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ARTICLE INFO ABSTRACT

Keywords: Three dimensional (3D) bioprinting has rapidly emerged as a major fabrication tool in the bioengineering of
B}Omlmet}c ) tissue constructs. 3D bioprinting enables the precise deposition of nano, micro and macroscale tissue components
Biomaterial ink to produce tissue models that more closely mimic the unique and complex architecture of their corresponding in
Bioink . . . . . A A . . . P .
. vivo tissues. Despite the vast potential of 3D bioprinting to revolutionize tissue engineering, few biomimetic

3D lung tissue X . . Lo .

. models of lung tissue have been reported in the literature to date, which is largely owed to the lung’s highly
Microgel/nanogel

complex branching tubular network that permits gaseous transport and exchange with its inextricably integrated
blood supply system. This review focuses on the repertoire of natural and synthetic polymers that have been
employed thus far to fabricate hydrogel-based tissue constructs of various regions of the lung airway network.
The applicability of novel biocompatible materials, such as micro- and nanogels and self-assembling low mo-
lecular weight gelators, to the fabrication of lung tissue constructs are also discussed. The essential criteria that
these biomaterial inks must fulfill from both biological and engineering perspectives, including biomimicry,
biocompatibility, biodegradability and rheology, are emphasized within the context of current 3D bioprinting

Supramolecular gel

technology.

1. Introduction

Three-dimensional (3D) bioprinting has evolved at the interface of
three independent disciplines, namely, biofabrication, tissue engineer-
ing (TE)/regenerative medicine (RM), and additive manufacturing
[1-3]. The collective technological advances in these respective fields
have enabled the production of physiologically functional tissues
through the positioning of cells and biocompatible materials with high
spatial resolution in three dimensions. Importantly, the physiological
function of any tissue is inextricably connected to the unique architec-
ture of its cellular constituents and extracellular matrix (ECM), as well as
the composition of the interstitial fluid which contains a milieu of
biochemical signals and growth factors. By controlling the deposition of
tissue components spanning the nano- and microscales, 3D bioprinting
can produce biomimetic tissue models that accurately replicate the
unique and complex architecture of their corresponding in vivo tissues
[4]. In 3D bioprinting, the fabrication of biomimetic tissue models is
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achieved through the stratification of a 3D computer-aided design (CAD)
model into 2D cross-sectional slices, which are then transmitted to a 3D
bioprinter that sequentially assembles the 3D tissue construct in a
layer-by-layer fashion using bioprintable materials, either bioinks or
biomaterial inks, via one of several bioprinting techniques (Fig. 1). A
bioink is essentially “a formulation of cells suitable for processing by an
automated biofabrication technology that may also contain biologically
active components and biomaterials,” whereas a biomaterial ink is “a
formulation that includes biologically active components or molecules,
but does not contain any cells, which however can be subsequently
seeded with cells after printing” [5]. It should be emphasized that bio-
inks contain cells as a mandatory component of the printable formula-
tion, which may be in the form of single cells, coated cells and cell
aggregates, or in combination with materials such as microcarriers,
microgels, physical hydrogels or hydrogel precursors [5]. Hence, the
biofabrication of a 3D tissue construct may be performed either directly
(pre-seeding/bottom-up method) using bioinks, or indirectly
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(post-seeding/top-down method) using biomaterial inks — the former
involves simultaneous printing of a cell-laden bioink, whereas the latter
involves initial printing of the construct exclusively with the biomaterial
ink, which is co-cultured with the desired cell type(s) post-fabrication
(Fig. 1) [6].

Irrespective of the bioprinting approach taken, bioinks and bioma-
terial inks play a vital role in supporting cells during and/or after
printing, in addition to serving as a scaffold to facilitate the attachment
of cells, and potentially promote them to revert to their native cellular
morphology after printing, which would be especially beneficial to
tissue-resident cell types. In essence, bioinks and biomaterial inks are
multi-functional materials that must possess specific physicochemical
properties to, (i) ensure their compatibility with the selected 3D bio-
printing technique to facilitate reproducible high-resolution printing,
(ii) maintain a high degree of biocompatibility with cells without elic-
iting undesirable activation of cell functions, (iii) completely polymerize
and sustain structural integrity of the construct after printing, (iv) be
perfusable and ventilatable, and (v) promote nutrient diffusion and
tissue maturation during the post-printing culture phase, including
cellular activities such as adhesion, differentiation, migration and pro-
liferation. The architecture of the bioink scaffold is especially crucial
with respect to accurately mimicking a specific tissue type as this ulti-
mately influences its mechanical properties [7], and in turn, affects
biological processes [8] as well as the distribution of oxygen, carbon
dioxide, nutrients and waste across the tissue construct [9,10].

Although the lung is considered a solid organ from a surgical
perspective, from a tissue engineering standpoint, the lung is viewed as a
complex, branching matrix of tubes. Because of this complexity, few 3D
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bioprinted lung tissue models have been attempted, particularly that of
the distal lung where gaseous exchange occurs. Gaseous exchange re-
gions consist of intricate tissue architectures with single-cell resolution
while simultaneously exhibiting sufficient elasticity to permit repetitive
expansion and contraction cycles, without incurring damage or
impairing the efficacy of gaseous exchange. Additionally, lung tissue is a
dynamic system whereby immune cells sample the lung lumen and
monitor for microbial infection. Several early attempts were made to
fabricate in vitro lung tissues [11-13], but a functionally perfusable and
ventilatable 3D-bioprinted alveolar tissue model was only realized in
2019 [14]. This is largely due to the fact that most of the currently
available bioinks do not meet all the requirements for the fabrication of
the complex lung tissue scaffold, i.e., strength, elasticity, promotion of
cell adhesion and biodegradability. It is noteworthy that, while various
3D bioprinting technologies have developed rapidly since the late
1980s, the innovation and advancement of bioink technologies to
complement these 3D bioprinting modalities have been comparatively
slower and only gained substantial momentum in recent years [15].
However, recent innovation in bioink technology has expanded the
repertoire of bioprintable materials beyond pre-existing natural polymer
hydrogels, such as alginate, gelatin and hyaluronic acid, to include a
range of synthetic polymer hydrogels, and advanced materials, such as
micro- and nano-structured hydrogels. This review focuses on the
essential physicochemical criteria that bioinks must fulfill in order to
facilitate reproducible fabrication of functional, biomimetic 3D lung
tissue architecture, as well as the recent advances in bioink technology
that can enable the fabrication of both normal and disease models of the
lung.
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processing Structure

4 /
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Seeding of cells onto in vitro culture

crosslinked hydrogel scaffolds
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embedded
in crosslinked
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Fig. 1. Comparison of the post-seeding/top-down bioprinting approach using biomaterial inks and the pre-seeding/bottom-up bioprinting approach using bioinks.

(Created with BioRender.com).
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2. Overview of lung architecture

The human lung consists of 23 generations of bifurcating air pas-
sages, which originate at the trachea with a diameter of 1.8 cm and
progressively decreases in diameter to 500 pm at the respiratory bron-
chioles (Table 1) [16]. There are two general zones within the lung: the
conducting and respiratory zones. The conducting zone of the lung
consists of the trachea, main bronchi and terminal bronchioles, which
are not involved in gas exchange (Fig. 2). The trachea and main bronchi
are composed of cartilage rings and cartilage plates, respectively, that
are surrounded by smooth muscle and connective tissue to prevent their
collapse — an anatomical feature that distinguishes them from the
smaller airways. The lumen of the conducting airways are lined with
pseudostratified epithelium (25-40 pm in thickness), which comprise
only a single layer of cells attached directly to the basement membrane,
however, the variable positioning of the nuclei of individual epithelial
cells relative to the basement membrane is reminiscent of cellular
stratification in histological sections. The cellular constituents of pseu-
dostratified epithelium include goblet, submucosal mucous, submucosal
serous, surface serous, brush, and club (Clara) cells, which collectively
function to secrete mucous and remove trapped particles via ciliary
action (Fig. 2) [16].

The epithelium of the respiratory bronchioles are predominantly
composed of cuboidal-shaped club cells with fewer ciliated sub-
populations, including pulmonary neuroendocrine and goblet cells
(Fig. 3). The respiratory bronchioles terminate at the pulmonary acini
that consist of numerous, single alveoli, and alveolar sacs, which are
approximately 200 pm in diameter (Fig. 2). The respiratory bronchioles,
alveoli and alveolar sacs collectively constitute the respiratory zone. The
wall of a single alveolus consists of only a single layer of epithelial cells
that are in direct contact with the underlying endothelial cells of the
alveolar capillaries. Hence, the septum that separates two adjacent
alveolar spaces consists of only four cell layers, ranging in thickness
from 0.2 to 4 pm [18,19]. The human lung is estimated to contain 480
million alveoli in total, which occupy ~65% of the lung surface area
[20]. The alveolar epithelium consists of alveolar type 1 (AT1) and
alveolar type 2 (AT2) cells (Fig. 3). AT1 cells facilitate gas exchange with
the capillary endothelial cells, while AT2 cells secrete surfactant to
reduce surface tension at the air-liquid interface within the small volume
of the alveolar space [21]. In addition, alveolar epithelial cells, specif-
ically the surfactant-producing AT2 cells, play a significant role in
controlling the growth of the pathogen, Mycobacterium tuberculosis (M.
th), as demonstrated by a murine lung-on-chip model of M.tb infection
[22]. AT1 cells constitute more than 90% of the lung’s surface area
despite being a minor cellular population of the lung parenchyma
(<11%), whereas AT2 cells are a more abundant cellular population of
the lung parenchyma (12-16%) yet only constitute around 7% of the
lung’s surface area [23]. The alveolar capillaries wrap around each
alveolar space, and confine the flow of erythrocytes (red blood cells) in
single file around the alveolar spaces. This architecture maximizes the
release of carbon dioxide from deoxygenated erythrocytes into the
alveolar space, and the simultaneous absorption of oxygen from the
alveolar space into the erythrocytes. The organization and maintenance
of the intricate pulmonary architecture is the function of the pulmonary

Table 1
Typical dimensions of various human lung airway structures [17].

Zone Type Diameter (mm) Length (mm)
Trachea Conducting 18.0 120
Bronchi Conducting 12.2-8.3 48-8
Bronchioles Conducting/Respiratory 4.5-0.5 13-1
Alveolar sacs Respiratory 0.4 0.5
Alveolus Respiratory 0.1-0.2 -
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Fig. 2. Schematic diagram depicting the bifurcating nature of the pulmonary
airway system that starts at the trachea and terminates in individual alveoli, the
sites at which gaseous exchange occurs. (Created with BioRender.com).
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Fig. 3. Schematic diagram depicting the cellular structure of the epithelial
linings of the trachea, bronchi, bronchioles and alveolar sacs that should be
ideally recapitulated by 3D bioprinted structures. (Created with BioR
ender.com).

extracellular matrix (ECM), which will be discussed in further detail in
the Biomimicry section.

As the airway transitions from the conducting zone to the respira-
tory bronchioles and terminates in the alveolar sacs, the luminal
diameter becomes progressively narrower (Table 1) with a concomitant
decrease in thickness and change in cellular composition of the
epithelial lining (Fig. 3). The lung airway architecture is further
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complicated by its highly branched nature, and inextricable integration
with a dual vascular system, i.e., the respiratory zone airways are
supplied with deoxygenated blood transported via the pulmonary
veins, while the thicker and more metabolically active conducting zone
airways are supplied with oxygenated blood transported via the
bronchial arteries (Fig. 2). Hence, the sheer complexity of the lung
airway architecture, which encompasses size scales ranging from cen-
timeters to microns, and multiple cell types that are functionally in-
tegrated with a dynamic ECM and vasculature, poses a significant
challenge to the fabrication of biomimetic lung tissue by 3D bio-
printing [24,25].

A wide array of 3D bioprinting methods now exist for the fabrication
of tissue models, including extrusion-based bioprinting, inkjet-based
bioprinting, fused-deposition modelling, laser-assisted forward transfer
bioprinting, and stereolithography. The reader is referred to other
excellent reviews in the literature that discuss and compare these bio-
printing techniques in greater detail [26-28]. However, neither of these
bioprinting techniques alone are capable of fabricating a contiguous
airway network across a broad scale range, from the trachea through to
the terminal alveolar sacs, with the single-cell resolution required to
reproduce functional gas exchange surfaces with the blood capillary
network. Nonetheless, the potential exists to leverage individual bio-
printing techniques, within the scope of their respective strengths and
limitations, to fabricate different sections of the lung airway architec-
ture, as summarized in Table 2.

Extrusion-based bioprinting is the most commonly employed
method in tissue engineering due to its versatility, ability to process the
broadest range of bioink viscosities, and ability to print tissues at
clinically relevant throughput and ease, with which strata consisting of
different types of biomaterials, cells, signaling molecules and growth
factors can be fabricated [29]. The moderate resolution (>100 pm) of
extrusion-based bioprinting and fused-deposition modeling makes
these techniques amenable to the fabrication of larger airway struc-
tures such as the trachea and bronchi. Artificial cartilage rings and
plates can be fabricated from thermo-responsive biomaterials, such as
polycaprolactone, using fused-deposition modeling to support the
tracheal and bronchial constructs, followed by the deposition of
hydrogel-encapsulated cells around the artificial cartilage supports to
form hollow tubular structures [30-32]. Inkjet-based deposition has a
higher printing resolution (10-50 pm), does not subject cells to sheer
stress-induced damage like extrusion-based bioprinting, and is there-
fore more amenable to the printing of the complex airway epithelium,
which is only a single cell layer thick. Laser-assisted forward transfer,
which has an intermediate printing resolution (50-300 pm) can be
leveraged to fabricate smaller airway structures such as the bronchi-
oles, alveolar sacs and, potentially, alveoli. Stereolithography has the
capability of rapidly fabricating complex, high-resolution scaffolds
from photo-crosslinkable biomaterials, and is therefore amenable to
replicating the complex 3D architectures of alveolar sacs, alveoli and
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their integrated capillary networks [14]. Recently, Copploe et al.
generated computational models of eight generations of the neonatal
tracheobronchial tree comprising the conducting zone airways, which
were then fabricated into 3D models using a photopolymer (Somos®
WaterShed SC 11122) via stereolithography [33]. While this model
lacked the finer airway structures (bronchioles, alveolar sacs and
alveoli), the authors demonstrated the immense potential of compu-
tational modeling and stereolithography in fabricating a contiguous
and integrated human lung airway tree.

3. Biomaterial inks and bioinks

3.1. Essential properties of biomaterial inks and bioinks for lung tissue
fabrication

Polymeric biomaterials that can be crosslinked into hydrogels post-
fabrication are especially amenable to the biofabrication of soft tissues
due to their (i) ability to encapsulate cells in a hydrated environment,
(ii) biodegradability, and (iii) chemical and mechanical properties that
mimic the native extracellular matrices (ECM) of various tissue types
[35,36]. In the case of bioinks, the cellular component(s) of the
formulation place more stringent constraints on the processing condi-
tions that the bioink can be subjected to during and after printing as
compared to biomaterial inks that are devoid of cells. Therefore, bioinks
and biomaterial inks must satisfy several criteria, including biomimery,
biocompatibility, biodegradability, and rheology, in order to produce
functional tissues while being simultaneously compatible with the
chosen bioprinting method [37].

3.1.1. Biomimicry

The crucial function of any biomaterial ink is to emulate the ECM of
in vivo tissue so as to facilitate natural cellular adhesion and
morphology. The ECM was long believed to serve merely as a support
platform for cells, but is now considered to be a vital and highly dynamic
mediator in healthy and diseased tissues. The pulmonary ECM not only
provides structural integrity, but also binds to specific adhesion re-
ceptors on cells, activating intracellular signaling cascades that influ-
ence cellular behaviors such as adhesion, proliferation, migration,
epithelial-to-mesenchymal transition, apoptosis for maintaining ho-
meostasis, and the production and secretion of mediators. Furthermore,
the ECM serves as a reservoir of growth factors and cytokines [38-40].

The pulmonary cellular constituents are organized into various tis-
sues by the pulmonary ECM, which are classified into two main struc-
tural types: (i) basement membranes and (ii) interstitial matrices.
Basement membranes are thin sheets of glycoproteins that line the basal
side of epithelia and endothelia, and surround other cell types such as
fat, muscle and peripheral nerve cells. Interstitial matrices form loose,
fibril-like mesh networks that interconnect structural cell types that
form the lung parenchyma, and therefore maintain the 3D structure and

Table 2
Comparison of 3D bioprinting techniques and potential applications to fabrication of different lung airway structures [26,27,34].
Extrusion-based Fused-deposition Inkjet-based deposition Laser-assisted forward Stereolithography
deposition modelling transfer
Bioink/Biomaterial ink <6 x 107 N/A (Thermo-responsive 3-12 1-300 No restriction

Viscosity (mPa-s) melting)

Maximum cell density
Resolution

Fabrication scale

Potential airway fabrication
application

No restriction
Moderate (>100 pm)

Modeling of 10 cm scale
constructs
Trachea, bronchi

No restriction
Moderate (>100 pm)

Modeling of 10 cm scale
constructs
Trachea, bronchi

< 10° cells/mL
High (10-50 pm)

Modeling of cm scale
constructs

Trachea, bronchi,
Bronchioles

< 108 cells/mL

High to medium (50-300
pm)

Modeling of mm scale
constructs

Bronchioles, Alveolar
sacs, Alveoli

No restriction
High (<100 pm)

Modeling of 10 cm scale
constructs

Alveolar sacs, Alveoli, Blood
Capillaries
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biomechanical properties of the lung [39,40]. The lung undergoes
repeated cycles of stretch and relaxation, typically greater than 14,000
times per day, which the pulmonary ECM accommodates while still
maintaining the structural integrity of the lung 3D architecture. In
humans, the pulmonary ECM consists of several protein components.
Fibrillar collagens (types L, I, III, V and XI) confer high tensile strength
but low elasticity. Elastins confer high elasticity but low tensile strength.
Laminins and collagen type IV constitute the basement membranes in
the majority of the alveolar sacs and airways, while fibronectin and
proteoglycans maintain lung cell polarity and survival [38,40]. The
fibrillar collagens contribute to the overall 3D architecture of the lung,
whereas the large elastic fibers confer compliance and elastic recoil to
the lung [41,42]. Elastic fibers are composed of an inner core comprising
cross-linked elastin, while the periphery consists of microfibrils [43].
The microfibrils are composed of the large glycoproteins, fibrillin-1, 2
and 3 [44], in addition to the microfibril-associated glycoproteins,
fibulins, elastin microfibril interface-located proteins (EMILINSs),
elastin-crosslinking lysyl oxidases (LOXs), and microfibrillar-associated
protein 4 (MFAP4) [43,45]. Proteoglycans (PGs) consists of a protein
core covalently linked to sulfated polysaccharides or glycosaminogly-
cans (GAGs). Due to their high polysaccharide content, PGs are hydro-
philic, which enables hydrogel formation (an important property for
biomaterial inks as discussed in sections 3.1.4 and 4.1), and contributes
overall to the viscoelastic properties of the lung. The main cellular
producers of the ECM proteins are fibroblasts and myofibroblasts, and
also include airway epithelial cells and airway smooth muscle (ASM).
Fibroblasts are key cell mediators that regulate the homeostasis of ECM
proteins by coordinating the secretion of matrix metalloproteases
(MMPs) and their inhibitors, as well as integrating signals from the ECM
[46,47]. Hence, the above mentioned cells that regulate ECM homeo-
stasis are an essential cellular subset that should be incorporated into
biomimetic 3D lung tissue models.

The matrisome constitutes the proteomic profile of the ECM of a
specific tissue type [48]. Booth et al. recently characterized the matri-
some of normal and idiopathic pulmonary fibrotic (IPF) lung tissue by
liquid chromatography/tandem mass spectrometry [38]. Of the 94
distinct proteins that were identified in the normal lung matrisome, 61
were core ECM proteins (glycoproteins, collagens, and proteoglycans),
while 33 were ECM-related proteins, which underscores the phenom-
enal complexity of the lung ECM. The IPF lung matrisome expressed a
similar proteomic profile of 85 proteins (64 core ECM as well as 21 other
ECM-related proteins), however, the most profound difference between
the normal and IPF matrisomes was observed in the changes in relative
abundance of specific proteins. For example, the IPF matrisome was
enriched with collagen types III and VI, periostin, matrix Gla protein,
nephronectin, ECM-related proteins such as, glycosaminoglycans, and
transforming growth factor beta (TGF-B) binding protein 1, while being
relatively deficient in alveolar basement membrane proteins such as,
laminin a-3, $-3, and y-2 chains, relative to the normal lung ECM. Booth
et al. further observed significant phenotypic differences in primary
human lung fibroblasts that were cultured in decellularized normal and
IPF ECM slices. Fibroblasts grown in normal lung ECM exhibited low
alpha smooth muscle actin (a-SMA) production, whereas fibroblasts
grown in IPF lung ECM demonstrated significantly elevated production
of a-SMA, which is consistent with myofibroblast differentiation [49].
Collectively, the data highlighted the profound role that the ECM plays
in lung pathology and modulating cellular phenotypes. Hence, careful
consideration of the ECM composition is necessary when attempting to
fabricate biomimetic analogs of both normal and disease models of
human lung tissue. Naturally-derived hydrogel polymers, such as
collagen, fibronectin, and laminin, which contain cell-adhesive peptide
sequences that promote proliferation, migration and sustain cell
viability, can individually emulate specific supportive features of the
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native ECM more effectively than unmodified synthetic polymers.
Conversely, synthetic polymers can be chemically functionalized with
bioactive functional groups, such as the arginine-glycine-aspartate
(RGD) peptide sequence derived from the ECM protein fibronectin to
stimulate cell adhesion [50].

3.1.2. Biocompatibility

A biocompatible bioink/biomaterial ink is required to maintain high
cell viability, support cell growth and proliferation, and preserve the cell
population’s healthy, characteristic phenotype in the formulation
[51-53]. Importantly, the bioink/biomaterial ink should not elicit
cytotoxicity, premature stem cell differentiation, or host inflammatory
responses if the biofabricated tissue is implanted within the body.
Additionally, the bioink/biomaterial ink should not dampen or alter the
normal responses of any immunological cells encapsulated within the
tissue construct. Therefore, the mandatory, initial step in lung tissue
engineering is to identify the degree of biocompatibility of a biomaterial
with the different constituent cell types. Aside from the biomaterial ink
itself, the encapsulated cells may experience a range of stresses from the
bioprinting process that can affect their viability, phenotype, behavior
and function. These stresses include, (i) physical mixing to create a
homogeneous formulation of the cellular and biomaterial components,
(ii) shear forces encountered during extrusion of the bioink from narrow
gauge nozzles (typically a few hundred microns in diameter), and (iii)
exposure to UV light, photoinitiators, and rapid changes in pH, tem-
perature and ionic strength that are required to crosslink and facilitate
gelation of the bioink. It is therefore essential to determine biocompat-
ibility both during printing [54] and post-printing [51]. Dubbin et al.
assessed cell viability at different flow rates during extrusion-based
bioprinting, as well as during ionic- and photo-crosslinking of six
different bioinks [54], in which they observed that higher flow rates
during extrusion-based bioprinting correlated with lower cell viability
(between 5 and 11% cell death), while photo-crosslinking elicited
significantly higher cell death than ionic-crosslinking (calcium chloride,
10 mM). Notably, cell death was observed to be higher at the edges of
the hydrogel constructs than at the center in both types of crosslinking.
This has direct implications on the bioprinting of lung airway epithelial
linings that are only one-cell layer thick and exposed to air, and there-
fore prone to desiccation especially during the extended print times
required to fabricate tubular airway structures on the scale of tens of cm.
Bedell et al. developed a standardized, high-throughput method for
assessing the biocompatibility of different biomaterial ink formulations
on printed human mesenchymal stem cells (hMSCs) [51]. This approach
involved droplet printing of hMSCs encapsulated in various biomaterial
inks at two different cell densities in 96-well microtiter plates, which
enables high-throughput and multiplexed screening of cytotoxicity, cell
proliferation and phenotype (cell surface receptor expression) several
days after printing.

Bioprinted lung tissue constructs can be implanted in vivo to reca-
pitulate functional tissue or as an in vitro model to study biochemical
responses and drug efficacy. Lung tissue constructs that are intended for
in vivo implantation should ideally be immunologically inert and evade
or dampen host immune responses, although this is often difficult to
achieve given that many biomaterials activate resident immune cells.
One of the most obvious immune reactions to implanted foreign con-
structs is the foreign body reaction (FBR) in which mast cells, macro-
phages, neutrophils, fibroblasts and lymphocytes initiate a localized
inflammatory response resulting in the formation of a fibrous capsule or
granuloma surrounding the foreign material [55]. The FBR can also
result in the formation of foreign body giant cells which are essentially
monocyte-derived macrophages that have undergone a highly
controlled process of cell-cell fusion under the control of integrins,
CD44, CD47 mannose receptors and chemokines such as CCL2 [55].
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Each process of foreign body cell formation is likely unique to the
biomaterial and composition of the implant. Alginate activates resident
monocytes and macrophages to produce cytokines such as tumor ne-
crosis factor (TNF), which induces mast cells to release histamine and
initiates recruitment of lymphocytes [56-58], although much of these
responses may be mediated by contaminants found in alginate prepa-
rations rather than the alginate itself. The biodegradation products of
gelatin, collagen and fibronectin, activate macrophages through pattern
recognition receptors (PRRs) initiating innate immune responses and
localized inflammation [55], although there is some evidence to suggest
that this could be in part due to the cross-species incapability of the
protein constituents [59]. Hyaluronic acid activates cells via CD44 and
hyaluronic acid hydrogels activate foreign body reactions in four to
eight weeks after transplantation [60,61]. In some individuals, poly-
ethylene glycol (PEG) elicits a relatively potent immune response
characterized by the production of anti-PEG IgM and IgG and generation
of memory T cells [62]. A recent Japanese study suggests that as many as
20% of individuals that have an underlying immune response to PEG,
which renders the use of PEG difficult to apply broadly [63]. Poly-
glycolic acid (PGA) can initiate xenogeneic inflammatory responses
[64]. Even the surgical procedure required to implant a constructed
tissue itself elicits a localized immune response, which can recruit
lymphocytes and granulocytes to the region, thereby initiating further
immune cascades [65]. Therefore, these materials must be used with
caution when bioprinting lung tissue for eventual transplantation. These
materials must also be carefully evaluated if these bioprinted constructs
are to be used as immunocompetent model systems for drug testing as
the matrix materials themselves may activate background inflammatory
responses.

Tissue constructs that are used as in vitro models for research pur-
poses should be functional and have a multifaceted immune cell reper-
toire. Although most tissue constructs contain the structural cells that
define the tissue (i.e., epithelial cells, fibroblasts, endothelial cells), they
lack the tissue-specific immune cells that facilitate and regulate local-
ized tissue responses to therapeutics. Since macrophages, dendritic cells,
mast cells and neutrophils are essential components of lung tissue, the
lung has been considered an important immune organ [66]. Although
these types of immune cells regulate much of the biophysical processes
in the lung, both in constitutive and pathogenic states, they are difficult
to recapitulate in biomaterial constructs due to their fragility and short
half-life [67]. Without these important immune cells in a biomaterial
construct it is difficult to extrapolate observed responses to healthy
human lungs.

Another important consideration in avoiding inadvertent inflam-
matory responses is ensuring that the bioink/biomaterial ink is devoid of
endotoxin, such as the highly immunogenic lipopolysaccharide (LPS),
which is shed from the surface of bacteria [68]. This necessitates aseptic
(sterile) handling of the bioink/biomaterial ink during production and
throughout the biofabrication process, and is especially crucial for
animal-derived biopolymers such as decellularized extracellular matrix
(dECM).

3.1.3. Biodegradability

The biomaterial ink components of the fabricated lung tissue
construct must be able to provide mechanical support post-printing, yet
be able to undergo gradual biodegradation in order to permit tissue
remodeling and maturation without degrading during printing, which is
especially crucial when synthetic hydrogel polymers are used. There-
fore, the rate of decomposition of the biomaterial scaffold should be
tuned to match the rate of tissue maturation to assist cells such as fi-
broblasts to replace the synthetic polymers with native lung ECM
components [69]. The hydrogel byproducts should ideally be monomers

Bioprinting 29 (2023) e00255

that are water soluble, non-toxic, non-immunogenic, and can undergo
biotransformation in the liver and/or renal excretion. In addition, the
hydrogel byproducts should not damage the cellular components of the
tissue construct and/or the surrounding tissues if implanted in vivo. The
rate of decomposition is ultimately dependent on the specific biomate-
rial ink employed, and the mechanisms of hydrogel biodegradation
include hydrolytic, ion exchange, and enzymatic reactions [70]. Hy-
drolytic and ion exchange-based reactions typically occur in a bulk
manner, thus leading to a constant rate of biodegradation. In contrast,
the rate of enzymatic reactions is dependent on both the number of
cleavage sites present within the polymer and the enzyme concentra-
tion, and therefore offers a greater degree of control. Control over the
decomposition rate of hydrogel polymers can be achieved by one of
several approaches. The first involves optimization of the cell densi-
ty/polymer ratio. Since cells are a source of matrix proteases, lower cell
densities and higher polymer concentrations can result in prolonged
biodegradation times, although this will reduce the efficacy of tissue
regeneration. The second approach involves the covalent modification
of hydrogel polymers with peptides bearing enzymatic cleavage sites
that enable site-specific and controllable decomposition, while the third
approach involves modulating the degree of cross-linking. Increasing
the polymer concentration, cross-linker concentration, and exposure
time to the cross-linker can achieve a higher degree of cross-linking and
thus lower decomposition rates. From an engineering perspective,
biodegradable biomaterial inks can also be leveraged in the fabrication
of the highly-branched tubular airway network of the lung. This can
conceivably be achieved by bioprinting interconnected cylindrical and
micro-spherical structures from biodegradable biomaterial inks that
serve as scaffolds for the attachment of epithelial cells and other pul-
monary cell types. After a period of tissue maturation, the biodegradable
biomaterial ink can be dissolved to leave behind an interconnected
network of hollow tubes and cysts, essentially serving a sacrificial role.

3.1.4. Rheological properties

Ideal biomaterial inks and bioinks must also satisfy several rheo-
logical criteria in order to be printable, which can be considered as
“the ability of a material, when subjected to a certain set of printing con-
ditions, to be printed in a way which results in printing outcomes which are
desirable for a given application” [71]. The majority of biomimetic lung
tissue models to date have been fabricated primarily from
hydrogel-based biomaterial inks and bioinks via extrusion-based 3D
bioprinting in a bottom-up approach, which have specific rheological
requirements as discussed in greater detail in other comprehensive
reviews [72,73]. Briefly, hydrogel-based biomaterial inks and bioinks
are typically deposited via piston- or pneumatic-based extrusion sys-
tems due to their lower viscosity (<107 mPa s) [74] as opposed to
screw-driven extrusion systems that are better suited to extruding
higher viscosity materials (up to 10* Pa s) [4]. Shear-thinning is the
most favorable type of time-independent non-Newtonian fluid behavior
for extrusion bioprinting, whereby increasing shear rates result in a
concomitant decrease in viscosity of the biomaterial ink/bioink, thus
permitting its extrusion, followed by recovery and shape retention.
Hydrogels that possess shear-thinning properties are especially bene-
ficial to the extrusion of cell-laden bioinks as their viscosities decrease
significantly during extrusion, thus limiting the exposure of cells to
excessive shear forces that can induce cell membrane damage and lead
to reduced cell viability after printing. The shear forces that cells are
subjected to during extrusion can be further reduced by formulating
bioinks from partially cross-linked hydrogels or pregel solutions as
these fluids exhibit significantly lower viscosities than completely
gelated hydrogels. Pregels exhibit shear-thinning properties as the
polymers involved in the molecular networks undergo disentanglement
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and reorientation along the direction of the shear flow. This is possible
due to physical cross-linking between the polymers based on ionic or
hydrogen bonds, or hydrophobic interactions. These hydrogel
cross-linking mechanisms are discussed in further detail in section
3.1.5 Hydrogels. Alternatively, hydrogels from jammed suspensions,
which are densely packed microgels or nanogels that form
colloidal-like suspensions, can be used to limit the exposure of cells to
excessive shear forces during extrusion, as discussed in further detail in
section 3.4.4 Micro- and Nanogels.

3.1.5. Hydrogels

Hydrogels are insoluble 3D polymeric networks that have the ability
to swell and absorb large amounts of water without disintegration [75,
76]. Hydrogels can be composed up to 99% water content by weight,
which is comparable to biological tissues [35,77-79]. The hydrophilic-
ity of hydrogels is owed to the presence of functional groups within the
polymer chains that can form hydrogen bonds such as, hydroxyl (-OH),
carboxyl (-COOH), amide (-CONH-), primary amide (-CONHy) and urea
(-NHCONH-) groups [80]. Additional features that make hydrogels
attractive for tissue engineering applications are the ability to mimic the
ECM, tunable characteristics for efficient and homogeneous seeding of
various cells, as well as the porous structure to confine cells to specific
compartments and allow for the transfer of different nutrients required
for cell viability and differentiation (i.e., adsorption of proteins, cell
migration, proliferation, and vascularization of newly formed tissues in
the scaffolds) [29,81,82].

The structural integrity of a hydrogel is maintained by crosslinks
between the individual polymer chains, which allows it to remain
insoluble despite its inherently high water content. The degree and type
of cross-linking during synthesis controls the porosity, pore size, elas-
ticity, viscosity, degree of swelling and shape fidelity of the hydrogel
[83]. Importantly, the cross-linking of hydrogels for lung tissue fabri-
cation is a fine-balancing act — a low degree of crosslinking yields
hydrogels that are sufficiently viscous with the ability to flow freely but
at the expense of stability, conversely a high degree of cross-linking
improves stability. However, excessive cross-linking produces hydro-
gels that are too stiff with poor flow characteristics for extrusion-based
bioprinting and poor elastic recoil to accommodate repetitive ventila-
tion cycles, which can also affect cell development and differentiation
[84-88]. Generally, cross-linking mechanisms are categorized as either
physical or chemical, and the method may be dependent on the candi-
date bioink under consideration for 3D bioprinting. Importantly, the
majority of hydrogel-based bioinks/biomaterial inks actually contain
hydrogel precursors that can be cross-linked into hydrogels
post-printing, whereas only a few examples involve the pre-formation of
a gel prior to printing such as, synthetic peptide-polymer hybrids [89]
and spider silk protein-based hydrogels [90].

Physical cross-links. The types of physical interactions that drive
gelation include, self-assembly/aggregation, coacervate gelation and
ionotropic gelation. Physical cross-linking encompasses a range of weak,
noncovalent interactions such as ionic bonding, hydrogen bonding, n-n
stacking, van der Waals forces, metal-ligand (coordinative), and hy-
drophobic forces [84]. The cumulative effect of these weak interactions
promotes  entanglement of the polymer chains driving
self-assembly/aggregation, thus resulting in gelation. Coacervate gela-
tion is the result of a combination of attractive forces between bio-
polymers, but is mostly driven by repulsive, hydrophobic forces between
the biopolymers and solvent. Ionotropic gelation is driven by the
complexation of a cation (e.g. bivalent Ca?" ions) by several anionic
moieties contained within the polymer chains resulting in strong retic-
ulation nodes. Although physical cross-links are reversible, they are
sufficient to render the hydrogel insoluble in aqueous media. The
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reversibility of physically cross-linked hydrogels allows the bioink to be
extruded in a pre-cross-linked state, however, this poses a challenge to
the structural integrity of 3D tissue models that are cultured for
extended periods of time. Ionic cross-linked hydrogels, such as Ca®*
cross-linked alginate, are especially vulnerable to dissolution in in vitro
culture or in vivo due to the diffusion of Ca?* ions from the hydrogel into
the culture medium or surrounding extracellular fluid. A key feature of
physically cross-linked hydrogels is that they do not require additional
cross-linking agents (e.g. photoinitiator, coupling agent) to achieve
gelation, with the exception of ions in the case of ionotropic gelation.
This obviates the need for further processing steps to remove any excess
cross-linking agents that could adversely affect the viability of cells in
the tissue model.

Chemical cross-links. Chemical cross-linking involves the formation
of permanent covalent bonds between adjacent polymer chains, and can
be achieved through various polymerization methods (chain growth,
addition, condensation and photo-based) and small molecule-mediated
cross-linking [84]. Hydrogel bioinks that are chemically cross-linked
exhibit higher mechanical strength than physically cross-linked hydro-
gels. However, a caveat of chemical cross-linking is that fully
cross-linked hydrogel bioinks form irreversibly, have poor flow char-
acteristics, and are therefore difficult to extrude through high gauge
(narrow diameter) print nozzles. One solution to this problem involves
the initial extrusion of a partially-cross-linked bioink followed by a
post-printing secondary cross-linking step to enhance the structural
integrity of the hydrogel tissue. This can be achieved by developing a
hybrid bioink that is partially cross-linked by physical methods and
subsequently stabilized by a chemical method such as photo-
polymerization. Photopolymerization is a covalent chemical
cross-linking strategy that typically involves the rapid cross-linking of
acrylate-functionalized polymer chains by free-radicals that are gener-
ated upon activation of a photoinitiator (Fig. 7) by UV light (365 nm or
405 nm) [91,92].

3.2. Scaffold-based biomaterial inks

Biomaterial inks and bioinks can be broadly categorized as either
scaffold-based or scaffold-free, and is based on whether the cells that
compose a tissue construct are printed with or without a supporting
scaffold [93,94]. The primary function of scaffold-based bioinks is to
mimic the biochemical characteristics and microenvironment of the
lung extracellular matrix (ECM), however it is indeed challenging for
one specific bioink to holistically mimic the function and properties of
the lung ECM. These scaffold-based formulations include; (i) hydrogel
polymers that emulate the cross-linked network of the ECM while
simultaneously encapsulating large volumes of cells in a hydrated
environment, and (ii) decellularized extracellular matrices (AECM) that
are derived by the removal of cellular components from harvested
animal tissues. Scaffold-based biomaterial inks can be either naturally-
or synthetically-derived. Naturally-derived bioinks have typically been
preferred due to their superior ability to mimic the biochemical
properties of the lung ECM with fewer cytotoxic effects. However,
synthetic bioinks have the advantages of greater mechanical strength
and chemical tunability to make 3D bioprinted lung tissues conducive
to the mechanical stresses of repeated stretch and relaxation cycles
associated with breathing. Commonly used natural and synthetic
polymers that form hydrogels and are suitable for co-formulation with
dECM biomaterial inks to fabricate lung tissues, cell encapsulation and
3D bioprinting are hereafter summarized in Section 3.3 and Table 3.
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Table 3
Comparison of dECM, Natural and Synthetic Polymer Hydrogels Used to Fabricate Lung Tissue Models.
Biomaterial Polymer Type Gelation Mechanism Bioprinting Method Function™ Lung Tissue/Cell Types Printed
Human lung dECM/ Decellularized Thermo-responsive Extrusion-based Support, 1. Human lung dECM hydrogel scaffold (allogenic lung
Porcine lung dECM// tissue/organs (Gelation at 37 °C) deposition Functional fibroblasts) [97],
Matrigel 2. Porcine lung dECM hydrogel (bone marrow-derived
human mesenchymal stem cells (hMSCs), rat MSCs)
[99,101],

3. Vascularized airway-on-a-chip model (Porcine
tracheal mucosa dECM, polycaprolactone, human
dermal microvascular endothelial cells, human lung
fibroblasts, primary human tracheal epithelial cells)
[1001,

4. Murine lung explants (Matrigel) [102],

5. In vitro air-blood barrier alveolar model (Matrigel,
EA.hy926 human endothelial cells, A549 human AT2
epithelial cells) [103],

6. Alveolar epithelial viral infection model (Matrigel,
gelatin, alginate, A549 human AT2 epithelial cells)
[105],

7. Bronchial airway model (Alginate-reinforced human
lung dECM, murine and human lung epithelial cells
(MLE12 and A549), murine brain endothelial cells
(bEND.3), primary human bronchial epithelial cells
(HBECs), primary lung smooth muscle cells
(HLSMCs)) [111].

Alginate Natural, Ionic crosslinking Extrusion-based Structural, 1. Trachea airway model (Alginate, polycaprolactone,
Polysaccharide deposition Sacrificial Alveolar epithelial cells, chondrocytes,
chondrogenic-differentiated bone marrow-derived
MSCs) [30-32],

2. Alveolar epithelial viral infection model (Alginate,
Matrigel, gelatin, A549 human AT2 epithelial cells)
[105],

3. Alveolar epithelial viral infection model (Alginate,
Collagen type I, gelatin, human primary fibroblasts,
THP-1 monocytes, A549 human AT2 epithelial cells)
[107],

4. Bronchial airway model (Alginate-reinforced human
lung dECM, murine and human lung epithelial cells
(MLE12 and A549), murine brain endothelial cells
(bEND.3), primary human bronchial epithelial cells
(HBECs), primary lung smooth muscle cells
(HLSMCs)) [111].

Hyaluronic Acid Natural, Photocrosslinking Extrusion-based Functional, 1. Human MSCs (MSC to AT2 epithelial cell transition)
Polysaccharide (requires chemical deposition Structural [114].
modification)
Collagen/Gelatin Decellularized Thermo-responsive Extrusion-based Functional, 1. Triple-layered human alveolar model (Rat tail
tissue/organs, (Gelation at room deposition Structural, collagen type I, polyvinvylpyrrolidone, MRC-5
Protein temperature) Sacrificial human lung fibroblasts, EA.hy296 endothelial cells,

A549 AT2 epithelial cells) [104],

2. Alveolar epithelial viral infection model (Alginate,
Matrigel, gelatin, A549 human AT2 epithelial cells)
[105],

3. Alveolar epithelial viral infection model (Alginate,
Collagen type I, gelatin, human primary fibroblasts,
THP-1 monocytes, A549 human AT2 epithelial cells)

[107].

Silk Fibroin Natural, Protein Organic solvent- Extrusion-based Structural 1. Lung epithelial model (Silk fibroin, TEMPO-oxidized
mediated gelation deposition bacterial cellulose nanofibrils, lung epithelial stem
(methanol) cells) [125].

Pluronic F-127 Synthetic Thermo-responsive Extrusion-based Sacrificial 1. Tubular lung airways (Pluronic F127, porcine lung
(Gelation at > 10 °C) deposition dECM, MSCs) [101].

Polycaprolactone Synthetic Thermo-responsive Thermal extrusion- Structural 1. Trachea airway model (Alginate, polycaprolactone,
melting based deposition Alveolar epithelial cells, chondrocytes,

chondrogenic-differentiated bone marrow-derived
MSCs) [30-32],

2. Vascularized airway-on-a-chip model (Porcine
tracheal mucosa dECM, polycaprolactone, human
dermal microvascular endothelial cells, human lung
fibroblasts, primary human tracheal epithelial cells)

[100].
PEG (PEO)/PEGdiPDA Synthetic Photocrosslinking Stereolithography Structural/ 1. Alveolar sac (Endothelial cells, AT2 epithelial cells)
(requires chemical (SLATE) Sacrificial [14,127].

modification)

" Biomaterial inks sub-categorized according to their function, i.e., support, sacrificial, structural and functional biomaterial inks [5]. Support biomaterial inks
serve as artificial ECMs, and depending on the biomaterial’s properties, physical or chemical gelation may occur resulting in a solid structure after extrusion, which
may or may not occur reversibly [70]. Sacrificial biomaterial inks are temporary materials that can be selectively dissolved to create internal channels or pores
within tissue constructs to better facilitate gaseous and nutrient exchange. Structural biomaterial inks are composed of materials that provide mechanical integrity to
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tissue constructs. Functional biomaterial inks provide various cues, e.g., biochemical, electrical or mechanical, to influence cellular behavior during in vitro culture of

the tissue constructs.
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Fig. 4. General procedure involved in the production of decellularized extracellular matrix (dECM) hydrogels from harvested organ tissues for 3D bioprinting

applications. (Created with BioRender.com).

3.3. dECM, natural and synthetic hydrogel polymers used in lung tissue
fabrication

3.3.1. Decellularized extracellular matrices (dECM)

The process of producing decellularized extracellular matrices
(dECM) involves the removal of ~98% of cells from living tissues thus
leaving behind the ECM (Fig. 4) [95]. Due to their biological origin,
dECM-based bioinks exhibit the highest cell viability and lowest cyto-
toxicity of all biopolymer-based bioinks [96]. The generation of ECM
from intact tissue is achieved using a combination of detergents (e.g.,
CHAPS, sodium dodecyl sulfate (SDS), sodium deoxycholate, Triton
X-100), followed by gentle proteolytic cleavage, typically with pepsin in
acidified solution (acetic or hydrochloric acid), and DNA degradation
with DNases for up to 72 h. Thereafter, the dECM suspension undergoes
pH neutralization with NaOH, which also deactivates pepsin, and an
adjustment to physiological osmolarity, typically with PBS, at 37 °C,
which spontaneously yields a hydrogel [97,98]. Rosmark et al. prepared
dECM lung scaffolds from donor human lung tissue and characterized
changes to the lung matrisome before and after repopulating the acel-
lular scaffolds with allogenic lung fibroblasts by LC-MS/MS analysis
[97]. The decellularization process was found to efficiently remove
loosely attached ECM associated matrisome proteins, thus increasing the
initial relative proportion of core-matrisome proteins (collagens, ECM
glycoproteins and proteoglycans) from 66% to 96%. The reintroduction
of allogenic lung fibroblasts into the scaffolds resulted in an initial in-
crease in the relative proportion of ECM affiliated proteins, ECM regu-
lators and secreted factors, which indicated that the fibroblasts had
replaced the matrisome proteins that were depleted during the decel-
lularization process. After nine days of culture, the relative proportion of
core matrisome proteins started to increase. Ultimately, the lung fibro-
blasts remodeled the matrisome of the dECM scaffold to resemble the
composition to native tissue sections, which the authors found to be
superior to the ECM composition secreted by fibroblasts cultured in
standard monolayer cultures. This observation emphasizes the dynamic
and interdependent relationship between fibroblasts and the ECM,
whereby the fibroblasts secrete various ECM components, which in turn
interact with and activate signaling pathways within the fibroblasts and
influence their cell behavior as well as that of other cells within the
tissue matrix.

Initial attempts at developing lung dECM hydrogels for tissue engi-
neering were derived from porcine lung tissue [99,100]. Pouliot et al.
extracted dECM from porcine lung tissue and subsequently converted
the lung dECM into hydrogels [99]. The authors then encapsulated bone
marrow-derived human mesenchymal stem cells (hMSCs) within the
porcine lung dECM hydrogels, which exhibited enhanced attachment
and viability compared to hMSCs encapsulated within a commercial
hydrogel composed of only collagen. In addition, in vivo experiments
involving rat MSCs that were encapsulated in the porcine dECM pre-gel
solution and delivered to an emphysema rat model, significantly
increased cell retention in the lung over a 24 h period. Expression levels
of the Sox2 and Oct4 genes, which are responsible for maintaining the
pluripotency and stem-like nature of MSCs, increased significantly at
day 3 after encapsulation, but then returned to control levels at day 7,
suggesting that the MSCs retained their original phenotype. The porcine
lung dECM hydrogel showed little to no gelation activity until the
temperature of the material exceeded 32 °C, however the pre-gel solu-
tion self-assembled into a hydrogel within 3 min upon reaching 37 °C,
which is the typical gelation profile of dECM biomaterial inks.

More recently, Falcones et al. developed a biomaterial ink with
tunable stiffness based on porcine lung dECM hydrogels, which they
then used to 3D bioprint and culture rat lung-resident MSCs without the
need for additional chemical or physical crosslinking of the hydrogels
(gelation was achieved by incubation at 37 °C for 30 min) [101]. The
stiffness was varied by changing concentration of the ECM powder in the
hydrogel preparation. Specifically, the high-concentration (20 mg/mL)
lung dECM (HC-L-dECM) pregels formed hydrogels with microscale
mechanics, which were closest to that of lung parenchyma tissue. After
gelation, G’ and G” of the HC-L-dECM hydrogels were 4.91 Pa and 1.85
Pa, respectively, which signified good printability (ease of extrusion) of
the HC-L-dECM and their ability to retain their shape after printing. The
MSCs exhibited high viability after 7 days of culture, and good Z-dis-
tribution throughout the construct signifying that the cells did not settle
after 3D bioprinting and gelation. Moreover, the morphology of the
MSCs cultured in the 3D scaffolds were markedly different with respect
to MSCs grown in conventional 2D monolayers. Furthermore, cell
contraction assays demonstrated the existence of viable MSC-matrix
interactions within the 3D bioprinted scaffolds. The adhesion capacity
and length of the focal adhesions formed by the MSCs in the 3D scaffolds
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were also significantly higher compared to MSCs cultured in 2D
monolayers. Additionally, MSCs within the 3D scaffolds exhibited a
greater than 20-fold increase in the expression of the CXCR4 receptor
compared to MSCs cultured in 2D monolayers. In an in vitro model of
acute respiratory distress syndrome, the MSCs exhibited significantly
lower secretion of pro-inflammatory mediators (IL-6) when cultured
within the 3D scaffolds. Hence, this study provided a viable approach to
culturing lung MSCs in 3D hydrogel scaffolds, which could potentially
provide greater insight into their immunomodulatory properties, and
thus their therapeutic potential with respect to lung tissue repair.
Recently, Fang et al. reported that endogenous pulmonary mesenchymal
stem cells (pMSCs) contributed to repair of the airway epithelium
following injury in a murine model, whereby the pMSCs migrated into
the airway epithelium layer, and sequentially differentiated transition-
ally to epithelial stem cells, such as neuroendocrine cells, and finally to
newly differentiated Club cells, ciliated cells, and goblet cells [102].
Hence, the inclusion of pMSCs in 3D bioprinted lung tissue can confer
self-regeneration capability to the fabricated tissue allowing it to replace
the delicate cells of the pulmonary epithelium that are highly susceptible
to damage when subjected to sheer stress during extrusion-based
bioprinting.

In a separate study, Park et al. developed a functional airway-on-a-
chip model by encapsulating human dermal endothelial cells (ECs)
and lung fibroblasts within a lung tissue dECM hydrogel derived from
porcine tracheal mucosa (tmdECM), which were then 3D bioprinted
within a polycaprolactone frame [100]. After 3D bioprinting, the
tmdECM gradually facilitated endothelial re-orientation, which led to
the formation of a lumen and vascular network. Endothelial cells
encapsulated in tmdECM expressed significantly higher levels of various
angiogenic genes (PECAM, VE-cadherin, VEGF and VEGF-R) compared
to ECs encapsulated in a collagen type I only hydrogel. Thereafter, the
authors assembled a fully-differentiated in vitro airway model
comprising primary human tracheal epithelial cells with the 3D bio-
printed vascular platform to emulate the interaction between alveolar
epithelial cells and endothelial cells that comprise the alveolar capil-
laries. The vascularized airway-on-a-chip model also effectively repro-
duced respiratory symptoms of asthmatic airway inflammation and
allergen-induced asthma exacerbation, which are physiologically
relevant.

Another commonly used ECM hydrogel in 3D bioprinting is the
commercially available Matrigel™, which is derived from the basement
matrix extracted from Engelbreth-Holm-Swalm mouse sarcomas, and
has been in use for more than 40 years. Horvath et al. 3D bioprinted an in
vitro air-blood barrier using a combination of Matrigel, human EA.hy926
(endothelial) cells and human A549 AT2 epithelial cells in order to
replicate the alveolar ultrastructure [103]. This process first involved
the extrusion of a thin layer of Matrigel onto a porous membrane, fol-
lowed by a subsequent layer of EA.hy926 endothelial cells directly on
top of the Matrigel layer (Day 0). On day two, a second thin layer of
Matrigel was extruded directly onto the EA.hy926 endothelial cells,
followed immediately thereafter by a layer of A549 alveolar epithelial
cells. The printing order is summarized as follows: Matrigel — EA.hy926
— Matrigel - A549. The 3D bioprinted double-cell layered alveolar
construct was cultured for three further days and evaluated. This
approach enabled automated and reproducible fabrication of thinner
and more homogeneous cell layers compared to manually seeding, and
more closely mimicked the in vivo alveolar septal wall that is only 4 cell
layers thick. In a subsequent study, Ng et al. [104] used a similar
approach to Horvath et al. [103], with some modifications, to 3D bio-
print a triple-layered human alveolar lung model. This triple-layered
model comprised of MRC-5 human lung fibroblasts (basal/lower
layer), EA.hy926 endothelial cells (middle layer) and A549 AT2
epithelial cells (upper layer), which were extruded as bioink formula-
tions with 2.5% w/v polyvinvylpyrrolidone (PVP) at different cell den-
sities. The authors also used collagen type I (rat tail) instead of Matrigel
as the biomaterial ink to bond the different cells layers to each other in
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the following printing order: Collagen -~ MRC-5 — EA.hy926 — Collagen
— A549. Each cell type in the triple-layer model exhibited sustained cell
proliferation rates up to seven days post-printing, which were not
significantly different from that of control, non-printed cells for each cell
type. The triple-layer alveolar lung models were initially cultured at the
liquid-liquid interface (LLI, submerged) for three days, and then trans-
ferred to the air-liquid interface (ALI) for either four, seven, or eleven
days. In general, the alveolar tissue models exhibited >96% viability
over a total period of 14 days using the hybrid LLI-ALI culture condi-
tions. Immunocytochemical analysis of the alveolar lung models
confirmed the expression of Pro-SPC (AT-2), pan cytokeratin (epithelial
lung cells), and CD31 (endothelial cells) biomarkers, suggesting that the
cell types retained their phenotypes after 3D bioprinting. Notably, the
ALI culture condition lead to an increased expression of pro-SPC (AT-2)
and pan-cytokeratin (epithelial) biomarkers at day seven, as compared
to the LLI culture condition. Lastly, the overall thickness of the human
alveolar lung models in this study was determined to be 8-10 pm using
confocal microscopy, which is approximately 2-2.5 times thicker than
the human alveolar septal wall in vivo.

Berg et al. recently demonstrated the 3D bioprinting of a human
alveolar lung tissue model using a hybrid biomaterial ink formulation
comprising sodium alginate (2% w/v; crosslinker): gelatin (3% w/v):
Matrigel (20% w/v), which efficiently supported infection with Influ-
enza A virus [105]. Sodium alginate is a poly-anionic linear poly-
saccharide derived from brown algae that undergoes rapid cross-linking
when exposed to a calcium ionic solution through sodium-calcium ion
exchange to form a hydrogel [106]. Gelatin and Matrigel undergo
thermal gelation (solidification) at 20 °C and 37 °C, respectively. Hence,
calcium-mediated crosslinking of alginate permits the initial gelation of
the bioink, while gelatin maintains gelation during the printing process
at 20 °C. Thereafter, gelatin dissolves, acting as a ‘sacrificial’ biomaterial
ink protein, during the post-printing incubation phase of the tissue
model at 37 °C, at which point the gelation of Matrigel takes over and
maintains the structural integrity of the tissue model during tissue cul-
ture. Rheometric analyses of the crosslinked alginate-gelatin-Matrigel
hydrogel revealed that the G":G” ratio was highest at a Matrigel con-
centration of 20% (w/v), but then decreased when the Matrigel con-
centration was increased to 50% (w/v). Similarly, the shear viscosity of
the gelatin-Matrigel-alginate pre-gel remained low at 20% (w/v)
Matrigel, but then increased dramatically when the Matrigel concen-
tration was increased to 50% (w/v). The authors selected A549 cells for
bioprinting their lung tissue models with the alginate-gelatin-Matrigel
biomaterial ink instead of human primary AT2 epithelial cells, which
can only be cultured for a limited period of time before trans-
differentiating into AT1 epithelial cells. The distribution of A549 cells
and Influenza A viral particles throughout the 3D bioprinted scaffolds
was most uniform at a Matrigel concentration of 20% (w/v). Addition-
ally, the cell viability of A549 cells, and the Influenza A viral titer were
highest in hydrogel scaffolds with 20% (w/v) Matrigel. A clustered
pattern of infection of A549 cells with Influenza A virus was observed in
the 3D bioprinted scaffolds, but not in 2D monolayer cultures of A549
cells, which also observed in the lung in vivo. The scaffolds also sup-
ported the release of pro-inflammatory interferon by the infected cells in
response to the virus. The major drawback of this lung tissue model is
that it consisted of only AT2 epithelial (A549) cells. Hence, in their
follow-up study, Berg et al. [107] reported more complex 3D bioprinted
lung tissue models from biomaterial inks comprising alginate (3% w/v),
gelatin (3% w/v), Collagen type I (0.5 mg/mL) instead of Matrigel, and
the three cellular constituents including human primary fibroblasts,
THP-1 monocytes, and A549 cells. Viral inhibition assays with the 3D
bioprinted lung model supported the restricted replication of Influenza
A virus with an antiviral agent in a dose-dependent manner. Further-
more, the 3D bioprinted lung models generated an immune response
(release of pro-inflammatory cytokines IL-1f and IL-8) when challenged
with a combination of bacterial toxins, LPS and ATP. This study marked
a significant stride in the development of in vitro human lung tissue



L. Karamchand et al.

models towards studying the replication dynamics of airborne patho-
gens and the immune response to such pathogens.

An advantage of using Matrigel to generate 3D tissue models as
opposed to collagen alone, is that it recapitulates the features of natural
ECMs due to its complex composition [108]. However, the use of
Matrigel in 3D tissue engineering applications is severely limited by its
ill-defined and variable composition, and as a result, inconsistent
biochemical properties between different batches, and even within the
same batch, which can lead to poor cell reseeding efficacy [109].
Matrigel is also susceptible to degradation by matrix metalloproteases
secreted by cells that are reseeded into the ECM hydrogel [95], which is
especially problematic if the bioprinted tissues are implanted in vivo.
Additionally, the gelation of Matrigel cannot be precisely controlled,
which occurs over a wide temperature range (22-37 °C) and timescale
(minutes to hours), and therefore cannot be reliably processed via
extrusion 3D bioprinting [109]. Furthermore, the use of ECM hydrogels
derived from porcine or other animal tissues for xenotransplantation
poses the risk of transmission of pathogens, such as porcine endogenous
retroviruses (PERVs) [110] as well as the elicitation of immune re-
sponses by the human immune system towards antigenic moieties con-
tained within the animal-derived dECM [109].

To circumvent the above mentioned drawbacks of animal-derived
dECMs, De Hilster et al. recently generated lung dECM hydrogels from
donor lung tissue and compared the biomechanical properties of the
lung dECM hydrogels to that of the native whole lung tissue by rhe-
ometry [98]. The lung dECM hydrogel exhibited a significantly lower
Young’s modulus (lower stiffness or resistance to deformation under
load) than that of the native whole lung tissue. Concomitantly, the lung
dECM hydrogel exhibited significantly higher stress relaxation than the
native whole lung tissue, i.e., the lung dECM hydrogel relaxed
completely after compression during the 200 s observation phase,
whereas the native lung tissue did not. These observations were attrib-
uted to the absence of cells in the dECM hydrogel, which would other-
wise be involved in cross-links with the ECM components, and therefore
confer greater stiffness to the ECM.

More recently, De Santis et al. developed a hybrid biomaterial ink
system comprising human lung dECM reinforced with sodium alginate
(rECM) [111]. Importantly, not all dECM solutions can spontaneously
form hydrogels, or they suffer from slow gelation kinetics. Since sodium
alginate is rapidly crosslinked with a CaCl; solution (50 mM) within 5
min, the authors circumvented the inherently poor gelation properties of

(A)

HO

Q&Oﬁ%

Agarose

ot

Alginate

() (D)

Hyaluronic acid Gellan gum

(E)
WP 5 W
H N N N H

HO™

= n

Primary structure of Silk Fibroin: (Gly-Ser-Gly-Ala-Gly-Ala),,

B bRy el

11

Bioprinting 29 (2023) e00255

dECM-based biomaterial inks by combining sodium alginate (4% w/v)
with lung dECM (10 mg/mL) in a 1:1 ratio (2% w/v alginate: 5 mg/mL
dECM final concentrations). The inclusion of sodium alginate also
served to confer a support structure to the dECM biomaterial ink, which
enabled the formation of more complex scaffold geometries using
extrusion 3D bioprinting. Rheometric analysis confirmed that the rECM
exhibited better sheer thinning behavior (G’ > G”) compared to alginate
alone, which is essential for the pre-gel solution to be extruded during
3D bioprinting, and for the hydrogel to retain its shape after gelation.
Furthermore, the rECM exhibited increased mechanical stability under
shear stress compared to alginate-only hydrogels at the same weight
percentage. The rECM bioink was significantly better at resisting cell
sedimentation than alginate only after 3D bioprinting and gelation, and
significantly enhanced the viability of several cell types; i.e., murine and
human lung epithelial cells (MLE12 and A549, respectively), murine
brain endothelial cells (bEND.3), and primary human bronchial
epithelial cells (HBECs). The 3D bioprinted rECM constructs suppressed
the foreign body response, supported angiogenesis and recipient-derived
de novo blood vessel formation in a murine model of transplant
immune-suppression. The rECM bioink also enabled the 3D bioprinting
of segmental bronchi (~4 mm in diameter) composed of an inner layer
of HBECs and two sequential outer layers of primary human lung smooth
muscle cells (HLSMCs). The 3D bioprinted bronchial airways remained
viable and patent (ability to maintain airflow for breathing) for up to one
month in ALI culture with further evidence of differentiation into
mature epithelial cell types as found in native human airways. Hence,
the hybrid rECM biomaterial ink meets the requirements for printability
by extrusion 3D bioprinting, mechanical stability, biocompatibility,
biomimicry and the ability to support diverse cell types that are required
for angiogenesis and formation of complex, functional airway tissues for
potential transplantation.

3.3.2. Alginate

Alginate is a linear polysaccharide block copolymer consisting of $-p-
mannuronic acid (M) and a-1-guluronic acid (G) monosaccharide resi-
dues (Fig. 5A) that is produced by brown algae and some species of
bacteria. The polysaccharide sequence is irregular due to the presence of
regions of consecutive G-blocks, consecutive M-blocks, or alternating M-
blocks and G-blocks. The molecular weight of alginate can range be-
tween 10 and 600 kDa, but is typically between 50 and 180 kDa. Algi-
nate is an attractive hydrogel polymer for bioprinting due to its

Fig. 5. Chemical structures of natural biopolymers
used in the formulation of biomaterial inks and
bioinks: (A) alginate, (B) agarose, (C) hyaluronic
acid, (D) gellan gum, and (E) silk fibroin. Alginate,
agarose and gellan gum are polysaccharides that
undergo ionotropic gelation with calcium ions,
whereas hyaluronic acid is a glycosaminoglycan that
requires additional chemical modification, such as
with methacrylate groups, to facilitate covalent
photo-crosslinking. Silk fibroin is a polypeptide that
undergoes self-assembly into anti-parallel B-sheet
secondary structures.
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structural similarities to natural ECMs, excellent biocompatibility, vis-
cosity, and the ease of gelation that takes place at room temperature
[112]. Alginate is commonly used in 3D bioprinting applications as
aqueous sols (~3% w/v), and while it possesses acceptable viscosity for
extrusion, it lacks shear thinning behavior. After extrusion, ionic
cross-linking of the alginate scaffold is initiated by immersion in
aqueous solutions containing divalent metal ions such as calcium,
strontium, barium, or zinc. lonic interactions (physical complexation) of
the metal ions with the carboxyl and hydroxyl groups of the guluronic
acid residues within the alginate polymer chains results in the formation
of stable hydrogels. The resulting chelate complex has been described by
the so-called ‘egg box model’ [113]. The stiffness of alginate hydrogels
are easily adjusted by selecting the appropriate molecular weight of
alginate and concentration of divalent metal ion used for cross-linking.
Ionotropic gelation of alginate with calcium ions is a fully biocompatible
process (at least up to Ca®* concentrations of 100 mM). Hence,
alginate-based bioinks are currently among the most commonly used in
bioprinting. Since alginate does not contain cell-binding moieties, such
as the RGD peptide sequence of fibronectin, it does not permit cell
adhesion which is necessary for cell viability, thereby leading to
“anoikis” (apoptosis due to the absence of cell adhesion). Adhesion is
also necessary to promote cell differentiation, and in the absence of
stimuli to differentiate, cells tend to change phenotype and fail to
respond normally. This drawback may be overcome by the
co-formulation of alginate with gelatin (2% w/v)/Matrigel (20% w/v)
[105], gelatin (3% w/v)/collagen type I (0.5 mg/mL) [107], or lung
dECM (5 mg/mL) [111] that promote cell adhesion, migration and dif-
ferentiation for lung tissue models, as discussed previously in the section
on dECM biomaterial inks.

Recently, several groups fabricated biomimetic tracheal grafts using
a co-formulation of polycaprolactone, a thermo-responsive polymer that
exhibits similar strength to tracheal cartilage, and alginate (3% w/v)
hydrogels encapsulating respiratory epithelial cells, chondrocytes and/
or chondrogenic-differentiated bone marrow-derived mesenchymal
stem cells, which were subsequently transplanted into the trachea of
New Zealand White rabbits [30-32]. In each of these studies, histolog-
ical analysis of the transplants demonstrated successful integration of
the tracheal graft and regeneration of the respiratory epithelium, blood
vessels, and cartilage tissue.

3.3.3. Hyaluronic acid

Hyaluronic acid (HA, hyaluronan) is a linear glycosaminoglycan
composed of p-1,4-linked p-glucuronic acid (B-1,3) and N-acetyl-p-
glucosamine disaccharide residues (molecular weight range of 10 to
10,000 kDa, Fig. 5C). HA is a major component of the healthy lung ECM,
which confers elasticity and hydrophilicity to tissues and plays an
important role in the structure of the alveolar surface stabilizing the
surfactant proteins. Sala et al. recently demonstrated that low and me-
dium molecular weight HA stimulated the differentiation of MSCs into
AT2 epithelial cells and promoted their expression and secretion of
surfactant proteins, mimicking the physiological alveolar microenvi-
ronment [114]. Hence, the inclusion of HA as an ECM component in the
fabrication of alveolar sac structures is crucial to the optimal physio-
logical function of the AT2 cells.

While HA has excellent biocompatibility, and biodegradability by
the hyaluronidase enzyme [115], the foremost limitation with bio-
printing unmodified HA is the low stability and stiffness of the bio-
printed scaffolds due to the high water solubility of HA. Therefore, the
formation of HA-based hydrogels requires high HA concentrations (>2
mg/mL) and/or chemical modification of its saccharide residues. Pre-
viously reported HA chemical modifications that permit the sponta-
neous formation of hydrogels without requiring the addition of initiators
include, disulfide addition, haloacetate, hydrazide, aldehyde, tyramine
(enzymatic), and click reactions [115]. The derivatization of HA with
methacrylate  groups allows the HA chains to undergo
photo-crosslinking with UV light. Hence, the degree of
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photo-crosslinking can be controlled by the level of methacrylation
introduced into the HA formulation and the length of time during which
the HA scaffolds are exposed to UV light after extrusion.

3.3.4. Collagen/gelatin

Collagens are a family of fibrillar proteins that have a characteristic
triple helical structure (polyproline-II type) with a molecular range of
100-300 kDa. The primary structure is composed of repeating tripeptide
(Gly-X-Y) motifs, where X and Y are mainly proline, hydroxyproline,
lysine, hydroxylysine and alanine. Proline and hydroxyproline play a
pivotal role in stabilizing the super-helical tertiary structure through
steric hindrance. Importantly, the polypeptide chains also contain RGD
(arginyl-glycyl-aspartyl) motifs that enable cell adhesion via integrin-
RGD binding interactions. As discussed earlier, collagen is a major
constituent of the ECM of human tissues, including the lung, and is
involved in numerous physiological interactions. Due to their excep-
tional biocompatibility, low cytotoxicity and biodegradability, colla-
gens, particularly collagen type I, are commonly used to fabricate
biomimetic tissue scaffolds. Due to the highly-structured super-helical
tertiary structure of collagens, enzymatic (pepsin) or acidic treatment
after extraction from animal tissue (e.g. rat tail) are required to yield
homogeneous pregel solutions (from 1.5 mg/mL) that are suitable for
extrusion-based 3D bioprinting [116]. However, 3D bioprinted scaffolds
based on collagen alone lack sufficient structural integrity, and therefore
have to be co-formulated with other biopolymers, such as alginate, to
increase the viscosity and enhance shape retention after gelation, as
reported by Berg et al. in their fabrication of a multi-cell type human
lung model [107].

Heat denaturation of collagen disrupts its primary, secondary and
tertiary (triple helical) structures resulting in a random coiled protein
conformation known as gelatin. At temperatures above 40 °C, gelatin is
randomly coiled in aqueous environments, which reversibly forms
a-helices and undergoes gelation when the aqueous solution is cooled
below 30 °C. Gelatin also retains the RGD motifs present in collagen,
which promotes cell adhesion. Furthermore, since gelatin is heat dena-
tured, the concerns of immunogenicity and propagation of pathogens
associated with animal-derived collagen are circumvented. For these
reasons, gelatin is widely used in tissue engineering applications, and
has recently been employed by Berg et al. in 3D bioprinting of human
alveolar epithelial models [105,107]. However, the shorter protein
lengths and lack of tertiary structure in gelatin, compared to collagen,
requires higher protein concentrations (>10 mg/mL) to induce gelation.
Since the temperature-dependent, but reversible sol-gel transition of
unmodified gelatin poses significant challenges with controlling tem-
perature and viscosity during bioprinting, gelatin is not used in its native
state in extrusion 3D bioprinting. These drawbacks can be overcome by
either combining gelatin with polymers that undergo ionotropic gela-
tion, as previously described by Berg et al. [105] and De Santis et al.
[111], or chemical modification. Native gelatin has been derivatized
with unsaturated methacrylamide side groups, which yields the photo-
sensitive derivative, gelatin methacrylamide [117]. Photocrosslinking of
gelatin polymers via the methacrylamide carbon double bonds are
achieved by UV radiation in the presence of a photoinitiator, such as LAP
or Irgacure. Importantly, the physical crosslinks that arise from thermal
gelation of gelatin (i.e., at 25 °C) are no longer temperature responsive
after covalent UV cross-linking resulting in stiffer gels [118]. Similarly,
the derivatization of gelatin with methacrylate groups yields the
photosensitive gelatin methacrylate (GelMA), which can also be
photo-cross-linked by exposure to UV radiation [119]. Additional con-
trol over the extrusion bioprinting of gelatin can be achieved by double
functionalization with methacrylation and acetylation, whereby meth-
acrylation controls the mechanical properties of the cross-linked scaf-
folds, while acetylation controls the rheological properties (viscosity) of
the gelatin pregel solution [120].
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3.3.5. Silk fibroin

Silk is a fibrous protein derived from the silkworm Bombyx mori, and
while it has been utilized in the textile industry for centuries, silk fibroin
(SF) possesses structural features that make it amenable to the formation
of hydrogels. Silk consists of a fibroin core surrounded by sericin pro-
teins, which maintains the structural integrity of the fibrous structure.
The fibroin protein is an amphiphilic block copolymer composed of 12
repetitive domains characterized by the sequence G-X-G-X-G-X (G =
glycine; X = alanine or serine), and eleven amorphous regions, con-
sisting of more hydrophilic amino acid sequences (Fig. 5E) that separate
the predominant hydrophobic clusters. The amphiphilic block copol-
ymer of silk fibroin lends itself to form f-strands [121,122]. Hydrogel
formation occurs when the SF transitions from random coils in its
sol-state to a gel-state that is composed of crystalline anti-parallel
B-sheets. This secondary crystalline structure is stabilized by hydro-
phobic interactions between the anti-parallel p-sheets and the degree of
gelation can be tuned by controlling the protein concentration in solu-
tion, temperature, pH, and addition of an organic solvent such a meth-
anol [123,124].

Huang et al. recently 3D bioprinted lung epithelial stem cells (LESCs)
using a novel composite hydrogel biomaterial consisting of regenerated
silk fibroin (SF) and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-
oxidized bacterial cellulose (OBC) nanofibrils [125]. The SF backbones
were cross-linked using horseradish peroxide/H204 to form printed
hydrogel scaffolds, while OBC was included as a thickener at a con-
centration of 7% (w/v) to increase the viscosity of the bioink during
extrusion and further improve the shape retention of the printed scaf-
folds. The authors were able to print 3D constructs with ten layers using
a composite hydrogel ratio of 1SF:20BC (SF:OBC = 1:2, w/w). However,
the composite hydrogel consisting of 1SF:10BC (SF:OBC = 1:1, w/w)
exhibited a significantly improved compressive strength of 267 + 13
kPa and a compressive stiffness of 325 + 14 kPa at 30% strain, respec-
tively. According to SEM and X-ray diffraction analyses, the OBC
nanofibrils could also be induced to align along the print lines over 60°
of orientation, which provided physical cues for guiding the orientation
of LESCs. Importantly, the LESCs maintained their epithelial phenotype
and ability to proliferate after 7 days of in vitro culture.
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biomaterial inks and bioinks: (A) Pluronic (F127), (B) polyethylene glycol
(PEG), (C) 4-arm PEG, (D) PEG methacrylate (PEG-MA), (E) PEG dimethacry-
late (PEG-DMA), and (F) PEG diacrylate (PEG-DA).

13

Bioprinting 29 (2023) e00255

3.3.6. Pluronic F127

Pluronic F127 is an important class of biomedical polymers
composed of poly(ethylene oxide) (PEO) and poly(propylene oxide)
(PPO) arranged as triblock copolymers (PEO-PPO-PEO) (Fig. 6A). The
PEO block is hydrophilic and water soluble, whereas the PPO block is
hydrophobic and water insoluble. The amphiphilic nature of Pluronic
F127 enables it to form micelles by desolvation of the hydrophobic side
group of PPO, which interact with each other to form the hydrogel
network when the temperature is increased. Its excellent water solubi-
lity and thermal responsiveness makes Pluronic F127 an ideal candidate
as a sacrificial biomaterial ink when suspended in aqueous solutions.
Specifically, Pluronic F127 undergoes a sol-gel transition when the
temperature is increased; i.e., a liquid state exists below 10 °C that un-
dergoes gelation at higher temperatures. Falcones et al. [101] exploited
Pluronic F127 as a sacrificial bioink to enable 3D bioprinting of tubular
structures composed of porcine lung dECM hydrogel that encapsulated
mesenchymal stromal cells. Their approach involved printing two
concentric rings of Pluronic F127 gel (40% v/v) at room temperature,
followed by extrusion of an infill layer composed of porcine lung dECM
pregel in between the two Pluronic F127 rings. The process was repeated
to construct a tubular structure several layers thick. Thereafter, the 3D
constructs were incubated at 37 °C for 30 min to induce gelation of the
lung dECM layer. The F127 sacrificial layers were subsequently dis-
solved by immersing the construct in culture media at 4 °C for 10 min.

3.3.7. Poly(ethylene glycol) or Poly(ethylene oxide)

Poly(ethylene glycol) (PEG) or poly(ethylene oxide) (PEO), is an FDA
approved polymer comprising repeating ethylene oxide (C-C-O) units
(Fig. 6B and C), and is used in various aspects of biomedical engineering
(tissue engineering, nanoparticle-based drug delivery and biosensors)
[126]. PEG is innately anti-fouling due to its neutral charge and highly
hydrophilic properties. The high water solubility of PEG makes it
especially amenable to cell encapsulation and bioprinting applications.
However, the PEG polymer alone is incapable of forming physical or
chemical networks that are necessary to form hydrogels. Fortunately,
the PEG polymer can be functionalized with ‘clickable’ (i.e., alkynes or
azides) and UV-cross-linkable groups (e.g., methacrylate and acrylate)
(Fig. 6D-F) to enable the formation of covalent cross-links, in addition to
biologically active and cell-adhesive moieties, such as
fibronectin-derived RGD peptide, to promote adhesion of encapsulated
cells to the PEG polymer network.

Recently, Grigoryan et al. [14] generated novel vascularized lung
alveolar models using a 3D bioprintable hydrogel bioink formulation
based on PEG-diacrylate (PEGDA) (6 kDa, 20 wt %) via a light-based 3D
printing method known as stereolithography apparatus for tissue engi-
neering (SLATE). These lung alveolar models were revolutionary in that
they consisted of a complex blood vessel network surrounding an arti-
ficial air sac that can expand and contract with tidal ventilation. The
blood vessel network was perfusable with red blood cells (RBCs) and
exhibited bidirectional RBC flow during cyclic ventilation of the
enclosed air sac. The authors observed that the hydrogel structure (6
kDa, 20 wt % PEGDA) could withstand more than 10,000 ventilation
cycles (24 kPa, 0.5 Hz) over 6 h during RBC perfusion, while switching
the inflow gas between humidified oxygen and humidified nitrogen.
Unfortunately, this lung alveolar model does not fully recapitulate the
microscale architecture of the in vivo alveolar air sac, due to the blood
vessel network being physically distinct and separate from the air sac
which also lacked alveolar epithelial cells, whereas in vivo, the alveolar
air spaces are in direct contact with their blood capillary networks.
Furthermore, the PEG-based hydrogels used to construct this lung
alveolar model are likely to elicit potent immune responses of anti-PEG
IgM and IgG antibodies and memory T cells, as discussed in the
Biocompatibility section (3.1.2).

In a separate study to replicate alveolar structures, Lewis et al. took
the approach of fabricating photodegradable microsphere templates
that were coated with AT2 epithelial cells encapsulated in a thiol-ene
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hydrogel [127]. The photodegradable microspheres were composed of
PEG di-photodegradable acrylate (PEGdiPDA) crosslinked by a photo-
labile, nitrobenzyl ether crosslinker, which when exposed to 365 nm
light, caused cleavage of the crosslinks. Subsequent degradation of the
PEGdiPDA microspheres resulted in 120 pm diameter cysts with walls
composed of AT2 epithelial cells. These alveolar cysts lacked the hier-
archical structure of in vivo alveolar sacs as well as an alveolar capillary
network. Nonetheless, the individual approaches by Grigoryan et al.
[14] and Lewis et al. [127] can conceivably be combined, albeit using
different 3D bioprinting techniques to fabricate alveolar sacs comprising
AT1 and AT2 epithelial cells with a functionally integrated capillary
blood supply.

3.4. Natural and synthetic hydrogel polymers with potential applications
to fabricating lung tissue models

3.4.1. Agarose

Agarose is a seaweed-derived linear polysaccharide, which consists
of alternating p-galactose and 3,6-anhydro-L-galactopyranose residues,
linked by glycosidic bonds (Fig. 5B), with a typical molecular weight of
120 kDa. At temperatures below 45 °C, agarose undergoes thermal
liquid-solid phase transition, whereby the inter- and intramolecular
hydrogen bonds prevail resulting in the formation of double-stranded
helices and trapping of water molecules, which gives rise to a hydro-
gel [128]. Agarose is used far less frequently than alginate in tissue
engineering applications, which is attributed to its low cell attachment
property [129]. This shortcoming can be improved upon by combining
agarose with collagen [130], whereby the presence of collagen within
the agarose polymer network allows the embedded cells to adhere and
spread. Another study developed a hybrid bioink comprising agarose
(0.5% w/v) and collagen type I (0.2% w/v) for bioprinting of human
smooth muscle cells, which exhibited good bioprintability and cyto-
compatibility [131], and is therefore applicable to the bioprinting of
small airways, such as bronchioles, that are lined with smooth muscle
fibers.

3.4.2. Gellan gum (Phytagel)

Gellan gum is a water-soluble, anionic polysaccharide (Fig. 5D)
produced by the bacterium Sphingomonas elodea, which yields a trans-
parent hydrogel. The chemical structure consists of repeating tetra-
saccharide units comprising 2 p-Glucose residues, one vr-rhamnose
residue, and one p-glucuronic acid residue (Fig. 5D) with an average
molecular weight of 500 kDa. Like alginate (Fig. 5A), gellan gum also
undergoes ionotropic gelation with calcium ions, but at a lower weight
percentage of <1% w/v which yields more elastic hydrogels than algi-
nate (undergoes gelation at > 1% w/v). However, in the context of lung
tissue fabrication, biomaterial inks composed of gellan gum with greater
elasticity will be more conducive to the repeated stretch and relaxation
cycles associated with breathing. Similar to alginate, gellan gum also
exhibits poor cell adhesion properties. Lozano et al. successfully over-
came this drawback by derivatizing gellan gum with RGD, an arginyl-
glycyl-aspartyl peptide derived from fibronectin, to create an extrud-
able biomaterial ink that promoted cell adhesion [132]. Tan et al. used a
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Fig. 7. Chemical structures of commonly used pho-
toinitiators used in covalent crosslinking of acrylate-
and methacrylate-functionalized synthetic polymers:
(A) Irgacure 2959 ([4-(2-hydroxyethoxy)-phenyl]-2-
hydroxy-2-methyl-1-propane-1-one, which absorbs
at 257 nm, (B) lithium phenyl(2,4,6-trimethyl-
benzoyl)phosphinate (LAP), which absorbs at 375
nm and exerts lower cytotoxicity than Irgacure, and
(C) Eosin Y (2°,4°,5°,7 -tetrabromo-fluorescein diso-
dium salt), which absorbs at 514 nm (blue visible
light) and exerts lower oxidative stress on cells dur-
ing photoactivation.

EosinY

composite hydrogel ink composed of gellan gum and polyvinylalcohol
(PVA), and developed a cryogenic printing technique to print complex
3D geometrical structures with mechanical properties that mimic the
softest tissues found in the human body, such as the brain and lungs
[133]. Furthermore, this material was found to be compatible with
collagen type I, an ECM protein component, which has been used by
Berg et al. in combination with alginate and gelatin to fabricate alveolar
epithelial tissue models [107].

3.4.3. Fibrin

Fibrin is a fibrous protein and component of natural ECM, which is
formed by the catalytic polymerization of fibrinogen (~340 kDa) by
thrombin, a key reaction that initiates blood coagulation [134].
Fibrinogen is a glycoprotein that consists of multiple pairs of poly-
peptide chains: Aa, Bf, and y. Thrombin-catalyzed cleavage of the Aa
and B chains forms fibrino-peptide A and B monomers, which then
spontaneously polymerize into protofibrils and self-associate laterally
into fibrin fibers. The fibrin fibers subsequently associate to form fibrin
gel [135]. The rapid, predictable and straightforward gelation process
makes the pairing of fibrinogen and thrombin a convenient
two-component biomaterial ink. In addition, fibrin has innate cell
adhesion motifs and is biodegradable, which are key factors that make it
particularly useful as a sacrificial biomaterial ink that can potentially be
used to fabricate hollow tubes as bronchioles and microsphere cysts as
alveoli and alveolar sacs. While fibrin-based 3D scaffolds were found to
promote cell adhesion and proliferation, the fibrin hydrogels were
fragile and soft, and had difficulty maintaining its structure [136]. It
should be emphasized that, in comparison with alginate-only scaffolds,
fibrin has an advantage in terms of biocompatibility. The drawback of
fibrin-based hydrogels can be overcome by combining the fibrinogen
pregel with other physical or chemical cross-linkable polymers as out-
lined in Table 3.

3.4.4. Micro- and nanogels

As discussed earlier in section 3.1.5, hydrogels are water swollen
polymer networks that can be synthesized in several different ways and
applied to various important areas [137]. Microgels/nanogels
[138-141] are hydrogel particles that have diameters ranging from tens
of nanometers to several micrometers depending on the synthetic con-
ditions. Nanogels are typically thought of as having diameters <100 nm,
while the diameter of microgels are >100 nm. The first microgel parti-
cles were prepared by Staudinger and Husemann [142] over 70 years
ago. The term ‘microgel’ was introduced by Baker [143] in 1949 and
poly(DVB) was the first microgel prepared in an organic solvent at high
dilution. Microgel research expanded considerably after the discovery of
thermal responsive poly(N-isopropylacrylamide) (pNIPAm) microgels
by Pelton and Chibante in 1986 [144]. Microgels/nanogels that are
responsive to temperature [145], pH [146], magnetic fields [147],
electric fields [148], metals [149], small molecules [150] and ionic
strength [151] have emerged as important moieties for sensing [152],
chemical separation [153], and drug delivery [154-156]. Additionally,
individual microgels/nanogels can be made responsive to multiple
stimuli by incorporating functional monomers into the pNIPAm
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backbone during the synthesis to yield microgels/nanogels with the
desired combined functionality. For example, pNIPAm microgels can be
rendered responsive to pH or glucose by adding functional monomers
such as acrylic acid (AAc) [157], 2-hydroxyethyl methacrylate [158],
N-[3-(dimethylamino)propyl]-methacrylamide [159] or 3-(acrylamido)
phenylboronic acid [156]. Microgels offer some advantages compared to
normal particulate drug carrier dispersions, such as, superior colloidal
stability, ease of preparation, size controllability and convenience of
functionalization.

The abovementioned advantages of microgels can be leveraged to
overcome the challenges associated with developing biomaterial inks for
extrusion-based bioprinting. As discussed earlier, 3D bioprintable ma-
terials have to be both nontoxic and compatible with printing processes
[160,161]. In particular, a biomaterial ink must flow from a reservoir
onto a print surface and then rapidly stabilize to preserve fidelity of the
printed structure relative to the computer design in extrusion printing
[162,163]. Non-viscous precursor solutions, such as PEG [164] and
hyaluronic acid (HA) [165] are attractive materials for bioinks due to
their ability to encapsulate cells and biomolecular materials for tissue
engineering applications. However, their poor stability and shape fi-
delity poses a significant challenge. Among these printable materials,
hydrogels have long been valuable in the engineering of tissues, due to
their tunable biophysical and biochemical properties and their ability to
encapsulate cells with a high water content [166]. However, hydrogels
can be challenging to print without additional modification or the use of
additives that serve as thickeners [167].

In order to overcome these limitations, microgels have been adapted
for 3D printing applications to create more defined and complex scaf-
folds. To enable printing through extrusion-based printing methods,
microgel bioinks are loaded into syringes, subjected to large pressures
and/or high temperatures, and extruded out of a nozzle onto a surface.
However, this technique also has limitations due to the high levels of
shear stress and high temperatures associated with the extrusion process
damaging cells and other biological components incorporated within the
bioink [161,168]. Furthermore, extrusion-based printing techniques
commonly use microgel particles with diameters from 30 to 200 pm to
avoid small needle gauges that would further increase the shear stress
that occurs during extrusion-based printing. Therefore, other printing
techniques [169] that are less damaging to cells, as well as encapsulated
biological components, which can also be used to print significantly
smaller particles need to be explored (Table 2).

Techniques used in other industries that have the potential to be
adapted for the purpose of creating microgel-based scaffolds can solve
the limitations presented by conventional bioprinting techniques. For
example, ultrasonic microplotting, has primarily been used for the
printing of patterned individual molecular arrangements, such as DNA,
proteins, or small molecules in a solvent [170]. This technique uses a
piezoelectric element attached to a glass capillary write head to print
inks onto a surface in a non-contact manner. When the piezoelectric
element is operational, an ultrasonic wave changes the surface tension
and wetting behavior between the resident ink and dispensing tip,
causing a bead of ink to form at the dispensing tip, which is brought into
contact with the substrate and preferentially wets and prints on the
desired substrate. The advantages of this printing process is that it does
not require the high heat, temperatures, or pressures that are commonly
associated with other scaffold fabrication techniques, such as electro-
spinning, certain lithography methods, and extrusion-based printing,
which have the potential to damage the cellular constituents and often
restricts the inclusion of biological molecules. Chester et al. [171]
developed an ultrasonic microplotting technique to create patterned
microgel films. By optimizing the printing parameters, such as bioink
formulation, surface contact angle, and print head diameter, the authors
successfully prepared printed microgel films. Microgel particles were
synthesized in a precipitation-polymerization reaction and mixed with
low molecular weight PEG (i.e., PEG 400) to produce the microgel-based
bioinks used for ultrasonic microplotting. Using a cyanoacrylate
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adhesive, the piezoelectric element was attached to a glass capillary to
print microgel bioinks using ultrasonic microplotting. Ultrasonic waves
generated from piezoelectric element change the surface tension and
wetting behavior to establish the connection between the microgel so-
lution and substrate.

An alternate approach to developing biomaterial inks involves the
use of jammed microgels, which were initially introduced by Highley
et al. for 3D printing applications [172]. Jammed microgels can be
designed into both surface features and 3D structures within hydrogel
supports, and further stabilized with secondary cross-linking such as,
thiol-ene cross-linked hyaluronic acid (HA), photo-cross-linked PEG,
and thermosensitive agarose. Furthermore, cells can be easily incorpo-
rated into the jammed microgels without decreasing their viability. The
versatility of this particle-based approach opens up numerous potential
biomedical applications through the printing of a more diverse set of
inks.

An attractive advantage of jammed microgel bioinks is their ability
to overcome the exposure of cells to excessive shear stresses during
printing to form a colloidal-like suspension. Sometimes, the microgel
matrix environment can support and optimize the 3D printed structures.
In one study, Zhang et al. [173] described a method for 3D printing
large-scale extracellular matrix (ECM) structures made from collagen
type I at the relatively low concentrations often used in 3D cultures.
Jammed granular-scale microgels were used as a 3D printing support
medium. Compared to previously used hydrogel structures,
granular-scale microgels are more tightly packed. Printing collagen type
I directly into microgels results in structures with well-defined features
within a range of operating parameters.

PEG-based microgels have also been developed using various
methods. For example, Xin et al. reported a novel bioink consisting of
PEG microgels prepared via off-stoichiometry thiol-ene click chemistry
[174]. Interparticle adhesion forces enable the microgel bioink to be
easily extruded and exhibit excellent stability after printing. Further-
more, the microgel bioinks can be photochemically annealed with a
second cross-linking reaction to confer long-term stability to printed
constructs. PEG microgel-based bioinks have highly tunable physico-
chemical properties and advanced modularity. The low forces required
for extrusion and cytocompatibility of the thiol-ene chemistry enables
the incorporation of cells with high viability. The cells were able to
spread and proliferate in the spaces between microgels even after the
structures were annealed. Overall, these results indicate that microgel
bioinks are a promising and versatile platform that could be leveraged
for bioprinting and regenerative manufacturing.

Other polymeric materials, like oxidized methacrylated alginate
(OMA) hydrogels, have demonstrated the ability to support cell infil-
tration and migration. Jeon et al. generated alginate-based microgels for
cell encapsulation and tissue construction [175]. Microgels were pre-
pared with calcium ion cross-linked methacrylated-alginate, and then
further photo-cross-linked using UV light. Based on this principle, they
scaled up and structured large and complex biological tissues with
predefined geometrical features that are capable of encapsulating cells;
i.e., human bone marrow-derived mesenchymal stem cells (hMSCs).
Microgel encapsulated hMSCs also maintained high cell viability after 4
weeks in spinner flask culture. Furthermore, these cell-laden microgels
could be directly assembled while maintaining high cell viability.

Microgels/nanogels have also been used as building blocks for bio-
fabrication. They are assembled into 3D constructs using an automated
assembly technology, or bioprinting to develop both in vitro models and
implantable constructs that mimic the complexity of native tissues.
Traditionally, extrudable bioinks are prepared using single or double
network hydrogels, and their biophysical and biochemical properties are
kept homogeneous, although, heterogeneity may be desirable for
printing complex tissues. To address this limitation, microgels/nanogels
can be combined with an extrudable bulk hydrogel precursor to engineer
a composite bioink platform containing distinct microscale and macro-
scale environments.
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More advanced technologies should be focused on the development
of a diverse set of multifunctional bioinks in which the local microen-
vironment can be tailored for distinct encapsulated cell types or bioac-
tive factors. Biomaterial inks for extrusion bioprinting have generally
been engineered at the molecular scale, often leveraging reversible
cross-linking chemistries. However, the shear thinning behavior of
microgels/nanogels is based predominately on the physical interactions
between particles, which expand the range of materials that can be
extruded. Another advantage of microgel/nanogel-based biomaterial
inks is their inherent modularity in which multiple particle populations
can be fabricated and then ‘jammed’ together.

In general, traditional extrusion bioprinting approaches involve
layer-by-layer printing onto a 2D surface, thus making it challenging to
print complex 3D structures. To overcome this limitation, gel printing
approaches have been developed in which biomaterial inks are directly
extruded into a secondary support hydrogel that serves to minimize the
effect of gravity. This enables the printing of taller, more complex 3D
structures. Microgel/nanogel systems are an ideal support for gel-in-gel
printing, because the particles around the translating nozzle locally
displace to support the biomaterial ink and printed object. A commonly
used support hydrogel for 3D printing is Carbopol, which is a commer-
cial, particle-based hydrogel composed of poly(acrylic acid) microgels
(average diameter 0.2 pm). Carbopol-support hydrogels are compatible
with a wide range of bioinks and can be used to print diverse, multi-
cellular structures. Support hydrogels for 3D printing have also been
made using a granular gelatin microgel system prepared by
fragmentation.

The use of microgels/nanogels for 3D bioprinting is still in its in-
fancy, with jammed microgels systems predominantly leveraged for
extrusion bioprinting. The shear-thinning behavior of jammed microgels
is based on the physical interactions between the particles. Thus, the
range of materials that can be processed by extrusion printing will likely
expand. In addition, the modularity of microgels/nanogels systems may
enable the preparation of more diverse inks with multifunctional be-
haviors. Microgels composed of different chemistries can be controllably
mixed together, in various ratios, to tune the composition of the inks.
Another great benefit of microgels is their ability to load and release
small molecules in a triggered fashion. These molecules can be bioactive
themselves, and the microgels can be programmed to release these
molecules in response to a myriad of stimuli, e.g., presence of enzymes
that break polymer bonds to release small molecules. Further advances
in this area will enable high-resolution positioning within 3D systems,
which will be highly beneficial to replicating the intricate lung airway
architecture, particularly at the level of bronchioles, alveolar sacs and
individual alveoli.

3.4.5. Self-assembling biomaterial inks

Supramolecular materials encompass architectures consisting of
molecules that are able to self-assemble into larger constructs via non-
covalent interactions [176]. The self-assembled structures can be
formed from polymers that have functional groups that can participate
in non-covalent bonding interactions directly incorporated into the
polymer backbone, at the termini, or as pendant groups that can form
non-covalent crosslinks. Supramolecular materials can also be formed
from small molecules, i.e., low molecular weight gelators (LMWGs),
which are programmed with chemical information to undergo
self-assembly and/or molecular recognition interactions into polymeric
structures. Although many bioinks with supramolecular polymeric ma-
terials have been developed [177], little work has been done with small
molecule gelators. Gelators for water include cross-linked inorganic and
organic polymers as well as small molecules, often referred to as
LMWGs. LWMGs gel water mostly via the self-assembly of 1D aggregates
(i.e., fibers) that can arrange into a volume spanning network, driven
exclusively by the formation of noncovalent interactions (i.e., physical
cross-links). LMWGs may also form gels via networks of sheet-like
structures, although those cases are rare [178].
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Fig. 8. Chemical structures of 3D printable low molecular weight gelators.

While natural polymers suffer drawbacks such as compositional
variation (i.e., collagen), other polymer systems include poor biocom-
patibility, high hydrophilicity, high hydrophobicity, high melting
points, slow cross-linking, as well as the presence of undesired air
bubbles and inhomogeneities in the resulting 3D printed structures.
Existing formulations of natural and synthetic polymers are also useful
for only specific applications and thus progress in the field is hampered
by lack of bigger variety of printable hydrogel systems [29,179,180]. In
contrast, LWMGs offer numerous attractive features such as synthetic
tunability, ease of preparation, lower gelator concentrations (i.e.,
“supergelators” <0.1 wt %), biodegradability, biocompatibility,
reversible gelation, and responsiveness to a variety of stimuli, including
heat, light, sound, mechanical shear, chemicals, and pH [181]. Also, the
rheological properties of gels from LMWGs can be tunable by adjusting
the self-assembly conditions [182] in order to potentially meet the de-
mands of bioinks for specific applications, such as printing lung tissue
models.

Although supramolecular gels from LWMGs are not as mechanically
robust as natural or synthetic polymer gels, the thixotropic and self-
healing potential of LMWGs can be advantageous for dispersed cells,
as well as during the printing process [29]. Many gels from LMWGs
exhibit sheer thinning behavior upon application of a mechanical sheer
such as the sheering force applied through a syringe. Upon applying
mechanical sheer with a syringe, the gel exhibits sheer thinning property
and eventually flows to enable printing, after which the self-healing
properties come into play as the printed gel reforms in order to hold
its shape on the substrate. The following examples in this section sum-
marize a few recent developments towards incorporating LMWGs into
bioink and biomaterials ink formulations. Although these examples do
not directly involve 3D printing lung tissue constructs, they are included
as a starting point to inspire the development of these fascinating ma-
terials towards applications in future 3D printable bioinks and bioma-
terial inks for lung tissue constructs.

Although the potential of LWMGs for cell scaffolds, molding and
printing 3D shapes has been recognized [183], the first biomaterial ink
from a LMWG has only been very recently reported by Dessane et al.
[180]. A nucleotide lipid-based LMWG (Fig. 8) was used to form
hydrogels with fast gelation kinetics in a cell culture medium with shear
moduli and thixotropy, compatible with extruded oral cell survival
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Table 4
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Comparison of natural and synthetic polymer hydrogels with potential applications to fabricating lung tissue models.

Biomaterial Polymer Type Gelation Mechanism

Agarose [128-131] Natural, Polysaccharide

45°C)
Gellan Gum [132,133]

Natural, Polysaccharide Tonic crosslinking

Fibrin [134-136]

Natural, Protein

Micro- and Nanogels Natural (Oxidised methacrylated

Polymerization (enzymatically
catalyzed by thrombin)

[137-150] alginate, Collagen type 1), Chemical crosslinking, Dynamic
[151-175] Synthetic (PEG) crosslinking
Self-Assembling Synthetic Self-assembly
Biomaterial Inks
[176-187]

Thermo-responsive (Gelation at <

Ionic crosslinking, Click-reactions,

Compatible Potential Function® Potential Lung
Bioprinting Method Tissue Applications
Extrusion-based Sacrificial Bronchioles,
deposition Alveolar sacs,
Alveoli
Extrusion- and Structural, Sacrificial Alveolar sacs,
Inkjet-based Alveoli
deposition
Extrusion-based Functional, Sacrificial Bronchioles,
deposition Alveolar sacs,
Alveoli
Injection Self- Structural, Tissue Bronchioles,

assembly adhesion, Self-healing, Alveolar sacs,
Sacrificial Alveoli
Extrusion-based Sacrificial Bronchioles,

Alveolar sacs,
Alveoli

deposition

@ Refer to footnotes of Table 3 for definitions of biomaterial ink functions.

(human gingival fibroblasts and stem cells from apical papilla). The
nucleotide lipid-based gelator was synthesized in one step from
commercially available reagents with an acceptable yield (47%) [180].

Nolan et al. reported 3D printable hydrogels from diphenylalanine
dipeptide (diPhe) derivatives, where gelation was triggered by solvent
as well as pH [184] (Fig. 8). Although no studies were carried out with
cells, the diPhe derivative hydrogels could be promising components in
future bioinks. In another study, Rutgeerts et al. reported a bis-urea
derivative which is compatible with 1L929 fibroblasts, but no printing
was done with this material [185] (Fig. 8). Self-healable hydrogels based
on arylboronate esters of G-quadruplexes were reported by Das et al.
which were biocompatible with adult human dermal fibroblast cells and
was demonstrated as a promising candidate for biomaterial inks [179]
(Fig. 8). In other related work, Sheet and Koley successfully fabricated a
3D printed bacterial microhabitat using a hydrogel from a
glucose-modified dendron compound [186] (Fig. 8). Chalard et al.
developed a method to 3D print supramolecular hydrogels from an
N-heptyl-p-galactonamide derivative, however, no work with cells was
done [187] (Fig. 8). 3D printed structures were generated from an
organogel of the N-heptyl-p-galactonamide with DMSO, which were set
via solvent exchange with water [187]. The method is amenable to
non-thixotropic gels and cells could be incorporated into the resulting
hydrogel constructs. Given the diversity in the chemical structures of the
LWMGs in the examples described in this section, which is a small
fraction of all LMWGs that have been reported to date, there exists vast
potential to design and synthesize other LMWGs with fascinating and
desirable properties. Undoubtedly, these materials may play a key role
in future bioinks and biomaterial inks for 3D printed lung tissue con-
structs (Table 4).

4. Challenges and future directions

Lung tissue bioprinting is still in early development and, as such,
there is still a lot of potential for improvement. In this review we have
explored how the complexity of lung architecture and structure makes it
an extremely difficult organ to replicate using conventional bioprinting
approaches. This is largely due to the fact that most of the currently
available bioinks do not meet all the requirements for the fabrication of
the complex lung tissue scaffold, i.e., strength, elasticity, promotion of
cell adhesion and biodegradability and it is mainly due to this lack of a
biocompatible, yet versatile bioink that 3D bioprinting of lung tissue has
been relatively slower compared to some other organs.

In our view, 3D bioprinting of lung tissues is going to advance in
three main areas over the next couple of decades: (1) development of
multifunctional biomaterial inks, (2) design of immunocompetent lung
tissues and structures, and (3) 3D bioprinting lung tissues that can be
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transplanted into patients with lung disease.

(1) Although various 3D bioprinting technologies have been suc-

(2

3

)

-

cessfully applied over the last few decades, they have largely
relied on natural polymers such as alginate, gelatin and hyal-
uronic acid. It is only in the last decade that large strides in
biomaterial ink design have only occurred with the development
of synthetic inks and bioinks that have multiple properties and
biocompatibility with lung tissue cells. The development of new
and multifunctional bioinks such as synthetic and composite
polymer hydrogels, and advanced materials, such as micro- and
nano-structured biomaterial inks will be necessary to further
advance the field of lung 3D bioprinting. In particular, we envi-
sion that the next horizon will be the design of “smart” materials
that not only form the matrix of the 3D bioprinted lung tissue but
can sense and respond to biological signals. For example, a matrix
material that can change viscoelastic properties based on the
release of cell enzymes and inflammatory mediators would allow
for the formation of a more robust lung tissue.

Much of lung disease research explores pathological conditions
that rely on an immunocompetent system in which the major
immune cells such as neutrophils, mast cells, macrophages and
lymphocytes are able to modify lung physiology. A matrix ma-
terial that is able to sustain immune cell migration and differ-
entiation is essential to produce an immunocompetent lung organ
that can respond to inflammatory signals. The design of an
immunocompetent 3D lung tissue model would propel drug
development ahead significantly. Similarly, bioinks that are able
to sense danger signals such as pathogens and then release me-
diators to regulate localized immune responses would mimic
physiological responses and make the bioprinted lung much more
appropriate for use in this type of research.

Current lung transplant procedures replace unhealthy lung tissue
with a healthy tissue from a donor. The lung recipient patient is
then placed on immunosuppressant medication to prevent organ
rejection. It is, therefore, attractive to produce 3D bioprinted lung
tissue using the recipients own stem cells, thereby bypassing the
potential for rejection. Recent advances in pluripotent stem cell
technology have allowed for the differentiation of many cell
types, including most of the cell types that comprise the lung
tissue. It is still a very distant objective to produce an entire lung
organ. However, it may be possible to 3D bioprint an alveolus or a
section of the bronchi, and thereby allow for transplantation.
Surgical advances will need to accompany any such advances in
3D bioprinting.
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5. Conclusion

Recent advances in biofabrication, tissue engineering, regenerative
medicine and additive manufacturing have demonstrated the potential
to create in vitro tissue models that recapitulate the intricate ultra-
structure of in vivo lung tissue. At the confluence of the abovementioned
disciplines, extrusion-based bioprinting and stereolithography have
demonstrated considerable potential in the endeavor to biofabricate
viable in vitro lung tissue models. However, these 3D bioprinting mo-
dalities, as well as their associated biomaterial inks and bioinks, still
have scope for improvement with respect to enhancing the spatial
control of cellular and ECM deposition and resolution of the 3D printed
tissue structures. This is especially crucial in the context of lung tissue
since its ability to facilitate air conduction and gaseous exchange with
the circulatory system is inextricably linked with its intricate anatomical
and tissue ultrastructure. The future of lung 3D bioprinting may indeed
entail hybrid approaches that exploit several different bioprinting mo-
dalities and biomaterial inks/bioinks to biofabricate and assemble
various parts of the lung airway system from the trachea to individual
alveoli with integrated blood vasculature into a contiguous, functional
network. Furthermore, reliable cell sources for each type of lung
epithelial layer, including ciliated epithelium of the trachea and bronchi
to the alveolar epithelium, must also be established. This need may be
met by allogeneic donor populations or host-derived pluripotent stem
cells. Additionally, the 3D bioprinted structures need to maintain lumen
patency throughout all levels of the pulmonary airway system, as well as
its associated vasculature. Hence, the evolution of biomaterial ink/
bioink chemistries and compositions that combine the features of
sacrificial biomaterials, such as LMWGs, and advantages of microgels/
nanogels will certainly play a key role in advancing the 3D bioprinting of
biomimetic lung tissue models.
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