung related
models. A 3D bioprinted vascularized lung cancer orga-
noid models, including patient-derived lung cancer orga-
noids, lung fibroblasts, and perfusable vessels, which are
constructed by 3D bioprinting technology.!>* (Table 3)
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Future perspectives

In the field of 3D bioprinting, the construction of complex
tissues such as airways and lungs is extremely challenging.
There are numerous existing theoretical and technical bot-
tlenecks that limit its broader application and develop-
ment. However, it also holds great potential and is expected
to open up new paths for tissue engineering and respiratory
disease research.

Theoretical Bottlenecks: (DChallenges in Alveolar
Structure and Function: Alveoli in the lungs are responsi-
ble for gas exchange. Their thin-walled structures are pre-
cise and complex, requiring the precise implantation of
alveolar epithelial cells and capillary endothelial cells, as
well as taking into account functions like surfactant pro-
duction. Replicating them is extremely difficult.
@Dilemmas in Airway Branching and Cartilage Support:
Airways are in the form of branching tubes, lined with epi-
thelial cells and supported by cartilage externally. It is
quite challenging to accurately reproduce the branching
morphology, match the appropriate cell types, and incor-
porate cartilage to achieve mechanical support in bioprint-
ing. (@Obstacles in Immune Response and Graft
Integration: Bioprinted lung and airway tissues need to be
compatible with the recipient’s immune system to avoid
rejection. Reconciling immunogenicity issues is an urgent
theoretical barrier to overcome.

Technical Bottlenecks: (DBottlenecks in High-
Resolution Bioprinting: Current bioprinting technologies
have deficiencies in resolution and precision and struggle
to print multiple cell types simultaneously, making it
difficult to finely reproduce the structures of airways
and alveoli. @Difficulties in Mimicking Mechanical
Properties: Lung tissues experience variable forces during
respiration. Bioprinted products need to mimic their
mechanical characteristics such as elasticity and compli-
ance, which is yet to be achieved by existing biomaterials.
(®Challenges in Vascularization and Perfusion: Efficient
vascularization within bioprinted lung tissues is crucial
for oxygen and nutrient supply. Printing blood vessels
within complex structures and connecting them to the host
vascular network is technically highly challenging.
@Problems in Cell Sourcing and Differentiation: It is not
easy to obtain sufficient quantities of specific cells such
as alveolar epithelial cells, endothelial cells, and
smooth muscle cells and maintain their functions for
bioprinting. ®Barriers in  Scaling-up and Clinical
Translation: Scaling up the bioprinting process to produce
large-sized lung and airway constructs that meet clinical
needs, while ensuring reproducibility and quality control,
poses significant technical challenges.

To overcome these bottlenecks, efforts from multiple
fields are indispensable. Interdisciplinary collaboration

is the foundation. Doctors, biologists, and engineers
work together to deeply analyze the physiological func-
tions of airways and lungs, providing a scientific basis
for the design of tissue-engineered scaffolds and in vitro
biological models. Materials scientists develop new
multi-material composite bioinks, mix functional mate-
rials and cells in specific proportions to create bionic
structures and enhance the physiological functions of
tissues.

Artificial intelligence (Al) and big data may be the
keys to breaking the deadlock.'>® On the one hand, Al
deeply analyzes vast amounts of biomedical data to
quickly gain insights into the physiological laws of air-
ways and lungs, facilitating the rational design and pre-
cise manufacturing of bioprinted tissues. On the other
hand, with the help of machine learning algorithms, it
optimizes printing paths and parameters, improves print-
ing resolution, achieves precise positioning of single cells
and the construction of micro/nanoscale extracellular
matrices, which is beneficial for alveolar reconstruction.
In conclusion, integrating Al and big data and strengthen-
ing interdisciplinary cooperation, and continuously work-
ing on improving physiological understanding, printing
precision, bionic effects, vascularization, and tissue inte-
gration are expected to break the existing constraints,
unlock more possibilities for 3D bioprinting of airways
and lungs, and accelerate the entry into a new stage of
clinical application.
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