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A B S T R A C T

The esophagus exhibits peristalsis via contraction of circularly and longitudinally aligned smooth muscles, and
esophageal replacement is required if there is a critical-sized wound. In this study, we proposed to reconstruct
esophageal tissues using cell electrospinning (CE), an advanced technique for encapsulating living cells into fibers
that allows control of the direction of fiber deposition. After treatment with transforming growth factor-β,
mesenchymal stem cell-derived smooth muscle cells (SMCs) were utilized for cell electrospinning or three-
dimensional bioprinting to compare the effects of aligned micropatterns on cell morphology. CE resulted in
SMCs with uniaxially arranged and elongated cell morphology with upregulated expression levels of SMC-specific
markers, including connexin 43, smooth muscle protein 22 alpha (SM22α), desmin, and smoothelin. When SMC-
laden nanofibrous patches were transplanted into a rat esophageal defect model, the SMC patch promoted
regeneration of esophageal wounds with an increased number of newly formed blood vessels and enhanced the
SMC-specific markers of SM22α and vimentin. Taken together, CE with its advantages, such as guidance of highly
elongated, aligned cell morphology and accelerated SMC differentiation, can be an efficient strategy to recon-
struct smooth muscle tissues and treat esophageal perforation.
1. Introduction

The esophagus is a tubular organ that extends from the epiglottis in
the pharynx to the stomach. This organ is composed of thin, elongated
smooth muscle cells (SMCs) aligned in a parallel manner for contractile
function. When food is swallowed, the esophagus pushes the ingested
food bolus toward the stomach via peristalsis, which is mediated by the
contraction of circular and longitudinal esophageal muscles [1]. Esoph-
ageal diseases, such as congenital defects and esophageal cancer, cause
circumferential, full-thickness, and extended segment loss of the esoph-
agus. Gastric pull-up conduits or colon interpositions are usually used to
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treat esophageal perforations. However, esophageal substitutes have
shown limited success [2]. Therefore, esophageal tissue engineering has
attracted attention as a promising strategy for regenerating damaged
native esophagus [3]. However, to the best of our knowledge, no evi-
dence has shown that an engineered esophageal substitute can success-
fully mimic the structural and functional characteristics of the smooth
muscles in the esophagus. Recently, stem cell-based tissue engineering
has emerged as a potential method to improve the therapeutic efficacy of
engineered substitutes composed of endogenous cells.

Mesenchymal stem cells (MSCs) can differentiate into multiple cell
lineages, including adipocytes, osteoblasts, chondrocytes, skeletal
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myocytes, and SMCs [4–6]. Transforming growth factor-β1 (TGF-β1) is a
potent inducer of MSC-to-SMC differentiation via activation of the
TGF-β–SMAD signaling cascade [7,8]. Some studies have shown that
TGF-β1 treatment increases the expression of SMC-specific ion channels
in human adipose-derived MSCs [9]. In addition to extracellular stimuli,
cell alignment throughmicropatterning has been reported to increase the
expression levels of F-actin and alpha smooth muscle actin (α-SMA) in
SMCs and promote the contractile phenotype [10,11]. Because direct
transplantation of SMCs into damaged tissues does not support cell
alignment and contractile function in smooth muscle tissues, several
strategies, including the use of aligned substrates and electrospun fibers,
have been developed to guide cell alignment [12,13]. However, devel-
oping an implantable substitute with an aligned pattern, mechanical
strength, and bioactive cues to promote cellular activities in three di-
mensions (3D) remains a challenge.

Surface topography has been reported to regulate cell adhesion,
cytoskeletal organization, and cell-cell interactions and plays a key role
in the lineage specification of stem cells [14,15]. Cells sense surface
patterns and nanoscale biochemical and biophysical stimuli [16]; sub-
micron topography regulates various stem cell responses, including
proliferation, migration, and differentiation [17] by changing the focal
adhesion assembly, which causes variations in cytoskeletal organization
and cell mechanical properties [18]. Therefore, topographical features,
such as anisotropic patterning, nanostructures, and fibrillar structures,
could play a significant role in spatial organization during myogenesis
[19–21]. Microgrooved topography with stiff substrates has been shown
to stimulate differentiation of MSCs into SMCs [22]. Moreover, micro-
grooved topography and TGF-β1 treatment synergistically stimulate the
expression of SMC-specific contractile proteins in MSCs [23]. However,
topographic modulation in esophageal tissue engineering usingMSCs has
not yet been studied.

3D cell printing (CP) is an emerging technique for fabricating tissue
substitutes that can mimic tissues or organs, but generating a 3D
construct with tissue-specific cells and desired topographic features has
been challenging [24,25]. Electrospinning is a prevailing technique
generating micro/nanofibers using both synthetic and natural polymers.
Allowing reconstruction of desired topographic features, electrospinning
has been utilized for various applications, including smart materials (i.e.,
stimuli-responsive mats, superhydrophilic or superhydrophobic mats,
and sensors), environmentally friendly materials (i.e., membranes for
water and air filtration), soft electronics (i.e., flexible and stretchable
materials and personal devices), and biomedical applications (i.e.,
nanofiber-based scaffolds with biophysical and biochemical cues) [26,
27]. Cell electrospinning (CE) has great potential in biomedical appli-
cations due to its ability to encapsulate living cells directly into micro/-
nanofibers while allowing the control of micropattern formation. This
process improves nutritional accessibility and cell distribution at
different scales of the scaffold, which can overcome the limitations of
conventional electrospinning and 3D bioprinting techniques [28]. Owing
to CE advantages, various cell types, such as neuroblastoma cells, cardiac
myocytes, osteoblasts, and adipose stem cells, have been utilized in CE
[28–31]. In addition, we previously demonstrated that myoblasts and
human umbilical vein endothelial cells could be successfully remodeled
into an aligned topography using the CE process [32,33]. Hence, in this
study, CE was utilized to build an anisotropically arranged smooth
muscle substitute to mimic native esophageal tissues.

As of now, there have been several attempts to develop engineered
esophageal substitutes. For instance, electrospinning was utilized using
the mixture of decellularized esophagus extracellular matrix (ECM) and
polyamide-6 (PA-6) [34]. Human adipose- and bone marrow-derived
mesenchymal stromal cells were cultured on randomly oriented
ECM/PA-6 fibers, in which some cell proliferation was revealed with
25% of scaffold cell coverage. On the other hand, electro-hydrodynamic
jetting was carried out using the blend of polycaprolactone (PCL) and
Pluronic F127 (PF127) to develop scaffolds in 90� grid patterns [35].
PCL/PF127 scaffolds showed an enhanced ultimate tensile strength (1.2
2

MPa) by PCL and better wettability by PF127. Further, when human
esophageal fibroblasts were cultured on the PCL/PF127 scaffold, cell
growth direction was guided in vitro by the orientation of scaffolds in two
perpendicular directions. These studies have shown potential of in vitro
engineered esophageal scaffolds, but acellular fabrication techniques
eventually cause inhomogeneous cell distribution by cell seeding and
include multiple fabrication steps increasing risks of external contami-
nation factors prior to implantation. Also, differentiation to esophageal
smooth muscle cells and in vivo study should be more thoroughly
investigated to further verify healing capacity as esophageal substitutes.

In this study, several main driving factors of SMC regeneration were
investigated to validate the CE process. Briefly, MSCs and TGF-β1-treated
MSCs (referred to as SMCs) were compared using SMC-specific markers
to estimate the efficiency of MSC-to-SMC differentiation. Followed by
TGF-β1 treatment, MSCs and SMCs were cultured on a 2D substrate with
and without aligned electrospun fibers to estimate the effects on cell
alignment and SMC differentiation. Finally, MSCs and SMCs were uti-
lized to develop a cell-laden 3D substitute fabricated via CE and CP and
examined for various cellular activities. To assess the applicability of CE
in clinical use, we developed an aligned SMC-laden fibrous patch and
examined its therapeutic effects using a rat esophageal wound model.

2. Materials & methods

2.1. Materials

α-Minimum Essential Medium (α-MEM), Hank's balanced salt solu-
tion (HBSS), fetal bovine serum (FBS), and trypsin-EDTA were purchased
from Invitrogen (Carlsbad, CA, USA). TGF-β1 was purchased from
PeproTech (Cranbury, NJ, USA). Smooth muscle growth medium-2
(SmGM™-2) was purchased from Lonza (Bazel, Switzerland). Poly-
caprolactone (PCL; molecular weight (Mw) ¼ 45,000 Da), calcium chlo-
ride (CaCl2), and polyethylene oxide (PEO; Mw ¼ 900,000) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium alginate
with 0.42 mannuronic acid to guluronic acid (M/G) ratio (LF10/60; FMC
Biopolymer, Drammen, Norway) was kindly provided by Pharmaline
(Suwon, South Korea). 40,6-diamidino-2-phenylindole (DAPI) was pur-
chased from Merck (Darmstadt, Germany). The antibodies used in this
study are listed in Table S1.

2.2. Culture of MSCs and differentiation to SMCs

After obtaining informed consent from patients, human palatine
tonsil tissues were isolated from patients undergoing tonsillectomy for
chronic tonsillar hypertrophy and chronic tonsillitis in the Department of
Otorhinolaryngology-Head and Neck Surgery, Pusan National University
Hospital [36,37]. To isolate tonsil-derived MSCs, tonsil tissues were
washed with phosphate-buffered saline (PBS) and digested at 37 �C for
30 min with 0.075% type I collagenase. The enzyme activity was
neutralized with α-MEM supplemented with 10% FBS and 10% pen-
icillin–streptomycin. The dissociated cells were filtered through a sterile
70 μm cell strainer and cultured in 5% CO2 at 37 �C. When the cell
confluency reached 70–80%, the cells were washed twice with HBSS,
treated with 0.05% trypsin-EDTA, and incubated in 5% CO2 at 37 �C for
3–5 min. The suspended cells were harvested in medium containing FBS
and centrifuged at 500�g for 4 min. MSCs were subcultured at a split
ratio of 1:3 or 1:4, and cells at passage 7–9 were used for experiments. To
differentiate MSCs into SMCs, MSCs were serum-starved in α-MEM basal
medium for 24 h, treated with 2 ng/mL TGF-β1 for 4 days, and then
maintained in SmGM™-2 medium. The expression of SMC markers was
determined by western blotting and flow cytometric analysis.

2.3. Western blotting

To extract total proteins, cells were treated with lysis buffer (20 mM
Tris-HCl, 1 mM EGTA, 1 mM EDTA, 10 mM NaCl, 0.1 mM
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phenylmethylsulfonyl fluoride, 1 mM Na3VO4, 30 mM sodium pyro-
phosphate, 25 mM β-glycerol phosphate, and 1% Triton X-100, pH 7.4),
followed by sonication and centrifugation at 12,000 rpm at 4 �C for 10
min. Lysates were resolved using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred onto nitrocellulose membranes. The
membranes were blocked with 5% skimmilk buffer for 2 h and incubated
overnight with primary antibodies. For visualization with chem-
iluminescence, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies for 1 h, and the signal was
detected using an ECL kit (Cytiva, Mariborough, MA, USA). The mem-
brane was washed four times for 20 min with 1 � Tris-buffered saline
with Tween 20.

2.4. Flow cytometric analysis

MSCs and MSC-derived SMCs were fixed with 4% paraformaldehyde
(PFA) for 1 h at 4 �C, and washed with PBS three times. The cells were
permeabilized with 0.1% triton X-100 for 30 min and blocked with 0.5%
BSA for 1 h. Primary antibodies were incubated with cells at 4 �C for 1 h,
and the cells were treated with secondary antibodies conjugated with
Alexa Fluor 647 (Invitrogen) at 4 �C for 30 min. Cells labeled with
fluorescent antibodies were washed with PBS three times and analyzed
by Attune NxT Flow cytometer (Thermofisher, USA). Obtained fluores-
cence signals were analyzed using the FlowJo (ver 10, Tree Star Inc.).

2.5. Cell growth on two-dimensional (2D) surface with or without aligned
fibers

A rectangular glass (10� 10mm)was used as the non-fibrous surface.
Aligned alginate fibers were deposited by electrospinning onto the glass
under a 10.5 kV high-voltage power source, 140 mm nozzle-to-electrode
(NtE) distance, 0.25 mL/h flow rate, and 3 min of electrospinning time.
The fibers were aligned using rectangular copper electrodes (75 � 25
mm) and a metal nozzle (180 μm inner diameter). MSCs and SMCs were
diluted to 62,500 cells/droplet and the equivalent number of cells laden
on the CE scaffold were seeded onto the glass with or without aligned
fibers.

2.6. Preparation of cell-laden bioink

To prepare the cell-laden bioink, 20 mg/mL alginate and 30 mg/mL
PEO (A2P3) were dissolved in triple-distilled water and magnetically
stirred for 2 days at 4 �C. Then, 1 � 107 cells/mL MSCs or SMCs were
added to the A2P3 solution.

2.7. Fabrication of cell-printed and cell-electrospun scaffolds using MSCs
and SMCs

A 3D printer (DTR3-2210-T-SG, DASA Robot, Bucheon, South Korea)
was used to fabricate the PCL strut (300 μm in diameter and 30 mm in
length). Pneumatic pressure (340 kPa) was applied to the heated metal
barrel containing PCL at 100 �C, and the melted PCL was extruded
through a metal nozzle (350 μm inner diameter) at 10 mm/s. Subse-
quently, CP was performed on the printed PCL struts. The cell-laden
bioink was printed through a nozzle (180 μm inner diameter) using a
pneumatic pressure of 120 kPa and nozzle moving speed of 10 mm/s.

For CE, a high-voltage power source (SHV300RD-50K, Convertech,
Gwangmyeong, South Korea) and syringe pump (KDS 230, NanoNC, Inc.,
Seoul, South Korea) were prepared. The cell-laden bioink was supplied at
0.25 mL/h, and electrospun under a 10.5 kV high voltage direct current
(HVDC) and 140 mm NtE distance. Electrospun fibers were deposited on
the PCL strut, which was fixed between parallel cylindrical electrodes at a
distance of 30 mm.

To fabricate the PCL fibrous mat, electrospinning was performed
using 10% PCL dissolved in methylene chloride and dimethylformamide
at a ratio of 4:1. The PCL fibers were collected on a grounded rotating
3

drum at 1500 rpm using 0.20 mL/h flow rate and 0.1 kV/mm electric
field (12 kV HVDC and 120 mm NtE distance) for 4 h.

2.8. In vitro characterization

Optical images were captured using a BX FM-32 optical microscope
(Olympus, Japan) to observe the surface topography of the constructs. To
obtain microscale images, the samples were placed on double-sided
carbon tape and sputter-coated with gold, and their images were
captured using a scanning electron microscope (SEM; SNE-3000 M; SEC
Inc., Suwon, South Korea).

Stress-strain curves were obtained using a microtensile tester (Top-
tech 2000; Chemilab, Suwon, South Korea) under uniaxial stretching at
0.2 mm/s. The samples were vertically fixed between two grips with a 10
mm gap and stretched upward until failure.

2.9. Analysis of cell viability and differentiation on cell-laden scaffolds

Cell viability at various time points during culturing (days 0, 7, 14,
and 21) was measured using a Live/Dead Viability/Cytotoxicity Kit
(Invitrogen). The samples were immersed in a solution containing 0.15
mM calcein AM and 2 mM ethidium homodimer-1 for 30 min, and im-
ages were captured using a light microscope. Cell viability was calculated
as the ratio of the number of live cells to the total cell number using Fiji
software.

Cell nuclei and F-actin were visualized by DAPI (blue) and phalloidin
(green) staining, respectively. The samples were fixed in formaldehyde
solution (3.7% in Tris-buffered saline [TBS]) for 12 h at 4 �C and treated
with 0.3% Triton X-100 in TBS for 10 min at 25 �C. The samples were
then treated for 1 h at 37 �C with a solution of phalloidin (15 U/mL;
Invitrogen) and DAPI (5 μM; Invitrogen). Fluorescence images were
captured using a confocal microscope (LSM 700; Carl Zeiss, Germany)
and analyzed using Fiji software.

Differentiation of MSCs and SMCs was observed using immunofluo-
rescence staining. The samples were fixed and permeabilized prior to
phalloidin and DAPI staining. The samples were then immersed in 1%
bovine serum albumin in TBS for 1 h at room temperature. Primary an-
tibodies against α-SMA, fibronectin, calponin, collagen I, and collagen IV
at a 1:200 dilution in TBS were added to the samples and incubated
overnight at 4 �C. The samples were subsequently stained with secondary
antibodies conjugated with Alexa Fluor 488 or 594 (Invitrogen). Images
were captured using confocal microscopy and analyzed using Fiji
software.

2.10. Reverse transcription-quantitative polymerase chain reaction (RT-
qPCR)

The expression levels of connexin 43 (CX43), smooth muscle protein
22 alpha (SM22α), desmin, and smoothelin (SMTN) were analyzed by RT-
qPCR. Briefly, total RNA was isolated using TRI reagent (Sigma-Aldrich),
according to the manufacturer's instructions. The purity and concentra-
tion of the isolated RNA were determined using a spectrophotometer
(FLX800T; Biotek, VT, USA). cDNA synthesis was performed using 500
ng RNase-free, DNase-treated, total RNA using a reverse transcription
system (FSQ-201; Toyobo, Osaka, Japan). Gene expression levels were
measured by the comparative Ct method using the StepOne Plus RT-PCR
system (Applied Biosystems, Foster City, CA, USA). GAPDH expression
was used as an internal control. The primers used in this study are listed
in Table S2.

2.11. Repair of esophageal wounds using SMC-laden patch

Six-month-old Sprague-Dawley rats (Central Lab Animal Inc., Seoul,
Korea), weighing approximately 680–700 g, were used in this study. The
rats were divided into three groups (n ¼ 3 per group) and anesthetized
with isoflurane (Baxter International Inc., USA). Two independent
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animal experiments were repeated for statistical analysis of histological
and immunostaining results. Anesthesia delivery equipment was used to
administer a gas mixture of isoflurane and O2 via inhalation into the rat's
respiratory system. Before anesthesia, isoflurane was evaporated in a
vaporizer (Harvard Apparatus, USA), and the concentration was set to
5% and adjusted to 2% during the operation. The gas flow rate of O2 was
maintained at 0.5–1 L/min.

To create the esophageal wound model, the center of the ventral neck
was shaved, an incision of approximately 2 cm was made, and the
esophagus was located in the tracheoesophageal structure. To equalize
the size of the esophageal wound, a 2mm diameter biopsy punch (Miltex,
KAI Industries, Japan) was used to completely puncture the muscle and
mucosal layer of the esophagus. The patches were cut with a 4 mm
diameter biopsy punch and placed over the esophageal wound, and the
punctured section of the esophagus was sutured with a 9–0 nylon suture
(AILEE Co., Korea). The incised skin was sutured using a 7–0 nylon su-
ture. All surgical procedures were performed using sterile instruments
and disinfection procedures. The mice were fasted for the first 3 days,
sterilized water was provided after 4 days, and food was provided after 6
days, postoperatively. During the fasting period, the water consumption
was considered as evidence of esophageal restoration. Two weeks after
surgery, the rats were sacrificed by CO2 euthanasia. All animal experi-
ments were reviewed and approved by the Institutional Review Board of
the Pusan National University Hospital (PNUH-2021-188).

2.12. Histological analysis

For histological analysis of esophageal regeneration, esophageal tis-
sues were excised along with tracheal tissue to support the esophagus.
For routine staining, tissues were fixed with cooled acetone. To obtain
cryosections, the tissue was perfused with sucrose solution, embedded in
optimal cutting temperature compound, and frozen at �80 �C. Tissue
sections were then stained with hematoxylin and eosin (H&E) and
Masson's trichrome stain. Stained sections were scanned using an Axio
Scan.Z1 (Carl Zeiss Microscopy).

For immunohistochemical analysis, the tissue samples were fixed in
4% PFAPFA overnight and embedded in paraffin. To detect smooth
muscle regeneration and vascularization, the esophageal tissue sections
were stained with anti-SM22α, anti-IL-B4, anti-vimentin, and anti-
desmin antibodies. Epithelium of esophageal tissues were stained with
anti-cytokeratin 14, and Macrophages were stained with anti-CD68
antibody. The secondary antibodies used were goat anti-mouse anti-
body conjugated with Alexa Fluor 488 or 568 and streptavidin conju-
gated to Alexa Fluor 488, and DAPI was used to stain the nuclei. The
stained sections were visualized under a laser confocal microscope
(Olympus FluoView FV1000) and an Axio Scan.Z1 (Carl Zeiss Micro-
scopy). The fluorescence levels were quantified in a high-power field
using ImageJ software.

2.13. Statistical analysis

The data are presented as the mean � standard deviation and were
analyzed using SPSS 18 software (SPSS, Inc., Chicago, IL, USA). Differ-
ences among multiple groups were compared by one-way ANOVA with
post-hoc Bonferroni tests, and statistical significance was represented as
*p < 0.05, **p < 0.01, and ***p < 0.001.

3. Results

3.1. MSC-to-SMC differentiation via TGF-β1 treatment and surface
topography

Prior to applying CE or CP, differentiation of MSCs into SMCs in vitro
was induced by treating MSCs with TGF-β1, and its efficacy was analyzed
using western blotting. TGF-β1 treatment increased the expression levels
of several SMC markers, including calponin, α-SMA, SM22α, vimentin,
4

desmin, and SMTN, indicating that MSCs had successfully differentiated
into SMCs (Fig. S1). To confirm the TGF-β1-induced differentiation of
MSCs to SMCs, the expression of SMC markers, such as α-SMA and
SM22α, were measured by flow cytometric analysis. The expression
levels of α-SMA and SM22α were greatly increased in SMCs compared
with MSCs, and the percentages of α-SMA- and SM22α-positive cells in
SMCs were 93.4% and 84.6%, respectively (Fig. S1b). In addition,
phosphorylation levels of Smad2, which is a key transcription factor
involved in TGF-β signaling, was elevated in SMCs than MSCs (Fig. S1c),
indicating pivotal role of Smad2 in the TGF-β1-induced differentiation of
MSCs to SMCs.

The effects of the aligned topography on SMC differentiation were
examined in 2D cultures. It has been reported that cell elongation pro-
motes the differentiation of MSCs into SMCs [12,38], and cell morphol-
ogies affect the phenotypic modulation of SMCs [39]. MSCs and SMCs
were seeded after electrospinning the aligned fibers on a 2D substrate
(Fig. S2a). A plain 2D substrate was used as a control. Compared to the
cells cultured on the plain surface, the MSCs and SMCs cultured on the
aligned fibers exhibited higher degrees of cell elongation and cell
alignment as well as increased expression levels of SMC markers (α-SMA
and calponin) and SMC-related extracellular matrix (ECM) markers
(collagen I, collagen IV, and fibronectin) (Figs. S2b–d). These results
suggest that the differentiation of MSCs into SMCs was promoted by cell
alignment and elongation in 2D. Thus, MSCs and SMCs were used in CE
to obtain aligned fibers and develop a smooth muscle regenerative
scaffold.

3.2. CP and CE of MSCs and SMCs

Next, we compared the effects of CE and CP in the presence of cell
alignment. The bioink was prepared bymixing a 2% alginate and 3% PEO
(A2P3) solution with MSCs and SMCs at 1 � 107 cells/mL. Alginate is a
biocompatible, non-toxic, and versatile polymer that enables rapid
gelation of the microstructure through the addition of cations [40]. PEO
was added as a processing material to optimize the surface tension,
conductivity, and molecular entanglement for electrospinning [41]. The
composition of the A2P3 solution was based on a previous study that
showed stable fiber formation and alignment [32]. As shown in Fig. 1a,
CP and CE were performed with SMC-laden A2P3, according to the
schematic illustration. In the optical images, a cell-electrospun scaffold
had an aligned fibrous structure, whereas the cell-printed scaffold had a
plain bulk structure. The morphology of SMCs was observed by phal-
loidin/DAPI staining after 7 days of culture. The cells of the CP scaffold
had a round shape similar to that on day 0, whereas the cells of the CE
scaffold exhibited an elongated morphology. These results clearly
showed different degrees of cell alignment and elongation, depending on
the presence of aligned micropatterns in a 3D environment. However,
these scaffolds, which can be easily bent and deformed, are unsuitable for
long-term culture because of their low mechanical strength.

To supplement the low mechanical strength of the electrospun or
bioprinted structures, a PCL strut was applied as a mechanical support for
the CP and CE processes. To generate PCL struts, PCL pellets were melted
at a high temperature of 100 �C and then 3D printed using 340 kPa of
pneumatic pressure and 10 mm/s nozzle moving speed, yielding a 300
μm PCL strut (Fig. 1b (i)). Then, using CP, MSCs and SMCs were printed
onto the PCL strut using 120 kPa of pneumatic pressure and 10 mm/s
nozzle moving speed, which are referred to as CP-MSC and CP-SMC,
respectively (Fig. 1b (ii)). In the meantime, CE using MSCs and SMCs
was performed on the PCL strut with fabricating parameters of 140 mm
NtE distance, 0.075 kV/mm electric field, and 0.25 mL/h flow rate
(Fig. 1b (iii)). The scaffolds created by CE using MSCs and SMCs are
referred to as CE-MSC and CE-SMC, respectively.

The topographical features of the scaffolds fabricated using CP and CE
were captured using optical and SEM imaging. The CP scaffolds exhibited
plain surfaces, whereas the CE fibers exhibited aligned micropatterns
(Fig. 1c and d). When MSCs were utilized for both CP and CE process,



Fig. 1. Microstructures of cell printing (CP) and cell
electrospinning (CE) with mesenchymal stem cells
(MSCs) and stem cell-derived smooth muscle cells
(SMCs). (a) Schematic illustration of CP and CE pro-
cess without the supplement of a polycaprolactone
(PCL) strut. The fabrication procedures for CE and CP
are shown in the upper panels, and the optical and
fluorescent images (phalloidin/DAPI double staining)
were captured on days 0 and 7. (b) A schematic
illustration of the PCL printing, CP, and CE processes.
The fabricated scaffolds (CP-MSC, CP-SMC, CE-MSC,
and CE-SMC) are represented as (c) optical, (d) SEM,
and (e) live/dead cell images on day 0.
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MSC-laden scaffolds in the absence of TGF-β1 treatment show the effects
of aligned micropatterns on SMC differentiation. To evaluate the
biocompatibility of the CP and CE processes, the viability of the MSCs
and SMCs on each scaffold was measured. The results showed high initial
cell viability (>90%) for MSC- and SMC-laden scaffolds (Fig. 1e), indi-
cating that both CP and CE structures provided a biocompatible micro-
environment for MSCs and SMCs.
5

3.3. Cell compatibility of cell-printed and cell-electrospun scaffolds

Fig. 2a shows the cell viability after the CP and CE processes, in which
live (green) and dead (red) cells were captured after 7, 14, and 21 days of
culturing. High cell viability over 90%wasmaintained for 21 days for the
MSCs and SMCs, indicating that both the CP and CE processes provided
the cells with a biocompatible microenvironment to support cellular
activities (Fig. 2b). Next, the number of cells on day 21 was counted from



Fig. 2. Biocompatibility of cell printing (CP) and cell electrospinning (CE)
represented by cell viability and the number of cells. (a) Live/Dead images of
CP-mesenchymal stem cell (MSC), CP-stem cell-derived smooth muscle cell
(SMC), CE-MSC, and CE-SMC on days 7, 14, and 21. Quantification of the Live/
Dead images with respect to (b) cell viability and (c) cell numbers. Data indicate
mean � SD (n ¼ 5).
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the images of the Live/Dead assay (Fig. 2c). CE-SMC showed the highest
cell numbers compared to the other groups, suggesting that cell prolif-
eration was promoted by the synergistic effects of TGF-β [42] and the
submicron structure that are favorable for cell migration and nutrient
exchange.
3.4. Effects of CP and CE on SMC differentiation

Fig. 3a shows DAPI/phalloidin staining of MSCs and SMCs on the CP
and CE scaffolds. The CP scaffolds (CP-MSC and CP-SMC) contained cells
with multipolar morphology, while the CE scaffolds (CE-MSC and CE-
SMC) had anisotropically aligned, spindle-shaped cells. These features
were quantitatively analyzed using the F-actin aspect ratio and orienta-
tion (Fig. 3b and c). The non-elongated and randomly oriented
morphology of cells on the CP scaffolds had lower F-actin aspect ratios
and orientation factor, while these factors were greatly increased in cells
on the CE scaffolds. Furthermore, ECM components, such as fibronectin,
collagen I, and collagen IV, were shown to form cytoskeletal structures
(Fig. 3d). Fibronectin has been reported to enhance cell migration [43],
and collagen has been shown to enhance mechanical strength and pre-
vent physical failure of tissues [44]. CE-SMCs showed enhanced
expression of all three ECM components (fibronectin, collagen I, and
collagen IV) (Fig. 3e).

α-SMA is an actin isoform developed to contribute to cell-generated
mechanical tension and can be used as a marker of early stage SMC
differentiation [45]. Despite having a well-developed cytoskeletal
structure, CP-MSCs and CE-MSCs showed very low expression of α-SMA
(Fig. 4a). The expression levels and aspect ratio of α-SMA in CP-SMCs and
CE-SMCs were upregulated 3-fold compared to those in MSCs (Fig. 4b).
Additionally, the α-SMA orientation factor was significantly higher in
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CP-MSCs and CE-MSCs owing to the cell arrangement along the aligned
topographical cues (Fig. 4c). Calponin, a smooth muscle-specific protein
expressed during the later stages of differentiation, was used to measure
the degree of SMC differentiation. Significantly higher calponin expres-
sion was observed in SMCs than that in MSCs (Fig. 4d), suggesting that
cells treated with TGF-β (SMC-laden scaffolds) could successfully initiate
SMC differentiation, while cells without TGF-β treatment (MSC-laden
scaffolds) may not fully differentiate into SMCs. Then, the levels of
smooth muscle-specific genes were evaluated by qPCR analysis (Fig. 4e).
The expression levels of CX43, SM22α, desmin, and SMTN were highest
in CE-SMCs compared to those in the other groups, suggesting that
CE-SMCs exhibited more mature SMC phenotypes.

3.5. Development of a cell-laden patch using PCL fibrous mat for
transplantation

Prior to in vivo application, a solid PCL strut was used as a mechanical
support for the in vitro study; however, this solid structure would not be
suitable for transplantation onto the curved surface of the esophagus.
Therefore, the PCL strut was substituted with acellular, flexible PCL fi-
bers fabricated via electrospinning (Fig. S3a). Here, PCL fibers were
deposited in aligned patterns, and random patterns were not considered
for comparison. Indeed, CP scaffold is rational as a control group to be
consistent with in vitro test. However, SMCs on CP scaffold will get more
affected by micropattern of PCL fibrous mat instead of bulky, non-
patterned printed structure, so the experimental groups were opted to
show effects of aligned micropattern and electrospun SMCs. Further-
more, since PCL provides high biocompatibility, strong mechanical
integrity, and slow degradation rate suitable for in vivo tests [46], it was
selected to fabricate a fibrous mat. Moreover, alginate nanofibers (0.7 �
0.3 μm), specifically less than 1 μm diameter, may not provide surface
area sufficient for cell proliferation, but PCL microfibers (1.1 � 0.2 μm)
can support cell adhesion, viability, and proliferation [47,48]. In the
meantime, PCL fiber density was found to not affect cell proliferation rate
significantly [46]. The PCL fibers were then compared with PCL struts
and alginate fibers, which exhibited much stiffer mechanical properties,
as shown in the stress–strain curves (Fig. S3b). In addition, Young's
modulus values (1.7 � 0.2 and 2.0 � 0.1 MPa) and maximum strength
(8.6 � 2.5 and 9.2 � 1.7 MPa) were similar between PCL fibers and PCL
struts (Fig. S3c). Owing to its flexible shape and appropriate mechanical
properties, a PCL fibrous mat was used to develop a cell-laden structure
for in vivo testing.

3.6. Regeneration of esophageal wound using electrospun SMC patch in
vivo

Esophageal replacement is often required by patients with esophageal
diseases; therefore, engineered esophageal substitutes must be verified
for their feasibility and regenerative effects [49]. Among the different
methods investigated in vitro, CE-SMC exhibited more mature SMC-like
phenotypes; therefore, it was selected to study the therapeutic effects
in an in vivo esophageal woundmodel. An acellular PCL patch was used as
a control.

The esophagus is composed of inner and outer muscle layers, ar-
ranged in circular and longitudinal orientations, respectively. To fabri-
cate a patch for esophageal transplantation, PCL was first electrospun
onto a drum collector to produce a PCL fibrous mat (Fig. 5a). To mimic
the structure of the esophagus, SMCs were electrospun in five layers in
the horizontal and vertical directions and cultured for 4 weeks prior to
transplantation. For transplantation, the fabricated patch was shaped
with a 4 mm diameter biopsy punch (Fig. 5b (ⅰ)). To generate the rat
esophageal wound model, the esophageal tissue was punctured with a 2
mm biopsy punch (Fig. 5b (ⅱ)), and the muscles around the esophagus
and the inner mucosal layer were completely removed (Fig. 5b (ⅲ), (ⅳ)).
Subsequently, the punctured section of the esophagus was covered with
the fabricated patch and sutured (Fig. 5b (ⅴ)). Two weeks after surgery,



Fig. 3. Effects of cell printing (CP) and cell electrospinning (CE) on the arrangement of mesenchymal stem cells (MSCs) and stem cell-derived smooth muscle cells
(SMCs). (a) Phalloidin/DAPI staining on day 21 and quantification of the (b) F-actin aspect ratio and (c) F-actin orientation factor. (d) Fluorescence images of
fibronectin, collagen I, and collagen IV on day 21 and (e) quantification of area. Data indicate mean � SD (n ¼ 3).
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the tracheoesophageal tissue was dissected in the transverse direction
(Fig. 5b (ⅵ); left arrow, trachea; right arrow, esophagus).

Histological analysis of the esophageal tissues was performed using
H&E and Masson's trichrome staining. Thick fibrotic tissues and
increased infiltration of immune cells were observed in tissues trans-
planted with the control patch (Fig. 5c). In contrast, the esophagus
transplanted with the CE-SMC patch exhibited a thick muscle layer and
granulation tissue (Fig. 5d). To determine whether the transplanted
patch promoted esophageal tissue regeneration, a detailed analysis was
performed after immunostaining for vascular and smooth muscle
markers (Fig. 6a, c). The number of ILB4þ-SM22αþ blood vessels was
higher in rats treated with the CE-SMC patch than in those treated with
the control patch (Fig. 6e). Furthermore, the CE-SMC patch group
exhibited abundant newly formed blood vessels, indicating that vascu-
larization was promoted by the CE-SMC patch. Consequently, CE-SMC
patch transplantation significantly increased the levels of SM22α and
vimentin relative to those in the control group (Fig. 6b, d). These data
indicate higher esophageal muscle regeneration in the SMC-patch group
than that in the control patch group. To confirm complete regeneration of
esophageal epithelial cells, the esophageal specimens were stained with
antibody against cytokeratin 14, a marker of squamous epithelial cells in
the esophagus. The cytokeratin 14-positive esophageal epithelial cells
covered the esophageal wounds of both control and SMC-patch groups
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(Fig. S4), suggesting epithelial cell recruitment during wound healing.
To assess the effects of the CE-SMC patch on macrophage infiltration

at the transplantation site, we performed CD68 immunostaining to
identify macrophages (Fig. 7a). The number of macrophages in the
transplanted tissue was significantly increased in rats with the control
patch and decreased by 50% in the CE-SMC patch group (Fig. 7b). These
results suggest that the CE-SMC patch attenuated the immune response
during esophageal reconstruction.

4. Discussion

Cell alignment is critical for remodeling smooth muscle tissues,
including the structure of the vasculature wall, intestinal tissue, and
esophagus [50–52]; however, esophageal reconstruction by inducing
SMC alignment has not been reported [53]. In this study, CE was pro-
posed to guide cell alignment and elongation by generating aligned
cell-laden micro/nanofibers. After CE, the electrospun MSCs and SMCs
exhibited high cell viability, alignment, and elongation along the elec-
trospun fibers. Moreover, CE induced uniaxially arranged F-actin and
upregulated the expression levels of extracellular matrix proteins in
MSCs and SMCs compared to 3D bioprinting. These results suggest that
CE is a promising technique for manipulating cell elongation and align-
ment to mimic the anisotropic architecture of native tissues [54,55]. For



Fig. 4. Cell electrospinning (CE) promotes a higher degree of maturation of stem cell-derived smooth muscle cells (SMCs) than cell printing (CP). (a) α-SMA/DAPI
staining on day 21 and quantification of the (b) alpha smooth muscle actin (α-SMA) aspect ratio and (c) α-SMA orientation factor. (d) Calponin/DAPI staining on day
21 and (e) analysis of relative smooth muscle-specific gene expression. GAPDH was used to normalize gene expression. Data indicate mean � SD (n ¼ 3).
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instance, when an “artificial wound” was covered with acellular elec-
trospun fibers, SMCs successfully migrated to most of the wound area
along the direction of the fibers [50]. These results suggest that a uni-
directional microenvironment is favorable for developing an engineered
smooth muscle patch that encourages efficient cell-cell interactions and
an elongated morphology.

In addition, increased cytoskeletal and nuclear aspect ratios have
been reported as critical factors in facilitating MSC-to-SMC differentia-
tion, although the underlying mechanism by which biophysical micro-
environments affect SMC differentiation is not clearly understood [56].
Cell elongation in parallel or perpendicular direction is important to
SMCs in response to esophageal cycles for alleviating stress and prevent
cellular damages [57]. This typical perpendicular direction of SMCs to
strain was observed in esophageal tissues and named as hill-valley
pattern in a number of studies [58–61]. Because of similarity to native
esophageal structure and structural benefits, aligned nanofibrous scaf-
folds have usually shown superior cell alignment and proliferation than
random nanofibrous scaffolds [62]. In this study, aligned nanofibrous
layers were deposited in five layers in the horizontal and vertical di-
rections, in which 10 cell layers (~300 μm) will give similar thickness to
native esophageal thickness (~270 μm) [63]. However, SMC
8

differentiation was derived from various factors and verified from
different aspects. Park et al. implanted randomly oriented PCL nano-
fibrous and 3D printed patches with and without seeding MSCs in rat
esophagus [64]. Despite of preseeding MSCs, PCL nanofibrous patches
revealed significantly increased esophagus thickness compared to 3D
printed patches owing to the presence of topographic guidance. Hou et al.
casted poly (ester urethane) scaffold using the silicon wafer with pattern
prototype 1 (PU1; 200 μmwidth and 30 μmwide with 30 μm depth wall)
and 2 (PU2; 100 μm width and discontinuous wall in 30 μm gap for each
100 μm channel with 30 μm depth) [65]. Then, for implantation into
rabbit esophagus, the scaffold was designed with PU1 on the exterior and
PU2 on the interior to mimic endocircular and exolongitunial architec-
ture. Primary SMCs showed higher growth and differentiation rate
compared to those on non-patterned scaffolds. Also, Kuppan et al. per-
formed electrospinning for generating random and aligned fibrous scaf-
folds using PCL and PCL-gelatin blend. When SMCs were cultured on
each scaffold, PCL-gelatin-aligned fibrous scaffolds revealed the highest
cell proliferation and functional gene expression level. Here, cell prolif-
eration was dependent on alignment, but gene expression levels were
affected more by mechanical properties and chemical composition of
scaffolds [66]. These former studies well support the findings of this



Fig. 5. Fabrication process and transplantation of a stem cell-derived smooth muscle cell (SMC)-patch to repair esophageal wound in a rat model. (a) Schematic
illustration of polycaprolactone (PCL)-electrospinning and SMC-laden electrospinning for developing a cell electrospinning (CE)-SMC patch. (b) Representative images
of the surgical procedure in which the CE-SMC patch was transplanted into the esophageal wound rat model. Images of (c) H&E staining and (d) Masson's trichrome
staining of the defective esophagus at 2 weeks after transplantation of either an SMC or cell-free patch and normal esophagus. Representative data from two inde-
pendent experiments are shown. (Normal, without surgery; Control-Patch, cell-free construct; SMC-Patch, SMC-laden construct).
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Fig. 6. Neovascularization and regeneration of esophageal smooth muscles after patch transplantation in an esophageal wound model. Representative images of (a)
vimentin, (c) ILB4 and SM22α immunostaining in an esophageal wound model at 2 weeks after transplantation of either a stem cell-derived smooth muscle cell (SMC)
or cell-free patch and normal esophagus. Quantification of (b) vimentin and (d) SM22α expression as measured by the fluorescence levels. (e) Quantification of the
number of ILB4 and SM22α double-positive cells. Data indicate mean � SD (n ¼ 6). (Normal, without surgery; Control-Patch, cell-free construct; SMC-Patch, SMC-
laden construct).

Fig. 7. Regulation of inflammation in esophageal
tissues after stem cell-derived smooth muscle cell
(SMC)-patch transplantation in an esophageal wound
model. (a) Representative images of CD68 immuno-
staining in an esophageal wound model at 2 weeks
after transplantation of either an SMC or cell-free
patch and normal esophagus. (b) Quantification of
macrophage infiltration in esophageal tissues by
counting the number of DAPI and CD68 double-
positive cells. Data indicate mean � SD (n ¼ 6).
(Normal, without surgery; Control-Patch, cell-free
construct; SMC-Patch, SMC-laden construct).
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study that the combination of aligned topography and TGF-β treatment
significantly enhanced cell proliferation and SMC-specific gene
expression.

In another aspect of SMC differentiation, MSCs have shown a greater
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tendency to differentiate into SMCs on stiff substrates (90–1500 kPa)
[67]. Hence, MSCs cultured on stiff substrates demonstrated increased
calponin expression levels compared to MSCs cultured on soft substrates
[43]. Additionally, the synergistic effects of a stiff surface and aligned
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topographical cues can alter mechanical deformations (nuclear and
cytoskeletal elongation) in cellular biochemical responses [68], which, in
turn, can affect cellular functions and transcriptional activities [69]. In
this study, alginate fibers exhibited a Young's modulus of 116 � 3 kPa
and a maximum strength of 3.5 � 0.5 MPa. These results suggest that
cells seeded on electrospun fibers preferentially differentiate into SMCs,
owing to the appropriate mechanical properties and anisotropic cues.
Moreover, CE-SMC exhibited an increased number of cells compared
with the other groups. Although the molecular mechanisms involved in
the increased proliferation of CE-SMC remain unclear, it is likely that
aligned topographic cues may promote the proliferation of CE-SMCs.

TGF-β has been widely used to induce differentiation of MSCs into
SMCs [70]. TGF-β-treated MSCs exhibit SMC-like phenotypes but may
also become myoblast, adipogenic, or osteogenic cells depending on
environmental factors [70,71]. Both α-SMA and calponin are key markers
of an SMC-like population because α-SMA is expressed early in SMC
development, whereas calponin is expressed exclusively in smooth
muscle cells at the later stages of MSC-to-SMC differentiation. We found
that α-SMA and calponin expression was dispersed in CP-SMC, but not all
cells became SMCs. However, these proteins were highly expressed in
CE-SMCs. In addition, the expression levels of contractile markers (CX43,
SM22α, desmin, and SMTN) were significantly increased in CE-SMCs in
response to TGF-β, indicating that these cells were in the later stages of
SMC differentiation [43,44].

As the esophageal tissue structure enables peristalsis, the contractile
phenotype is a critical factor in assessing the potential to restore
contraction and relaxation following esophageal injury. Our results
indicate that a fibrous structure can serve not only as a mechanical
support but also provide biophysical and biochemical cues. Esophageal
injury can be caused by various factors, such as inflammation, ulcers,
stenosis, cancer, or physical impact [72]. and in severe cases, an injury
can cause esophageal wounds. Small defects, perforation, and rupture of
the esophagus are treated with sutures; however, if the defect is large,
tissue transplantation is required. However, a practical method for
effectively treating and regenerating the esophagus through tissue
transplantation has not yet been developed. Consequently, many re-
searchers have studied esophageal reconstruction through trans-
plantation of tissue scaffolds made from MSCs [73–75]. In this study, we
transplanted the CE-SMC patch into an esophageal wound model to
evaluate its clinical applicability. Although the SMC scaffold was not
transplanted into the esophagus in the form of a tube, but as a patch on a
small wound area created by punching, we suggest an SMC-laden
construct fabricated using CE as a useful method for esophageal recon-
struction. In addition, PCL has long-term stability against biodegradation
by hydrolysis, and it takes more than 2 years to completely degrade [76],
implying the usefulness of PCL in CE-mediated tissue engineering. In
H&E staining and cytokeratin 14 immunostaining, the esophagus has an
inner mucosal layer and an outer muscular layer that are mainly
composed of epithelium, suggesting recruitment of esophageal epithelial
cells into the wounds. Although epithelial cells were not used for elec-
trospinning in this study, the tissue transplantation and regenerative
potential of the CE-SMC scaffolds were demonstrated. In future studies,
we will aim to fabricate CE scaffolds using SMCs and epithelial cells for
transplantation into small and large esophageal wounds to confirm
functional tissue repair, potentially expanding the therapeutic and clin-
ical significance of SMCs.

5. Conclusions

This study presents a novel approach to cell alignment and MSC-to-
SMC differentiation via CE. Prior to CE, MSCs were treated with TGF-β
as a regulatory factor of SMC differentiation, which efficiently yielded
MSC-derived SMCs, as indicated by the enhanced expression levels of
SMC-specific markers (calponin, αSMA, SM22α, vimentin, desmin, and
SMTN). Then, CE was performed using either MSCs or SMCs, and both
cell types showed high cell viability (>90%). CP usingMSCs or SMCs was
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compared as a control; specifically, electrospun SMCs (CE-SMCs)
exhibited significantly elongated and aligned cytoskeletal structures
represented by F-actin, fibronectin, collagen I, and collagen IV, which
grew along the uniaxially deposited fiber direction. Additionally, the
expression levels of SMC-specific markers (CX43, SM22α, desmin, and
SMTN) were significantly increased in CE-SMCs. When the CE-SMC
scaffold was applied as a patch on a defective rat esophagus, an
improved regenerative process was observed in terms of increased newly
formed blood vessels and SM22α and vimentin expression levels. These
results suggest the potential of CE as a therapeutic approach for the
regeneration of smooth muscle tissues.
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