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Abstract

The esophagus is a tubular organ essential for maintaining normal eating function in humans. However, the replacement of
the esophagus remains challenging in clinical settings. Although tissue engineering scaffolds are a promising alternative solu-
tion, their fabrication is difficult due to the complex structure and function of the esophagus. This review describes the exist-
ing fabrication methods for esophageal tubular scaffolds, including decellularization, casting, electrospinning, three-
dimensional (3D) bioprinting, and pin-frogging. Also discussed are the stimulation cues of the fabricated esophageal tubular
scaffold that induce esophageal muscle and epithelial cells. Finally, this review emphasizes three important concerns for

esophageal tubular scaffolds: leakage and porosity, elasticity and proliferation of smooth muscle cells, and biocompatibility
and structural fidelity of biomaterials.
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1 Introduction

The esophagus is a part of the digestive tract that connects
the throat to the stomach. Its primary function is to provide
a channel and necessary force for transporting food during
swallowing, thus playing a vital role in maintaining human
health and well-being. Nevertheless, if the esophagus is in-
jured due to trauma or cancer [1], the swallowing process
gets interrupted, causing difficulties in eating and even
death. Gastric lifting surgery is the gold standard for repair-
ing an esophageal defect [2]. Autografts such as the colon,
jejunum, and other gastrointestinal tracts can also be used to
replace a damaged esophagus. However, the structures of
the gastrointestinal tract differ from those of the esophagus
and cannot entirely mimic esophageal function. Hence,
these autografts typically result in severe, difficult-to-treat
complications, such as esophageal stenosis, fistula, and
leakage. Consequently, the five-year relative survival rate
of patients with esophageal cancer is only 22%, ranking
penultimate among the rates of all cancer types [3]. There-
fore, it is necessary to develop new methods for construct-
ing artificial bionic esophagi and improving patient sur-
vival rates.

Previous studies have demonstrated the potential of tis-
sue engineering methods for addressing the challenges of
esophageal defects [4—9]. These methods involve the use of
biomaterials to prepare scaffolds that are then combined
with cells to repair esophageal defects and restore esopha-
geal function. An ideal biomimetic esophageal scaffold
should provide good biocompatibility, mechanical strength,
and suitable stimulation cues, such as topology, stiffness,
and chemical signals, to induce cells to form functional tis-
sues. This review discusses the current fabrication methods
(Table 1) along with their limitations and future develop-
ment trends in esophageal tissue engineering (ETE),
thereby providing assistance for the future development of
esophageal tubular scaffolds.

2 Structural analysis and design of the
esophagus

While designing and fabricating a perfect artificial esopha-
geal scaffold, we first analyze the structure and function of
the natural esophagus. The primary structure of the natural
esophagus consists of mucosal and muscle layers. The mu-
cosal layer acts as a barrier for the entire esophagus and
comprises a dense layer of squamous epithelial cells
(SECs), which collectively reduce the friction and mechani-
cal stress caused by the movement of food [10]. The muscle
layer is located outside the mucosal layer and comprises
two sublayers of muscle fibers that are perpendicular to each
other, i.e., the inner annular layer and outer longitudinal

layer. These layers are primarily composed of smooth
muscle cells (SMCs) and skeletal muscle cells. The impetus
for the food movement originates from the alternating con-
traction of these two layers of muscle fibers. Therefore, an
ideal artificial esophageal scaffold should have a double-
layer structure that mimics the mucosal and muscle layers.
Internally, the mucosal layer should be a flat membrane that
allows SECs to grow and differentiate evenly and densely.
Externally, the muscle layer should include an inner annular
and outer longitudinal structure, guiding the directional
growth of SMCs.

To achieve a uniform direction for muscle cells, struc-
tural features that provide directional guidance for the
growth of muscle bundles and create a favorable microenvi-
ronment for tissue growth are essential. It is also important
to consider the paracrine role between muscle cells and
SECs to coordinate the co-growth of multiple layers of
esophageal cells. Furthermore, the esophageal tubular scaf-
fold must possess sufficient mechanical properties for sutur-
ing the digestive tract [11]. Challenges concerning material
selection, manufacturing methods, and cell induction must
also be considered while designing and fabricating an
esophageal tubular scaffold.

The design of bionic esophageal scaffolds can be traced
back to 1952, when Berman from the United States first de-
signed and prepared a round tubular polyethylene artificial
esophagus [12]. Today, tissue engineering for esophageal
replacement is a rapidly growing area of research, and nu-
merous methods have been developed for preparing artifi-
cial esophagi that meet the required specifications. As men-
tioned earlier, the key point of artificial esophageal scaf-
fold printing is that the multilayer structure and the differ-
ence in the inner and outer layer structures guide the
growth of different cells. In recent years, several new
methods have been developed for ETE. This review dis-
cusses the current ETE fabrication methods, including
(1) decellularization [13-17], (ii) casting [18-24], (iii) elec-
trospinning [4-6, 25-35], and (iv) three-dimensional (3D)
bioprinting [7, 8, 36—40]. Moreover, this review cites a case
of a scaffold prepared by combining electrospinning and 3D
bioprinting using a novel “pin-frogging” method for
esophageal scaffold preparation [41] (Fig. 1).

3 Decellularization of the animal
esophagus

Natural esophagus decellularization differs from allograft
donation as it involves the eradication of live cells and
genes of the original tissue. The decellularized tissue still
contains various residual proteins, which are favorable for
cell growth. ETE is a promising approach for creating
esophageal alternatives, and various non-degradable and
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Fig. 1 Different fabrication methods for the preparation of esophageal tubular scaffolds

biodegradable esophageal scaffolds have been developed to
date. For instance, Luc et al. [45] investigated nonabsorb-
able, polymer-resorbable, and decellularized matrix scaf-
folds for esophageal repair. The removal of nonabsorbable
scaffolds post-surgery may result in esophageal strictures,
and tissue regeneration is insufficient in the presence of
larger defects. Polymer-resorbable scaffolds may release
toxic degradation products at an uncontrolled rate, resulting
in structures that differ from native tissues. In contrast, acel-
lular matrix tubes have advantages that are similar to those
of native tissues and support cell proliferation [45]. In re-
cent years, biological scaffolds composed of acellular tissue-
derived extracellular matrices (ECMs) have been increas-
ingly used in regenerative medicine [2, 46-52]. For in-
stance, Beckstead et al. [53] demonstrated that the decellu-
larized human dermis provided a more favorable structure
for epithelial tissue than cell-seeded polymer scaffolds. De-
cellularized matrices contain the same components as
ECMs, such as glycoproteins, proteins, glycosaminogly-
cans, and proteoglycans. These matrices can mimic the bio-
logical and mechanical functions of native ECMs and

@ Springer

possess a 3D structure with a microenvironment conducive
to cell proliferation and directed growth [54].

The key to the process of decellularization is removing
cells from the natural esophagus [55]. After decellulariza-
tion, the remaining matrix contains the native cytoplasmic
matrix but no cellular or genetic material, thereby prevent-
ing postimplantation immune rejection. The decellularized
stromal tube depicted in Fig. 2a appears translucent com-
pared with the native esophagus due to the removal of cells
and their contents [16]. To increase the contact area of the
decellularized matrix tube, it can either be combined with a
polymer scaffold or perforated. For instance, Marzaro
et al. [16] developed a valuable homologous decellularized
esophageal scaffold for use in esophageal replacement meth-
ods. They perforated the scaffold such that it had a porous
network (Fig. 2b), allowing cells to effectively colonize the
outer and inner surfaces of the scaffold without damaging
its size or structure. After implantation of the scaffold into a
large animal model, the observed regeneration of the
muscle demonstrated good cytocompatibility of the scaffold
and its ability to promote cell proliferation (Fig. 2c).
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Fig. 2 Esophageal tissue engineering scaffold prepared using the decellularization method. (a) Decellularized esophagus (left) versus natural
esophagus (right). (b) Appearance and scanning electron microscope (SEM) images of the decellularized matrix tube after perforation. (c) Surgical
implantation of acellular stromal tubes. Reproduced from [16], licensed under CC BY-NC 4.0. (d) Implantation of an artificial esophageal scaf-
fold after esophagectomy. Reproduced from [42], with permission from Elsevier Inc.

Furthermore, Poghosyan et al. [42] used a decellularized
stromal tube rather than an artificial esophagus. They per-
formed circumferential excision of the porcine esophagus
and sutured the artificial esophageal substitute (Fig. 2d).
The esophagus was found to function normally in only a
few weeks; however, after a month or more, the pigs used
in the experiments presented different degrees of inflamma-
tion or esophageal stricture. Therefore, the long-term in vivo
adaptability of the scaffold still requires improvement.

Although decellularized matrix scaffolds provide a favor-
able microenvironment for cell growth and proliferation,
they pose certain challenges, including an insufficient pore
density for large numbers of cells to attach and a lower
mechanical strength than polymer scaffolds. Several meth-
ods combining acellular matrices with cast or 3D-printed
scaffolds have been developed to achieve the complex struc-
ture and excellent biological and mechanical properties of
the natural esophagus.

4 Casting of esophageal tissue
engineering tubular scaffolds

Casting is the easiest and most commonly used process for
preparing various types of tissue engineering scaffolds. A
scaffold structure with an ideal wall thickness and pore size
can be conveniently prepared by designing a casting mold.
Ordinary casting can only produce smooth, round tubes and
cannot replicate the complex structure of the esophagus;
hence, it is essential to combine methods to improve the
morphological characteristics of the obtained round tubes.
To visualize the multilayer structure of the esophagus and
the directional arrangement of muscle bundles in the muscle
layer, thermally induced phase separation (TIPS) has been
used to construct two-layer scaffolds with varying pore

sizes. This approach improved the mold structure, and mi-
crogrooves were cast on the scaffold surface to induce direc-
tional cell growth.

As depicted in Fig. 3a, the mold used to prepare this scaf-
fold consisted of two components, i.e., an inner cylinder
and an outer tube, which were connected via silicone plugs.
The gap between these two components determines the wall
thickness and pipe diameter of the obtained bracket [20].
The poly(L-lactide-co-caprolactone) (PLLC) solution was
slowly injected into the voids of the mold before quenching
to 23 °C for 1 h to induce the coarsening effect and freeze-
drying to obtain a double-layer artificial esophageal substi-
tute. Hou et al. [20] established a method for designing po-
rous scaffolds using TIPS. By carefully selecting process
parameters such as solvent type, polymer concentration, and
roughening conditions, the pore size can be adjusted within
the range of 10200 mm. An increase in coarsening time
typically results in pore enlargement [56], which is caused
by the differential interfacial tension applied between the
two-phase separation domains composed of polymer-rich
phase and polymer-lean phase. The duration of the coarsen-
ing process is related to the porosity, pore size distribution,
and interconnectivity of the resulting scaffold. When the
roughening process is prolonged, the pore connectivity and
porosity decrease, and the scaffold may even collapse ow-
ing to the coalescence of the sparse domains of the polymer
and the gravitational pull of the polymer itself [57].

Figure 3a depicts the microstructure of the prepared scaf-
fold, wherein all bulk structures are highly porous and inter-
connected. Considering the structure of the natural esopha-
gus, a main feature of the tubular scaffold is its asymmetri-
cal pore size distribution, with an area of 10-50 mm?
around the lumen and 20-200 mm? for most of the tube
wall. This asymmetrical structure facilitated the mainte-
nance of the initial mechanical strength of the scaffold and

@_ Springer
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Fig. 3 Esophageal tissue engineering scaffold prepared using the casting method. (a) Considering the natural esophageal structure, a double-
layer structure with different porosities was prepared. Reproduced from [18] (with permission from Elsevier B.V.) and [20] (licensed under CC
BY 4.0). (b) Artificial esophagus with a special microchannel structure designed to induce the orientation of esophageal myocytes. Reproduced
from [21], licensed under CC BY 4.0. (c) A polymer scaffold is used as a mold to fill with bioink. Reproduced from [38], with permission from

the American Chemical Society

supported tissue regeneration through efficient mass trans-
fer [20]. In vitro cell culture and animal implantation experi-
ments confirmed that the scaffold significantly improved
the cells’ survival rate. When the scaffold was degraded, a
layer of almost intact SECs regenerated around the lumen,
demonstrating good biocompatibility of the scaffold.
However, as mentioned earlier, the primary structure of
the natural esophagus includes the mucosal and muscle lay-
ers. Promoting the production of SMCs and controlling the
direction of muscle cell growth are essential for artificial
esophageal replacement. Therefore, Hou et al. [21] used so-
lution casting to prepare a polyester urethane (PU) scaffold
and then grafted glutaraldehyde and silk fibroin (SF) to its
surface. In addition, the scaffold surface was coated with
vascular endothelial growth factor, thereby improving the
biocompatibility of the scaffold and promoting the in vivo
regeneration of blood vessels. The 3D microgroove scaffold
depicted in Fig. 3b was designed according to the typical
structure of the esophageal muscle tissue, with the lateral
groove guiding longitudinal muscle cells and the inner
groove guiding annular muscle cells. The discontinuous
groove wall facilitated the penetration of cells into the
groove ring through a loop. a-Smooth muscle actin
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(x-SMA), the major isoform of actin in SMCs, exhibits
high sensitivity and specificity for SMCs and is often used
to detect their location and activity. The expression of
oa-SMA (green fluorescence) on the scaffold increased
gradually over time between cultures (Fig. 3b), indicating
the growth of cells on the scaffold. The longer the culture,
the greater the number of cells that survived. As the number
of cells increased, the morphology of the cells arranged
along the microgrooves became more pronounced, and a
few cells even communicated with other cells through the
extension of slits. Subsequent in vivo experiments demon-
strated that the scaffold promoted the growth of SMCs
after injury, resulting in a standard inner ring and outer
longitudinal bilayer muscle structure. If the scaffold is
combined with the electrospinning basement membrane
and decellularized submucosa, the entire esophagus can be
constructed.

Similarly, Seth et al. [19] and Algarrahi et al. [22] used
solvent casting/salt leaching to prepare a bilayer SF scaffold
with mechanical properties similar to those of the native
esophagus. They detected significant host tissue growth at
the graft site after in vivo transplantation and a significant
increase (4.5-fold) in the lumen cross-sectional area of the
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repaired diseased catheter. Furthermore, crosslinked PU/SF
scaffolds prepared by combining the casting method with
acellular esophageal mucosa provided sufficient growth space
to guide cell growth and improve the cell survival rate [23].

As shown in Fig. 3c, Yeleswarapu et al. [38] used the ste-
reolithography apparatus technology to print two concentric
resin cylinders, which were then combined and filled with a
cell-encapsulated decellularized ECM (dECM) hydrogel. In-
tegrating the polymer framework with the acellular matrix
improved the mechanical properties and structural appear-
ance of the dECM hydrogel and also retained the functional-
ity of the acellular matrix.

To summarize, casting is a feasible method for fabricat-
ing artificial esophageal substitutes with good biocompat-
ibility, adjustable wall thickness, and scaffold porosity,
which can be achieved by controlling the mold shape, post-
treatment methods such as roughening, and the addition of
suitable additives. Nevertheless, a limitation of this process
is that it provides negligible flexibility in shape and size.
Most scaffolds prepared using the casting method exhibit
large pores (400 um to 200 mm) [19, 20, 22] and no fixed
pore size, dramatically reducing the area in which cells can
be attached and grown. Furthermore, this process lacks pre-
cise control over mechanical strength, and the ultimate
strength of its scaffolds (0.29-1.78 MPa) is lower than that
of scaffolds prepared through electrospinning or 3D print-
ing (1.6-23.8 MPa). This means that the scaffold prepared
by the casting method cannot play a proper supporting role
due to the lack of mechanical strength. The function of a
scaffold prepared using casting is influenced by the random
distribution of cellular components, which does not reflect
the complex structure of the natural esophagus. Therefore,
the casting method is limited and not ideal for preparing ar-
tificial esophageal scaffolds.

5 3D printing techniques for esophageal
tissue engineering tubular scaffolds

3D printing technology is a relatively new ETE method that
enables the creation of products with an ideal structure by
controlling the path movement and diameter of the nozzle.
Based on the requirements of the multilayer structure of the
esophagus and the morphology of its different layers, we
categorized the existing 3D printing methods for ETE scaf-
folds into two printing strategies, i.e., the “inside—out” and
“bottom—up” strategies.

5.1 Electrospinning of an esophageal tube
based on the “inside-out” strategy

Formhals investigated the electrospinning mechanism in the
1930s [58, 59]. An electrospinning process typically involves

the following three key components: a high-voltage power
source, a spinneret, and a collector. A high voltage is ap-
plied between the spinneret and collector, and a solution is
then extruded through the nozzle, which becomes charged
under the influence of the electric field. The initially straight
jet experiences intense agitation or splitting as a result of
bending instability, leading to further elongation. Ultimately,
the fibers solidify and are deposited onto the collector [60].

In a high-voltage electric field, the liquid extruded from
the spinneret becomes charged. Moreover, it forms a con-
tinuous conical jet when the forces of the electric field,
gravity, surface tension, and viscous stress reach equilib-
rium. This cone is referred to as the “Taylor cone.” More-
over, factors such as electrode configuration and applied
electric potential affect the behavior of the extruded
liquid [61]. To facilitate research, liquid and gas can be con-
sidered incompressible, viscous, and nonrotating phases,
and the conservation of mass for the entire region can be ex-
pressed as Eq. (1) [62]:

V-V=0, (1)

where V is the velocity vector.

Introducing surface tension at the liquid—gas interface
(I*2 s), electrical force (ﬁ E), and gravitational force, the
Navier—Stokes equation can be expressed as Eq. (2) [62]:

av S oo
p§=—vp+/4v2 V+pg+Fs+FE. )

The properties of the liquid and the applied voltage are
important control parameters to generate the desired jet and
droplet size, a principle that also applies to electrospinning.

There are two major electrospinning strategies to pre-
pare an artificial esophageal tubular scaffold. The first
strategy involves initially printing a flat film via electrospin-
ning [30, 63, 64] and then bending and folding the film to
form a cylindrical 3D fiber structure. The advantage of this
strategy is that the equipment can be operated in a relatively
simple manner; however, there may be stress concentration
at the contacted seam. The second strategy involves direct
spinning of raw materials for the scaffold onto a cylindrical
collector, followed by peeling off the hollow cylindrical
structure [6, 9, 33, 34]. This method requires the matching
of the relative movements of the spinneret and cylindrical
collector. Although the equipment is cumbersome to oper-
ate and control, it does not exhibit stress concentration.

As illustrated in Fig. 4a, electrodynamic jetting (E-jetting)
can generate regular mosaic structures on the collector with
high spatial accuracy and 3D resolution. E-jetting, also
known as near-field electrospinning, is a specialized electro-
spinning technique. The technology works similarly to elec-
trospinning, using a high-voltage electric field to electrify
the droplets, and the electric field force drives the droplets
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The “inside—out” strategy of electrospinning
Flat film roll-up

Spinning directly on the cylinder

Motor driving /.
_l axial translation R

Fig. 4 The “inside—out” strategy of electrospinning to create artificial esophageal scaffolds. (a) First, electrospinning is used to print a flat film, and
then the film is rolled up to form a tubular structure. Reproduced from [30], with permission from WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (b) Schematic of the “inside—out” strategy. (c) Direct spinning on the cylinder: the advantage is that there is no problem of stress
concentration, and the disadvantage is that the two devices need to match the movement. The regulation is more complicated. Reproduced from [6]
(with permission from Wiley Periodicals, Inc.) and [34] (with permission from the American Chemical Society)

to produce extremely fine jets from the nozzle. However,
the process is slightly different as it requires a smaller dis-
tance between the spinneret and receiver, a lower working
voltage, and a higher solution concentration than the electro-
spinning technique, resulting in the generation of e-jetted
filaments having a larger diameter. Nevertheless, they are
deposited in a controllable direction. This allows for the
preparation of mesh structures with higher dimensional ac-
curacy, providing more precise geometric and topological
cues for cell growth. Extraordinary jet stability can be
achieved during e-jetting by implementing a secondary elec-
trode [30]. This unique setup enables precise fabrication of
a custom design, allowing for tight control over the topo-
graphic characteristics and pore size of the artificial esopha-
geal scaffold.
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Lee et al. [65] used secondary electrodes to suppress
outward-oriented jet motion. The precise positioning of
the deposited fibers is crucial for fabricating the target
structure [30].

Considering the multilayered structure of the natural
esophagus, 3D fiber scaffolds can be prepared through
sequential electrospinning [63] and co-electrospinning [64].
Pham et al. [66] prepared alternating layers using microfi-
bers and nanofibers. Furthermore, sandwich configurations
that mimic natural ECM structures can be prepared by ad-
justing the solution and processing parameters [67].

When a cylinder is directly used as a collector (Fig. 4b),
it is necessary to address the instability of electrospinning
while synchronizing the movement of the spinneret with the
rotation of the cylinder to generate an optimal 3D structure
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through coordinated motion. This is known as the
“inside—out” preparation method, in which a layer of scaf-
folds is first printed to form the internal structure and then
further layers are accumulated in sequence, thereby simulat-
ing the complex multilayer structure of the natural esopha-
gus. D’ Amato et al. [34] used a rotating mandrel as the col-
lector (Fig. 4c). The inside—out strategy of electrospinning
does not require a 3D printer, due to which the fibers can
be easily collected using a rotating mandrel. The key pa-
rameters include solution flow rate (7"), mandrel rotation
speed (Viot), spinnerett translation velocity (Virans), mandrel
radius (r), and applied voltage. A 3D fiber structure with an
ideal catheter length (L) and fiber winding angle (@) can be
fabricated.

The winding angle is the angle between the fiber and
the centerline that extends along the axial length of the
mandrel. The winding angle (w) is determined using the
tangential velocity (Viang) and translational velocity (Virans)
(0°-90°). The tangential velocity (in mm/min) is the
rotational speed (r/min) of the mandrel multiplied by its ra-
dius. Although only Vimans and Vot are required as inputs
to the machine code, it is necessary to calculate the effec-
tive velocity (Veff) to ensure consistency in the experi-
ment. The combined speed of the shafts affects the tensile
force of the fibers, which in turn affects the diameter of
the fibers [68]. The effective velocity is the resultant veloc-
ity of the translational and tangential velocities, as shown
in Egs. (3)-(5):

a)=arctan(@), 3)
VU'ZIHS
Vtang =r ( Vrot -2n ) 5 (4)

Vett=/ Vt%ans + Vt%mg . )

For a given mandrel radius, several possible combina-
tions of rotational and translational speeds can achieve the
desired winding angle. In addition to symmetrical cylindri-
cal mandrels, asymmetrical mandrels, which are sometimes
used to fabricate scaffolds, facilitate adaptation to surgical
implantation techniques [35].

Using the electrowriting technique, researchers suc-
cessfully fabricated catheters with inner diameters rang-
ing from 0.64 to 25.6 mm [34]. The fiber arrangement
and stack height within the tubular catheter can be easily
modified by adjusting the manufacturing parameters.
They produced poly(glycerol sebacate)/poly(ethylene
terephthalate) scaffolds with fiber wrapping angles of
35°, 45°, and 75° [34]. The vessel shared a structural re-
semblance with the esophagus; however, its collagen fi-
bers were arranged in a spiral orientation rather than an
orthogonal orientation [69]. Therefore, solution electrow-
riting enables the fabrication of biomimetic synthetic vas-
cular grafts for specific physiological locations. Similarly,

scaffolds with different fiber winding angles and densities
can play distinct roles as artificial esophageal scaffolds.
They can be used to create multilayered esophageal scaf-
folds that fulfill the varying environmental requirements
for the proliferation and directional growth of mucosal
SECs and myometrofibroblasts.

Artificial esophageal scaffolds created using the electro-
spinning technology have various structures. The number
of layers has expanded from one to two and even three or
more [6, 26, 33], and the differing porosity and pore size
of each layer make this structure suitable for the attach-
ment and growth of cells at different levels. For instance,
Wu et al. [33] prepared a double-layer polyethylene oxide/
PU scaffold through circular spinning, which had fiber di-
ameters of (438.14+220.74) nm in the inner layer and
(362.35+185.51) nm in the outer layer. The fibers com-
prising the outer layer were arranged in a circumferential
pattern, inducing the differentiation of SMCs, whereas the
fibers in the inner layer were randomly arranged. In vitro
assays have demonstrated that stem cells can simultane-
ously differentiate into SECs and SMCs. The three-layer
scaffold designed by Soliman et al. [6] supported the an-
giogenic mesenchymal stem cells (MSCs) on the lumen
side, and SMCs were located externally to provide the
muscle layer required for peristalsis, with a small pore
layer in the middle to separate the two cell populations
(Fig. 4c). The fiber diameter of the narrow pore layer was
(1.54+1.2) pm, and the pore size was (5.7+0.3) pm. The fi-
ber diameter of the wide pore layer was (8.1+0.7) pm, and
the pore size was (23.3+1.0) pm. The middle pore layer
acted as a barrier, effectively separating the two cell popu-
lations and allowing the spatial arrangement of the grow-
ing tissue to resemble that of the natural esophagus. This
allowed the medium to diffuse inside and outside the lu-
men through certain pores.

The combination of the previously mentioned electrospin-
ning technology and 3D printing can aid in the development
of scaffolds that more closely resemble the structure of the
natural esophagus and exhibit its properties. Researchers
used 3D printing to reinforce the sequential ring at the scaf-
fold anastomosis site, thereby producing a hybrid biomedi-
cal scaffold that exhibited superior mechanical properties to
the original electrospun esophageal scaffold and also re-
tained the optimal fibril arrangement for initial cell attach-
ment [43]. After the implantation of the hybrid artificial
esophageal scaffold in the body, the peripheral defect
caused by the surgery was completely healed by the second
week, with only a slight inflammatory response and mini-
mal granulation tissue observed when the infiltrated host
cells entered the scaffold. Moreover, the regeneration of
squamous SECs and soft tissues was observed. Researchers
used electrospinning and 3D printing to prepare a double-
layer artificial esophageal scaffold featuring electrospun
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nanofibers on the inner surface of the tube to effectively
induce the growth of the mucosal layer and promote cell
migration and microsized fibers on the outer surface to pro-
vide mechanical strength and flexibility [9]. In vitro experi-
ments demonstrated that most cells were well distributed on
the nanofiber structure, and the proliferation of MSCs on
the nanofiber structure increased over time.

To summarize, esophageal electrospinning based on the
“inside—out” strategy is a versatile and superior technique
that allows the development of multilayer structures with
ideal fiber diameters and pore sizes. This method can mimic
the complex structure of the natural esophagus by control-
ling processing parameters and solution properties. The con-
centration range of the solution in electrospinning is
0.286-150 mg/mL, the pore size range of the prepared scaf-
fold is 5.7-29 pm, the Young’s modulus is 236.19 MPa,
and the ultimate strength is 23.8 MPa. Therefore, the appli-
cation range of this technology is extensive, and the me-
chanical properties of the prepared scaffold are significantly
improved compared with those of scaffolds prepared using
traditional methods such as casting, which can play a sup-
portive role. Several in vivo and in vitro experiments have
confirmed that an artificial esophageal scaffold prepared
through electrospinning has good cytocompatibility, can
promote cell adhesion and proliferation, and can reconstruct
the mucosa, submucosa, and muscle layer of the esophagus
after implantation. Consequently, this scaffold can exhibit a
complete structure similar to that of the natural esophagus.
Several artificial esophageal scaffolds can promote blood
vessel regeneration around tissues, which is beneficial for
the healing of esophageal defects.

5.2 3D printing of an esophageal tube based
on the “bottom-up” strategy

3D printing, also known as additive manufacturing, is used
in tissue engineering due to its flexibility in fabrication, di-
verse biomaterial options, and ability to incorporate live
cells [70, 71]. It has already been used to create scaffolds for
bone, vessel, and nerve tissue engineering [72—74]. Based on
the materials used, ETE scaffolds fabricated via 3D printing
can be categorized into two primary types: pure polymer
scaffolds and pure bioink scaffolds (Fig. 5a). Farhat et al. [7]
used extrusion to fabricate a scaffold composed of polycapro-
lactone, poly(caprolactone-co-glycolide), methylcellulose,
polyethylene glycol, and glycerol (Fig. 5b). The strength,
Young’s modulus, and elongation at break of the scaffold
closely resembled those of the natural human esophagus [75].

Tan et al. [36] proposed a 3D-bioprinted scaffold consist-
ing of a thin encapsulation of poly(D, L-lactic-co-glycolic
acid) porous microspheres and an agarose—collagen com-
posite hydrogel that was seeded and expanded in stirred
flasks before printing. The final result was a ring structure

@ Springer

with a diameter of 1.5 cm and a height of 0.55 cm (Fig. 5¢).
The cell spheroids had a strong ability to stimulate cell
attachment and proliferation during the preprinting step
and demonstrated an excellent ability to support cell vi-
ability 14 d after printing. Although this was a ground-
breaking study on ETE using cell-loaded bioinks, this
method could only produce structures of <0.55 cm in
height; when longer fragments were printed, the structure
collapsed [76-79].

Similarly, Nam et al. developed a multilayer esophageal
substitute using extrusion-based 3D bioprinting (Fig. 5d) [8].
They created a polycaprolactone (PCL) tubular structure us-
ing the “dragging technique,” which leveraged the stretch-
ing behavior of viscoelastic materials. This method enabled
precise control of hole size and shape in a single extrusion
step, providing greater flexibility in the design of the holder.
To replicate the complex structure of the natural esophagus,
the fabricated tube was filled with acellular bioinks de-
rived from the esophageal mucosal and muscle layers [80].

In addition to traditional 3D printing methods, Takeoka
et al. [44] and Taniguchi et al. [81] used the Kenzan tech-
nique to fabricate a multicellular esophageal substitute. By
using a bio-3D printing system and predesigned structural
models, cell beads were individually placed on fine needles
arranged in a 3X16-needle array. After printing, the struc-
tures were incubated in a bioreactor at 37 °C for one week
to allow the spheroids to fuse gradually. The cells were then
cultured for an additional three weeks to promote self-
organization (Fig. 5e). This technique can be used to create
artificial tracheal scaffolds. In vivo analysis revealed com-
plete epithelialization of the lumen surface after implanta-
tion, with SMCs remaining outside the epithelial layer. None-
theless, this approach has limitations, such as a lower me-
chanical strength (0.3 N compared with 0.5 N for the natu-
ral esophagus), which reduces durability. In addition, the
production of human-sized esophageal structures requires a
substantial number of cells, making the process less practical.

Overall, although 3D bioprinting of artificial esophageal
tubular scaffolds is a novel and promising approach, it can-
not precisely mimic the complex structural and functional
characteristics of the natural esophagus. Most researchers
use extrusion-based 3D printing to print tubular structures,
either as pure polymer scaffolds or as pure bioink scaffolds.
The mechanical properties of such tubular structures are
continually improving and therefore gradually approaching
those of the natural esophagus. Most polymer scaffolds re-
quire seeding with various types of cells, including epithe-
lial, muscle, and fibroblast cells, to promote esophageal tis-
sue regeneration. Nevertheless, 3D-bioprinted esophageal
scaffolds exhibit several limitations. For instance, the
structure of the esophageal surface cannot be perfectly
simulated due to the insufficient accuracy of the printed sur-
face. Furthermore, the low interlaminar bonding strength of
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Reproduced from [44], licensed under CC BY 4.0

the scaffold affects its mechanical properties and stability.
Moreover, although the biocompatibility of the selected ma-
terial may be good, there is no assurance against potential
cytotoxicity or that toxic substances will be released during

degradation. Therefore, although direct printing of cell mi-
crospheres is a promising method, it is necessary to address
their structural instability and tendency to collapse by im-
proving the 3D printing technology.
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6 Regulation cues of tubular scaffolds for
functional esophageal cell growth

6.1 Topological cues for directing muscle cell
alignment

The muscle layer plays a vital role in maintaining the con-
traction function of the esophagus, and the endocircular and
exolongitudinal structure is a special feature of the muscle
layer. Shen et al. [82] investigated vascular SMCs and dem-
onstrated that only directionally grown SMCs exhibited con-
tractile function as they were in a contractile phenotype. Un-
der this phenotype, the cells contain a large amount of
a-SMA. Conversely, when SMCs grow in random direc-
tions, they lose their contractility, transitioning from a “con-
tractile phenotype” to a “synthetic phenotype.” In other
words, they proliferate into more cells. Hence, the key to
ETE scaffold design is controlling the directional growth of
muscle cells, ensuring that they remain under the contractile
phenotype. ETE scaffolds, similar to the natural ECM, can
affect cell growth through topological cues [83], a process
known as “contact guidance.” When cells come into con-
tact with scaffolds, they can sense the structure and mor-
phology through integrin receptors across the membrane
and remodel the actin backbone within the cell, thereby
changing the shape of the cell. Radisic and collaborators [84]
used grooved polyethylene-based carbonate sheets to guide
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the directional growth of fibroblasts and cardiomyocytes. In
addition, by comparing the effects of different groove
widths on fibroblast growth, Bashir and collaborators [85]
demonstrated that cells were guided toward directional
growth when the groove width was <100 pm. Therefore,
ETE scaffolds typically possess narrow topological features
that guide directional cell growth.

As depicted in Fig. 6a, researchers applied microgrooves
to guide cells in a uniform growth direction. The small mi-
crogroove width provides the topological cue required for di-
rectional cell growth. Zhu and collaborators [21] used the
casting method to prepare PU scaffolds with perpendicular
grooves on both sides of the surface, successfully achieving
the directional growth of SMCs. They constructed a bilayer
scaffold using a combination of casting and hydrogel deposi-
tion and cultured esophageal SMCs and SECs on the two
layers [9]. In addition to casting, E-jetting is another method
for guiding directional cell growth. E-jetted microfibers
have been adopted as a key feature [86, 87]. E-jetting, also
known as near-field electrospinning or direct writing, can be
used to fabricate degradable materials into microfibers
with high mechanical strengths, regular arrangements, and
microwidths. Moreover, these fibers can be stacked into po-
rous scaffolds. He et al. [88] stably fabricated a PCL scaf-
fold with a fiber diameter of 10 pm using e-jetting and
demonstrated its ability to induce the directional growth of
cardiomyocytes. They prepared PCL scaffolds with fiber

Fig. 6 Topological cues of casted and electrospun scaffolds for the growth of esophageal muscle cells. Casted scaffold: (a) groove-guided cell-
directed growth; (b) immunostaining blot of muscle cells. Reproduced from [21], licensed under CC BY 4.0. Electrospun scaffold: (c) effect of
the grid scaffold on the direction of cell growth (reproduced from [89], licensed under CC BY 4.0); (d) quantitative statistical analysis of nuclei
angle distribution based on the circle growth (reproduced from [86], licensed under CC BY-NC-ND 4.0)
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diameters ranging from 3 to 22 pm using e-jetting and dem-
onstrated their ability to guide the directed growth of stem
and vascular endothelial cells [89]. Furthermore, muscle
cells can be stained via immunostaining (Fig. 6b) [9, 21].

As e-jetting is a type of additive manufacturing tech-
nique, the shape and features of the e-jetted scaffold can
be controlled to a significant degree of freedom. For in-
stance, the width of fibers and the size of the pores en-
closed by fibers can be controlled. Based on different
combinations of fiber width and pore size, the cells can
bridge through the center of the pores (bridge growth) or
grow on the circumference of the pores (circle growth)
(Fig. 6¢) [89]. In addition, the e-jetted fibers can induce
stem cells to undergo circular growth [90]. Wu et al. [86, 87]
quantitatively analyzed the distribution of nuclear angle
orientation under circular growth using an artificial intel-
ligence statistical tool. Their results demonstrated that a
large pore size can improve the uniformity of the angle
distribution of the cell nucleus. When the pore size was
small, the cells were easily influenced by the neighboring
perpendicular fibers, resulting in a less uniform distribu-
tion (Fig. 6d).

6.2 Topological cues for the tight junctions of
SECs

In addition to the muscle layer, the mucosal layer is vital for
the complete function of the esophagus. As it comes into di-
rect contact with food, it functions as a barrier to protect the
esophagus from any harm caused by heat, scratches, or
even poison. Unlike the keratinizing epidermis of the skin,
the epithelium of the esophagus is nonkeratinized due to the
low external mechanical load and low external stimulus.
The cells at the bottom of the esophageal epithelium are
known as basal cells. The basal cell layer is only 1-3-cell
thick, occupying 10%—15% of the epithelium. However, in
epithelial hyperplasia, the basal cell layer constitutes >15%
of the total thickness. The basal cells are highly prolifera-
tive and can migrate to the surface of the epithelium to
replenish the cells that frequently experience wear and tear.
During the movement process, the cells become differenti-
ated, flat, and less proliferative [91]. This loss—replenishment
balance of the epithelium is known as epithelial homeosta-
sis, a protective mechanism that limits the colonization and
invasion of microorganisms adhering to the mucosal sur-
face. In humans, the median regeneration period of the
esophageal epithelium is approximately 21 d [92]. Epithe-
lium homeostasis can also occur in other digestive organs,
such as the small intestine [93].

As shown in Fig. 7a, SECs cultured on electrospun films
exhibit a squamous phenotype and reach complete conflu-
ence to cover the entire film surface [26]. Cytokeratin-14 is
a member of type I keratin and a component of the

cytoskeleton of SECs. Moreover, filamentous actin and
vinculin are key components and have been considered
markers of SECs [25]. Sparse cells cannot form a barrier;
only a large number of SECs can form tight junctions
(Figs. 7b and 7c). Once these tight junctions are formed,
myosin forces are generated between the cells. Thus, cells
in confluence form a barrier with low permeability that can
prevent the transport of macromolecular drugs [94].

6.3 Chemical cues for the coculture of muscle
cells and SECs

Another problem with ETE is that fibroblast coculture is
not considered. According to skin and myocardial tissue
engineering, the epidermal growth factor (EGF) and trans-
forming growth factor-f (TGF-f) secreted by fibroblasts
can promote the proliferation and differentiation of epider-
mal cells and SMCs, respectively [10, 95]. Furthermore,
both the a-SMA of fibroblasts and the collagen secreted
by fibroblasts play a vital role in increasing tissue elastic-
ity [96], a process that requires the fibroblasts to be oriented
and elongated. This is because the elongation state activates
the expression of the TGF- receptor and connective tissue
growth factor/CCN2 in fibroblasts, upregulating the secre-
tion of TGF-B, which in turn promotes the expression of
a-SMA and increases cell contractility [97]. Simultane-
ously, the upregulation of TGF-f can increase type I colla-
gen secretion and decrease matrix metalloproteinase (MMP)
secretion. A decrease in MMP content reduces the rate of
collagen degradation [98].

Wu and collaborators cocultured SECs and fibroblasts us-
ing a cryospun Janus film, with the SECs and fibroblasts
cultured on different sides of the film. The film was a semi-
permeable membrane that prevented cell invasion and al-
lowed paracrine action between SECs and fibroblasts. Con-
sequently, the EGF secreted by the fibroblasts increased the
secretion of Mcl-1 and c-Myc RNA by the SECs, which in-
creased the ability of the cells to cope with an adverse envi-
ronment and regulate cell proliferation (Fig. 7d) [99].
Hence, an ideal ETE scaffold should regenerate both the
mucosal and muscle layers (Fig. 7e) [100].

7 Conclusions and outlooks
7.1 Conclusions

The esophagus is a specialized organ with a tubular shape
and multiple layers. Due to their complex structures and
functions, ETE scaffolds have received relatively less re-
search attention than organs such as the bone, skin, and ves-
sels. Nevertheless, ETE scaffold fabrication is a promising
method based on the efforts of numerous researchers. This
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review has summarized the fabrication process of ETE scaf-
folds and the stimulation cues for cell growth.

1. Fabrication methods for ETE scaffolds

The five major fabrication methods for ETE tubular scaf-
folds are decellularization, casting, electrospinning, 3D bio-
printing, and pin-frogging. Decellularization is similar to al-
lografts but involves the removal of all original cells. The
material used is a natural esophagus from an animal. The
advantage of this strategy is that it retains natural proteins,
thereby providing a friendly microenvironment for cells [14].
However, its disadvantages include limited sources, high
complexity, high expense, and poor mechanical properties.
Casting has been used for a long time in ETE, and its
advantages include its simple process and wide selection of
materials. Nonetheless, the casting mold can only produce a
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solid tube with no porosity, and the structural features can
only be fabricated on the inner and outer surfaces of the
tube [24]. Electrospinning is the most widely used tech-
nique for the fabrication of these tubular scaffolds owing to
its simplicity in creating multilayer structures using the
“inside—out” strategy. Nevertheless, it provides limited pre-
cise control of nanofibers. 3D bioprinting is a promising
fabrication technique that has undergone significant ad-
vances recently. It directly applies biocompatible hydrogels
and even live cells as bioinks. However, it can exhibit poor
mechanical properties and structural fidelity [36], which
hinder the stimulation of cell growth through topological
cues (topotaxis) or stiffness cues (durotaxis). Pin-frogging
is a type of material-free fabrication technique that only
uses cell spheroids. Although it does not require degradation
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of the biomaterial, it is extremely expensive and time-
consuming [81].

2. Stimulation cues of the scaffold for cell growth

Although functional resemblance is more essential than
shape resemblance in ETE tubes, shape resemblance is the
premise of functional resemblance. The muscle and muco-
sal layers have special requirements for sustaining normal
esophageal function. Muscle cells must be elongated to
achieve elasticity, and SECs require tight junctions between
them to function as barriers. The topology and stiffness of
scaffolds are vital cues for cell growth and behavior. For
muscle cells, a narrow groove or thin fiber is used to induce
cell alignment [21]. A flat surface is used for the confluent
growth of SECs. Chemical cues also play a crucial role in
cell growth. The EGF secreted by fibroblasts can induce the
growth of SECs and the secretion of Mcl-1 and c-Myec.

7.2 Outlooks

An ETE tubular structure is promising in the field of
esophageal repair and reconstruction; however, its accurate
fabrication is complex. This review summarizes the existing
fabrication methods along with stimulation cues required for
scaffolds to promote esophageal cell growth. Nevertheless,
several concerns remain regarding the design and fabrication
of ETE scaffolds and should be addressed in future studies.

The first concern is the leakage and porosity of the
esophageal tubular scaffold. Porosity is a basic requirement
for tissue engineering scaffolds, as it induces cell growth,
oxygen exchange, and blood perfusion. However, high po-
rosity may cause leakage, which is a potentially fatal com-
plication for the esophageal tube. Avoiding leakage while
maintaining high porosity is a challenge. A possible solu-
tion could be the growth of confluence cells, which can pro-
duce an intact cylinder to prevent leakage. Nevertheless, this
solution may introduce a second problem as described below.

The second concern is the elasticity and proliferation of
SMCs. SMCs have two different phenotypes, namely,
“contractile” and “synthetic.” They exhibit only contraction
when they stop proliferating [101]. Hence, inducing muscle
cell elongation while maintaining the number of cells is a
challenge. A possible solution is to initially proliferate cells
and then change their phenotype to the one that promotes
contraction.

The third concern is the balance between the biocompat-
ibility and structural fidelity of biomaterials. The biomateri-
als used in ETE can be broadly categorized into two major
types: polymers and hydrogels. Polymers possess sufficient
strength to provide topological cues but poor biodegradabil-
ity, whereas hydrogels possess better biodegradability but
poor mechanical strength.

The following two strategies can be used to address these
three concerns. The first approach involves preparation of a

scaffold using polymer biomaterials to ensure its shape and
strength, as well as the mechanical cues it provides. Subse-
quently, the surface and interior of the scaffold are seeded
with cells to prevent leakage. The cells are induced to differ-
entiate into a scalable phenotype, which improves their ori-
entation, and the remaining part of the polymer material ul-
timately forms a perfect esophageal scaffold that closely re-
sembles the natural esophagus. The main aim of this ap-
proach is to develop polymeric materials with improved bio-
degradability. The second approach involves directly print-
ing an artificial esophageal scaffold using a hydrogel bioma-
terial containing cells and then using an external field, such
as an electric, magnetic, or stress field, to stimulate cell
growth. Nevertheless, the quality of the mechanical proper-
ties of scaffolds prepared using this method depends on sev-
eral post-treatment processes, such as light- or pH-induced
crosslinking.

The preparation of other hollow tubular scaffolds, such
as blood vessels and the trachea, can be examined to gain
inspiration for developing esophageal scaffolds. The physi-
ological structures of the esophagus and blood vessels are
relatively similar; however, the structures and materials of
the trachea and esophagus differ significantly and feature
cartilage and muscle. Therefore, we can learn from estab-
lished methods and the latest advances in vascular tissue en-
gineering, scaffolding [17, 102-104]. For instance, Yao
et al. [24] prepared tubular vascular scaffolds using the cast-
ing method and used electrospinning to create a bilayer
structure on the outer layer of the scaffold. The prepared tu-
bular scaffold exhibited a smooth and dense inner surface
accompanied by a porous and fluffy outer surface. The
smooth, dense inner surface prevented blood leakage,
whereas the porous, fluffy outer surface aided in the regen-
eration and growth of vascular SMCs. The interconnected
microporous structure between the inner and outer layers of
the scaffold enabled extensive blood penetration into the in-
ner layer of the scaffold wall, providing a favorable micro-
environment for the adhesion of endothelial cells [24]. This
approach addresses the previously mentioned concerns of
leakage, porosity, and cell growth. The ETE method can be
used to prepare similar multilayer structures, thereby ad-
dressing the first and second concerns. The third concern
should focus on the material of the scaffold, as the develop-
ment of new materials and the modification of current mate-
rials may become a reasonable solution.

To summarize, ETE is highly promising in future applica-
tions, despite several concerns that require attention. Based
on the experience of adjacent fields and with the continuous
development of materials and technologies, we can antici-
pate that ETE will develop in an unprecedented manner.
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