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Smooth muscle differentiated human adipose derived stem cells (hADSCs) provide

a crucial stem cell source for urinary tissue engineering, but the induction of

hADSCs for smooth muscle differentiation still has several issues to overcome,

including a relatively long induction time and equipment dependence, which limits

access to abundant stem cells within a short period of time for further application.

Three-dimensional (3D) bioprinting holds great promise in regenerative medicine due to

its controllable construction of a designed 3D structure. When evenly mixed with bioink,

stem cells can be spatially distributed within a bioprinted 3D structure, thus avoiding

drawbacks such as, stem cell detachment in a conventional cell-scaffold strategy.

Notwithstanding the advantages mentioned above, cell viability is often compromised

during 3D bioprinting, which is often due to pressure during the bioprinting process.

The objective of our study was to improve the efficiency of hADSC smooth muscle

differentiation and cell viability of a 3D bioprinted structure. Here, we employed the

hanging-drop method to generate hADSC microtissues in a smooth muscle inductive

medium containing human transforming growth factor β1 and bioprinted the induced

microtissues onto a 3D structure. After 3 days of smooth muscle induction, the

expression of α-smooth muscle actin and smoothelin was higher in microtissues than

in their counterpart monolayer cultured hADSCs, as confirmed by immunofluorescence

and western blotting analysis. The semi-quantitative assay showed that the expression

of α-smooth muscle actin (α-SMA) was 0.218 ± 0.077 in MTs and 0.082 ± 0.007 in

Controls; smoothelin expression was 0.319 ± 0.02 in MTs and 0.178 ± 0.06 in Controls.

Induced MTs maintained their phenotype after the bioprinting process. Live/dead and

cell count kit 8 assays showed that cell viability and cell proliferation in the 3D structure

printed with microtissues were higher at all time points compared to the conventional

single-cell bioprinting strategy (mean cell viability was 88.16 ± 3.98 vs. 61.76 ± 15% for

microtissues and single-cells, respectively). These results provide a novel way to enhance

the smooth muscle differentiation of hADSCs and a simple method to maintain better cell

viability in 3D bioprinting.

Keywords: human adipose derived stem cells, microtissues, smooth muscle differentiation, 3D bioprinting, tissue
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INTRODUCTION

Human adipose derived stem cells (hADSCs) are known for their
multilineage differentiation potential, including bone, cartilage,
adipose tissue, and smooth muscle (Bajek et al., 2016). Compared
to mesenchymal stem cells (MSCs) derived from bone marrow
or umbilical cords, hADSCs are easily accessible and abundant.
Therefore, hADSCs have become an attractive stem cell source
for tissue engineering. Many researchers have investigated the
smooth muscle differentiation of hADSCs due to their promising
applications in the field of cellular therapies involving urinary
and cardiovascular systems (Choi et al., 2010; Fu et al., 2010;
Salemi et al., 2015). These studies provided various methods
for smooth muscle cell differentiation, including co-culturing
hADSCs with primary myoblasts using heparin, 5-azacytidine
or transforming growth factor β1 (TGF-β1) as smooth muscle
inducing factors and attaching hADSCs to microcarriers created
by thermally induced phase separation (TIPS; Di Rocco et al.,
2006; Rodriguez et al., 2006; Meligy et al., 2012; Park et al., 2013;
Parmar et al., 2015). Recent studies showed that growing hADSCs
in a three-dimensional (3D) environment could strengthen their
stemness and hADSCs could form 3D spheroids spontaneously
(Bogdanova-Jatniece et al., 2014; Mineda et al., 2015; Shearier
et al., 2016). These findings indicate that the 3D environment
may accelerate the smooth muscle differentiation process of
hADSCs through enhanced stemness. In a previous study,
we formed microtissues (MTs) consisting of hADSCs via the
hanging-drop method and inspected the internal framework of
MTs by H&E staining. The results confirmed that the expression
of vascular endothelial growth factor (VEGF) and Wnt5a were
significantly higher in MTs than in hADSCs in adherent cultures
(Xu et al., 2014). Thus, the aim of our present study is to
explore a simple and efficient method of inducing hADSCs to
differentiate into smooth muscle cells. We performed a novel
inducement procedure by combining inducing factor TGF-
β1 with the hanging-drop method to induce smooth muscle
differentiation while generating hADSC microtissues.

Three dimensional bioprinting (3D bioprinting) is a new

additive manufacturing tool in tissue engineering that can

produce tissue with the assistance of designing software.
Compared to conventional tissue engineering approaches, it can

distribute cells spatially in the bioprinted tissues and control their

architecture under physiological conditions, thus mimicking
the natural state of tissues. However, cell viability is often

compromised during the bioprinting process due to the wall-
stress effect. Researchers have attempted to improve cell viability.
Yeo et al. constructed hADSC-laden core-sheath structures,
resulting in significantly higher cell viability compared to a
general alginate-based cell-printing process (Yeo et al., 2016).
Park et al. optimized the composition of alginate in bioink
for bioprinting, which maintained better cell growth in the
printed constructs (Park et al., 2017). Shi et al. concluded that
cell migration and proliferation could be tuned by controlling
alginate stiffness during bioprinting (Shi et al., 2017). Here,
we prepared smooth muscle-induced hADSC microtissues and
mixed them with alginate-gelatin bioink for bioprinting; cell
viability and proliferation were investigated and reported. In this

article, we provide an innovative way to induce hADSC smooth
muscle differentiation and preserve cell viability for bioprinting,
which holds great promise for 3D bioprinting to construct native
tissues involving urethra or vessels.

MATERIALS AND METHODS

Source of Human Adipose Derived Stem
Cells
Human adipose tissue samples were obtained from the abdomen
of healthy females, and informed consent was approved by the
institutional review boards. The collected samples were sliced,
treated with 0.1% collagenase type I (Sigma-Aldrich, USA) under
agitation for 90 min at 37◦C, filtered through a 100µm mesh,
and centrifuged at 3,000× g for 10min. The supernatant was
discarded, and the precipitate was resuspended with α-MEM
(Corning) containing 10% fetal bovine serum (FBS, Corning)
and 100U/ml penicillin/streptomycin (Keygen, China). Finally,
the cell suspension was seeded onto the 10 cm Petri dishes, then
maintained over 4–5 days until confluence was reached, which
was defined as passage 0. When cells reached 80–90% confluence,
they were passaged by 0.25% EDTA-trypsin (Solarbio, China).

Flow Cytometry Analysis of hADSCs
Flow cytometry was employed to characterize hADSCs. Cells at
passage 3 were digested with 0.25% EDTA-trypsin and washed
thrice in PBS after centrifugation (1,500 × g for 5min). 1 × 104

cells/tube were incubated in the dark at room temperature for
20 min with the following antibodies: CD44 FITC, CD105 APC,
CD45 PE, CD34 PE (all purchased from BD Bioscience). Then,
the cells were washed again twice with PBS, centrifuged (1,500
× g, 5min) and resuspended in 200µl PBS. Finally, CD surface
antigens were analyzed with FlowCytometer (BD FACSCalibur,
USA).

Preparation of hADSCs Microtissues and
Smooth Muscle Differentiation
Passages 3–5 of hADSCs were used to form MTs. Briefly, the
hADSCs were detached from the Petri dishes and centrifuged.
Then, the pellet was resuspended with culture medium (α-MEM
containing 10% FBS and 100U/ml penicillin/streptomycin)
for internal inspection and, smooth muscle inductive
medium (SMIM, α-MEM containing 10% FBS and 100 U/ml
penicillin/streptomycin and 10 ng/ml TGF-β1 [Sigma-Aldrich])
for smooth muscle differentiation. The cell suspension was used
to generate MTs via the hanging-drop method. Briefly, 5× 105

hADSCs were suspended in 1ml of culture medium or SMIM
and pipetted onto an inverted Petri dish lid with 20µl of cell
suspension per drop using a multi-channel pipette. Then, the
lid was turned over and placed on a Petri dish containing 3ml
of PBS to reduce the evaporation of the droplets. The MTs
were allowed to form based on gravity-enforced cell assembly.
The MTs (10,000 cells in 20µL) were kept for 3 days in a
hanging-drop array at 37◦C in a humidified atmosphere of 5%
CO2. The P3 hADSCs maintained in Petri dishes were cultured
in SMIM and termed the control group.
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Inspection of MT Extracellular Matrix and
Identification of Smooth Muscle
Differentiation
On the third day, immunofluorescence was used to inspect
the internal cell-to-cell interactions and identify the smooth
muscle differentiation of MTs and control cells. To inspect
internal cell-to-cell interactions, MTs were collected and washed
with phosphate buffer saline (PBS, Keygen, China) thrice, then
subjected to frozen section for immunofluorescence. Briefly, the
washed MTs were embedded in optimal cutting temperature
compound (OCT, Sakura) and placed in a −80◦C refrigerator
for 10min. Then, we prepared MT frozen sections with a
thickness of 5 µm using a frozen microtome (Leica CM1950,
Heidelberg, Germany). For the identification of smooth muscle
differentiation, MTs were first collected and resuspended in
SMIM, then seeded onto a Petri dish for 6 h for adhesion
and subjected to immunofluorescence. After fixation with 4%
paraformaldehyde for 20min at room temperature, frozen
MT sections, adherent MTs and control cells were washed
three times with PBS. The samples were then permeabilized
and blocked with 0.1% Triton X-100 and 5% goat serum
(ZSGB-BIO, China) in PBS for 15 min at room temperature.
Subsequently, the samples were incubated with rabbit anti-
collagen IV (1:100, Abcam), rabbit anti-alpha smooth muscle
Actin (1:200 Abcam), and mouse anti-smoothelin (1:200 Abcam)
overnight at 4◦C. Afterwards, the samples were incubated with
FITC-conjugated goat anti-rabbit IgG, Cy3-conjugated goat anti-
rabbit IgG, and FITC-conjugated goat anti-mouse IgG (1:1,000
Abcam) for 60min at room temperature and rinsed with
PBS thrice. For nuclear staining, the samples were incubated
with 4′,6-diamidino-2-phenylindole (DAPI, Keygen, China) for
15min. Lastly, the samples were photographed and recorded
using a LEICA DMI 4000B digital microscope camera system
(Leica, Heidelberg, Germany).

Western Blotting
Smooth muscle markers were tested in MTs and control cells
after the transfer to new adherent plastic Petri dishes. Briefly,
cells were washed with 4◦C PBS thrice and then lysed with
radio immunoprecipitation assay (RIPA, ApplyGen Technology,
China) to obtain the total proteins. The concentration of total
protein was measured with BCA Protein Quantitation Assay
(KeyGEN, China). Forty micrograms of protein were then
separated by 8% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride (PVDF, Millipore) membranes. The membranes were
blocked with 5% non-fat dry milk (Cell Signaling) in Tris-
Buffered Saline Tween-20 (TBST, ApplyGen Technology, China)
buffer for 2 h. Then, the membranes were incubated with
primary antibodies at 4◦C overnight. The primary antibodies
were as follows: rabbit polyclonal to alpha smooth muscle
actin (1:1,000 Abcam) and mouse monoclonal to smoothelin
(1:1,000 Abcam). Next, the membranes were washed with
TBST for 10 min three times. Then, the membranes were
incubated with HRP-conjugated anti-rabbit and anti-mouse IgG
secondary antibodies (1:5,000 ZSGB-BIO, China) for 90 min at

room temperature and washed thrice with TBST. After adding
enhanced chemiluminescence detection regents (ApplyGen
Technology, China), the membranes were visualized by scanning
the immunostaining band (GE ImageQuant LAS4000). The band
intensity was analyzed with Image-Pro-plus 6.0 software.

3D Bioprinting
Both cells from the MTs and cells from the control group were
suspended in bioink at a concentration of 106 cells/ml and then
subjected to 3D bioprinting using a printing platform (Regenovo
3D bioprinter, China). Bioink was prepared as follows: Briefly,
cells were embedded into hydrogels using a 20ml hyperthermia-
dissolved solution of 0.2 g/ml gelatin (Sigma-Aldrich) mixed
evenly with a 10ml solution including 0.04 g/ml sodium alginates
(Sigma-Aldrich) at 25◦C. We used a syringe with an orifice
diameter of 340µm for preparing the tissue-printed construct.
Before the bioprinting process, all used syringes, syringe-paired
inner sealers, and nozzles were autoclaved and stored under
aseptic conditions at 4◦C. The synthetic bioink of the MTs
and the control cells was maintained in an identical sterilized
chamber at 4◦C for 20min to keep it gelated. Then, the
bioprinting process was performed. First, the printing platform
with a temporal-fixed 60mm Petri dish used as a substrate was
rapidly cooled for 45min to 4◦C and underwent ultraviolet
sterilization. Then, we fabricated the desired 3D structure by
maintaining the bioink at T<8◦C during extrusion from the
syringe and placement. Lastly, each fresh 3D structure was
immediately sprinkled with 2ml of sterile 10% calcium chloride
at 4◦C for 10min to complete the cross-linking process, then
immersed in SMIM and cultured in the incubator at 37◦C in a
humidified atmosphere of 5% CO2.

Characterization of Bioprinted 3D
Structure
We utilized HE and immunofluorescence staining to examine the
morphology and stability of the induced MTs in the bioprinted
3D structure. After the bioprinting process was finished, the
3D structure was embedded in optimal cutting temperature
compound (OCT, Sakura) and subjected to frozen sectioning
for HE and immunofluorescence staining. For HE staining,
frozen sections were washed briefly in distilled water, stained
in hematoxylin solution (Beyotime Biotechnology, China) for
5min, washed in running tap water for 1min, differentiated
in 1% acid alcohol for 6 s, washed in running tap water again
for 1min, blued in 0.2% ammonia water, washed in running
tap water for 1min, counterstained in eosin solution (Beyotime
Biotechnology, China) for 5min, dehydrated in alcohol (75% ×

2 for 2 s each, 80%× 2 for 2 s each, 95%× 2 for 1min each, 100%
× 2 for 1min each), and cleared in 2 changes of xylene for 3min
each. For immunofluorescence staining, we followed the protocol
above. Samples were photographed and recorded using a LEICA
DMI 4000B digital microscope camera system (Leica, Heidelberg,
Germany).

Cell Viability and Proliferation Assay
Cell viability was determined by a live/dead test, and the
metabolic activity of cells within the 3D structure was determined
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by a cell count kit 8 (CCK-8, Beyotime, China). For the live/dead
test, we used the Live Dead Viability/Cytotoxicity kit (Life
Technologies). Briefly, the 3D structure was exposed to 0.15mM
calcein-AM and 2mM ethidium homodimer-1 for 40min in a
lucifuge box at room temperature. The stained structure was then
photographed using the LEICA DMI 4000B digital microscope
cameramentioned above. To evaluate the cell viability at different
time points, the numbers of live and dead cells were counted
using the Image-Pro-plus 6.0 software, and the ratio of the
number of live cells to the number of total cells was calculated.

For the CCK-8 test, 1ml of the 3D structures was immersed
in 400µl of CCK-8 solution and incubated for 2 h at 37◦C. Then,
20µl of the supernatant were transferred to a 96-well plate, and
the absorbance was measured at 450 nm using a microplate
reader. Three-dimensional structure samples were not recycled,
different samples were prepared for different time points, and
each test was performed in triplicate.

Statistical Analysis
Statistical analyses were performedwith SPSS 17.0 software (SPSS
Inc., Chicago, IL, USA). All data are presented as the mean ±

standard deviation (SD). The between group comparison was
done using the t-test, and P < 0.05 was considered statistically
significant.

RESULTS

Identification of hADSCs
The cell surface antigens of the hADSCs were assayed with flow
cytometry. We selected typical surface proteins to identify the
hADSCs. The results showed that hADSCs presented a strong
positivity for CD44 and CD105, while no signal was detected
for CD45 and CD34. The percentage of positive cells was 99.71,
99.50, 0.01, and 0.06%, respectively (Figure 1).

Generation, Adhesion, and Inspection of
MTs
A large number of hADSCs could be isolated by type I collagenase
digestion from adipose tissue. After 4–5 days of isolation, primary
hADSCs could adhere to the wall of the Petri dish and presented a
“spindle-like” morphology (Figure 2A). Passage 3 of the hADSCs
was obtained to perform the hanging-drop procedure to produce
the MTs, and the MTs on days 1–3 were photographed and
measured. Themean diameter was 252.18± 23.78, 236.2± 20.22,
216.79 ± 15.85, and 230.58 ± 17.51µm on the first day, second
day, third day, and post-adhesion, respectively. Figures 2B,C
presented morphology of MTs at day 3 and post-adhension MTs.
Immunofluorescence confirmed type IV collagen was positive in
MTs (Figure 3), suggesting the generation of extracellular matrix
(ECM).

Smooth Muscle Differentiation in hADSCs
by Immunofluorescence and Western
Blotting Assays
After the MTs and the control cells were induced in smooth
muscle inductive medium for 3 days, the immunofluorescence
was positive for α-smooth muscle actin and smoothelin in MTs
but negative in control cells (Figure 4). These results suggest that

hADSCs could be successfully induced into smooth muscle-like
cells by the hanging-drop method over a relatively short period
of time (3 days).

To further investigate differences in smooth muscle
differentiation between the MTs and the control cells, western
blotting was employed to detect the relative protein expression
levels of α-SMA and smoothelin. The result of western blotting
showed that the relative protein expression levels of α-SMA and
smoothelin were higher in the MTs than in the control cells
(Figures 5A,B). These results suggested that MTs formed by
the hanging-drop method could improve the smooth muscle
differentiation potential of hADSCs compared to hADSCs
induced on Petri dishes. Control antibody conditions were
utilized in immunofluorescence of collagen IV, α-SMA and
Smoothelin, the results is showed in the supplementary figures
accordingly (Supplementary Figures 1, 2).

Gross and Optical Observations of MTs and
Control Cells in the 3D Bioprinted Structure
We bioprinted a 3D structure at 20 × 10 × 1mm3 (length ×

width × height) and immersed it in α-MEM culture medium
for gross and optical observation. As shown below, gross
inspection revealed that the 3D bioprinted 3D maintained its
configuration (Figure 6A) and MTs bioprinted onto the 3D
structure maintained their shape and diameter (Figure 6B).
HADSCs detached through monolayer culturing for bioprinting
exhibited a round or oval shaped morphology in the 3D structure
(Figure 6C).

Morphology and Stability of Induced MTs
and hADSCs in the 3D Structure
After bioprinting, HE staining showed that induced MTs had
largely maintained their morphology (Figure 7A), and induced
MTs still expressed α-SMA and smoothelin in the 3D structure,
which was confirmed with immunofluorescence (Figures 7B,C).

Cell Viability and Proliferation Assay Using
the Live-Dead and CCK-8 Tests
The live-dead test was performed and the percentage of live cells
was calculated to evaluate cell viability. For MTs, the cell viability
was 92.6 ± 5.18, 84.35 ± 1.5, 86.56 ± 7.15, and 89.12 ± 2.1%
on day 1, day 3, day 5, and day 7, respectively. In the control
group, cell viability was 83.62± 2.78, 75.69± 10.81, 49.5± 16.63,
and 38.22 ± 29.84 on day 1, day 3, day 5, and day 7, respectively
(Figures 8A,B). The results from the CCK-8 assay showed that
both MTs and hADSCs were proliferating in the bioprinted 3D
structure. For the MTs and the control cells bioprinted onto
the 3D structure, the CCK-8 assay absorption values (reading of
culture media absorption at 450 nm) were 0.55 ± 0.02 and 0.37
± 0.04 on day 1 and decreased to 0.11 ± 0.1 and 0.14 ± 0.05
on day 3, which indicated that the pressure-driven bioprinting
process may have had a negative effect on the cells in the 3D
structure. On day 5 and day 7, the CCK-8 assay absorption values
drastically increased to 0.16 ± 0.09 and 0.44 ± 0.07 for MTs and
slightly increased to 0.16 ± 0.04 and 0.19 ± 0.06, respectively, in
the control group (Figure 8C), suggesting that proliferation was
more active in the MTs than in the control cells as time passed.
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FIGURE 1 | Flow cytometry analysis of hADSC surface phenotype. CD44 and CD105 were positive while CD45 and CD34 were negative. The percentage of positive

cells is indicated in the figure.

DISCUSSION

Human adipose derived stem cells (hADSCs) have gained
popularity in tissue engineering studies many have achieved

promising results in the reconstruction of various tissue defects.

It is widely believed that hADSCs originated from the mesoderm.

Based on this belief, hADSCs should be multipotent, allowing

them to differentiate into myocytes, adipocytes, chondrocytes,
and osteoblasts. Many studies have investigated various methods

of smooth muscle differentiation in hADSCs, including the use

of inducing factors, TIPS, and co-culturing with myoblasts (Di

Rocco et al., 2006; Sakuma et al., 2009; Wang et al., 2010;
Parmar et al., 2015). Though these methods induce hADSCs to
differentiate into smooth muscle cells, some drawbacks should
not be neglected: a long inducing period (3–6 weeks), the
requirement of myoblasts for co-culturing, the requirement
of equipment to fabricate microcarriers, etc. which limited its
further application in cell therapies.

We noticed that some studies showed that spheroid cultures
can enhance stemness and the therapeutic potential of hADSCs
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FIGURE 2 | Phase contrast microscopy showing the aggregation process of 10,000 hADSCs into microtissues (MTs) and the post-adhesion MTs on a Petri dish.

(A) hADSCs cultured on a Petri dish (passage 4); (B) morphology of MTs on day 3. The appearance of MTs became stable with a smooth edge on day 3; (C) MTs on

day 3 seeded onto a Petri dish for 6 h for adhesion; cells were seen around the adherent MTs. Inset bar = 200 µm.

FIGURE 3 | Immunofluorescence showed type IV collagen was positive in the internal part of MTs, reflecting the formation of extracellular matrix in MTs. Inserted

bar = 200 µm.

(Emmert et al., 2013; Bogdanova-Jatniece et al., 2014). We
hypothesized that spheroid cultures may contribute to smooth
muscle differentiation in the presence of smooth muscle
inductive medium.

Currently, various spheroid culture methods have emerged to
form cell aggregates and study their effect on MSCs, including
the use of non-adherent plates or microfabrication-based non-
adhesive surfaces, the hanging-drop method, spinner or rotary
dynamic culture systems, or the use of agarose multi-well dishes
from rubber micro-molds (Song et al., 2004; Nyberg et al., 2005;
Bogdanova-Jatniece et al., 2014; Rettinger et al., 2014; Guo et al.,
2015; Nakagawa et al., 2016). Compared to other methods, the
hanging-drop method is relatively economical and convenient.
Emmert et al. generated MTs from different human stem cells
(human bone marrow and adipose tissue-derived MSCs, Isl1+

cardiac progenitor cells derived from human embryonic stem
cells, undifferentiated human induced pluripotent cells) via the
hanging-drop method; their results suggested that these four
cell lines can successfully generate MTs. The ECM distribution
was homogenous for human adipose tissue-derived MSCs and
undifferentiated human induced pluripotent cells, while it was
primarily concentrated within the center of the other two cell
lines (Emmert et al., 2013). Among the studies mentioned above,
Nakagawa et al. aggregated human bone marrow MSCs using
the hanging-drop method and transplanted the aggregates into
osteochondral defects in rats. The outcome of this study was that
aggregation promoted lubricin expression of MSCs in vitro, and
the morphology of the superficial cartilage in the MSC group

was closer to that of the intact cartilage in the rat osteochondral
defect model (Nakagawa et al., 2016). These researchers proved
that utilizing the hanging-drop method to aggregate MSCs is a
useful tool for tissue engineering.

In this study, we combined the hanging-drop method and
TGF-β1 to generate smooth muscle-like MTs from hADSCs.
Immunofluorescence staining detected the expression of type
IV collagen in non-induced MTs. The expression of smooth
muscle cell markers such as, α-SMA and smoothelin induced
by TGF-β1 in a relatively short time (3 days) revealed that
expression was higher in MTs than in their counterpart hADSC
monolayer; this finding was confirmed by western blotting assay.
That is, spheroid culture could promote the smooth muscle
differentiation of hADSCs induced by TGF-β1. Calabrese et al.
fabricated a new Collagen I-based 3D scaffold and assessed
its chondrogenic potential in vitro, which promoted the early
chondrogenic differentiation of hADSCs (Calabrese et al., 2017).
Guo et al. reported that spheroid formations may enhance
the neural differentiation potential of post-thaw hADSCs (Guo
et al., 2015). Other research has shown that hypoxia reinforces
proliferation and VEGF expression of hADSCs (Lee et al., 2009)
suggesting that the stemness of hADSCs might be intensified via
a hypoxic environment in the inner parts of MTs. In our previous
study, we proved VEGF expression is significantly increased in
MTs compared to hADSCs without spheroid formations (Xu
et al., 2014), which is consistent with the aforementioned studies.

Collagen IV is an extracellular matrix protein that forms
heterotrimers and is present in nearly all basement membranes
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FIGURE 4 | Smooth muscle differentiation of MTs and the control group. The immunofluorescence detected α-SMA and smoothelin expression in microtissues (MTs)

and hADSCs cultured in a Petri dish (Control). Inset bar = 100 µm.

FIGURE 5 | (A) western blotting compared the relative protein expression of α-SMA and smoothelin in microtissues (MTs) and induced monolayer cultured hADSCs

(control) and non-induced hADSCs (hADSCs); (B) Semi-quantitative data of relative protein expression (target protein/GADPH). *P < 0.05 vs. the control and hADSCs.
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FIGURE 6 | Bioprinted 3D structure immersed in culture medium (A), optical observation of MTs (B, white arrow) and hADSCs (C, black arrow) in the bioprinted

structure. Inset bar = 200 µm.

FIGURE 7 | HE and immunofluorescence of MTs in the bioprinted 3D structure. HE staining revealed that MTs could largely sustain their morphology after the

bioprinting process (A). Immunofluorescence confirmed induced MTs still had expression of α-SMA (B) and smoothelin (C). Red, α-SMA; green, smoothelin; blue,

DAPI; inset bar = 200 µm.

FIGURE 8 | Live-dead assay of MTs and the control group bioprinted in the 3D structure (A). Fluorescence image showed live cells (green) and dead cells (red), inset

bar = 100 µm. The quantitative data of cell viability at different time points in the bioprinted 3D structure (B). CCK-8 test to detect the proliferation of MTs and the

control group in the bioprinted 3D structure (C).
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in every organ (Jeanne and Gould, 2017). Based on this
finding, we assumed that it is the enhanced stemness of
spheroid cultures that promotes the production of collagen
IV, which is the main element of ECM, and provided a
“microenvironment” for smooth muscle differentiation. Our
results confirmed the findings of the aforementioned studies
(Emmert et al., 2013). Furthermore, after the bioprinting
process, induced MTs maintained their phenotype, suggesting
that they might possess smooth muscle function in the 3D
structure. Yao et al. encapsulated hADSCs in alginate and
alginate/gelatin microspheres, and fabricated these microspheres
via an microsphere generating device. Results suggested that
compared with pure alginate, alginate/gelatin microspheres
could achieve higher cell proliferation as well as adipogenic
differentiation, which are similar to our findings. (Yao et al.,
2012).

3D bioprinting sheds light on tissue engineering by providing
a platform to make a computer designed construct of cells
and bioinks, and a bioprinted construct might be a promising
strategy in tissue regeneration. There are various types of
3D bioprinting, including stereolithography, bioplotting, and

fused deposition modeling (O’Brien et al., 2015). Among these
types, bioplotting, or so-called micro-extrusion bioprinting,
are the major printing technologies that can print cell-laden
constructs under physiological conditions. Although micro-
extrusion bioprinting can achieve homogenous cell distribution
within the construct, cell viability is usually compromised due

to some negative factors during the printing process. These
negative factors include increased dispensing pressure and

printing time, decreased nozzle diameter and temperature,
and decreased thermal sensitive bioink temperatures
(Panwar and Tan, 2016). Many researchers investigated
ways to achieve better cell viability. Tan et al. employed poly(D,
L-lactic-co-glycolic acid; PLGA) to construct cell-laden porous
microspheres for 3D printing and observed high cell viability
up to 14 days (Tan et al., 2016). Park et al. prepared bioinks
with high and low molecular weight alginate for 3D printing

and suggested that high and low alginate at a 2:1 ratio produced
the best cell growth (Park et al., 2017). Yeo et al. fabricated a
core (cell-laden collagen)/sheath (pure alginate) structure using
hADSCs as the laden cells. They reported that this core-sheath
structure exhibited outstanding cell viability compared to an
alginate-based mesh structure (Yeo et al., 2016). In our study,
we generated MTs from hADSCs and formed them into a 3D
structure using a micro-extrusion bioprinter. The results of
live-dead staining and CCK-8 assay showed that cell viability and
cell proliferation are more satisfactory in MTs than in bioprinted

single hADSCs. Additionally, we noticed that after bioprinting,
the live cell percentage at the edge of the MTs decreased
with the passage of time, and the CCK-8 assay of bioprinted

MTs presented a “U-like” curve. Three potential underlying
mechanisms could explain this effect: 1, Wall shear stress during
the bioprinting process, may have damaged the outer part of
the MTs while the inner part of remained intact. Thus, cells in
MTs proliferated in the following days. 2, The existence of type
IV collagen in MTs provided an ECM for cell proliferation. 3,

Compared to a single-cell bioprinting strategy, using MTs for
bioprinting skipped the step of hADSC detachment from the
Petri dish, which may handicap cell viability.

The other studies mentioned above were equipment-
dependent or used single-composition bioink (alginate alone),
which may harm the supportive ability of cells. Here, we changed
the bioprinting strategy by using MTs instead of traditional
single-cells and mixed MTs with alginate-gelatin bioink, which
were easily achieved by a routine micro-extrusion bioprinter
and maintained its cell supportive ability with the addition of
gelatin.

In conclusion, our results showed that transforming hADSCs
into MTs is a feasible way to enhance smooth muscle
differentiation and maintain more robust cell viability and
cell proliferation than conventional single-cell strategies for
bioprinting up to 7 days. We speculated that the improved
stemness of hADSCs by generating MTs had a positive effect
on its smooth muscle differentiation, and it is the outer part
that prevented the inner part of MTs from harmful shear stress
during the bioprinting process. This work revealed that MTs
consisting of hADSCs could play an important role in the
construction of 3D structures and further applications in tissue
engineering.
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