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The epithelium is one of the important tissues in the body as it plays a crucial barrier role serving as a gateway
into and out of the body. Most organs in the body contain an epithelial tissue component, where the tightly
connected, organ-specific epithelial cells organize into cysts, invaginations, or tubules, thereby performing
distinct to endocrine or exocrine secretory functions. Despite the significance of epithelium, engineering func-
tional epithelium in vitro has remained a challenge due to it is special architecture, heterotypic composition of
epithelial tissues, and most importantly, difficulty in attaining the apico-basal and planar polarity of epithelial
cells. Bioprinting has brought a paradigm shift in fabricating such apico-basal polarized tissues. In this review,
we provide an overview of epithelial tissues and provide insights on recapitulating their cellular arrangement
and polarization to achieve epithelial function. We describe the different bioprinting techniques that have been
successful in engineering polarized epithelium, which can serve as in vitro models for understanding homeostasis
and studying diseased conditions. We also discuss the different attempts that have been investigated to study
these 3D bioprinted engineered epithelium for preclinical use. Finally, we highlight the challenges and the op-
portunities that need to be addressed for translation of 3D bioprinted epithelial tissues towards paving way for
personalized healthcare in the future.

1. Introduction

The epithelium plays a crucial role in maintaining the structural
integrity and physiological equilibrium of various organs in the human
body. In addition to its barrier function, epithelium also executes
endocrine and exocrine functions. For example, squamous epithelial
cells aid in diffusion and transport processes in tissues such as the skin
(Fig. 1Ai), blood vessels, and cornea (Fig. 1Aii) [1-5]. Columnar
epithelial cells form the endometrial epithelium (Fig. 1B), which is
crucial for embryo implantation and pregnancy maintenance by creating
a receptive environment within the uterine lining [6]. These cells also
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line the gastrointestinal (GI) tract, where they contribute to nutrient
absorption and fluid secretion (Fig. 1C) [7-10]. Cuboidal epithelial cells
in glandular tissues and kidney tubules are involved in secretion, ab-
sorption, and filtration (Fig. 1D) [11-13]. Pseudostratified epithelial
cells, commonly found in the respiratory tract, assist in mucociliary
clearance and pathogen defense (Fig. 1E) [14-17]. The unique
morphological features and molecular characteristics of these epithelial
cell types are closely related to their specific functions. Typically,
epithelium is observed as an organized single, stratified, or multiple
layers of cells over a basement membrane and a specific orientation or
polarity is essential for its function. The basement membrane is formed
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by maturing epithelia, which is an acellular connective scaffolding on
which the epithelial cells rest on an apical-basal polarity [18]. The
basement membrane also aids in selective filtering of nutrients and
waste. In multi-layered epithelia, the types of apical cells—like
columnar in the GI and cuboidal in the kidney—are specialized for ab-
sorption or secretion, whereas squamous cells in the respiratory tract are
adapted for diffusion and filtration [19]. Pseudostratified epithelial cells
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with ciliated surfaces maintain respiratory health by clearing mucus and
debris from airways [14,20]. Therefore, it is essential to understand
epithelial cell biology and its diverse functions, as well as the specialized
roles of squamous, cuboidal, columnar, and pseudostratified epithelial
cells in supporting tissue homeostasis and physiological functions of
various organs to reconstitute this tissue specific epithelium.
Bioprinting has emerged as a revolutionary technology in tissue
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Fig. 1. Overview of the different types of epithelia with their typical thickness (t) and their associated organs which they make up, in reference to the native human
epithelial architecture as compared to the 3D bioprinted epithelium. A) Squamous epithelium (simple or stratified), which make up the integumentary epithelium
noticed in the i) skin, comprising of the epidermis and dermis as seen in the native skin and bioprinted skin (reproduced with permission from Ref. [4] 2024 Informa
UK Limited), ii) cornea, comprising of the epithelium, stroma in the native cornea (reproduced with permission from Ref. [3] 2020 MDPI), and bioprinted corneal
epithelium (reproduced with permission from Ref. [5] 2024 IOP Publishing). B) Ciliated columnar epithelium noticed in urothelium, here shown in reference to
endometrial lining consisting of ciliated epithelia and underlying stratum functionalis in the native and bioprinted endometrium (reproduced with permission from
Ref. [6] 2024 Elsevier). C) Columnar epithelium noticed in the inner lining of the native gastrointestinal tract (reproduced with permission from Ref. [9] 2024
Elsevier) and the bioprinted counterpart (reproduced with permission from Ref. [10] 2024 Elsevier). Small intestinal epithelium: D) cuboidal epithelium noticed in
native proximal tubule in kidney cortex (reproduced with permission from Ref. [13] 2024 Elsevier) and bioprinted proximal tubule in kidney cortex (reproduced with
permission from Ref. [12] 2024 IOP Publishing). E) Pseudostratified epithelium noticed in the upper airway tract, as seen in the native and bioprinted nasal
epithelium (images reproduced with permission from Ref. [16] 1999-2024 John Wiley and [17] 2024 IOP Publishing, respectively). Illustrations were prepared using
Biorender.com.
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engineering and regenerative medicine, offering unprecedented oppor-
tunities to fabricate physiologically and anatomically relevant tissues
and organs [21,22]. The ability to precisely deposit cells, biomaterials,
and bioactive factors in a layer-by-layer manner has opened new ave-
nues for the creation of intricate structures that mimic native tissues.
This technology holds immense promise for the development of
epithelial tissues, offering researchers the possibility to replicate the
microarchitecture and functionality of various epithelial structures.
Bioprinting techniques can be classified into four major modalities,
including extrusion-based bioprinting (EBB), droplet-based bioprinting
(DBB), laser-assisted bioprinting (LaBB), and light-based bioprinting
(LiBB), each offer unique advantages and distinct challenges, especially
when applied to the reconstitution of epithelial tissues [23-25]. EBB
employs extrusion forces to precisely deposit bioinks containing living
cells onto a substrate, making it particularly valuable in tissue engi-
neering (Fig. 2A.) This modality uses a mechanical or a pneumatic sys-
tem to expel a bioink through a nozzle, forming continuous filaments
that can be precisely layered [23]. EBB is capable of depositing multiple
bioinks within a single construct, allowing for varied compositions (i.e.
cell types, densities, and signaling molecules), which is essential for
mimicking the complex architecture of epithelial tissues [26]. EBB’s
unique advantages include: i) the ability to bioprint in high-cell density;
ii) feasibility to use multi-material and multiple cell types by virtues of
its modularity with multiple nozzle systems. Furthermore, EBB’s scal-
ability makes it feasible to produce large tissue constructs necessary for
functional replacements, such as full-thickness skin grafts or large organ
linings [27]. However, the shear stress experienced by cells during the
extrusion process can impair their viability and function [28]. In this
regard, hydrogels utilizing specialized chemistry to minimize shear
stress on cells have been explored. Recent innovations in EBB have
introduced nanoengineered granular bioinks (NGB) that preserve
interconnected microporosity during extrusion, which significantly re-
duces shear stress-induced damage to cells [29]. The use of NGBs helps
to impart interconnected microporosity during extrusion, which reduces
shear-stress induced damage to cells. These NGB bioinks leverage dy-
namic bonding between microgels, enabling smoother extrusion and
maintaining cell viability by minimizing the mechanical stress exerted
during the process. This approach overcomes a significant limitation in
traditional EBB, where increased viscosity often leads to high shear
stress and lower cell viability [30,31]. By maintaining the porous
structure during and after extrusion, NGBs also enhance nutrient and
oxygen diffusion, which is critical for sustaining cell viability in densely
packed tissues [29]. Moreover, the use of shear-thinning materials and
optimized nozzle designs in EBB further reduces the mechanical forces
acting on cells [32,33]. Studies have shown that using nozzles with
specific inner diameters and tapering profiles can decrease the extrusion
pressure required, thereby lowering the shear stress experienced by cells
[29,34,35]. Additionally, innovations such as the introduction of sacri-
ficial materials or support baths during bioprinting have further miti-
gated the risks of cell damage by providing mechanical support to the
printed structures, thereby reducing the extrusion force needed and
enhancing cell viability [36,37]. However, the shear stress experienced
by cells during the extrusion process can impair their viability and
function [28]. This challenge is being addressed not only through ad-
vancements in nozzle design and extrusion techniques but also by the
development of hydrogels with shear-thinning properties [38]. These
hydrogels, such as those incorporating dual-cross-linking strategies,
enable a reduction in viscosity during extrusion while rapidly recovering
mechanical integrity after deposition, thereby minimizing cellular
damage [39]. Additionally, shear-thinning hydrogels like those based on
hyaluronic acid, which exhibit both guest-host and covalent
cross-linking, further enhance the bioprinting process by maintaining
high cell viability and allowing for the fabrication of stable,
multi-layered structures [40]. Despite its limitations, EBB remains
accessible and user-friendly, making it suitable for beginners and experts
alike, thus playing a crucial role in advancing tissue engineering
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applications.

DBB utilizes gravity, atmospheric pressure, and fluid mechanics to
produce bioink droplets (Fig. 2B) [41]. This modality can be divided into
continuous inkjet and drop-on-demand methods. Continuous inkjet
bioprinting generates droplets continuously, regardless of a need, which
requires a recovery device to minimize material waste [42]. However,
this recovery process can introduce contamination, making continuous
inkjet less suitable for high precision bioprinting applications. In
contrast, drop-on-demand bioprinting releases bioink droplets only
when needed, offering precise control over the bioink delivery. This
method involves the use of thermal, piezoelectric, or electrostatic ac-
tuators to create pressure pulses that expel droplets from the nozzle
when the bioink overcomes surface tension [43]. DBB reduces shear
stress on cells, improving their viability and function, which is crucial
for maintaining the integrity of delicate epithelial cells [44,45]. Other
factors which influence the cell deposition and viability in DBB are
droplet impact velocity, droplet volume, and bioink properties [46,47].
Studies have shown that higher droplet impact velocities can cause
significant cell deformation and reduced cell viability [47]. However,
increasing the viscosity and viscoelasticity of the bioink can mitigate
these effects by providing a cushioning effect during droplet impact as
the polymer component of the bioink helps to dissipate energy more
effectively [46,48]. Additionally, optimizing droplet volume is crucial
for maintaining cell viability, as smaller droplets are prone to evapo-
ration, leading to a hypertonic environment that can induce cell
apoptosis [49,50]. A minimum volume of 20 nL per droplet has been
recommended to minimize evaporation-induced damage and maintain
high cell viability during bioprinting [47]. Additionally, DBB’s
high-throughput capabilities enable quick development and iteration of
tissue constructs, accelerating the biofabrication process. Its versatility
with different bioinks and cell types enhances its applicability across
various bioprinting needs, making it a valuable tool for both research
and translational applications.

LaBB uses a pulsed laser to deposit the bioink onto a substrate with
exceptional precision (Fig. 2C) [54]. This technique involves a
laser-induced forward transfer process, where a focused laser pulse
propels a small volume of the bioink from a donor ribbon to a receiver
substrate [55]. LaBB’s precision allows for the placement of a single cell
per droplet, which is beneficial for constructing complex tissue struc-
tures that require high-precision cellular arrangements. The non-contact
nature of this method minimizes the risk of contamination and cell
damage, ensuring high-quality tissue constructs. However, LaBB faces
significant challenges, including high costs, stability, and scalability
[56]. These challenges stem from the need for sophisticated laser sys-
tems and precise control mechanisms, which can be expensive and
complex to maintain. Despite these drawbacks, integrating LaBB with
other biofabrication approaches could expand its applications, making it
a promising tool (i.e., two-photon polymerization [57]) in bioprinting.
For example, combining LaBB with other methods can enhance the
precision and scalability of tissue constructs, potentially leading to
breakthroughs in regenerative medicine.

LiBB employs light to selectively solidify a bioink, utilizing tech-
niques such as stereolithography (SLA), digital light processing (DLP),
and volumetric bioprinting (VBP) [58-60]. These methods use ultravi-
olet (UV) or alternative light sources to initiate the polymerization of the
bioink based on computer-aided designs, enabling the creation of highly
detailed and complex 3D structures (Fig. 2D) [61,62]. SLA involves
using a laser beam to cure an the photosensitive bioink layer by layer,
offering significant flexibility for applications like insulin delivery de-
vices or intricate tissue scaffolds [62]. DLP, on the other hand, uses a
digital light projector to cure entire layer at once, providing high reso-
lution and rapid curing capabilities that are ideal for tissue regeneration
[63]. The photocurable polymer usually consist of end-functionalized
groups (such as acrylate, methacrylate, thiol or vinyl ether), which un-
dergo free-radical chain extension or photo-click or photo-mediated
redox or photodimerization reactions in the presence of radical



L.D. Derman et al.

EBB

A Pneumatic

Piston
Screw
| &

DBB

B Piezoelectric

—» Thermal
Acoustic

Extruded filaments
With low cell density

Resolution

100 — 500 pm
Resolution depends upon
bioink properties and nozzle
diameter

Spatial or anization@

Can support multimaterial/
multiple bioink (multiple
printheads) with different cell

types encapsulated to
fabricate thicker tissues
Barrier quality @
Well suited for fabricating
thicker epithelial tissues
(skin, corneal epithelium).
Bioprinted constructs needs
to mature in vitro before cell-

cell interaction is achieved to
form an intact barrier

(functional —

/s Piezoelectric
ey actuation
Coy

‘e

Ejected

(oW ,
NoG droplet !
Q E

20 - 50 ym
Resolution depends
upon bioink properties
and nozzle diameter

Higher precision to control
cell density and different
cell typers placement

LaBB

V- \\\ g
(oveveve e e el

10 = 50 pm
Resolution depends
upon laser spot size,
bioink properties,

substrate (donor layer)

properties and laser
parameters

Capable of achieving
near single cell level
precision and precise
control of cell density
and organization

Epithelial tissues fabricated using DBB or LaBB
bioprinters, generally exhibit good barrier quality
with selective permeability). Better
precision and spatial organization enables rapid tight
junction formation. Examples include the bioprinted
upper respiratory tract epithelium

Bioactive Materials 43 (2025) 195-224

LiBB

c Mirror D Il Building
H == platform
Laser pulse Bioink I f
Focusing len
S
( i/_'—'_\{\ l
Donor IayQI_"_ .
Bioink” | : ' Light
il Source
' [ —
Laser__ Energy: &) Photo-crosslinked
pulse : absorb'hg Building gel with cells
: I'ayer ; platform :
g% o o 2 eisisieih
Bioink & . o (o
‘with Droplet S & X O
Ecells Q/ ' 2 o < PN

- | " Projected light
:Uncrosslinked

10 - 100 pm
Resolution depends upon

photo-curable polymer, photo-
initiator system, photo-
absorber and light curing
modality

Capable of creating complex
structures; however, not
feasible to incorporate
multiple cell types within
bioprinted constructs

Although capable of
replicating intricate designs,
achieving uniform cell
density within photocured
polymer network is difficult
and hence needs
maturation in vitro for
barrier integrity. Examples
include the intestinal
epithelium.

Fig. 2. Different bioprinting techniques that have been explored for fabricating epithelial tissues: A) EBB, B) DBB, C) LaBB, and D) LiBB, with schematics depicting
cells within bioinks. A few key aspects, such as resolution, spatial organization and barrier integrity, which are crucial in bioprinted epithelium are also compared
among different bioprinting techniques [51-53]. Illustrations were prepared using Biorender.com.
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photo-initiators, namely Norrish type-I or type II. Type I radical
photo-initiators are cleavable, and some examples are benzoin and
acetophenone derivatives, while type-II radical photo-initiators are
hydrogen abstractable and some examples are benzophenone, 2-isopro-
pylthioxanthone and 4-methylbenzophenone [64,65]. The choice of
photo-initiators (PIs) and their concentration are crucial factors that
influence the efficiency of the polymerization process and the viability
of embedded cells [66]. For instance, water-soluble PlIs like Irgacure
2959 and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) are
commonly used in VBP due to their high efficiency under hydrophilic
conditions and relatively low cytotoxicity [25,67]. The concentration of
these PIs must be carefully optimized; too low a concentration can result
in insufficient cross-linking, while too high a concentration can led to
excessive free radical formation, which can damage cells [66,68,69]. UV
wavelength and intensity used in SLA can also have a significant impact
on cell viability [70]. Shorter wavelengths (e.g., UVB: 280-320 nm,
UVC: 200-280 nm) possess higher energy, which can cause severe DNA
damage [71,72]. Therefore, longer wavelengths in the UVA range
(320-400 nm) or even visible light (around 405 nm) are often preferred
to reduce cellular damage while still achieving effective polymerization
[73]. Additionally, the intensity and exposure time of the light source
must be optimized to balance efficient curing with cell viability [74].
Excessive exposure or high intensity can lead to overheating and cell
death, while insufficient light energy can result in incomplete curing and
weak structural integrity of bioprinted constructs [75,76]. In this
context, the rapid curing process of VBP, combined with the use of
visible light, has been shown to maintain higher cell viability compared
to UV-based methods, further highlighting the importance of selecting
appropriate light sources and conditions for bioprinting [25,61]. VBP
builds constructs within seconds using visible light, demonstrating high
biocompatibility and the potential for creating large-scale tissue con-
structs in a short time frame [58]. Overall, LiBB’s advantages include its
precision, versatility, and high resolution, allowing for the meticulous
reconstruction of complex 3D structures [77]. However, challenges such
as potential cell damage from prolonged light exposure and a limited
selection of bioinks responsive to photopolymerization must be
addressed [76]. Additionally, achieving scalability for larger tissues and
organs remains a significant hurdle. Ongoing research focuses on
refining LiBB techniques, developing new photopolymerizable bioinks,
and improving light delivery systems to enhance cell viability and
overall bioprinting efficiency.

In the context of epithelial tissue bioprinting, EBB is particularly
effective for fabricating large-scale epithelial tissue constructs, devel-
oping organ-on-a-chip systems, and modeling tissue environments for
drug testing and toxicity screening. Its compatibility with a wide range
of bioinks allows for scaffold-free bioprinting (i.e., with the use of tissue
spheroids) and facilitates vascularization. However, EBB can cause
substantial cell damage due to shear stress, has limited resolution, and is
not ideal for high-throughput models. DBB excels in high-speed bio-
printing and high resolution, making it ideal for creating high-
throughput epithelial cell arrays, detailed microarrays for drug testing,
and organ-on-a-chip models for in vitro studies. Its challenges include
droplet size inconsistency, difficulty in single-cell encapsulation, nozzle
clogging at high cell densities, and cross-contamination risks with
multiple bioinks. LaBB is known for its high resolution and minimal cell
damage, making it suitable for creating high precision, intricate
epithelial tissue models, engineering detailed tissue structures for
regenerative medicine, and developing complex tissue constructs with
minimal cell damage. Despite these advantages, LaBB is labor-intensive,
time-consuming, costly, and has limited commercial availability, mak-
ing it impractical for heterocellular models. LiBB offers extremely high
resolution and rapid bioprinting, especially for large constructs. It is
useful for fabricating detailed and complex epithelial tissue architec-
tures, developing high-resolution tissue models for in vitro testing, and
maintaining cell viability in intricate constructs. However, LiBB is
limited to photo-crosslinkable bioinks, poses UV light exposure risks to
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cells, and involves expensive equipment and materials. Each bioprinting
method, with its unique strengths and limitations, plays a crucial role in
advancing the field of epithelial tissue engineering.

Together, these bioprinting modalities offer a comprehensive toolkit
for advancing tissue engineering, particularly in developing functional
epithelial tissues. EBB’s scalability and versatility, DBB’s precision and
high-throughput capability, LaBB’s accuracy and non-contact benefits,
and LiBB’s high resolution and customizability, each contribute unique
strengths (with limitations) to the bioprinting field (Table 1). By
addressing their respective challenges through continuous research and
technological advancements, these methods can be refined and inte-
grated to overcome the complexities of creating complex epithelial
structures. This holistic approach to bioprinting holds the potential to
revolutionize regenerative medicine, enabling the production of func-
tional epithelial tissues for transplantation, drug testing, and disease
modeling, ultimately improving patient outcomes and advancing med-
ical science. Table 2 lists a diverse range of epithelial tissues with the key
aspects highlighted enabled by bioprinting.

2. Need for 3D bioprinting of epithelial tissues

Epithelial tissues consist of polarized epithelial cells on a basement
membrane, providing physical support and acting as a barrier between
epithelial and stromal compartments [91]. The epithelium is composed
of tightly bound cells, which are laid out as sheets forming physical
barriers lining cavities. The epithelial makeup of each organ is different
and so is the thickness of each epithelial tissue type, ranging from single
cell sheet thick as noticed in ciliated or non-ciliated columnar or
cuboidal epithelium of urothelium and digestive tract (10-20 pm)
(Fig. 1) to few cell layers thick as seen in the upper respiratory tract’s
pseudostratified epithelium (25-40 pm) to millimeter thick as noticed in
skin or corneal epithelium (40-2000 pm) [92-94]. Proper apical-basal
polarization is crucial for epithelial function, as seen with cilia on the
apical surface of airways. Polarization is essential for the barrier func-
tion and its disruption is linked to diseases like cancer or cystic fibrosis,
where it serves as a non-cell autonomous tumor-suppressor mechanism.
Pathogens must bypass the polarized epithelial barrier to infect the host,
with intercellular junctions and the apical surface’s molecular compo-
sition preventing penetration [95,96].

Polarization in epithelial cells is driven by molecular changes in
response to environmental and internal signals. This process involves
the formation of tight junctions at cell-cell contacts, which create a
barrier between the apical and basolateral plasma membrane domains
[97-99]. During polarization, the membrane segment facing the lumen
becomes distinct from the segment in contact with the basement mem-
brane and extracellular matrix (ECM) [99]. Both cell-cell interaction and
interactions (Fig. 3Ai) with the basement membrane (cell-matrix inter-
action) are essential for establishing the apical-basal polarity [100].
Indicators of polarization include the expression of Zonula Occludens-1
(Z0O-1) and the formation of cilia on the apical surface (in case of ciliated
epithelium) [100]. In addition to this, in epithelial tissues where
gas-liquid interfacial exchange is needed, certain specific trans-
membrane proteins, such as claudins, are also present. Claudin 4 and 7
are ubiquitously expressed in upper and lower airway epithelia, whereas
Claudin18 is expressed in alveolar epithelium, which help in modulating
this specialized tight junction permeability [101]. The association of
these junction proteins guides the cell polarity (planar as well as
apico-basal) from local to global level, which is needed for formation of
continuous epithelial sheets or lumens as noted in glandular tissues.
Additionally, the association of epithelial cells with the mesenchyme
also gives the necessary biological cues (growth factors) to aid in the
apico-basolateral polarity [18].

2.1. Controlling cell-cell interactions through bioprinting

Through conventional tissue engineering strategies, it is difficult to
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Table 1
Bioprinting modalities and their effectiveness in fabricating epithelial tissues.
Modality =~ Background & Key strengths Major Limitations Typical Applications in Printable Cell Cell Viability References
Working Mechanism Epithelial Cell Bioink density
Biofabrication Viscosity
EBB Introduced in the early - Broad - High shear stress can Fabricating large-scale 30to >6 1x10° Moderate to high [78-80]1
2000s. Uses pneumatic compatibility with damage cells. epithelial tissue x 107 to (70-95 %)
or mechanical forces bioink properties - Limited resolution constructs, developing mPa/s 1x10® depending on the
to extrude bioinks as and viscosities. and control over cell organ-on-a-chip shear stress
filaments. - Enables scaffold- interactions. systems, and modeling
free bioprinting of - Not ideal for high- tissue environments for
tissue spheroids. throughput models. drug testing and toxicity
- Facilitates screening.
vascularization.
- Moderate cost and
commercially
available.
DBB Introduced in the early - High speed - Droplet size Creating high- 1-40 mPa/  1x10° High (80-98 %) [81-83]
2000s. Utilizes (1-10,000 inconsistency. throughput epithelial s to but can vary with
thermal, piezoelectric, droplets/s), high - Difficulty in cell layers, developing 2x107 nozzle clogging
or acoustic forces to resolution (1-300 encapsulating single detailed microarrays for
print liquid droplets. pl in volume). cells. drug testing, and
- Compatible with - Nozzle clogging at constructing organ-on-a-
many biological high cell densities. chip models for in vitro
materials (cells, - Risk of cross- studies.
DNA, RNA). contamination with
- Affordable and multiple bioinks.
commercially
available.
LaBB Introduced in 1999. - High resolution. - Labor-intensive and Creating high- Not 5x10° High (85-99 %) [84,85]
Uses pulsed laser - Minimal cell time-consuming. resolution, intricate applicable to
beams for precise cell damage. - High cost. epithelial tissue models, 5x10°
deposition. - Nozzle-free, - Limited commercial engineering detailed
suitable for high- availability. tissue structures for
density cell - Not practical for regenerative medicine,
deposition. heterocellular and developing complex
models. tissue constructs with
minimal cell damage.
LiBB Utilizes DLP, SLA and - High resolution. - Limited to Fabricating detailed and ~ 1-5000 1x10° Moderate to high [61,86]
VBP to - Rapid bioprinting, photocrosslinkable complex epithelial tissue ~ mPa/s to (60-90 %),
photopolymerize especially for large bioinks. architectures, 2x107 depending on the
bioinks. constructs. - UV light exposure developing high- photoinitiator
- Capable of risks affecting cell resolution tissue models used
complex, multi- viability. for in vitro testing, and
material - Expensive equipment  maintaining cell
structures. and materials. viability in complex

constructs

control cell-cell interactions. However, with the aid of 3D bioprinting, a
more precise control on cell density and layer thickness can be achieved.
The relevance of this is helpful in controlling molecular mechanisms
pertaining to cell-cell contacts being established through adherens and
tight junctions (Fig. 3Aii) through cadherins, occludins and claudins.
This establishes the Hippo signaling pathway, which phosphorylates
YAP/TAZ through TAOK and MAP4K kinases. It has also been noticed
that Hippo signaling pathway is triggered by mechanical tension, sur-
rounding ECM stiffness and cell density [102,103]. For instance, in
higher cell densities, the Hippo signaling cascade is switched on leading
to phosphorylation of YAP and subsequently the transcription of key
markers pertaining to epithelial cell maturity and inhibition of cell
proliferation [104]. While lower cell densities do not trigger Hippo
signaling, which leads to its co-localization with TEAD into the nucleus
and promote cell proliferation [103]. Meanwhile, filamentous actin
(F-actin), which dynamically responds to mechanical changes, is a
crucial regulatory factor in the Hippo signaling pathway [102].

In vitro culture systems are indispensable for investigating the
physiological characteristics to model homeostatic conditions and dis-
ease mechanisms of epithelial tissues [105]. Among various approaches,
the filter insert culture system stands out, where cells are cultivated on a
permeable membrane within a dual-compartment structure. This setup
facilitates distinct exposure of cells to different conditions at their apical
and basal surfaces, crucial for inducing directional polarization [106]. It
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results in fully differentiated epithelial cells, allowing the exploration of
tissue properties like vectorial transport and pathogen infection. Typi-
cally, this system employs serum-free medium or an air-liquid interface
(ALI) to enhance polarization, creating an environment that more
closely mirrors in vivo conditions compared to conventional plastic or
glass substrates [107]. Additionally, co-culturing with stromal cells
further promotes the differentiation of epithelial cells in these setups.
Cells are grown as a 2D or 3D sheet on a filter insert membrane, with
nutrients supplied from below. Cells are initially fed from both com-
partments, then matured by removing serum-containing medium from
the top. Full polarization takes 7-21 days, depending on the cell type
[108-111]. Altering culture conditions by supplementing different
growth factors also positively influences the polarization potential of
these epithelial cells. For instance, ALI (with bronchial epithelial dif-
ferentiation medium) cultures do not form columnar epithelium and do
not present with mucociliary characteristics; on the contrary, culturing
hBECs in Pneumacult™ media (under ALI) facilitates the formation of
physiologically relevant pseudostratified morphology as noticed in the
upper airway epithelium [112].

2.2. Controlling cell-matrix interaction through bioprinting

In addition to the use of growth factors and soluble factors in culture
media, providing physical cues to epithelia is essential to aid in their
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Table 2
Examples of various epithelial tissues fabricated using different 3D bioprinting modalities and the advantages of such modalities.
Modality ~ Cells Results Aspect Advantages of 3D Application References
Bioprinting
EBB Fibroblasts, human umbilical Bioprinted scaffolds demonstrated suitable Long-term Ensures sustained Regenerative Kang et al.
vein endothelial cells (HUVECs), cytocompatibility and increased DPC Stability functionality for long- medicine [871
dermal papilla cells (DPCs), proliferation (1.2-fold). They facilitated self- term applications
epidermal cells (EPCs) aggregation of DPCs into spheroids and restored
DPC genes associated with hair induction.
Compared to manually seeded scaffolds, the
bioprinted constructs showed higher cell
viability, better spatial organization, and
enhanced hair follicle formation in vivo.
EBB Autologous nasal epithelial cells, The bioprinted artificial trachea was In vivo Improves success rates ~ Regenerative Park et al.
auricular chondrocytes transplanted into rabbits. In the experimental Integration of tissue grafts and medicine [88]
group, 13 out of 15 animals survived, showing implants
regeneration of epithelial cells and formation of
immature cartilage at 6 and 12 months.
Compared to the control group, where 3 out of 6
rabbits survived and showed no epithelial
regeneration and significant narrowing due to
granulation tissue, the bioprinted group
demonstrated better tracheal patency and
histological outcomes, closely resembling normal
tracheal structure.
DBB Human nasal epithelial Bioprinted hNECs showed higher degree of Spatial Mimics natural tissue Regenerative Derman
progenitor cells (hNECs) differentiation into multiple cell types, including  Organization architecture, medicine etal. [17]
ciliated and goblet cells, compared to manually improving and disease
seeded ones. The bioprinted tissue formed a more functionality modelling
uniform pseudostratified columnar epithelial
architecture and demonstrated better barrier
function, mucus secretion, and beating cilia.

DBB A549, EA hy926 Successful engineering of a human air-blood Barrier Achieves higher Disease Horvarth
barrier analogue. Bioprinted constructs showed Quality physiological modelling et al. [89]
improved cell organization and barrier function relevance in tissue
compared to manual methods. models

LaBB Human embryonic stem cell Bioprinted hESC-LESCs maintained viability, Tissue Enables creation of Regenerative Sorkio et al.

derived limbal epithelial stem exhibited epithelial morphology, and expressed Architecture more realistic and medicine [90]1
cells (hESC-LESCs), human key markers. Compared to manually seeded cells, functional tissue
adipose tissue derived stem bioprinted hESC-LESCs formed a more uniform models
(hASCs) stratified epithelium with apical CK3 and basal
p63a and p40 expression.
LiBB NIH-3T3 fibroblasts, Caco-2 Bioprinted intestinal stromal cells supported the Functional Achieves higher Disease Torras et al.
epithelial cells growth of epithelial monolayer, creating a Properties physiological modelling [10]

functional 3D model of the intestinal mucosa.
The epithelial cells formed a continuous
monolayer with improved barrier properties
compared to cell-free hydrogels. Compared to
manually seeded hydrogels, the bioprinted
structures showed higher cell viability, better
spatial organization, and enhanced barrier
function.

relevance in tissue
models

polarization. This stems from the developmental biology aspect that
basement membrane proteins dictate the differentiation of cells, and
epithelial cells, which encounter these basement membrane proteins,
orient and maintain their apico-basolateral polarity (Fig. 3Bi). When
B-integrin receptors on an unpolarized epithelial cell encounter a base-
ment membrane protein (like collagen or laminin), they trigger integrin-
mediated signaling. This signaling involves the activation of Rho-family
GTPases, which helps the unpolarized cell establish the apical side
opposite to the surface in contact with the basement protein (Fig. 3Bii)
[110,111]. Thus, it is a common phenomenon observed in epithelia,
which requires the formation of lumens that are formed inwards to basal
surfaces docked to an ECM [113]. This led to the prevalent practice of
embedding epithelial cells in cell-instructive hydrogels for cultivating
polarized epithelium, offering a 3D environment to study tissue archi-
tecture and differentiation more deeply [114,115]. Two primary types
of hydrogels are used: those derived from ECM components like
collagen, laminin, and fibronectin, and those reconstituted basement
membrane hydrogels such as Matrigel™ and Cultrex® basement mem-
brane extract, often sourced from tumors due to their rich basement
membrane content [116-119]. These hydrogels are thermoresponsive,
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shifting from a liquid state at 4 °C to a gel state at 37 °C, enabling cells to
be embedded in them for formation of complex 3D structures like hollow
cysts with polarized epithelium. These structures can be cultured either
attached to a dish or floating in a medium, with the possibility of
micropatterning cells to create specific architectures. However, vari-
ability in manual seeding techniques do not offer the control of main-
taining cell density to facilitate optimal cell-cell interaction, which
complicate experimental reproducibility and comparisons across studies
[120]. Additionally, controlling the physical and biological properties of
these hydrogels is limited through conventional cell culture techniques,
prompting the need for new biofabrication strategies to manipulate
these hydrogels that replicate natural biological cues while offering
tunable properties [121,122]. Despite these challenges, 3D hydrogel
systems are widely used to explore epithelial cyst differentiation, tissue
architecture, physiology, and disease mechanisms, particularly in cancer
research [123,124].

3D Bioprinting is crucial for advancing epithelial tissue research and
applications, offering significant advantages over traditional culture
methods. For successful recapitulation of epithelial tissue architectures,
it is critical to form a continuous apical barrier, where neighboring cells



L.D. Derman et al.

A (i) Cell-cell interaction

Outer environment or lumen

®

Apical side

x

Pl

\ v H
Basal side\. _

Bioactive Materials 43 (2025) 195-224

B (i) Cell-matrix interaction

Hydrogel network (basement
protein mimic - Collagen/ Laminin)

v Apico-basal polarization

—

Cell —_

(Basemenl membrane) Pla —
J

polarization

Polarity{ Local L

Global \ I el . : Apical side
Non-polarized -
Polarized
A (ii) Cytoskeletal tension B ( ii) Higf—aaf’firgty
(modulated by matrix Low-affinity _ e;(t eg f:n#
Cell density.- _stiffness and mechanical (bent) ¢
and apical " cues) Inactive formn™— S
constriction ) Integrins P
of actin e oé /0 ; A
filaments [

Adherens
Jjunction

Jjunctions

k /ﬂg%@/

Kindli

MTS1/2!

SAV1

C Actin; EZRIN (cytovillin — expressed in microvilli); Mucin (MUC-1/ 19/ 4); PDZK1
Apical | (PDZ domain containing 1 protein — found in intestine and kidney epithelia);
markers | Podocalyxin (expressed in glomerulus and endothelium); Rab family small
GTPase (Rab 11a/ 13); T1a , aquaporin-5 (expressed in alveolar type | epithelial
cells); HTII-280, sodium channels (amiloride-sensitive/ insensitive, cGMP gated)
expressed in alveolar type Il epithelial cells.
Integrins, essential for their association with basement membrane proteins (a1/
Basolateral | CD49a; a1/B1; a3/B1; a6/B4; a9/B1; aV/B3; B3/ CD61; B4/ CD104; B6; B8);Lgl
markers | (lethal giant larvae) protein; (expressed in most of epithelium).
Receptor for advanced glycation end-products (RAGE) — expressed in alveolar
type | epithelial cells; sodium and potassium channels (ouabain-sensitive,
ATPases), expressed by alveolar type Il epithelial cells.
Tight junctions (zona occludens — ZO-1,2,3); Claudins (4,7 — expressed in upper
Junction | airway epithelium; claudin-18 expressed in alveolar epithelium); adherens
proteins | junctions (E-cadherin) - help in apical-lateral (planar) polarization.
Basement | Laminin (LNa3B3y2 — found in epidermis; LN4B1y1 — found in endothelium),
membrane | Collagen |V; heparan sulfate proteoglycans, and nidogens (found in corneal
proteins | basement membrane); entactin (found in renal basement membrane)

Fig. 3. Polarization of epithelial cells is orchestrated by cellular events, which are governed by A) cell-cell interactions that guide the apical-basal polarity and also
the apico-lateral (planar polarization) by the association of one cell with its neighbor; thereby, establishing local and global polarity through epithelial fusion, B) cell-
matrix interactions, wherein the basement membrane protein polarizes an unpolarized cell by virtue of integrin-binding and activation of integrin-linked kinases
(ILK); and C) few of the common apical, basal, junctional markers and basement membrane proteins, which are seen in the epithelium. Illustrations were prepared
using Biorender.com.
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dock their apico-basal axes to maintain a global tissue-level polarity.
This phenomenon, termed ‘epithelial fusion,” is essential for forming
continuous epithelial sheets or tubes at the embryonic stage and remains
to be the major mechanism to heal epithelial wounds during repair
[125]. Few important markers (apical and basal) noted after the
apico-basal polarity is established were listed in Fig. 3C. Bioprinting
offers the precision to control this cell-cell contact, which is difficult to
achieve through conventional manual seeding techniques.

Bioprinting enables multi-material and hetero-cellular patterning,
thus enabling researchers to create spatially compartmentalized cellular
niches thereby mimicking mesenchyme-epithelium cell-cell interactions
towards the apico-basolateral polarity establishment. Moreover, cell-
matrix interactions can also be controlled through the proper choice
of biomaterial to be used as a bioink. With the advent of new technol-
ogies, such as the adaptive nozzle printing, lumens with variable
diameter, as noted in renal epithelium or bronchiolar epithelium
branching, could be printed [126]. Additionally, bioprinting offers the
advantages of enhancing the reproducibility and reliability in gener-
ating these tissues in a high-throughput manner. In terms of research
and development endeavors, bioprinted disease models hold promise in
attaining microtissues that can be easily integrated into microfabricated
disease-on-chip platforms. Such platforms also use automated control
systems for introducing infectious agents, which minimize the risk of
exposure to users/researchers as opposed to conventional manual
techniques while ensuring safe monitoring of these disease-on-chip
models [127,128].

3. 3D bioprinted epithelial tissues

Engineering the functional epithelium in vitro has remained chal-
lenging due to the distinct architecture, the heterotypic nature of some
epithelial tissues, and most importantly, difficulty in attaining the apico-
basal and planar polarity of epithelial cells. Recapitulating the barrier
integrity and polarization of the epithelium is crucial for the success of
restoring function of many engineered organs, such as trachea, esoph-
agus, skin and bladder. In this section, we highlight the recent ad-
vancements in bioprinting of a wide range of epithelia present in various
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human body systems and organs, such as respiratory system, cornea,
skin, digestive, urinary and female reproductive system (Table 3).

3.1. Respiratory epithelium

The development of 3D bioprinting techniques for the respiratory
epithelium holds promise for advancing our understanding of respira-
tory diseases for drug discovery. Primary airway epithelial cells can be
listed as nasal epithelial cells (NECs), bronchial epithelial cells (BECs),
tracheal epithelial cells (TECs), and small airway epithelial cells
(SAECs). Particularly, NECs obtained non-invasively from the middle
turbinate of nostrils, serve as vital tools for studying molecular and
functional aspects of virus infection [108]. These cells are integral to the
construction of well-differentiated cell cultures, a significant advance-
ment in modeling the upper respiratory tract. Epithelial cells, including
ciliated, club, and goblet cells, are the predominant cell types in lungs,
with distinct roles in maintaining respiratory function. The thickness of
a healthy epithelium ranges from 25 to 40 pm in the upper respiratory
tract, decreasing along airways [155].

Basal cells in the respiratory epithelium form a single layer along the
basement membrane, contributing to its pseudostratified appearance.
They have large nuclei and ribosome-rich cytoplasm and are anchored
by hemidesmosomes [156]. They can repopulate major epithelial cell
types, acting as stem cells in upper airways [157]. Basal and parabasal
cells make up 51 % and 33 % of the proliferating cell population,
respectively, indicating their role as progenitor cells [158]. Ciliated cells
are columnar, attaching to the basal lamina via desmosomes and
reaching the luminal surface, connected by tight junctions. They have
numerous mitochondria, and 200-300 cilia interspersed with microvilli
[159]. Ciliated cells are crucial for airway repair and exhibit significant
plasticity [160]. Goblet cells in the respiratory epithelium have dense
cytoplasm with numerous mucous granules and a basal nucleus [161].
They secrete mucous glycoproteins, aiding in particle removal and
epithelial protection [162]. Clara cells are primarily found in the distal
conducting airways and bronchioles of large animals, while in smaller
animals, they are distributed throughout airways, sharing similar fea-
tures [163]. Biofabrication of such cellular complexities through

Table 3
Summary of 3D bioprinting approaches for epithelial tissue fabrication.
Epithelial Tissue Key Cell Types 3D Most Common Bioink Notable Outcomes Applications References
Type Bioprinting Compositions
Techniques
Respiratory Nasal epithelial cells EBB, DBB Alginate, Successful regeneration of Airway disease modeling; [17,88,
Epithelium (NECs), tracheal atelocollagen, PCL respiratory epithelium; improved tracheal replacements; 129-131,
epithelial cells (TECs), differentiation, and structural high throughput 132]
bronchial epithelial cells integrity; enhanced cilia and mucus  bioprinting of the nasal
(BECs) production. epithelium
Cornea Limbal stem cells, corneal LaBB, DBB, Human recombinant High cell viability; transparency; Corneal tissue [133-135]
stromal keratocytes LiBB laminin, collagen, successful replication of corneal engineering;
methacrylated gelatin, layers. transplantation
hyaluronic acid
Integumentary Keratinocytes, fibroblasts, EBB, DBB GelMA, collagen, >90 % cell viability; precise cell Skin replacement [136-138]
Epithelium melanocytes fibrin, alginate organization; successful dermo- therapies: hair follicle and
epidermal junction formation; HF sweat gland integration
and SG regeneration
Digestive Intestinal epithelial cells, EBB, DBB, Collagen, Improved barrier function; Intestinal disease [139-141,
Epithelium goblet cells, paneth cells, LiBB decellularized small enhanced cell viability; successful modeling; drug absorption 142,143,
enterocytes intestine submucosa, crypt-villus architecture studies 144,145]
GelMA
Urothelium Umbrella cells, basal cells, EBB, DBB, PCL, PLCL, GelMA, High cell viability; smooth muscle Bladder tissue [146,
intermediate cells LiBB alginate differentiation; multilayered engineering; urethral 147-149]
urethral constructs reconstruction
Female Endometrial epithelial EBB, DBB, Alginate, collagen, Restoration of endometrial Uterine and vaginal [150,151,
Reproductive cells, endometrial stromal =~ Magnetic hyaluronic acid, morphology; improved reconstruction; fertility 152-154]
Epithelium cells, mammary epithelial ~ Bioprinting gelatin reproductive outcomes; functional restoration; breast cancer

cells. Myoepithelial cells

uterine models; control over
mammary epithelial structure;
resistance to paclitaxel

research
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conventional cell culture practices is tedious in contrast with the help of
3D bioprinting, coupled with the robustness of the ALI culture system,
offers valuable tools for studying airway disease mechanisms owing to
their physiological relevance and structural fidelity.

3.1.1. Upper respiratory system

Ciliated, goblet, club, and basal cells constitute the upper respiratory
epithelium, which serves a crucial protective role by acting as a physical
barrier against pathogens and foreign particles while humidifying the
inhaled air. Moreover, its innate immune functions enable the detection
of pathogens through pattern recognition receptors, contributing to
overall respiratory health [164,165]. Through innovative 3D bio-
printing techniques, researchers aim to recreate this complex epithelial
architecture, offering new avenues for disease modeling, drug testing,
and personalized medicine in respiratory research. Park et al. (2019)
utilized EBB to create tracheal replacements. They demonstrated the
feasibility of using a bioink composed of alginate loaded with autolo-
gous NECs and chondrocytes [88]. The artificial trachea, transplanted
into rabbits (in a ventral tracheal defect — semi-cylindrical 1.5 cm x 1.5
cm), showed successful regeneration of respiratory epithelium but
limited cartilage regeneration. The study highlights the potential of
NEGCs in tissue engineering for tracheal defects. This study paved the way
for follow-up studies, where Park et al. (2021) developed a two-step 3D
bioprinting method (on a rotating mandrel) for trachea-mimetic con-
structs, reducing bioprinting time significantly compared to traditional
methods [129]. Utilizing an atelo-collagen-based bioink, chondrocytes
and human nasal turbinate stem cells were bioprinted on the rotating
mandrel technique comprising design features for separate cartilage
rings and epithelial lining. In vitro analysis confirmed successful carti-
laginous ECM formation complete with tracheal mucosal epithelial
markers (mucin, keratin 14, and p-tubulin) on the luminal side of the
bioprinted construct’s bellows framework, which dictated the matura-
tion of mucosal epithelial rings due to topographical cues. Constructs
were bioprinted and then implanted into mice to assess biocompatibility
and functionality. Meanwhile, Torsello et al. (2022) investigated bio-
printing’s potential for creating laryngotracheal scaffolds using poly-
caprolactone (PCL) in ovine models [130]. While some animals showed
successful scaffold integration with respiratory epithelium growth,
challenges like respiratory distress and poor integration were observed
in others. Histological analysis revealed a cylindrical pseudostratified
ciliated epithelium covering integrated scaffolds. Despite PCL’s
biocompatibility, its stiffness did not align with the ovine costal carti-
lage. Future research aims to develop more flexible scaffolds, possibly
using collagen with crosslinking agents. More recently, Derman et al.
(2023) developed a method for high-throughput bioprinting of nasal
epithelium via DBB using patient-derived nasal cells using (bio-
material-free) cell medium as the bioink solution (Fig. 4A) [17]. His-
tology images revealed that bioprinted hNECs achieved a higher degree
of differentiation, forming pseudostratified columnar epithelial archi-
tecture with cilia and tight junctions more effectively than manually
seeded cells. Single-cell RNA sequencing identified five major epithelial
cell populations, showing a more uniform distribution in bioprinted
tissues. Compared to manual seeding, DBB allowed for lower initial cell
densities while maintaining high differentiation efficiency. Tight junc-
tion formation, indicated by ZO-1 staining, was more consistent in
bioprinted samples. Cilia and mucus production was also enhanced,
with bioprinted tissues showing higher densities of ciliated cells and
more mucus production. Functional assays demonstrated that bio-
printed tissues had slightly higher transepithelial electrical resistance
(TEER) values and lower permeability, indicating a tighter barrier. Both
methods produced tissues permissive to respiratory virus infection, but
bioprinted tissues exhibited a higher percentage of infected cells due to
their more uniform and differentiated structure. Overall, DBB offers
advantages over manual seeding, including lower cell density re-
quirements, higher differentiation efficiency, more uniform cell distri-
bution, and better functional properties, making it a promising approach
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for high-throughput and high-precision tissue engineering applications.
Despite the differences in their specific focuses, these studies
collectively highlight the collaborative nature of 3D bioprinting (using
different modalities) alongside bioengineering principles to cultivate the
biofabricated upper airway epithelium in a more robust manner.

3.1.2. Lower respiratory system

The lower respiratory system is a vital part of the human body, as it
provides the blood-air interface that allows the exchange of O3 and CO,
in and out of the bloodstream, respectively [166]. Comprising structures
such as the bronchi, bronchioles, and alveoli, it plays a vital role in
respiratory function [167]. The epithelial structure of the lower respi-
ratory tract is essential for its function and susceptibility to diseases.
Airway epithelial cells in the lower respiratory tract act as a barrier
against pathogens and environmental insults [167]. Disruption of this
barrier function can contribute to the pathogenesis and prognosis of
respiratory diseases from infancy to adulthood [167]. Lymphatic tissue
within this system assists in combating pathogens and foreign debris,
underscoring its significance in maintaining overall health [168]. Given
its importance, there is a growing need to develop accessible, reliable,
and replicable models of lower respiratory systems. Such models offer
numerous benefits, including the reduction of reliance on animal testing,
enhanced understanding of drug responses, and the ability to study the
impact of pathogens on cellular systems. The lower airway (2° to 2°%)
branching epithelium is lined up with ciliated, secretory, undifferenti-
ated columnar, and basal cells, while further branching down (in small
airways, 2° to 222 order of branching) epithelium is lined up with un-
differentiated columnar, relatively more ciliated cells and secretory cells
shift to club cell type. Beyond the 223 branching, the lower airway
epithelium merges with the alveolar epithelium, which is composed of
alveolar type I (ATI) and type II (ATII) epithelial cells [169].

3.1.2.1. Lower airway epithelium. The lower airway epithelium com-
prises diverse cell types, such as ciliated and secretory cells, and is
intricately structured to efficiently perform its functions [170,171].
Among the secretory cells, ATI and ATII cells are the major cells, which
constitute alveolar sacs. ATI cells in the respiratory epithelium are large
and flat and serve as thin, gas-permeable membranes. They are sensitive
to injury from agents such as ozone and bleomycin and rely on ATII cells
for repopulation [172,173]. ATI cells cannot divide and rely on the
mitosis and differentiation of ATII cells for repopulation. ATII cells are
small, cuboidal, and makeup about 15 % of the alveolar epithelium
[174,175]. These cells are polarized with tight junctions dividing them
into apical and basolateral domains [176]. They synthesize and secrete
surfactants, reducing surface tension and preventing alveolar collapse.
These surfactants are rich in dipalmitoylphosphatidylcholine and
phosphatidylglycerol and include surfactant proteins (SP), such as SP-A,
SP-B, SP-C, and SP-D. They can proliferate and differentiate into ATI
cells, repopulating the epithelium after injury or infection [177].

To achieve successful bioprinting of the lower airway epithelium, it
is crucial to consider the design and bioprinting strategies to ensure
successful bioprinting of cells [178]. In addition, stem cell differentia-
tion through bioprinting can be tailored to be neutral or stimulatory,
offering flexibility in tissue engineering applications [179]. De Santis
et al. (2021) showed a promising proof-of-concept for bioprinting
human airways using a hybrid bioink composed of alginate reinforced
with decellularized ECM (dECM) [180]. The inclusion of dECM in the
bioink favored the maturation of murine and lung epithelial cells
(MLE12 and A549, respectively), which was confirmed by phenotypic
markers such as for ciliated cells (FOXJ1), club cells (CC10), and goblet
cells (MUC5AC and MUC5B) that were absent in the alginate-alone
groups. This emphasizes the need for the selection of a suitable bioink,
which is akin to the native tissue to help regulate the differentiation and
maintenance of progenitor cells towards different epithelial cell
lineages.
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Creating a functional lung tissue model via bioprinting poses chal-
lenges, particularly in terms of vascularization to support gas exchange
within biomimetic structures [181]. In this regard, researchers have
successfully replicated the lower airway epithelium using bioprinting,
providing a platform to investigate infections, such as SARS-CoV-2, and
potential antiviral treatments [182]. Berg et al. (2021) developed a
multi-layered distal lung model consisting of a base layer containing
lung fibroblasts and macrophage-like THP-1 cells, overlaid with a top
layer of alveolar epithelial A549 cells. This stratified arrangement
allowed the model to replicate the physiological interactions between
different cell types, crucial for studying complex tissue responses. The
multi-layered structures provide a supportive environment for the
epithelial cells, enabling them to form organized clusters and maintain
their functional characteristics over an extended culture period. This
biomimetic tissue construct demonstrated the capability of bioprinting
to produce tissues with high structural and functional fidelity, offering a
valuable platform for studying viral infections and testing antiviral
drugs in a setting that closely resembles human lung tissue (Fig. 4B)
[131]. Park et al. (2019) utilized EBB to create an airway-on-a-chip
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model that mimicked lung epithelial-blood vessel interactions [183].
Porcine tracheal-mucosa derived dECM based bioink was used to
encapsulate endothelial cells within a PCL frame. Primary human
tracheal epithelial cells (hTEpCs) were seeded on Transwell inserts and
matured using ALI culture and then assembled on top of the vascular
platform to obtain an airway-on-chip model. By treating the
airway-on-chip model with interleukin 13 (IL-13), hTEpCs replicated
asthmatic conditions and exhibited features, such as goblet cell hyper-
plasia and inflammation. Nevertheless, due to limitations in the spatial
resolution of current bioprinters, challenges remain in accurately
reproducing the lower airway epithelium and vascularization [184].
The bronchi are an important structure of lungs as they are the main
pathway that begins the distribution of ambient air toward the alveoli
[34]. The bronchi are vital to disease research and physiological
response since they are lined with cilia, which produce mucus and trap
pathogens. The benefits of being able to produce and utilize a bronchial
epithelial model would allow researchers to investigate the cellular
response to common respiratory illnesses, such as influenza and bron-
chitis. A study done by Estermann et al. (2020) had the main goal of
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Fig. 4. (A) i) A schematic illustration of DBB for the nasal tissue model, ii) cellular comparison between manually seeded and bioprinted nasal epithelium.
Figures illustrate representative immunofluorescent (IF) images of differentiated hNECs distinguished by major epithelial cell markers: basal (CK5, red), goblet
(MUCS5AC, cyan), club (SCGB1A1, green), and ciliated cells (acetylated o-tubulin, magenta), alongside nuclei (DAPI, blue), iii) primary hNECs ALI cultures sus-
ceptible to Puerto Rico 8 (PR8)- green fluorescent protein (GFP) influenza infection. Representative IF images of nasal ALI from manual seeding and bioprinting (30-
pass (where a bioprinted single layer was referred to as a ‘pass’)) after 24 h of exposure to uninfected control (Mock) or influenza virus (2.5 x 10° pfu PR8-GFP).
Nuclei are shown with DAPI (blue), actin filaments with phalloidin (red), and GFP-expressing influenza virus indicating effective viral replication (GFP, green), iv)
quantitative analysis of epithelial cell types in nasal ALI cultures using histocytometry (reproduced with permission from Ref. [17], 2024 IOP Publishing). (B) i)
Ilustration of the multi-layer structure of the bioprinted model, ii) comparison of protein expression and morphology in different bioprinted cells. Bioprinted models
with either A549 cells, THP-1 cells, and human lung fibroblasts or models with only A549 cells were cultured for specified time periods, then fixed, immunohis-
tochemically labeled, cleared, and examined using fluorescence microscopy (reproduced with permission from Ref. [131], 1996-2024 MDPI (Basel, Switzerland)).
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improving testing methods used to test respiratory medications and
chemical interactions with lungs. Most current testing methods rely on
animal testing to assess adverse and/or beneficial effects of medications,
which poses ethical and physiological issues, as humans and animals
differ in metabolic processes and disease progression [132]. The model
relating to epithelial bronchial cells was made with the 16HBE14o0-cell
line and is suitable for recapitulating properties of the human bron-
chial epithelium. The model was bioprinted into Transwell inserts
coated with collagen type I as a substrate [132]. The viability of the
model as assessed by lactate dehydrogenase (LDH) assay revealed that
cells were viable for one week and the integrity of the barrier function
was also affirmed by TEER measurements. Although the initial results of
the model were promising, its standardization and reproducibility
should be improved. Overall, lower airway epithelial models hold
promise for screening of drugs and airway toxins and testing their
dosage response evaluation.

3.1.2.2. Alveolar epithelium. Alveoli are small air sacs located at the end
of bronchioles and are the location of gas exchange between the
bloodstream and lungs [185]. They are the smallest structure of lung
tissue, which interacts with other systems in the body, such as the cir-
culatory and lymphatic systems. Since alveoli is a vital part of lungs, it is
extremely important to have a reproducible model to be able to study
the effects of medications and diseases on alveoli.

In a model of alveolus, it is pertinent to have some form of an air-
blood barrier to better replicate the interaction and metabolization of
medications between alveolar cells and the bloodstream. Although there
were many models of the alveolar air-blood barrier developed, most of
them could not effectively replicate the minimal distance of the barrier
(around 1.6 pm). Horvath et al. (2015) aimed to combat this issue with
the utilization of DBB and then compared the results of the bioprinted
model with a manually seeded model. The bioprinted model was
composed of a layer of Matrigel™ followed by a layer of EA.hy926
endothelial cells suspended in a culture medium and then left to incu-
bate for 2 days [89]. Then another layer of Matrigel™ was added, fol-
lowed by a layer of A549 human epithelial cells suspended in the
medium. The results of the bioprinted model displayed uniform mono-
layers of each cell type, while the manually seeded model had cells that
tend to grow in uneven multilayered clusters. The even layers of the
bioprinted model allowed more intracellular and intercellular in-
teractions, which better represent the native air-blood barrier. Both
models showed a viability of over 95 %, which proves that bioprinting
had no adverse effect on the survival of cells. Moreover, the barrier
integrity was assessed by the diffusion of Dextran from the apical to the
basolateral side, where the bioprinted model exhibited lesser leakage of
the dye. This model pioneered the first steps towards the bioprinted
functional lung tissue by improving upon existing models, using bio-
printing for increased precision in layering cells.

Alveolar models frequently struggle to survive longer than 3 days
post-fabrication due to several critical factors [186-188]. One major
issue is the limited diffusion of nutrients and O, within the dense or thick
constructs, leading to nutrient deprivation and hypoxia, which ulti-
mately causes cell death. Additionally, maintaining the structural
integrity of the fabricated construct is challenging as the mechanical
properties of the scaffold material and its ability to support cell
attachment and growth can degrade over time, resulting in collapse or
deformation. It is crucial for them to last longer as it makes it easier to
study the long-term effects of pathogens on them. In this regard, Ng et al.
(2021) created a model, which utilized MRC-5 lung fibroblasts in tan-
dem with A549 epithelial and EA.hy926 endothelial cells using DBB
[189]. The addition of fibroblasts allows for increased longevity of the
model and a more accurate representation of the environment within the
human body. Cells were bioprinted in droplets in several layers with
polyvinylpyrrolidone (PVP)-based formulations as suspensions, with
collagen type I separating each layer. The initial viability test with
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bioprinted versus non-bioprinted cells showed that the bioprinting
process did not impair cell viability. The bioprinted model lasted at least
14 days, allowing ample time for pathogenic tests to be conducted. The
model was reproducible, scalable, and could be extended to incorporate
primary human alveolar cells for respiratory-related toxicological
studies.

3.2. Cornea

The cornea plays a vital role in regulating light entering the eye and
consists of three main layers: epithelium, stroma, and endothelium
[190]. The epithelium is majorly made up of stratified squamous
epithelium, which is bound anteriorly to the stroma that makes up 90 %
of the corneal thickness. The alignment of collagen in the stroma, along
with the extracellular organization on both long and short scales, plays a
crucial role in providing the protection, light transmission, and refrac-
tion necessary for vision. Beneath the stroma is the non-proliferative
endothelium, which is responsible to maintain the corneal trans-
parency through a dehydrating mechanism that dehydrates the stroma.
Comprising nonkeratinized, stratified squamous epithelium with
approximately 50 pm thickness, it features several cell layers: flat
polygonal cells, wing cells, and basal cells adhering to the basement
membrane [191]. Originating from the ectoderm’s superficial layer of
the optical cup, this epithelium serves as a protective barrier against
mechanical damage and infection, aided by a tear film that prevents
dehydration, supplies nutrients, and acts as a biodefense system [192].
Proliferative basal cells differentiate into wing cells, which migrate to
the surface, forming flat cells. Regeneration of the corneal epithelium
relies on limbal epithelial stem cells (LSCs) located in the limbus’s basal
region. These slow-cycling stem cells, do not express differentiation
markers (such as cytokeratin 3 (CK3) and 12 (CK12), become highly
proliferative during injury, facilitating epithelial repair [193,194].
Corneal epithelial cells have a unique property of continuous prolifer-
ation from the limbus onto the cornea and onto implanted
tissue-engineered corneal substitutes [195]. To enhance the surface of
constructs and promote cell adherence and migration, coatings with
substances like collagen, laminin, fibronectin, or fibrin have been
explored [196].

Current clinical approaches for treating epithelial corneal disorders
often involve therapies aimed at promoting epithelial healing and
regeneration [197]. However, these methods may have limitations,
including the risk of scarring and recurrence. Despite progress in
research, significant challenges remain, including the need for further
optimization of biomaterials to ensure compatibility and functionality
with the native corneal epithelium. The corneal stroma, which serves as
the basement membrane for the corneal epithelium helps in their po-
larization. The stroma is made up of aligned arrays of collagen type I/IV
(heterotypic and hydrated). These collagen arrays, usually 500-600
units in number, constitute the lamellae, which are parallel to the
corneal surface. This stromal arrangement of collagen fibrils and the
inability to recapitulate is the major reason for the unsuccessful attempts
in engineering corneal equivalents for transplantation. Additionally, the
long-term safety and efficacy of bioprinted epithelial corneal constructs
require comprehensive evaluation through preclinical studies and clin-
ical trials. Sorkio et al. (2018) demonstrated the feasibility of using LaBB
to create cornea-mimicking structures with human stem cells [90]. The
study utilized human embryonic stem cell-derived limbal epithelial stem
cells (hESC-LESCs) and human adipose tissue-derived stem cells (hASCs)
to construct epithelial and stromal layers of the cornea, respectively. By
incorporating these cells into bioinks based on human recombinant
laminin and collagen type I, they produced constructs with high cell
viability and proliferation. Bioprinted structures successfully mimicked
the native corneal layers and integrated well with the porcine cornea in
culture. Following this study, Campos et al. (2019) demonstrated the
feasibility of bioprinting corneal models using DBB, offering promising
implications for corneal tissue engineering (Fig. 5A) [133]. Their
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Fig. 5. (A) i) Bioprinting a functional and biomimetic 3D corneal model using hydrogels and cultured human corneal stromal keratocytes (CSKs), ii) computer-aided
design and slicing of 3D models for corneal bioprinting, using customized slicing software compatible with DBB. In the DBB process, drops a and b (blue and red)
were bioprinted in an evenly spaced manner in one layer, and the gaps between drops a and b were calculated and filled with additional drops (green and beige), iii)
Immunohistochemical and immunocytochemical staining of human corneal tissue and CSK-loaded bioprinted samples. Keratocan (Kera) and Lumican (Lum) staining
of human corneal tissue slides (5 pm). Kera and Lum staining of CSK-loaded agarose-collagen blends 7 days after bioprinting. Smooth muscle actin (SMA) immu-
nocytochemical stainings of CSK-loaded agarose-collagen blends 7 days after bioprinting and SMA immunohistological stainings of human corneal tissue slides
(reproduced with permission from Ref. [133], 1999-2024 John Wiley & Sons). (B) i) Diagram illustrating the procedure for creating 3D skin constructs in vitro, ii)
merged brightfield and green fluorescence images of HF spheroids on SG scaffolds after 14 days of culture. Green fluorescence is expressed by GFP-mesenchymal stem
cells (MSCs) within the SG scaffolds, iii) brightfield images of HF spheroids and the surrounding SG cell mass within SG scaffolds after 14 days of culture (the Nu
group refers to SG scaffolds without Plantar dermis homogenate (PD), while the PD group refers to SG scaffolds with PD), iv) detection of HF-specific markers in HF
spheroids after a 7-day culture period (the HF + SG group refers to HF spheroids seeded on SG scaffolds, while the HF group denotes HF spheroids placed solely in AG
scaffolds) (reproduced with permission from Ref. [198], Oxford University Press).

approach yielded translucent corneal stromal equivalents with optical innervation. The study highlights the potential of the developed bioink
properties comparable to the native tissue, addressing a critical need in for corneal tissue engineering, offering a promising solution to the
corneal transplantation. Additionally, bioprinted corneal stromal kera- scarcity of donor corneas. To address the challenges of obtaining aligned
tocytes (CSKs) remained viable and maintained their characteristic collagen fibrils of the stroma, EBB offers the control of collagen orga-
phenotypes post-bioprinting, suggesting potential clinical applications nization by shear flow. Kim et al. (2019) utilized a corneal
for patients with corneal stromal diseases. In a subsequent study, Mah- stroma-derived decellularized atelocollagen based-bioink (encapsu-
davi et al. (2020) investigated the use of LiBB (e.g, SLA) with a meth- lating human keratocytes) to orient collagen fibrils in the direction of
acrylated gelatin (GelMA) bioink for creating human corneal stroma applied shear stress using a 25-G nozzle. The printed cornea had trans-
equivalents [134]. Their study demonstrated anatomical similarity to parency comparable to the normal human cornea and helped in the
the native cornea, with high transparency and water content. Encapsu- maintenance of keratocyte-specific markers, such as keratocan and
lated corneal stromal cells showed excellent viability, proliferation, and aldehyde dehydrogenase [135]. More such smart nozzle designs, which
expression of key corneal stroma genes. This approach holds promise for can control the alignment of extruded collagen or other biopolymers can
corneal tissue regeneration and transplantation. Most recently, Moro help in overcoming the challenges in bioprinting aligned and trans-
et al. (2023) developed a hyaluronic acid-based dopamine-containing parent cornea conducive for transplantation.

bioink for bioprinting of corneal equivalents [5]. The bioink exhibited
high printability and shape fidelity, and self-healing properties after

optimization of the bioink’s shear thinning behavior and viscosity for 3.3. Integumentary epithelium

EBB. Human stem cells were bioprinted to create stromal structures,

showing tissue formation and integration into ex vivo porcine corneas. The integumentary epithelium, made up of stratified squamous
Moreover, human pluripotent stem cell-derived neurons were bio- epithelial cells, is typically composed of multiple layers ranging from
printed to the periphery of the corneal structures, demonstrating superficial to deep regions consisting of the primary layers: stratum

corneum, stratum granulosum, stratum spinosum, and stratum basale
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[199]. The integumentary epithelium forms the crucial barrier between
the external environment and the body, and it is majorly constituted by
the skin and its associated glands. Skin injuries pose significant chal-
lenges in clinical practice, with current treatment methods often facing
limitations, such as high costs and lengthy production times. Bioprinting
offers a promising solution for skin replacement therapy by precisely
depositing cells and biomaterials to recapitulate the stratified hierar-
chical structure. This technology has the potential to automate and
standardize the production of integumentary epithelium, addressing the
need for effective wound treatment.

3.3.1. Skin

The skin, the largest organ of the human body, plays a crucial role in
protecting the body from external factors and maintaining homeostasis.
It comprises multiple layers, each with distinct functions. The outermost
layer, the epidermis, provides a protective barrier against pathogens and
regulates water loss. The dermis, which contains blood vessels, nerves,
hair follicles, and sweat glands, lies beneath the epidermis. The subcu-
taneous tissue, or hypodermis, is the deepest layer and serves as an
insulator [200]. Various bioprinting techniques have been explored to
create skin constructs that closely resemble the native skin tissue
morphology and function by addressing the challenges, such as the need
for suitable skin tissues incorporating essential components like hair
follicles (HFs), sweat glands (SGs), and sebaceous glands into bioprinted
skin constructs [201]. In addition, in situ and in vitro bioprinting ap-
proaches have been explored in skin bioprinting, each offering unique
advantages.

Shi et al. (2018) explored the use of a tyrosinase-doped bioink con-
sisting of GelMA and collagen for EBB of skin [202]. Bioprinted human
melanocytes, keratinocytes, and fibroblasts exhibited >90 % cell
viability over 2 weeks. Cubo et al. (2017) focused on meticulously
depositing bioinks containing human skin fibroblasts and keratinocytes
in a fibrin-based bioink layer by layer onto Transwell inserts. Post bio-
printing, constructs were matured for 17 days in ALI culture and then
transplanted into immunodeficient mice [203]. The bioprinted human
skin survived and maintained its native structure as opposed to thin and
pinkish mouse skin, while the bioprinted skin also exhibited the right
dermo-epidermal junction (confirmed by the presence of human
collagen type VII) and protein anchoring fibrils. Additionally, the bio-
printed constructs demonstrated precise cell organization, structural
integrity resembling intact skin tissue, and the presence of vital
skin-specific markers (keratin 10 and filaggrin). Similarly, Pourchet
et al. (2017) introduced a scaffold-free technique, utilizing a specialized
bioink (gelatin, alginate, and fibrinogen) containing human epidermal
keratinocytes onto a biopsied human skin to reconstitute the epidermal
layer in vitro [136]. The bioprinted skin constructs exhibited attributes
resembling natural skin, including precise cell arrangement, structural
integrity, and expression of skin-specific markers (collagen type I and V;
vimentin, fibrillin, and elastin), showcasing functional proliferation,
differentiation, and synthesis of essential ECM components. Lee et al.
(2014) investigated the use of DBB in creating human skin equivalents
(hSKE), highlighting its superiority compared to EBB in terms of control
of cell densities between bioprinted layers [137]. Their research effec-
tively replicated the morphology of native human and mouse skin,
demonstrating precise emulation of the keratinization process within
the epidermis. Building on these advancements, Jin et al. (2021) suc-
cessfully developed a full-thickness functional skin model using bio-
printing [138]. This model incorporated an acellular dermal matrix
(ADM) and GelMA bioinks to create a skin construct that included an
epidermal layer, a dermal layer with fibroblasts, and a vascular network
with endothelial cells. The bioprinted full-thickness skin not only
maintained high cell viability and supported cell proliferation but also
facilitated epidermal reconstruction and repair of full thickness wound
in Balb/c nude mice model. This highlights the potential of bioprinting
in creating full-layer skin substitutes that closely mimic the native skin
architecture.
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3.3.2. HFs and SGs

The HF epithelium structure is composed of two parts: the epidermal
compartment and the dermal compartments. The interaction between
these compartments is essential for the development and growth of HFs
[204,205]. Effective communication between dermal and epidermal
cells is vital for successfully reconstructing HFs for research or thera-
peutic purposes. The dermal portion of HFs can be further categorized
into two compartments: the dermal papilla (DP) and dermal sheath. DP
is situated at the base of HFs, while the dermal sheath, also known as the
connective tissue sheath, lines the epithelium of HF from the bulge level
downwards. The dermal sheath is directly connected to the base of DP
through a stalk, with a basement membrane acting as a separator be-
tween DP and the dermal sheath in the epithelial segment of HF [206].
In the literature, various models have been established to investigate the
interactions between the dermal and epidermal compartments and to
reconstitute HFs [207,208]. Most hair reconstitution experiments have
been carried out on immunodeficient mice [209,210] or have utilized
mouse cells to achieve HF formation. The use of 3D-printed molds has
played a significant role in creating a controlled organization and
microenvironment conducive to skin recapitulation. For example, Abaci
et al. (2018) utilized 3D printed molds to generate microwells to mimic
the HF patterns in the collagen-based human skin equivalents, which
were also vascularized. Human skin constructs, incorporating fibro-
blasts, keratinocytes, and DP cells were cultured in collagen type I to
promote HF differentiation [211]. The spatial arrangement, mimicking
native HF organization, enables the generation of HFs within these skin
constructs and successful induction when grafted onto immunodeficient
mice. The capability to generate HFs from human cells in vitro holds
promise for the development of more physiologically relevant skin
models and shows potential for applications in regenerative medicine.
While these assays have shown success with mouse cells, regenerating
human HFs remains a challenging task that requires significant ad-
vancements in various areas. Kang et al. (2022) employed EBB to
regenerate HFs using a gelatin/alginate scaffold [87]. The bioprinted
scaffold, incorporating key cell types, demonstrated cytocompatibility
and enhanced dermal papilla cell (DPC) proliferation. Transplantation
into mice successfully induced HF-like structures, showing promise for
hair loss treatment as it offers precise cell distribution while promoting
essential epithelial-mesenchymal interactions for HF formation, making
it a promising method for skin tissue engineering. Zhang et al. (2020)
developed a bioprinted skin model integrating SGs and HFs, overcoming
the challenge of co-regeneration (Fig. 5B) [198]. Their approach com-
bined SG regeneration using 3D bioprinted scaffolds and HF induction
through spheroid culture. The study unveiled the interaction between
SGs and HFs, showing HF spheroids promoted differentiation of both
appendages within SG scaffolds. Additionally, plantar dermis homoge-
nate in SG scaffolds enhanced SG and HF formation in HF spheroids.
Wang et al. (2017) explored the influence of a 3D bioprinted SG
microenvironment on redirecting mammary progenitor cells (MPCs)
towards the SG cell fate [212]. They used gelatin/alginate and mouse SG
ECM proteins to create this microenvironment via EBB. Their study
demonstrated significant morphological and functional changes in MPCs
within the 3D bioprinted SG microenvironment. MPCs predominantly
differentiated into luminal epithelial cells of SG, expressing markers like
sodium/potassium channel protein ATPlal and keratin 8. The study
also revealed the involvement of the Shh signaling pathway in guiding
MPC differentiation, with its inhibition leading to reduced expression of
SG-associated proteins.

3.4. Digestive epithelium

The GI mucosal surface is lined with specialized epithelial cells that
form a crucial barrier characterized by intercellular junctions, effec-
tively separating the inner and outer environments to prevent the pas-
sage of harmful substances [213]. Despite this barrier function,
epithelial cells also facilitate the absorption of essential nutrients and
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electrolytes, necessitating a semipermeable structure that selectively
permits certain substances while blocking others. This requirement led
to the evolution of the intestinal barrier function, a defensive system
comprising intra- and extracellular elements that collaboratively hinder
the passage of antigens, toxins, and microbial byproducts. Simulta-
neously, it supports the development of the epithelial barrier, immune
system functionality, and tolerance acquisition towards dietary antigens
and intestinal microbiota [214].

The esophagus, a muscular tube linking the oral cavity to the stom-
ach, traverses through the neck and thorax, facilitating the transport of
ingested materials. It secretes mucus, essential for lubrication and
smooth passage of food [215]. The lining epithelium varies across spe-
cies: it is keratinized in swine, equids, ruminants, rats, and mice,
whereas it is nonkeratinized in carnivores and humans. Epithelial cells
in the esophagus have a turnover rate of 5-8 days, ensuring continuous
renewal and maintenance of the epithelial barrier [216,217].

The intestinal epithelium consists of a single layer of specialized,
polarized epithelial cells that undergo continuous renewal every 3-5
days [218,219]. Pluripotent stem cells located deep within the Lie-
berkiihn crypts of the intestine generate progenitor cells that migrate
toward the upper villi for final differentiation [220]. Although pre-
dominantly composed of enterocytes (approximately 80 %), the diverse
functions of the intestinal epithelium are facilitated by specialized cells,
such as mucus-secreting Goblet cells, defensin-secreting Paneth cells,
hormone and neuropeptide-secreting enterochromaffin cells, and
antigen-absorbing M-cells located on lymphoid aggregates at the
luminal surface [220-222].

3D Bioprinting offers alternatives to traditional methods for inves-
tigating intestinal physiology, diseases, and drug screening. The intes-
tinal epithelium, essential for digestion and immune defense, presents
challenges due to its complex microenvironment. However, 3D bio-
printing stands out for its ability to recreate key features of the intestinal
environment, such as 3D architecture and mechanical stimulation. By
precisely depositing bioinks containing intestinal cells and cell-
instructive biomaterials, bioprinting enables the fabrication of tissue
constructs that mimic the native digestive epithelium [10,223]. These
bioengineered models hold promise for advancing our understanding of
intestinal or gut function and pathology, providing standardized plat-
forms for drug screening.

3.4.1. Esophagus, stomach, intestine and bile ducts

The human esophagus, a slender hollow tube measuring 18-25 cm in
length and spanning three anatomical segments (cervical, thoracic, and
abdominal), has gotten attention in the realm of 3D bioprinting [224].
By mimicking the native muscular tube’s peristaltic movement, bio-
printed esophageal tissues hold promise for efficiently propelling food
bolus and liquids toward the stomach. Despite facing challenges, such as
achieving the complexity and functionality of native tissue, advance-
ments in bioengineering techniques and regulatory frameworks are
driving progress in this field. The integration of 3D bioprinted esopha-
geal tissues into regenerative medicine holds the potential to revolu-
tionize treatment approaches for various medical conditions [225].

Takeoka et al. (2019) utilized a Kenzan-method-based bioprinting
strategy to create scaffold-free esophageal structures, wherein multi-
cellular spheroids were spatially organized on microneedles [226]. The
multicellular spheroids were composed of human dermal fibroblasts,
human esophagus smooth muscle cells, and human endothelial cells,
and structures with higher proportions of mesenchymal stem cells
exhibited greater strength expressing pan-cytokeratin in the lumen
recapitulating the esophageal mucosal epithelial polarity.
Post-maturation of these structures in a bioreactor, the esophageal
structure was studied in a shunt model (between the esophagus and the
stomach) in rats for 30 days. The implanted constructs maintained their
integrity, with residual food particles noted inside the lumen, and pro-
moted epithelialization in vivo. Nam et al. (2020) introduced a dragging
technique in EBB, which takes advantage of the viscoelastic nature of the
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bioink extruded to stretch it, thus obtaining differential filament width
on the fly during bioprinting. This ‘dragging’ technique helped in
making finer pores by altering the filament width, which is difficult to
attain in conventional EBB. Moreover, this ‘dragging’ technique also
helped in recapitulating the wrinkled architecture as noted in the native
structure of the esophagus (Fig. 6A) [139]. This method utilizes the
stretching properties of viscoelastic bioinks when dispensed through a
nozzle, where dECM-based bioinks derived from esophageal tissues
were used to replicate the complex architecture and biochemical cues
essential for regeneration. By controlling parameters like pore size and
morphology (compartmentalized pore architecture — inner layers were
wrinkled while outer layer was bellows shaped), they achieved
improved structural integrity and mechanical flexibility, crucial for
mimicking natural peristalsis. In vitro studies demonstrated enhanced
human esophageal epithelial and human esophageal smooth muscle cell
viability and proliferation within porous constructs, showcasing their
potential for tissue regeneration. These innovative approaches offer new
solutions for reconstructing esophageal defects. In addition to these
studies, Farhat et al. (2022) explored the use of methylcellulose/poly
(caprolactone)-co-glycolide based bioink using an extrusion-based bio-
printer towards a potential esophageal tissue engineering application
[140]. The natural/synthetic polymer-based acellular constructs had
native-like mechanical properties and exhibited biocompatibility as
assessed using fibroblasts. These substitutes foster favorable interactions
with endothelial progenitor cells, crucial for tissue integration and
vascularization. Moreover, their biodegradability ensures seamless tis-
sue replacement, while their suturability and minimal leakage make
them suitable for surgical use.

The stomach and intestines share radial patterns with the esophagus,
distinguished by nerve-covered submucosa and mucosa [227]. The
stomach boasts an extra muscle layer, particularly an inner oblique
layer. Notably, epithelium serves varied functions, with intestinal
epithelium focusing on nutrient absorption and waste, while gastric
epithelium protects against acid damage and secretes acid [228].
Anatomically, the stomach serves as the widest part of the digestive
system, resembling a sac-like structure that connects to the esophagus
and duodenum. Functionally, the stomach acts as a reservoir for food,
secreting acids and enzymes for digestion, and churning food into chyme
[229]. By replicating this complex anatomy and function, 3D bioprinting
offers innovative solutions for the reconstitution of the digestive
epithelial tissues.

In this regard, Zhao et al. (2020) demonstrated an intraoperative
bioprinting concept, specifically targeting gastric wall injuries [230].
Their bioprinting platform, designed for use along with an endoscope,
enables precise bioprinting directly within the stomach. Utilizing a
gelatin-alginate composite bioink, they successfully bioprinted 2 layers
of human gastric epithelial and human gastric smooth muscle cells,
where bioprinted constructs maintained ~90 % viability over 10 days in
vitro. After that, Brassard et al. (2021) introduced ‘bioprinting-assisted
tissue emergence (BATE),” a novel method focusing on stomach and
intestine tissue engineering [231]. BATE enables precise deposition of
organoid-forming stem cells in conducive matrices, wherein the depos-
ited cells/organoids spontaneously reorganize leading to interconnected
and spatially evolved structures resembling native stomach and intestine
tissues. They achieve features like intestinal epithelia with crypts and
villus domains, controlled by geometry and cellular density. BATE holds
promise for modeling stomach and intestine tissues at various scales,
enhancing physiological relevance in drug discovery, diagnostics, and
regenerative medicine.

The human intestine serves as a vital organ for digestion, absorption,
secretion, and motility, creating a protective barrier between the
digestive environment and the body [232]. It plays a key role in systemic
physiology by metabolizing drugs, communicating with organs like the
liver and pancreas, and hosting an enteric nervous system as a part of the
gut-brain axis [233-237]. Additionally, the intestine is a major site for
commensal microbes from the gut microbiome, contributing
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Fig. 6. (A) i) Schematic description of a biomimetic esophagus scaffold. A multilayered, bioprinted tubular construct made using the dragging technique, employing
bioinks derived from decellularized inner and outer esophageal tissues, ii) IF staining of the Multi-layered Free-form porous Tubular (MFT) construct, iii) LIVE/DEAD
assay of the MFT constructs with and without pores at Day 7 (reproduced with permission from Ref. [139], 2024 Springer Nature Limited). (B) i) Diagrams of
cell-laden mesh structure (CLMS) and cell-laden intestinal villi (CLIV), ii) 3D model of the villus region for cell-laden intestinal villi, iii) optical images of bioprinted
structures at different shell region pressures (200 and 250 kPa), iv) IF images showing adherent junctions (E-Cadherin, green) and tight junctions (ZO-1, red) in
models cultured for 21 days, v) diagram of CLMS along with DAPI/phalloidin fluorescent images and IF staining of E-Cadherin and ZO-1 in models after 21 days
(reproduced with permission from Ref. [141], 2024 American Chemical Society).

significantly to intestinal homeostasis [238]. The mucosal lining of the
intestine is crucial for nutrient absorption and produces protective
mucous and cytokines. The small and large intestines exhibit differences
in disease processes, with small intestinal cells showing high resistance
to injury, and undergoing rapid apoptosis when damaged [239,240]. In
contrast, colon cells may develop mutations post-damage, leading to
carcinogenesis [241]. Colon cancer research has led to in vitro models for
epithelial cells, enhancing our understanding of colon cancer mecha-
nisms, colonic growth, and differentiation [242]. Limited research on
the small intestine is attributed to the lack of suitable long-term in vitro
models. Because of this limitation, bioprinting technology provides a
promising approach for fabricating microscale structures that closely
resemble the architecture of the intestinal epithelium. Madden et al.
(2018) developed a 3D model with distinct layers; human intestinal fi-
broblasts overlaid with human epithelial cells and the work emphasized
on obtaining the apical/basolateral polarity [243]. This bioprinted
model mimics human intestine physiology for drug absorption, distri-
bution, metabolism, and excretion (ADME)/Toxicology studies as it
exhibited selective permeability with the presence of transporters and
key cytochrome P450 (CYP450) enzymes. It outperforms traditional
Caco-2 cultures, resembling the native tissue in architecture and func-
tionality. The model assesses metabolic function, barrier integrity, and
transporter activity, offering a more physiologically relevant platform
for drug development studies. To replicate the functions of the small
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intestine, incorporating a capillary system is essential for 3D intestinal
villi models. However, creating 3D intestinal villi models with inte-
grated capillary structures is highly challenging using traditional
methods, like micromolding, photopolymerization, and direct printing.
Kim et al. (2018) addressed this using a core-shell nozzle design to
facilitate an EBB-based dual-cell-printing process (Fig. 6B) [141]. This
approach allowed the simultaneous bioprinting of the epithelium and
vascular network, with Caco-2 cells in the shell region to form the
epithelial layer and human umbilical vein endothelial cells (HUVECs) in
the core to create the capillary structure. The bioinks used were
collagen-based, crosslinked with tannic acid to provide the necessary
mechanical stability for maintaining the vertical villus structure during
and after bioprinting. The process involved careful optimization of
pneumatic pressures (100 kPa for the core and 200 kPa for the shell) to
achieve a stable and thin epithelial layer while preserving high cell
viability (>90 %). The resulting villus structures (height = ~740 pm;
diameter = ~183 pm; aspect ratio = ~4.2) closely mimicked the ge-
ometry of the native intestinal villi (height = ~721 pm; diameter =
~151 pm; aspect ratio ~4.7), with a high aspect ratio and
well-defined separation of the epithelium and capillary network, effec-
tively replicating the complex anatomical features of the human intes-
tine. Following suit to this work, the same research group presented an
innovative method for crafting a human intestinal villi model using a
collagen bioink and decellularized small intestine submucosa replicating
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the microscale villus structure through a three-axis bioprinting system
with a pneumatic pressure dispensing system. The incorporation of
decellularized small intestine submucosa into the bioink improved the
physiological realism, resulting in enhanced cellular activities and
improved barrier integrity [244]. The optimized process, involving the
tuning of parameters, like nozzle diameter and extrusion time along
with tannic acid crosslinking, yielded a villus structure with precise
geometry and high initial cell viability. In vitro experiments showcased
enhanced cellular activities, including proliferation, early differentia-
tion markers, and improved cell-to-cell adhesion compared to control
structures. Like decellularized small intestinal mucosa, the use of
porcine colon-derived decellularized extracellular matrix (colon dECM)
was explored as a viable biomaterial by Han et al. (2022) to guide the
maturation of bioprinted intestinal cells [245]. Tubular intestinal con-
structs were fabricated using a coaxial nozzle with human intestinal
epithelial cell-laden in colon dECM and gelatin serving as the sacrificial
ink in the core. The colon-dECM helped in maturation of cell aggregates
to luminal cysts with enhanced expression of markers, such as LGR5,
chromogranin A, and lysozyme relating to enteroendocrine function.

Torras et al. (2023) utilized LiBB (e.g., DLP) and created a gut model
with crypt-villus structures [10]. The process exhibited high cell
viability (>90 %) and precise spatial resolution, which emphasized the
need for a stromal compartment for triggering the epithelial barrier
function. Combining fibroblast-laden structures with epithelial cells
resulted in a 3D in vitro model of the small intestinal mucosa, showcasing
improved structural integrity compared to controls owing to the bidi-
rectional crosstalk between fibroblasts and epithelial cells, promoting
growth and differentiation. Following suit to this work, the same group
continued focusing on this model of the intestinal mucosa, including
stromal and epithelial compartments but this time incorporating human
intestinal fibroblasts and enterocytes/goblet cells [246]. Using a GelMA-
and polyethyleneglycol-diacrylate-based bioink, they successfully
fabricated a 3D bioprinted intestinal model featuring proliferating fi-
broblasts and a well-polarized epithelial layer, resulting in enhanced
permeability compared to a 2D model. Drug permeability experiments
demonstrated more physiologically relevant results, suggesting the 3D
bioprinted model’s efficacy for drug absorption studies and highlighting
the role of intestinal architecture in transport mechanisms. In another
study, Cheng et al. (2023) developed a 3D bioprinted gut model using
GelMA-embedded microchannels, which were seeded with Caco-2 cells
(intestinal epithelial cells) to study bacteria-host interactions [247]. The
model maintained high cell viability under anaerobic conditions,
allowing direct coculturing of anaerobic bacteria with epithelial cells.
Over 21 days, the model displayed villi-like structures with Caco-2 cells.
A centimeter-scale intestinal tissue model, featuring a hollow tubular
structure, capillaries, and tightly connected epithelium mimicking the
ring-like folds of crypt-villi was developed using embedding bioprinting
by Li et al. (2024) [248]. A photocurable bioink composed of GelMA,
methacrylated sodium alginate, and poly (ethylene glycol) diacrylate
was used for fabricating hollow tubes in a gelatin support bath, which
had encapsulated endothelial cells (HUVECs). Caco-2 cells were seeded
in the lumen and matured to form the epithelial intestine barrier
exhibiting selective absorption function due to its higher transepithelial
electrical resistance (TEER, 200-300 Q).

Bile ducts are essential components of the digestive system as they
facilitate the transportation of bile from the liver to the small intestine,
aiding in fat digestion [249]. Unlike many other tissues, the bile duct
possesses a branching network and a specialized epithelial lining crucial
for the regulation and transport of bile [250]. Hence, successful bio-
printing of bile ducts necessitates achieving high fidelity and function-
ality in replicating these complex structures. Bioprinting enables the
fabrication of personalized bile ducts tailored to meet the specific re-
quirements of individual patients. The utilization of bioprinting to
create bile duct models highlights the potential of this technology in the
field of regenerative medicine. Researchers strive to develop functional
and biomimetic bile duct structures by employing innovative
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biomaterials and advanced bioprinting techniques. As an example, Yan
et al. (2018) explored 3D bioprinting of bile ducts by incorporating
self-assembling peptide amphiphiles (PAs) into gelatin bioinks [251].
They optimized tissue regeneration by enhancing bioactivity and
nanostructure. PAs, particularly (Ile-Lys-Val-Ala-Val) IKVAV-based PAs
(mimicking the basement membrane), promote cholangiocyte polari-
zation, maturation, and functional duct formation, potentially via the
Notch 2 pathway. This study demonstrated the promise of using
PA-containing bioinks for tissue engineering, disease modeling, and
drug screening in bile duct regeneration. In addition to the approaches,
attempts to create primary intrahepatic bile duct have also been real-
ized. Xue et al. (2023) bioprinted liver tissue, which promoted bile duct
morphogenesis and cellular interaction [142]. A polydimethylsiloxane
(PDMS) microwell platform (PMP) was used to create uniform hepatic
organoid building blocks (HOBB) with controlled cellular density. By
combining a temperature-controlled bioprinting system with an
alginate-gelatin-collagen-laminin-based bioink, reproducible construc-
tion of liver tissues exhibiting enhanced hepatobiliary function and
intrahepatic bile duct networks were achieved. This approach is a
valuable tool for creating intra-tissue bile ducts with an emphasis on
studying liver regeneration and disease modeling.

3.4.2. Salivary glands

Salivary glands produce saliva, a fluid facilitating mouth lubrication,
preliminary digestion, and oral infection prevention [252]. Major
glands, like the parotid, submandibular, and sublingual, along with
minor glands in the mouth, contribute to this process [253]. The gland
structure involves acinar cells for fluid secretion, ductal cells for modi-
fying saliva, and myoepithelial cells around acinar units [254]. Sup-
portive tissues include blood vessels and nerves, which are crucial for
gland stimulation and nutrient exchange [255].

Recent experiments have exclusively examined the use of magnetic-
based bioprinting and bio assembly for producing secretory epithelia in
salivary glands studied by Ferreira et al. and Adine et al. First, Ferreira
et al. (2019) presented a magnetic 3D levitation (M3DL) method for the
efficient generation of scaffold-free salivary gland (SG)-like organoids
from porcine primary SG-derived cells [143]. These mini glands,
developed within 7 days, demonstrate cellular diversity, proliferation,
and functional secretory activity. M3DL offers a promising, scalable, and
convenient 3D culture system for potential applications in treating dry
mouth conditions. In the second study, Adine et al. (2018) introduced a
magnetic 3D bioprinting (M3DB) technique to create innervated SG-like
organoids using human dental pulp stem cells (hDPSCs) [256]. In this
process, human dental pulp stem cells (hDPSCs) are tagged with mag-
netic nanoparticles, enabling them to be manipulated using magnetic
forces. The magnetized cells are seeded into ultra-low attachment well
plates and aggregated using a magnetic pin drive, forming spheroids
within hours. These spheroids grow over several days, facilitating
essential cell-cell interactions and developing extracellular matrix. After
differentiation with fibroblast growth factor 10 (FGF10), the spheroids
express SG epithelial and neuronal characteristics. The spheroids,
exhibiting high viability, express SG compartments, and respond to
neurostimulation. Upon transplantation into an ex vivo model, they
significantly stimulate epithelial and neuronal growth in a damaged SG,
showing promise for SG regeneration and addressing
radiotherapy-induced xerostomia. M3DB’s success highlights its poten-
tial in SG drug screening and regenerative medicine. Alternatively,
Charbonneau et al. (2019) explored the feasibility of culturing human
salivary cells in cost-effective gelled egg yolk plasma (GEYP) using
3D-Cryo insert wells for 14 days. GEYP, which can be printed with
precise geometric shapes, supports cell growth. It served as a simulation
for the epithelial-mesenchymal interface, demonstrating reproducible
cell positioning [257]. Biofabrication techniques, like magnetic 3D
levitation and the use of novel biomaterials, such as with GEYP, present
opportunities for consistent organoid formation. In another study, Yin
et al. (2023) showcased the potential of 3D bioprinting with the use of a
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co-axial nozzle to generate hollow tubes (diameter of 600-2000 pm) to
mimic the glandular nature of salivary epithelium [144]. This approach
offers the advantage of creating branched structures (with the coaxial
nozzle) and allowing cells with multiple cellular densities, which they
tested using human patient-specific salivary stem/progenitor cells. The
tubes facilitated accurate modeling of physiological processes,
advancing our understanding of gland biology and pathology. This study
underscores bioprinting’s transformative role in salivary gland restora-
tion, promising innovative therapeutic interventions in regenerative
medicine.

3.5. Urothelium

The urinary epithelium (urothelium) lining the bladder, urethra, and
ureter, is a transitional or distensible epithelium functioning as a barrier
between urine and pathogens. It is composed of a superficial layer
consisting of a monolayer of umbrella cells, followed by intermediate
cells in one or multiple layers, and followed by a single basal layer. In
addition to its mechanochemical barrier function, it also communicates
changes to underlying nerve fibers and smooth muscle to facilitate ion/
water uptake and contraction/expansion of the urinary tract [258]. The
urothelium often sustains damage from various factors, such as infection
or pathological disposition. Traditional repair methods face limitations
but 3D bioprinting offers promising avenues for organ reconstruction.
However, challenges such as graft rejection and ethical considerations
persist, underscoring the need for continued research in 3D bioprinting
of the urinary epithelium.

3.5.1. Urinary bladder

3D Bioprinting holds promise for replicating the complex structure
and function of the urinary bladder, which plays a crucial role in storing
and voiding urine. Anatomically, the bladder is divided into the apex,
body, and base, and its wall consists of four layers: the mucosa, lamina
propria, muscular layer, and serosal layer [259]. It is extraperitoneal in
humans and intraperitoneal in pigs. The urothelium, consisting of basal,
intermediate, and umbrella cells, forms a permeability barrier [260].
The submucosal layer supports urothelium neovascularization. The
bladder wall is mostly muscular tissue with inner, middle, and outer
layers [261]. Fascicles of longitudinally oriented muscle cells maintain
bladder function during filling and emptying [262]. By mimicking this
complex anatomy and cellular composition, bioprinting offers exciting
possibilities for urinary bladder tissue engineering, including the crea-
tion of patient-specific constructs for disease modeling, drug testing, and
potentially even bladder replacement therapies.

Imamura et al. (2018) utilized 3D bioprinting (Kenzan method) to
create spheroid-based structures made of rat bone marrow-derived cells
for regenerating radiation-injured rat urinary bladders [146]. After
spheroids fused on a microneedle array (at Day 7), when transplanted,
they survived, attracted blood vessels, and differentiated into smooth
muscle cells, reducing fibrosis and improving urinary symptoms. Con-
ventional tissue engineered solutions involve the use of mesenchymal
stem cell-based cell sheets to reconstruct injured bladders which were
very fragile and delicate for suturing. The fused spheroids (with lumen
due to the microneedle insertion) enabled replicating the apico-basal
polarity of the epithelium and facilitated the migration of neural cells
from the host tissue. Multiple studies have contributed to advancing
bladder tissue engineering with innovative approaches utilizing 3D
bioprinting. For example, Serex et al. (2021) introduced a microfluidic
print head for high cell density bioprinting (up to 10 million cells/mL)
[263]. The high cell density favored cell-cell interactions and increased
the viability of formed bladder organoids (derived from primary mouse
bladder epithelial cells). On-demand cell concentration adjustments
mimic the native tissue, simplifying organoid production. This tech-
nology holds promise for precise bioprinting in studying organogenesis
and diseases, offering control for drug testing and organoid research.
Furthermore, Chae et al. (2022) used 3D bioprinting and a dynamic
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system to create a urinary bladder model with a tissue-specific dECM--
based bioink derived from porcine bladder [147]. The platform allowed
EBB of human bone marrow-derived stem cells (hBMSCs), supporting
cell viability and myogenic differentiation. Their work also integrated a
contract-release system (CRS) into the platform to mimic the bladder’s
mechanical tension, which enhanced stem cell differentiation. Impor-
tantly, the addition of dynamic mechanical stimulation significantly
enhanced the myogenic differentiation of hBMSCs within tissue con-
structs. Collectively, these studies highlight the transformative potential
of 3D bioprinting in regenerating damaged bladders, offering new ave-
nues for research and therapeutic interventions in bladder-related
diseases.

3.5.2. Renal proximal tubules

Renal proximal tubules (PTs) play a pivotal role in kidney function
and are often targeted in chronic kidney disease (CKD). Traditional
models, such as 2D cultures and in vivo animal models, have limitations
in accurately recapitulating human renal PT pathology due to their
inability to recreate the intricate 3D microenvironment of the kidney. By
leveraging 3D bioprinting, bioprinted models provide a more physio-
logically relevant platform for studying renal and PT pathology,
enabling researchers to gain deeper insights into the mechanisms un-
derlying CKD progression and to develop related novel therapeutic
interventions.

The field of renal tissue engineering has witnessed significant ad-
vancements through the innovative application of 3D bioprinting.
Homan et al. (2016) introduced a bioprinting method for constructing
3D human renal proximal tubules on perfusable chips [148]. A sacrifi-
cial Pluronic F127 ink was 3D printed onto a gelatin-fibrin-based
hydrogel to create a hollow proximal tubule of a nephron. The sacrifi-
cial ink was then removed to inject human immortalized proximal tu-
bule epithelial cells (PTECs) into channels, which adhered and formed
the engineered tubules. 3D Printed PTs exhibited apical-basolateral
polarity as noted by cells resting on the basement membrane (laminin
and collagen type IV) and brush border structures (microvilli) on the
apical side. The bioprinting process enabled precise control over tubule
characteristics, showcasing its potential for creating advanced organ
models. The study demonstrated the model’s utility in drug toxicity
testing, specifically assessing the impact of cyclosporine A on proximal
tubules. Building upon this foundation, Singh et al. (2020) used coaxial
bioprinting to create advanced renal tissue analogs, addressing the
challenge of vascularized and perfusable renal tubule structures [149].
A hybrid bioink of decellularized porcine kidney matrix and sodium
alginate-fostered a conducive microenvironment. Coaxial bioprinting
yielded stable hollow tubes with HUVECs in the lumen and renal
proximal tubule epithelial cells in the shell, mimicking native renal ar-
chitecture. Bioprinted tubes cultured for 28 days exhibited prominent
expression of aquaporin (AQP1) and vessel-specific CD31/VE-cadherin
markers, suggesting endothelial-epithelial cell interactions, which are
necessary for testing drugs for nephrotoxicity. In vivo renal sub-capsular
transplantation in NOD/SCID mice showcases therapeutic potential,
marking a significant stride in bioprinting. Addario et al. (2020) in a
similar fashion used a microfluidic platform and bioprinted renal tu-
bules to form core-shell-based tubular structures using an
alginate-pectin bioink addressing the need for advanced in vitro models
to study CKD [264]. By isolating primary renal cells and combining them
with polysaccharide bioinks, they successfully fabricated core-shell
constructs resembling tubules. Key to their success was optimizing the
bioprinting process, focusing on bioink viscosity and process parame-
ters. The study demonstrated high cell viability and metabolic activity in
the constructs, offering a promising platform for drug testing and disease
modeling. In another study, Trondle et al. (2021) presented a bio-
printing and self-assembly method for the scalable fabrication of renal
structures, in order to develop 3D kidney tissue models in pharmaceu-
tical screenings [12]. Using DBB, they achieved defined cell patterns
with high viability, allowing customization and hybrid tubule creation.
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Advantages include upregulated kidney-specific genes and integration
into a microfluidic chip for fluidic access. Challenges involve ensuring
long-term stability, which they addressed in their follow-up work by
Pichler et al. (2022) by studying directly reprogrammed induced renal
tubular epithelial cells (iRECs) in various hydrogels (Matrigel™,fibrin,
collagen, and alginate) for their long-term survival [265]. Notably, they
found that the choice of hydrogel significantly affected cellular
morphology and transcriptional responses, indicating a considerable
degree of plasticity in iRECs based on their microenvironment.
Furthermore, utilizing a bioprinted tubular model, they were able to
characterize the phenotypic alterations associated with PKD, such as
disrupted tubular morphology and upregulated expression of certain
genes, like Aldhlal. This model provided insights into the early disease
manifestations of PKD and highlighted potential targets for therapeutic
interventions.

Furthermore, Jin et al. (2020) explored the application of 3D bio-
printing in renal tissue engineering [266]. This study integrated
microtissues (typically a spheroid obtained through the hanging drop
method) derived from human adipose-derived stem cells (hADSCs) into
a bioprinted structure, which was then encapsulated and implanted
subcutaneously in mice. Key findings revealed enhanced expression of
vascular endothelial growth factor A (VEGFA) and tumor necrosis
factor-stimulated gene-6 (TSG-6) in bioprinted microtissues compared
to hADSCs, indicating improved vascularization and anti-inflammatory
potential. Moreover, histological analysis demonstrated that bioprinted
structures containing ID-MTs mimicked the smooth muscle layer of the
native urinary tract. Notably, seeded urothelial cells formed a protective
barrier on the encapsulated structure, suggesting potential for urinary
tract patch applications. This study has a promising role in 3D bio-
printing in tissue engineering for urinary tract reconstruction. These
collective efforts highlight the diverse applications and transformative
potential of 3D bioprinting in renal tissue engineering and regenerative
medicine.

3.5.3. Ureter and urethra

Abnormalities of the urethra, whether malignant, traumatic, infec-
tious, or developmental, can severely impact an individual’s quality of
life and incur substantial healthcare costs due to associated complica-
tions, such as painful or obstructed urination, urinary tract infections,
sexual dysfunction, urinary retention, and even renal failure [267].
Urethroplasty, a surgical procedure aimed at repairing or replacing a
section of the urethra, is often necessitated in individuals affected by
conditions like hypospadias and urethral stricture disease (narrowing of
the urethra). However, conventional approaches to urethroplasty face
ongoing challenges, including the need for personalized, multilayered
constructs with appropriate mechanical properties and biochemical
cues. Herein lies the promise of bioprinting [268]. By leveraging bio-
printing, researchers and clinicians can fabricate customized, multilay-
ered urethral constructs with precise control over mechanical properties
and spatial distribution of cells. Biomaterials with tunable mechanical
characteristics can be utilized as bioinks to mimic the native urethral
microenvironment, promoting cellular viability, proliferation, and
functional integration within the host tissue upon implantation.

Zhang et al. (2017) achieved success in urethral tissue engineering
using PCL/poly(lactide-co-caprolactone) (PLCL) blend and dual autol-
ogous cells in fibrin [269]. Their team aimed to mimic the mechanical
properties and cell growth environment of native rabbit urethra. The
study showed successful bioprinting of a tubular scaffold with a
PCL/PLCL (50:50) blend, showing mechanical properties comparable to
natural urethra. Urothelial cells (UCs) and smooth muscle cells (SMCs)
exhibited over 80 % viability post-bioprinting and maintained prolif-
eration and biomarker expression in the hydrogel. This study lays the
groundwork for further exploration of 3D bioprinting’s potential in
creating biomimetic urethral constructs. Building upon this foundation,
Pi et al. (2018) used coaxial bioprinting and a customized bioink con-
sisting of poly (ethylene glycol) (PEG) acrylate with tripentaerythritol
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core (PEGOA) in GelMA and alginate for urethral tissue fabrication
(Fig. 7A) [270]. This approach enabled the single step bioprinting of
multilayered tubular (perfusable) tissues with tunable characteristics,
supporting cell viability and proliferation of human urothelial cells and
bladder smooth muscle cells.

3.6. Female reproductive epithelium

The ovary and uterus have different epithelial arrangements; how-
ever, they share some common features, such as they are mainly
composed of microvillated luminal epithelial cells resting on a basement
membrane rich in collagen type IV and laminin. In the uterus, columnar
luminal epithelial cells are also interspaced by ciliated cells and
microvillated secretory cells [271]. One of the hallmarks of this
epithelium is its dynamic reorganization with respect to hormonal
changes that happen during the reproductive cycle, hence ECM
remodeling is very crucial and thus the use of an appropriate bioink is
paramount here.

3.6.1. Vaginal and uterine epithelium

Traditional vaginal reconstruction methods often fall short, lacking
in functionality and leading to complications [272,273]. While tissue
engineering has made strides, it faces challenges like low cell survival
rates and lack of personalization. Studies exploring the application of 3D
bioprinting for vaginal reconstruction are limited in number and scope.
While there has been significant progress in tissue engineering and
regenerative medicine, the application of 3D bioprinting to address
vaginal reconstruction remains relatively underexplored. Notably, there
are limited studies focusing specifically on this area. For example, Hou
et al. (2021) explored EBB for vaginal epithelium reconstruction using a
pig-derived acellular vagina matrix (AVM) bioink loaded with rat bone
marrow-derived mesenchymal stem cells (rBMSCs) [150]. After the
decellularization process, AVM exhibited enhanced biocompatibility
and mechanical properties when combined with gelatin and alginate.
Encapsulating rBMSCs enhanced vascularization and epithelization
when bioprinted constructs were placed in rat subcutaneous pockets at
Week 4, indicating their potential for effective vaginal epithelial
reconstruction. Challenges include the mechanical limitations of
ECM-derived bioinks compared to synthetic counterparts highlighting
the need for further research.

The uterine integrity is vital for fertility, but injuries can disrupt its
structure and function. Current approaches lack homogeneity and fail to
replicate the uterine’s bilayer structure. In contrast, 3D bioprinting en-
ables precise replication of this structure, with homogeneous cell dis-
tribution holding potential for restoring endometrial function and
addressing infertility and reproductive health challenges. Souza et al.
(2017) utilize magnetic 3D bioprinting to create a 3D in vitro model for
studying human uterine contractility [151]. By magnetizing myometrial
cells with nanoparticles, they successfully bioprinted rings that con-
tracted immediately after bioprinting. This approach allows real-time
monitoring of contraction dynamics. The study demonstrates the as-
say’s applicability with both commercially available and
patient-derived cells, revealing patient-specific responses to tocolytic
drugs. In a complementary effort, Ji et al. (2020) developed a 3D bio-
printed construct loaded with human-induced pluripotent stem
cell-derived mesenchymal stem cells (hiMSCs) demonstrating promising
results for repairing damaged uterine endometrium [274]. The construct
enhanced hiMSC survival and significantly improved endometrial tissue
regeneration in an animal model. Despite the limited hiMSC differenti-
ation into endometrial cells, the construct, in combination with hiMSCs,
positively impacted the endometrial structure and function. Expanding
on these advancements, Nie et al. (2023) developed a new approach for
treating severe uterine endometrial damage via EBB using an
alginate-hyaluronic acid bioink (Fig. 7B) [6]. The study focused on a
unique bilayer endometrial construct (EC), where the upper layer con-
sisted of neonatal rat endometrial epithelial cells (EECs) while the lower
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Fig. 7. (A) i) Schematic illustration of coaxial bioprinting generating multilayered hollow tubes, ii) images showing bioprinted perfusable tubes in various shapes,
iii) fluorescence images of human urothelial cells labeled with a green cell tracker (inner) and human bladder smooth muscle cells labeled with a red cell tracker
(outer) on Days 4 and 7, iv) confocal images showing the gradual transition from a double-layered tube structure (red/green) to a single-layered tube (only green)
(reproduced with permission from Ref. [270], 2024 John Wiley & Sons). (B) Schematic representation of a 3D bio-printed endometrial construct, which restores the
full-thickness morphology and fertility of an injured uterine endometrium, i) in vitro, ii) in vivo, iii) Masson’s trichrome staining and IF labeling of alpha-smooth
muscle actin (a-SMA) (reproduced with permission from Ref. [6], 2024 Elsevier).

layer featured a grid-like microstructure loaded with endometrial stro-
mal cells (ESCs). In a rat model with partial full-thickness uterine exci-
sion, 3D bioprinted ECs successfully restored the morphology and
structure of the endometrial wall, significantly improving reproductive
outcomes. ECs demonstrated biocompatibility, cell survival, and
degradation features, making it a promising option for treating severe
endometrial injuries.

3.6.2. Mammary glands

The mammary gland’s development relies on hormonal cues and
interactions within its microenvironment. In contrast to the other
vaginal/uterine epithelium, the mammary epithelium is made up of
branched ducts ending with glandular structures (acini). This acinus is
constituted of double-layered microvillated luminal epithelial cells,
encased by contractile myoepithelial cells with the basement membrane
surrounding it [271]. In recent years, researchers have been leveraging
bioprinting techniques to advance both basic biological understanding
and practical applications in mammary tissue engineering. Reid et al.
(2018) used bioprinting to achieve precise control over mammary
epithelial structures, overcoming variability in traditional methods
[275]. Their work demonstrated that a pulled glass microneedle
(10-100 pm in diameter) could be used to dispense cells (in volumes as
low as 10 nL) within polymerized collagen without disrupting the matrix
structure. In a follow-up study, utilizing the same accessible bioprinting
technique, Mollica et al. (2019) investigated the effect of rat and
human-derived mammary ECM as a matrix for mammary epithelial
organoid development [152]. By meticulously controlling the spatial
arrangement of cells, they engineered constructs featuring multiple cell
types and growth factors tailored to individual patients. This level of
customization not only enhances tissue integration but also ensures
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long-term viability after implantation. Overall, this study advances our
understanding of developing consistent mammary epithelial organoids
through controlled and reproducible 3D structure generation. Building
upon this foundation, Swaminathan et al. (2019) demonstrated the EBB
of 3D breast epithelial spheroids for drug testing applications [153]. By
directly bioprinting pre-formed breast epithelial spheroids in an
alginate-based bioink, they tested different breast epithelial cell lines
and were able to distinguish between cancerous and non-cancerous cell
lines to form spheroids with hollow cores, which recapitulates the
glandular structures. Notably, bioprinted breast spheroids exhibited
resistance to paclitaxel, a finding influenced by co-culture with endo-
thelial cells [124]. In a recent development by Koskinen et al. (2024), a
novel 3D bioprinting approach was developed to engineer normal and
cancerous mammary epithelial cultures into a branched Y-shape, closely
mimicking the architecture of the mammary ductal network [154]. They
found that both normal and cancerous cells proliferate more at the
branch tips compared to the trunk region, with the highest proliferation
observed further away from the branch point. Interestingly, this prolif-
eration pattern was independent of transforming growth factor beta
(TGFp) signaling. The study also demonstrated that inhibition of TGFp
signaling reduced the invasion of cancer cells but did not disrupt the
spatial control of cell proliferation. Additionally, the proximity of
branch points inhibited cell proliferation, mimicking the behavior
observed in the mammary gland. This research highlights the impor-
tance of tissue geometry and ECM composition in regulating cell
behavior in breast morphogenesis and cancer progression.
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4. Induced pluripotent stem cells (iPSCs) derived epithelial
tissue models: a new direction

iPSCs have revolutionized the field of regenerative medicine and
disease modeling due to their ability to differentiate into various cell
types. This versatility makes iPSCs a valuable tool for developing com-
plex tissue models and advancing our understanding of various diseases.
One of the most promising applications of iPSCs is in 3D bioprinting,
where the multipotency of iPSCs and directed control of the physico-
chemical micromilieu through biomaterials can be harnessed to attain
fabricated tissues. Innovative cell culture systems that incorporate these
complex 3D structures including epithelial tissues offer new possibilities
for developing in vitro models with enhanced tissue functionality.
Progress in stem cell research has facilitated the creation of organoids
that replicate the complex 3D structure and physiological functions
observed in living tissues.

A notable advancement in this field was introduced by Brassard et al.
(2021), who developed a 3D bioprinting approach called BATE that uses
iPSCs to create complex tissue structures (Fig. 8A) [145]. BATE allows
for the deposition of iPSCs into hydrogels (i.e., Matrigel™ and collagen)
and supports rapid lumen formation and growth, overcoming the
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limitations of traditional organoid cultures. BATE enables real-time
monitoring and precise cell placement, creating multi-tissue models
such as GI tubes while preserving organ-specific identities and functions.
Similarly, Lawlor et al. (2021) used an EBB approach that uses human
pluripotent stem cells (hPSCs) to create kidney organoids (Fig. 8B)
[276]. This method enhances reproducibility and throughput, address-
ing the limitations of traditional manual processes. The bioprinting
approach involves the creation of a cell paste from differentiated hPSCs,
which is then precisely deposited to form organoids. This automated
process allows for the generation of organoids with highly reproducible
cell numbers and viability, significantly increasing nephron yield and
maturation compared to manual methods. The bioprinted organoids
retain key renal progenitor lineages and exhibit functional markers,
making them suitable for drug testing and potential tissue engineering
applications. Expanding on the theme of cost-effective bioprinting, Shin
et al. (2024) developed a cost-effective and customizable pneumatic
force-driven EBB platform for generating kidney organoids from human
iPSCs [277]. This platform allows precise and consistent deposition of
nephron progenitor cells (NPCs) in a droplet form, enabling
high-throughput and reproducible production of organoids. The system
demonstrated the capability to bioprint kidney organoids with complex

Results

<

Day 2
LGR5-GFP

Day 4
Brightfield

Merge

o
=4
i}
s
©
o

Fig. 8. (A) i) Illustration of the bioprinting concept showcasing the spontaneous self-organization of building blocks to form epithelial tissues, ii) IF images of tubes,
displaying both a macroscopic view and higher magnification insets, highlighting stem cells and progenitors, iii) confocal IF images demonstrating the formation of a
continuous lumen through colony fusion, iv) IF image of LGR5-eGFP and corresponding bright-field image of a tube after 7 days, showing darker Paneth cells
interspersed among stem cells within the crypts (reproduced with permission from Ref. [145], 2024 Springer Nature Limited). (B) i) A single scRNAseq library per
condition was created from multiple barcoded organoid sets. For RO and R40 conditions, 1.1 x 10° cells were used, while manual organoids were generated from 2.3
x 10° cells, ii) the demonstration includes bioprinted kidney organoids with varying cell numbers during bioprinting (500K, 400K, 300K), iii) organoids of increasing
length were generated using a consistent initial cell number (1.1 x 10° cells). The diagram shows how the organoid profile and height are affected by bioprinting,
changing from a deposition ratio of 0 (no needle movement during extrusion) to 40 (needle movement across the Transwell surface during extrusion). The deposition
ratio is defined as the ratio of tip movement to the volume of cell suspension extruded, iv) ratios 0 and 40 cell paste depositions included fluorescent beads to measure
cell paste distribution across the Transwell surface. Representative images from the dataset used for quantification are shown, v) brightfield images (Day 7 + 7) and
whole-mount IF (Day 7 + 14) of both manual and bioprinted kidney organoids, created from the same batch of iPSC-derived intermediate mesoderm, reveal
patterning and segmented nephrons. The IF markers used are EPCAM (epithelium, green), LTL (proximal tubule, blue), NPHS1 (glomeruli, white), and GATA3
(connecting segment/collecting duct, red), vi) IF images of bioprinted organoids from each configuration show MAFBmTagBFP2 (glomeruli, blue fluorescence),
EPCAM (epithelium, grey), LTL (proximal tubule, green), and GATA3 (connecting segment/collecting duct, red) (reproduced with permission from Ref. [276], 2024
Springer Nature Limited).



L.D. Derman et al.

structures, including glomeruli, proximal tubules, distal tubules, and
endothelial cells, using as few as 8000 cells. This approach ensures high
nutrient accessibility and reduces resource demands, making it suitable
for preclinical safety evaluations and nephrotoxicity testing of new
drugs.

The epicardium is a crucial epithelial tissue, which still needs re-
mains to be explored. In this regard, Maiullari et al. (2018) engineered
vascularized heart tissue using 3D bioprinting, combining HUVECs and
iPSCs-derived cardiomyocytes (CMs) [278]. The bioink used here was
composed of alginate and polyethylene glycol-fibrinogen (PF) to
encapsulate the cells, providing the necessary mechanical support and
biocompatibility for cell growth and differentiation. A custom-designed
microfluidic printing head (MPH) consisted of a coaxial nozzle system
that facilitated immediate gelation of the bioink upon extrusion. The
team created multi-cellular constructs with iPSC-derived car-
diomyocytes and forming blood vessel-like structures with HUVECs,
mimicking the natural cardiac tissue environment. Bioprinted
iPSC-derived cardiomyocytes maintained high viability (80-90 %) and
demonstrated organized, synchronous contractions, essential for proper
heart function. The co-culturing with HUVECs enhanced the formation
of vascular networks within the constructs, crucial for nutrient supply
and waste removal. When implanted in immunodeficient mice, bio-
printed constructs showed improved integration equipped with
neo-epicardium and new vasculature, demonstrating the potential for
functional vascularized cardiac tissue fabrication.

The rest of the studies discussed below, although not involving 3D
bioprinting, underscore the potential of iPSC-derived models to replicate
complex epithelial tissue structures and functions. Integrating these
iPSC-derived models with 3D bioprinting techniques could further
enhance their applications, enabling the creation of more sophisticated
and accurate tissue models for disease modelling research and thera-
peutic development. Furthering the application of iPSCs in disease
modeling, Schruf et al. (2020) have developed lung fibrosis model using
human (iPSC)-derived ATII-like cells at ALI to study idiopathic pulmo-
nary fibrosis (IPF), a disease characterized by progressive lung fibrosis
[279]. This model mimics the in vivo lung environment and provides a
platform for investigating the differentiation and dysfunction of alveolar
epithelial progenitor cells in IPF. By treating iPSC-derived cells with an
IPF-relevant cocktail (IPF-RC) that simulates the pro-fibrotic cytokine
milieu, the researchers observed an increase in IPF biomarkers and a
shift in cell differentiation towards an airway epithelial-like phenotype,
resembling the bronchiolization seen in IPF patients. In another study,
Abo et al. (2020) demonstrated that iPSC-derived alveolar and airway
epithelial cells, cultured in ALI, express key genes necessary for
SARS-CoV-2 infection, including ACE2 and TMPRSS2 [280]. These cells
maintain their characteristic identity as ATII-like cells (iAT2s) at ALI,
expressing lung-specific markers, such as SFTPC and NKX2-1, crucial for
modeling lung epithelial interactions with the virus. Transcriptomic
analysis revealed that iAT2s closely resemble primary lung epithelial
cells both in gene expression profiles and susceptibility to viral infection,
highlighting their potential as physiologically relevant models. Alter-
natively, iPSC-derived iAT2s and airway epithelial cells co-cultured at
ALL researchers can emulate the microenvironment necessary to study
viral infections like SARS-CoV-2. The ability to precisely position these
cells in a 3D bioprinted structure could facilitate the development of
advanced heterocellular models that mimic the cellular architecture and
functionality of the human lung.

Apart from the distal lung epithelium, the focus on reconstructing
upper airway epithelium using iPSCs has been investigated. For
instance, Ikeda et al. (2017) explored the use of iPSCs for regenerating
tracheal epithelium, aiming to enhance minimally invasive treatments
for tracheal defects [281]. The researchers created tdTomato'™ mouse
iPSCs and differentiated them into tracheal epithelial cells. These
differentiated cells were then implanted with artificial tracheas into
nude rats with tracheal defects. The key findings indicated that the
iPSC-derived tracheal epithelial cells rescued the tracheal defects.
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Histological analysis revealed that these cells developed structures
resembling the normal tracheal epithelium. Additionally, the differen-
tiated epithelial tissues exhibited ciliated structures and expressed
markers, such as f-tubulin IV, ZO-1, and Keratin 5 (KRT5), demon-
strating both functional and structural maturity. Differentiated
iPSC-derived tracheal epithelial cells can be integrated into a bioprinting
workflow to create realistic tracheal models, enhancing drug testing and
disease modelling research.

In another application pertaining to digestive epithelium, Gleeson
et al. (2020) developed an iPSC-derived model using human intestinal
organoids (HIOs) and colonic organoids (HCOs) to study barrier
dysfunction in inflammatory bowel disease (IBD) [282]. Their study
focused on understanding increased intestinal permeability observed in
IBD patients, using iPSCs from healthy controls and different IBD patient
groups. HCOs showed distinct gene expression and higher basal TEER
compared to HIOs. Under TNFa and IFNy stimulation, both HIOs and
HCOs exhibited significantly increased permeability, with altered
localization of tight and adherens junction proteins. In another study,
Takayama et al. (2019) successfully generated homogenous and func-
tional human intestinal epithelial cells from iPSCs using CDX2 trans-
duction [283]. These cells closely mimic human small intestinal cells in
drug absorption rates and the expression of critical enzymes like
CYP3A4. This model surpasses traditional cell lines, such as Caco-2, in
predicting intestinal pharmacokinetics and drug responses, making it
highly valuable for pharmaceutical research.

Despite recent advances in biofabrication strategies enabling the
application of 3D bioprinting to iPSCs, the field is still in its early stages.
Challenges, such as the poor survival of iPSCs as single cells, their
sensitivity to environmental conditions, and their tendency to form
clusters or colonies pose significant hurdles, which still needs to be
addressed [284,285]. Moreover, current research is primarily limited to
the use of specific iPSC lines for a particular epithelial tissue type, which
hinders their translation for personalized medicine applications.
Therefore, recent advancements in development of hypoimmunogenic
iPSCs will play a key role in the translation of iPSC-based bioprinted
epithelial tissues for regenerative medicine applications [286]. While
iPSCs have garnered significant attention for their versatility in differ-
entiating into various cell types, the integration of iPSCs with advanced
bioprinting strategies offers a promising direction for creation of com-
plex tissue models. For instance, high-resolution bioprinting methods,
such as VBP and multiphoton lithography, allow for the precise place-
ment of iPSCs within intricate tissue architectures, facilitating the
development of highly detailed organoids and tissue constructs with a
resolution range of 0.1-10 pm [287]. Additionally, the use of bioinks
that incorporate ECM components, tailored specifically for iPSCs, can
improve the microenvironment, promoting better cell differentiation
and maturation. Moreover, scaffold-free bioprinting techniques that
enable the self-assembly of stem cell-derived spheroids or organoids into
functional tissues, such as aspiration-assisted bioprinting and its de-
rivatives, offer a pathway to creating more physiologically relevant
models without the need for synthetic scaffolds [288,289]. These
advanced bioprinting strategies not only enhance the potential of iPSCs
in tissue engineering but also address key challenges, such as achieving
high cell viability, precise spatial organization, and the replication of
complex tissue-specific functions. By focusing on these cutting-edge
bioprinting techniques, the field can move closer to realizing the full
potential of iPSCs in regenerative medicine and disease modeling.

5. Challenges and opportunities in clinical translation - a status

Quo

The development of functional epithelial tissue is highly critical for
its success in regeneration and serves as an ideal in vitro tool for inducing
and modeling diseased conditions towards testing/screening potential
drug candidates. Though bioprinting has paved the way for advancing
our knowledge in generating epithelial tissues, which are more robust



L.D. Derman et al.

than manual methods, we are still far from translating a bioprinted
epithelium to the clinic. In this section, we provide insights on how
certain clinical trials are shaping our mechanistic understanding of
patient-derived cells to perceive the genomic variations and heteroge-
neity to design better clinical interventions. Advances in stem cell
biology have enabled researchers to generate protocols that recapitulate
native tissues in terms of cellular polarity and the use of 3D bioprinting
provides unprecedented control in biofabrication workflow while
ensuring reproducibility in a high throughput manner. For instance, in a
clinical trial (ClinicalTrials.gov identifier number: NCT06265298), the
cessation of corneal epithelium renewal due to limbal stem cell defi-
ciency was addressed by transdifferentiating oral mucosa (buccal cells
obtained from the same patient) into epithelial cells towards conjunc-
tival reconstruction. Similarly, the use of amniotic epithelial cells
(identifier number: NCT00344708), and labial mucosal epithelial cells
(identifier number: NCT04995926) have been explored in treating
ocular epithelial ulcers associated with limbal stem cell deficiency.
Tissue-engineered corneal epithelium is one of the epithelial tissues that
has been successfully translated [290]. This bioartificial anterior
lamellar cornea consists of nanostructured-fibrin-agarose (fibrin from
donor plasma and type 7 agarose) based hydrogel seeded with human
allogenic keratocytes and corneal epithelial cells. Though the study
adopted a traditional tissue engineering route using Transwell-insert
and ALI culture, there is scope here in utilizing bioprinting to incorpo-
rate good manufacturing practices (GMP) to improve the reliability and
reproducibility of the obtained corneal epithelial transplants.

Apart from corneal epithelium, among the integumentary epithe-
lium, the skin is the only epithelial tissue, which has seen advancement
into clinical translation. A GMP-compliant dermo-epidermal substitute
(identifier number: NCT04925323) was developed from 25 healthy in-
dividuals’ isolated fibroblasts and keratocytes, who opted for aesthetic
plastic reconstruction. 3D Photogrammetry helps in quick and precise
reconstruction of the defect topography (with a resolution of ~30 pm)
[291]. Intraoperative bioprinting has immense scope here as it is easier
to access superficial tissues like skin towards treating large surface
third-degree burns in a clinical setting. More recently, the COVID
pandemic has piqued the interest of researchers in the airway epithe-
lium. Traditionally, chronic obstructive pulmonary disease (COPD) af-
fects millions worldwide and interventions for such pathology
necessitate robust humanized models, which do not rely on animals. In
this regard, the use of iPSCs to model the bronchial epithelium in severe
asthma (due to bronchopulmonary aspergillosis) has been demonstrated
(identifier number: NCT05616338). Inflammatory cells and NECs from
patients exhibiting type 2 bronchial inflammation were isolated and
used as reference controls for modulating the iPSC derived inflamed
bronchial epithelium towards devising treatment regimen. The efficacy
of prospective drugs can be studied in vitro but under clinically relevant
conditions by measuring the transepithelial resistance, ciliary beating,
and variation in secretion of mucin (MUC5AC and MUC5B). In similar
lines, patient-derived BECs have been utilized to study the mean speed
of wound closure with respect to COPD stimulants (identifier number:
NCT02873988). Bioprinting could help expedite these clinically rele-
vant in vitro models, which is gaining interest in developing humanized
models as the US Food and Drug Administration (FDA) and European
regulatory agencies are trying to phase out animal testing. Though, only
a handful of epithelial tissues, such as cornea and skin, have traversed
into clinics, the regulatory hurdles for other tissues are impending.
Obtaining a 510(K) US FDA clearance for a bioprinted tissue construct is
quite cumbersome since these tissue-engineered products do not fall
under the minimally manipulated classification (class 1 or 2 device).
However, these bioprinted products can avert a more stringent route
(Premarket approval - PMA in US FDA) if they can be demonstrated that
they are substantially equivalent to already marketed tissue
engineered-substitutes [292]. Poietis ™ (France) has a bioprinted
full-thickness skin composed of human fibroblasts encapsulated in
collagen type I bioink and overlaid with differentiated human
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keratinocytes forming the epidermis, which was bioprinted using their
proprietary LaBB system. Similarly, such bioprinted skin (integumentary
epithelium) can also benefit from existing tissue engineered solutions,
such as Epicel™ (Genzyme Biosurgery, USA) (cultured autologous
epidermal grafts) and TransCyte™ (Shire Regenerative Medicine, USA)
(human fibroblast-based substitute for full thickness burns) [293].

6. Summary and future perspectives

Mimicking epithelial tissue in vitro is difficult due to apical-basal
polarity, which needs to be achieved to maintain its functionality.
Traditional techniques such as ALI have yielded limited success; how-
ever, bioprinting has enabled researchers to fabricate epithelial tissues
with much more complexities such as the alveolar or renal tubule, as
opposed to 2D planar organizations. Impetus can be given in two di-
rections: (i) manufacturing readiness levels (MRL) and (ii) technology
readiness levels (TRL). In terms of manufacturing clinically relevant
tissues, engineering techniques such as micropatterning, microfluidic-
based printing, and DBB confer a greater degree of control over
cellular patterning, cell seeding within lumens, and cell density for cell-
cell interactions, respectively. Additionally, when such fabricated
structures are coupled with dynamic culture conditions (exposure to
shear or pulsatile flow) or mechanical loading in bioreactor platforms
could further help in generating more organized epithelium, which has
not been explored before. The choice of biomaterial to be used as bioinks
also plays a crucial role as it dictates the biophysical cue forming the
microniche or basement membrane on which these epithelial cells
mature. dECM has gained importance because it harbors the essential
cell binding motifs and crucial cell signaling factors (extracellular ves-
icles), which stimulate the differentiation of progenitor cells or help in
the maintenance of the phenotype of bioprinted primary cells. Though
many of the studies covered in this Review are in the preclinical stage, it
becomes essential to define the pharmacological and toxicological ef-
fects of fabricated constructs for their safety as a therapeutic product.
The regulatory landscape expects that these transplantable grafts be
manufactured in GMP-compliant facilities, which would need proper
screening of these biomaterials used as bioinks. Sterility tests compliant
with to US or EU pharmacopeia ensure that endotoxins, mycoplasma,
and adenovirus are absent. Furthermore, cells used also need to be
verified by a genetic fingerprint assay and karyotyping to ascertain cell
uniformity and the absence of any chromosomal alterations. The bio-
materials used must qualify as clinical grade materials complying with
ISO 10993 standards, which would help in further translation of these
technologies to clinics. Adopting a quality management system (QMS)
and establishing the protocols under current good manufacturing prac-
tices (cGMP) guidelines is very much essential to improve the efficiency
of these therapies while minimizing risks.

In terms of TRL, two important factors play a vital role; (i) scaling up
of these constructs and (ii) compatibility in storage and transportation
before it can be transplanted. For any technology before it can be
commercialized, it has to follow a blueprint involving TRL 1 to 9, a
template laid down by NASA (National Aeronautics and Space Admin-
istration, USA) [294]. 3D Bioprinting is still in nascent TRL 5 and 6,
involving animal testing and preliminary human clinical trials. TRL 8
involves an overall risk-benefit assessment (Phase 3 clinical trial) after
which it needs to go through US FDA PMA stage for technology
commercialization. Although much of the research discussed here and in
the problem definition stage uses lab-grade materials, early adoption of
cGMP-related guidelines for biomaterials and cell practices is essential
to streamline regulatory clearances. In addition to these regulatory
challenges, there are ethical challenges that need to be addressed. Use of
bioprinted tissues in clinical trials as a last resort (inclusion criteria) as
opposed to healthy individuals is still debatable. Howbeit, bioprinting
has proven to be one of the prime technology disruptors in the health-
care sector to fabricate tissue constructs in resolution akin to native
tissues and holds promise to revolutionize regenerative medicine and
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disease modeling for drug testing. With the progress made in the last
decade as highlighted in this Review, bioprinting has certainly been very
instrumental in replicating complex epithelial tissues and holds prece-
dence in further widening our understanding in epithelial cell biology
and pathology.
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