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Abstract: Adipose-derived stem cells (ASCs) are an abundant and easily accessible multipotent stem
cell source with potential application in smooth muscle regeneration strategies. In 3D collagen hydro-
gels, we investigated whether sustained release of growth factors (GF) PDGF-AB and TGF-β1 from
GF-loaded microspheres could induce a smooth muscle cell (SMC) phenotype in ASCs, and if the
addition of uniaxial cyclic stretch could enhance the differentiation level. This study demonstrated
that the combination of cyclic stretch and GF release over time from loaded microspheres potentiated
the differentiation of ASCs, as quantified by protein expression of early to late SMC differentiation
markers (SMA, TGLN and smooth muscle MHC). The delivery of GFs via microspheres produced
large ASCs with a spindle-shaped, elongated SMC-like morphology. Cyclic strain produced the
largest, longest, and most spindle-shaped cells regardless of the presence or absence of growth factors
or the growth factor delivery method. Protein expression and cell morphology data confirmed that
the sustained release of GFs from GF-loaded microspheres can be used to promote the differentia-
tion of ASCs into SMCs and that the addition of uniaxial cyclic stretch significantly enhances the
differentiation level, as quantified by intermediate and late SMC markers and a SMC-like elongated
cell morphology.

Keywords: adipose-derived stem cells; smooth muscle tissue engineering; microspheres; growth
factors; cyclic stretch; cell morphology; cell shape; bladder; sphincter; vascular tissue engineering

1. Introduction

As the population ages, higher numbers of patients will need to be treated for diseases
characterized by dysfunction of smooth muscle, including cardiovascular disease [1], and
urinary incontinence [2]. While technology offers many palliative options and changes in
lifestyle can slow progression, tissue-engineered therapies offer one of the few potential
options to reverse the degeneration of tissues by replacing or supplementing the tissues
with alternative surrogates. In order to produce constructs to potentially treat affected
tissues, a reliable and well-characterized source of smooth muscle cells (SMCs) is needed.
Mesenchymal stromal cells (MSCs) offer a readily available source for these cells. In
particular, adipose-derived stem cells (ASCs) are increasingly being considered for their
higher yield during extraction, ease of access, and decreased donor co-morbidity [3–6].
Moreover, adipose-derived progenitor cells already express some smooth muscle mark-
ers [7–10], suggesting that ASCs may naturally (in vivo) contribute to muscle development.
ASCs were first recognized for their adipogenic properties [11–16] but have since also
been demonstrated in vitro to be osteogenic [11–14,16,17] and chondrogenic [13,14,18,19].
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More recently, their potential as a source for generating SMCs has attracted considerable
interest [13,20–22], but substantial work is needed to better control the differentiation of
ASCs into a SMC lineage and to determine the best method to induce this process.

The extracellular environment of SMCs and their progenitors contains a range of
stimuli that induce and maintain their phenotype. Growth factors have been actively
used to recapitulate some of these stimuli and to induce a SMC phenotype from other cell
lineages. The transforming growth factor beta (TGF-β) superfamily of cytokines was first
discovered in cancer cell lines and was noted for the ability to fundamentally change the
phenotype of fibroblasts [23]. TGF-β1 in particular has been noted for its ability to induce
differentiation of MSCs into both chondrocytes [24,25] and SMCs [26–30]. Other growth
factors that that have been shown to induce SMC differentiation are platelet-derived growth
factor (PDGF) [28,29,31], transforming growth factor β3 (TGF-β3) [32], sphingosylphos-
phorylcholine (SPC) [32], and bone morphogenic factor 4 (BMP4) [33–35]. These growth
factors have been shown to, at least transiently, upregulate the expression of SMC-specific
genes and proteins [26–30,32,33,35]. They are typically delivered to in vitro cultures by
dissolving and continuously adding them in culture media. However, replenishing growth
factors in vivo would be more difficult, especially when bolus injections are diluted into
surrounding tissues, which may impede their function. To ensure sufficient GF concentra-
tions over time, several groups have developed methods to load growth factors into the
cell substrate [36] or into modular delivery devices [37,38] in an effort to promote local and
sustained delivery [24,38]. These methods have been used to deliver bone morphogenic
protein 2 (BMP2) [25,37,38], vasculogenic endothelial growth factor (VEGF) [38], fibroblast
growth factor (FGF) [39], and TGF-β1 [24,25,40]. Because of their size and general shape,
these carriers have been called microspheres (µspheres) and they hold potential to augment
growth factor delivery for clinical uses.

Another commonly used method for inducing a SMC-like phenotype in progen-
itor cells is mechanical stimulation. As an example, this stimulation is necessary for
bladder development, since mechanical stretch regulates the in vitro survival of human
bladder SMCs [41]. Cyclic strain has been used to induce MSC types [42–46], including
ASCs [20,30,47], into a SMC-like phenotype [30,43,44,47]. Additionally, cyclic strain has
been shown to induce the alignment of a variety of cell types. For example, in cells seeded
on 2D silicone or non-fibrous substrates, cyclic strain caused cells to perpendicularly
align [20,48–50], while cells seeded on collagen and other fiber-based scaffolds aligned
parallel to the strain direction regardless of culture dimensionality [51]. These findings led
our group to suggest that MSC alignment in response to cyclic stretch depends on the prop-
erties of the substrate, and that alignment plays an instrumental role in generating specific
cell morphologies through cyclic stretch [52]. Cyclic stretch can be used alone [46] or in
combination with growth factors, which maximizes the effects on cell phenotype [20,30].

Regardless of culture dimensionality or the presence of growth factors, stem cells
exhibit a change in morphology in response to mechanical stimulation. In fact, it has been
found that growth factors and stretch affect both the cell size [19,25,32,33,40,48,49] and
the polarization [20,26,47,50,53] of cells as they differentiate, particularly in mesodermal
lineages. Fabrication methods that allow the printing of specific geometries and areas of cell
adhesion sites have been informative in understanding how cells regulate differentiation
and offer an approach to direct this process [13,54,55]. Controlling cell spreading by altering
ligand presentation [56] or limiting elongation [57,58] offers another means of regulating
differentiation. In this context, cell shape has proven a valuable parameter in predicting
and directing phenotype [59,60] with many groups using it as a qualitative indication of
the differentiated state.

Previously, our group has used the relationship between cell shape and phenotype
on 2D substrates to quantify changes in cell morphology throughout the process of bone
marrow-derived MSC differentiation towards SMC-like cells [61]. These 2D studies showed
that addition of cyclic strain or the addition of growth factors is capable of inducing
differentiation of MSCs into a SMC-like phenotype. 3D collagen environments have been
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suggested to dedifferentiate SMCs but biochemical and mechanical stimulation have been
shown to recover this lost expression [62]. We theorized that these two stimuli, well
documented to induce SMC differentiation, could also promote the differentiation process
in these 3D structures and enhance the properties of the tissue-engineered constructs. In
this context, the present study examined the differentiation of ASCs into SMC-like cells in
3D collagen hydrogels in response to (i) the sustained release of PDGF-AB and TFG-β1 from
growth-factor-loaded µspheres, (ii) uniaxial cyclic stretch, or (iii) a combination of growth-
factor-loaded µspheres with cyclic stretch. To this end, we investigated the individual and
combined effects of cyclic strain and controlled growth factor delivery by (i) quantifying
the resulting cell morphology using a panel of shape descriptors [52,61] to capture the full
range of morphological changes and (ii) characterizing the expression of early and late
SMC markers on the protein level. Understanding the effects of these differentiation stimuli
on SMC marker morphology and expression would not only improve our technical ability
to generate SMCs, but will also help confirm the quantitative aspects of cell morphology
that can be used as ASC differentiation markers. In turn, these insights may lead to new
standard protocols and improved methods for inducing and characterizing cell phenotype
in regenerative medicine.

2. Materials and Methods
2.1. ASCs Culture and Expansion

Human adipose-derived mesenchymal stem cells isolated from adult normal, healthy
subcutaneous adipose tissue (Rooster Bio, Frederick, MD, USA, Catalog #MSC-021) were
expanded in T175 flasks in Alpha Modification Essential Medium (Alpha MEM, Fisher,
Rockville, MD, USA) supplemented with 10% qualified fetal bovine serum (FBS; Invitrogen,
Carlsbad, CA, USA) and 1% penicillin and streptomyocin (PS; Invitrogen). Cells were
cultured at 37 ◦C and 5% CO2 and their media was changed every three days. Cells were
passaged at 70–90% confluency and passages 5–7 were used for experiments. On day 0,
when ready to be used for producing constructs, cells were washed in PBS and incubated
in 0.25% Trypsin (Fisher) at 37 ◦C for 3–4 min to lift the cells from the flasks. After cells had
lifted, they were counted, centrifuged, and resuspended in Dulbecco’s Modified Essential
Media (DMEM, Fisher) for use in collagen hydrogels. This DMEM was also supplemented
with 10% qualified FBS (Invitrogen) and 1% penicillin and streptomyocin (Invitrogen).

2.2. Production of µSpheres

A 10% by weight gelatin A stock solution was made by dissolving gelatin A (Sigma
G6144, St. Louis, MO, USA) in a 2.5% v/v NaOH solution and vortexing vigorously which
was then incubated at 37 ◦C until completely dissolved. A 6% working solution was
produced by diluting the 10% stock gelatin with water. A 1% genipin crosslinker was
made by dissolving genipin (Wako 078-3021, Fisher) in PBS which was heated and mixed
until dissolved into a yellow color. The genipin stock solution was kept at 4 ◦C until use.
A0.01% PBS + L101 oil washing solution was dissolved by adding Pluronic L101 (BASF,
Ludwigshafen, Germany) to PBS at 4 ◦C and was stored at room temperature until use. For
production of µspheres, 100 CS silicone oil (Clearco, Willow Grove, PA, USA) was added to
a beaker and warmed to 37 ◦C. The working 6% gelatin solution was also warmed to 37 ◦C.
The impeller of a Servodyne mixer (Cole Palmer, Vernon Hills, IL, USA) was immersed
into the beaker containing the silicone oil. A speed of 2300 RPM was set to ensure lack
of splashing. Slowly the desired volume of 6% gelatin was added to the beaker and the
gelatin was allowed to emulsify for 5 min. The rotor was placed on a 66% duty cycle
which ran every 1.5 min for 3 min. The silicone and emulsified gelatin was then placed
on ice and mixer was allowed to run for another 30 min. 25 mL of the gelatin oil mixture
was then added to 50 mL tubes and diluted 1:2 with a PBS + L101 solution which was
mixed for 5 min by constantly inverting the tubes on a Rotoflex tube rotator (Argos, Vernon
Hills, IL, USA). The tubes were then centrifuged at 300× g for 5 min and the top oil phase
was removed. The bottom phase was transferred to new tubes and the washing step was
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repeated by bringing each tube’s volume to 50 mL again with PBS + L101. The tubes were
once again centrifuged and the oil phase removed. Repeated washes were performed until
the remaining gelatin and PBS phase was approximately 10–15 mL. This was then vortexed
and 1% genipin was added. The tubes were allowed to mix overnight (18–24 h) on the
Rotoflex tube rotator allowing genipin to crosslink. The next day, tubes were centrifuged at
200× g for 5 min. The liquid phase was removed and the volume was adjusted to 50 mL
by adding ethanol (200 proof, 459,844 Sigma). The tubes were then inverted on a Rotoflex
rotor for 1 h, centrifuged at 200× g for 5 min and washed twice more with ethanol and
then three times with water. Sonified gelatin µsphere using 50% duty cycle every minute
for 3 min with Digital 250 Sonifier (Branson, Danbury, CT, USA). Gelatin µspheres were
freeze dried until use.

2.3. Loading Growth Factor into µSpheres

Lyophilized µspheres were massed into three sterile centrifuge tubes. The first con-
tained 0.11 mg of gelatin µspheres. The second contained 0.27 mg of µspheres. The third
contained 0.38 mg of µspheres. Tubes were centrifuged to collect the µspheres at the
bottom. TGF-β1 (20 µg/mL PBS, Peprotech, Rocky Hill, NJ, USA), PDGF-AB (20 µg/mL
(100-00AB-10UG, Peprotech, Rocky Hill, NJ, USA), or PBS was then added to the first,
second and third tubes, respectively, at 10 µL/mg of µspheres. Each tube was then cen-
trifuged to collect the growth factor and µspheres at the bottom and incubated overnight
at 37 ◦C. The µspheres were resuspended with FBS (Invitrogen) to a final concentration
of 10 mg µspheres/mLand incubated at room temperature for one hour before homoge-
nization using a Digital Sonifier (Branson) set at 10% amplitude for 2 min with a 50% duty
cycle every 20 s.

2.4. Tissue Construct Production and Culture

Type I collagen (MP Biomedicals, Solon, Ohio) was dissolved in 0.02 M acetic acid
(Sigma) to a concentration of 4 mg/mL. Collagen gels were made according to previous
studies [63]. Briefly, to make 2 mg/mL gels, 4 mg/mL collagen composing 50% of the final
gel volume was added to different tubes, one for each type of growth factor loading. To
each tube, a volume of 5× DMEM (Fisher), equal to 20% of the final gel volume, and 0.01 M
NaOH (Sigma), equal to 10% of the final volume, was mixed with the collagen to neutralize
acid and to make the solution isotonic. FBS (Fisher) equal to 10% of the final volume was
added with the respective amounts of µspheres to each tube. For controls gels (Control), no
µspheres and no growth factors were added to the FBS. For gels with unloaded µspheres
and growth factors in the media (GF), 38% of the FBS contained control µspheres (10 mg
of µspheres/mL FBS). For gels with growth factor loaded into the µspheres (LS), 11%
of the FBS contained µspheres TGF-β1 and 27% of the FBS contained µspheres loaded
with PDGF-AB (both at 10 mg µspheres/mL FBS). ASCs, which were suspended at 5e6

cells/mL in 1× DMEM (Fisher), were mixed in, equal to 10% of the final gel volume. The
hydrogel mixtures were then dispersed to wells for static culture or bioreactor chambers
for mechanical stimulation. 0.5 mL of the hydrogel solution containing the cells was
dispersed to wells of a 24 well TC-treated plate (Corning, Fisher) and 4 mL was dispensed
to each bioreactor chamber custom made for stretching (TGT LigaGenTM, Minnetonka,
MN, USA) (Figure 1). All plates and chambers were incubated and allowed to equilibrate
to 37 ◦C. After the gels set, 0.5 mL of respective media was added to each static gel and
4 mL of respective media was added to each construct in the bioreactor chambers. Control
gels (Control) received 1× DMEM with 10% FBS (Fisher), gels with unloaded µspheres
(GF US) received 1× DMEM with 10% FBS, 5 ng/mL PDGF (Peprotech), 5 ng/mL TGF-
β1 (Peprotech), and 30 µM ascorbic acid, and gels containing loaded µspheres received
1× DMEM with 10% FBS and 30 µM ascorbic acid. Constructs were incubated at 37 ◦C
until each gel’s respective media was changed on day 3 (D3). Gels in bioreactor chambers
were released from their molds and suspended from anchor points before replacing the
media. On D4 samples were collected and analyzed while all remaining gels continued
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to be cultured. The gels in bioreactor chambers were stretched starting on D4 (described
below). Media was changed again on D6 and the final samples were collected for analysis
on D7.
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2.5. Determining Growth Factor Release

PDGF µspheres and TGF-β1 µspheres (Loaded) were incubated in 5.0 U/mL collage-
nase I (MP Biomedical) for 24 h. Empty µspheres in collagenase served as negative controls
(Control) and growth factor, equal to the amount loaded into the µspheres, was dissolved
in PBS to serve as a positive control (GF in PBS). Samples from the PDGF µspheres and
controls were collected at 0, 1, 2, 3, 4, 7, 9, 11, 14, and 24 h. Samples from the TGF-β1
µspheres and controls were collected at 0, 4, 7, 9, 11, 14, and 24 h. Samples were analyzed
using a PDGF-AB Quantikine ELISA Kit (DHD00C, R&D Systems) and Human TGF-β1
Quantikine ELISA Kit (DB100B, R&D Systems). Samples were analyzed on a Synergy H1
microplate reader (BioTek, Winooski, VT, USA), accounting for the removed volume at
each time point. The time point that growth factor release plateaued was recorded. Con-
trol µspheres were kept in 4.0 and 5.0 U/mL collagenase I (MP Biomedical) and samples
were collected every 15 min until the µspheres were fully dissolved (~12 h). Exploiting
the autofluorescence of the genipin-crosslinked gelatin, a Synergy H1 microplate reader
(BioTek) was used to measure the amount of gelatin dissolved in each sample. This was
calculated by normalizing the fluorescence by that of fully dissolved µspheres and, again,
accounting for the volume removed during each sampling. The percentage of µsphere
degradation that occurred when growth factor release plateaued was recorded. ASCs in
collagen hydrogels with control µspheres as described above were cultured for two weeks
collecting media samples every two days. Using the autofluorescence of the solubilized
genipin-crosslinked gelatin, the amount of degradation was calculated accounting for
volume removed from each sample. The time it would take ASCs to degrade the µspheres
and facilitate the highest amount of release was calculated using the degree of degradation
known to correspond to full release in collagenase. To examine the effects of growth factor
delivery method on the degradation of the µspheres, ASCs were cultured with loaded
µspheres (LS as described above), with unloaded µspheres and growth factor in the media
(GF as described above), and control conditions (Con as described above) for one week
changing respective media on D3 and D6. Removed media was analyzed for solubilized
gelatin with the Synergy H1 microplate reader.
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2.6. Stretching Gels

As described above, 4 mL hydrogels from each growth factor delivery condition (LS,
GF, and Con) were cast into custom molds inside bioreactor chambers designed to facilitate
cyclic uniaxial stretch (TGT LigaGenTM). On D3, during the standard media change, the
molds for setting the hydrogels were removed and constructs were suspended in fresh
media between two anchoring points. On D4 the chambers with hydrogels were inserted in
a bioreactor (TGT LigaGenTM) and proprietary software was used to apply cyclic uniaxial
stretch at 10% strain and 1 Hz for 6 h a day for 3 consecutive days (D4, D5, D6). On D6
after stretch, media from each chamber was replaced with the media for that respective
condition in parallel with the respective control gels. On D7, samples from each chamber
were collected and analyzed for shape, gene expression, and protein expression.

2.7. Fluorescence Microscopy for Cell Shape

The ASCs-seeded constructs were collected and stained on D4 and D7 using Calcein
(1:1000, Lifetech/Fisher) and diamidino-2-phenylindole (DAPI, 1:1000, Lifetech, Fisher)
based on our previous work [46,52,61]. ASCs embedded in collagen gels were imaged
using an Olympus IX15 Microscope system (Olympus America, Center Valley, PA, USA).
Calcein-stained ASC morphology was detected using the green filter and the nuclei were
imaged using a blue filter. The individual shapes of large quantities of ASCs were measured
simultaneously through 2D projections of fluorescence with an ImageJ macro (National
Institute of Health, Bethesda, MD), according to [61]. The following six mathematical
shape descriptors were quantified for each MSC: length (major axis), area, circularity
(4*π(area/perimeterˆ2), projection factor (perimeterˆ2/area), roundness (4*area/(π*major
axis lengthˆ2)), and aspect ratio (major axis angle/minor axis). The aspect ratio is the ratio
of the cells width to its height. Projection factor represents a cell enlargement with irregular
boundaries or protrusions.

2.8. Compaction of Static Constructs

Every day and before collection of samples for analysis, images were taken of each
gel using a bright field microscope (Olympus). In ImageJ (NIH), the long and short access
of each sample were measured and approximated as an ellipse. The areas of the resulting
ellipses were normalized to their initial area of the gels, effectively, the area of the well.

2.9. Immunocytochemistry and Analysis of Samples

Constructs were collected on D7, washed twice with PBS, and fixed with Z-fix (Anat-
ech, Battle Creek, MI, USA) for 10 min at 4 ◦C. Samples were washed twice with PBS
and permeabilized with 0.5% Triton X-100 (Sigma) for 20 min at room temperature. All
samples were washed twice more in PBS and kept at 4 ◦C until staining. When staining,
primary antibodies against smooth muscle actin (SMA, Millipore: ABT1487, Burlington,
MA), transgelin protein (SM22, Santa Cruz: 50446, Dallas, TX, USA), and smooth muscle
myosin heavy chain (MHC, Millipore: MAB3568) we dissolved in 10 mg BSA. Samples
were incubated at room temperature in primary antibodies for 2 h at 1:200, 1:50, and 1:50
for anti-SMA, anti-SM22, and anti-MHC, respectively. Samples were washed twice in
PBS and incubated in secondary antibody for 1 h at room temperature. 488 Alex Fluor
anti-rabbit (1:200, ThermoFisher, A-11070) or 488 Alexa Fluor anti-mouse (1:250, Ther-
moFisher, A-11001) were used as secondary antibodies to for detection of SMA and SM22
or MHC, respectively. DAPI (1:1000, Lifetech) was added to the secondary stain as well.
Secondary antibodies and DAPI were washed off twice with PBS in low light settings.
Samples were stored at 4 ◦C until imaging. Imaging was done on a Nikon A-1 Spectral
Confocal Microscope (Melville, NY) maintaining exposure levels across all samples when
imaging specific proteins. Analysis of images were carried out in ImageJ. Pixel intensities
were summed across an image to obtain a “raw integrated intensity” value for each image.
This value was normalized to the number of nuclei in the image to account for regional
differences in the number of cells.
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2.10. Statistical Analysis

All data for bar graphs were plotted and statistically analyzed in R. ANOVA and
Dunn’s Method were used for post hoc analyses to compare individual groups. For bar
graphs comparing different GF treatments on shape or gene expression, only significant
differences between conditions at the same time point were indicated using a bar above
the two conditions. Differences between growth factor treatments from different days were
not indicated, regardless of significance. For bar graphs comparing the effects of stretch on
shape or gene expression, only statistical differences between stretched and static controls
were indicated (blue ‘a’ for Control, red ’b’ for GF, and a green ‘c’ for LS). When comparing
differences in proteins expression between different growth factor delivery treatments
or comparing the effects of stretch, a letter was used to comparing static and stretched
conditions (blue ‘a’ for Control, red ’b’ for GF, and a green ‘c’ for LS) and a bar above
conditions indicates statistical difference between growth factor treatment within the same
mechanical loading treatment. Correlation analyses were performed with SigmaStat (Systat
Software, Version 12.5, San Jose, CA, USA), using the Pearson product moment correlation
test. All error bars are plus/minus the standard error of the mean.

3. Results
3.1. Schematical Outline of Experimental Setup

ASCs were seeded in 3D into collagen hydrogels along with (i) either no µspheres
and no growth factors (Control), (ii) unloaded µspheres with growth factors in the media
(GF), or (iii) with µspheres that had been loaded with growth factors (LS). At day 4 (D4) of
culture, a subset of the samples was collected for analyses. The remaining samples were
either statically cultured for an additional three days and analyzed on day 7 (D7), or were
uniaxially stretched for 3 days from D4 to D6, as described in the Methods. On D7, all
remaining samples were collected for analyses. This process is outlined schematically in
Figure 2. Additional samples were used for analyzing hydrogel compaction.

3.2. Growth Factor Release from Genipin-Crosslinked Gelatin µSpheres

To estimate the delivery rate of growth factors, degradation and delivery studies were
first performed on the microspheres, as shown in Figure 3. Collagenase facilitated an
approximately linear degradation of gelatin µspheres with 5.0 U/mL degrading approxi-
mately 7% of the µsphere mass per hour and 4.0 U/mL degrading approximately 5% of
the mass per hour (Figure 3A). Loaded µspheres containing PDGF-AB were digested using
5.0 U/mL and GF release was gradual before plateauing around 4 h (Figure 3B). With
µspheres left undigested, PDGF-AB release was similar to that of empty µspheres at 0 h
and reached around 50% of the positive control (growth factor in media) release by 4 h of
degradation (Figure 3C). This implied that maximum GF release occurred when ~30% of
the µspheres had been digested, as seen by comparing the degradation profile (Figure 3)
with the analogous GF release profile (Figure 3C). Corresponding experiments were per-
formed on µspheres containing TGF-β1 and again, the immediate release of TGF-β1 from
loaded µspheres at time 0 was comparable to negative controls. By 4 h in collagenase, the
release of TGF-β1 had plateaued (Figure 3D). Like PDGF-AB, it appeared that by the time
30% of the µspheres had been degraded, all TGF-β1 had been released into solution.

Knowing the relative release profile of growth factors from µspheres, we next assessed
how cells would degrade the µspheres and thereby release growth factors. When ASCs
were cultured with control unloaded µspheres, the degradation rate was nearly linear and
they degraded approximately 3% of the µsphere mass per day (Figure 3E). This suggests
that by D10, ASCs should degrade µspheres to a degree that results in the maximum
release of growth factors. To test if the presence of growth factors would affect cell-
induced degradation of the µspheres, ASCs were cultured with unloaded µspheres (with
the growth factors in the media, GF) or with growth-factor-loaded µspheres (LS) and the
mass of µspheres degraded was measured over time. Regardless of how the cells were
cultured with the growth factors, either through media or loaded µspheres, the presence
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of growth factors accelerated degradation to around 6% of the mass per day (Figure 3F).
This implied that cells would degrade enough of the µspheres by D7 to facilitate optimal
release of the growth factors.
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Figure 2. Methods for ASC construct production, culture, and sampling. Adipose-derived stem cells (ASCs) were expanded
and then seeded into collagen hydrogels. The hydrogels contained either no µspheres and no growth factors (Control),
unloaded control µspheres with growth factors in the medium (GF), or µspheres loaded with growth factors (LS). For four
days, the gels were cultured either in media containing no additional growth factor (Control), media containing growth
factors and ascorbic acid (GF; US, 5 ng/mL PDGF, 5 ng/mL TGF-β1, and 30 µM ascorbic acid), or media containing just
ascorbic acid (LS; 30 µM ascorbic acid). On day 4 (D4), a subset of samples was collected for analyses. A subset of the
remaining samples were stretched in a bioreactor once a day for three days (10% strain at 1 Hz for 6 h), whereas another
subset was statically cultured during this time. On day 7 (D7), all remaining samples were collected for analyses.
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Figure 3. Growth factor release from µspheres. When control spheres were kept in collagenase I, they degraded at a linear
rate dependent on enzyme concentration ((A), n = 5 for each time point). ELISAs were used to compare the release of
PDGF ((B,C), n = 3 for each time point and concentration) or TGF-β1 ((D), n = 3 for each time point and concentration)
from loaded µspheres (Loaded) being degraded in Collagenase. µSpheres with PDGF-AB (Loaded) showed gradual release
from µspheres up to 4 h where it plateaued with a similar amount released 4 h and at 24 h (B). We compared this release
against positive controls where PBS was loaded with the same absolute amount of protein as in the µspheres and using
the same concentration of collagenase (GF in PBS). An empty negative control contained empty µspheres and collagenase
(Control). The positive controls (Growth Factors in PBS) remained relatively constant, around 100%, throughout all of the
time points and the negative control (Control) remained at baseline levels from the beginning to the end of the time course
(C,D). µSpheres with PDGF (C) and TGF-β1 (D) initially showed baseline level concentrations of growth factor comparable
to negative controls (Control) but by 4 h the highest amount of each growth factor had been released. This level was
maintained throughout 24 h of collagenase incubation (C,D). For PDGF this was approximately 45% of the amount loaded
into the spheres (C) while TGF-β1 levels were higher than positive controls (D). When control µspheres were cultured
with ASCs in hydrogels (n = 4 for each time point), degradation was linear and it took approximately 10 days to degrade
30% of the spheres (E). When growth factors were present either within the spheres (LS) or in the surrounding media (GF),
ASCs were degraded over 35% by D6 but there were no differences in the levels of degradation of spheres between the two
growth factor delivery methods ((F), n = 5 for each condition and time point).

3.3. Compaction of Constructs Cultured with Specific Growth Factor Treatments

All constructs started compacting after being placed in culture, as shown in Figure 4.
By Day 1, hydrogels with growth-factor-loaded µspheres (LS) had compacted to approx-
imately 10% of their original volume, while hydrogels with growth factor in the media
(GF) had compacted to approximately 40% of their original volume. In contrast, control
hydrogels without growth factors had only compacted to approximately 70% of their origi-
nal volume. Starting on D2, both delivery methods of growth factor induced statistically
similar compaction, but both growth factor-containing treatments were more compacted
than the control hydrogels. The control hydrogels continued to compact until they were
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statistically similar to the growth factor-treated hydrogels on D5. By D6, all hydrogels had
compacted to approximately 10% of their original area, indicating that the choice of growth
factor delivery method had impacted the rate of hydrogel compaction but not the final
degree of compaction.
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Figure 4. Compaction of gels with different growth factor delivery treatments. The blue line represents control gels with
no growth factors, the red line represents gels with unloaded µspheres and growth factor in the media, and green line
represents gels with growth factors in loaded µspheres. The table displays the number of samples measured from each
condition at each time point. By D1, constructs with growth factors loaded into the µspheres (LS) were more compacted
than constructs with growth factor in the media (GF) which were more compacted than gels without any treatment (Control)
(p < 0.05). By D2 and through D5, LS and GF were statistically similar but they were both still statistically more compacted
than the Con. By D6, all constructs had compacted to approximately 10% of their original area.

3.4. Morphology of ASCs Differentiated Using Growth Factor Treatments and Mechanical Stretch

On D7, ASCs cultured in static conditions with growth factors, especially in the
presence of loaded µspheres, appeared more spindle or rod shaped than control cells,
as shown in Figure 5. In particular, cells immediately adjacent to growth-factor-loaded
µspheres exhibited SMC-like morphology. After cyclic strain, regardless of the growth
factor treatment, all cells had aligned with the axis of stretch (the horizontal direction in the
images in Figure 5). Stretched cells had fewer lateral projections and were more elongated
along the axis of stretch. Differences between the growth factor treatments in stretched
cells were less obvious. These observations were quantified and compared with results
presented in subsequent sections.

3.5. The Shape of ASCs with Induced SMC Differentiation Using Growth Factor Treatments

Quantification of ASC morphology after treatment with growth factors is shown in
Figure 6. On D7, the delivery of growth factors via µspheres (LS) produced large cells
with a spindle-shaped, elongated SMC-like morphology. ASCs treated with growth-factor-
loaded µspheres (LS) exhibited the highest roundness on D4, followed by ASCs with
unloaded µspheres and growth factors in the media (GF), while control-treated ASCs were
the least round. By D7, the control ASCs were the most round cells and LS ASCs were the
least round (Figure 6A, p < 0.05). The aspect ratio revealed a similar trend of change in
morphology; control ASCs had the highest aspect ratios, followed by GF ASCs and then
LS ASCs on D4. However, by D7, the LS ASCs had the highest aspect ratio (Figure 6B,
p < 0.05), indicating that over time the LS-treated ASCs generated the most spindle-shaped
cells. On D4, GF ASCs had the lowest circularity followed by LS ASCs and then control
ASCs. By D7, LS ASCs showed the lowest circularity (Figure 6C, p < 0.05). LS ASCs had
also the highest projection factor values, followed by GF ASCs and then control ASCs on
both D4 and D7 (Figure 6D, p < 0.05). Initially, on D4, LS ASCs were the shortest but by D7,
LS ASCs were significantly longer than control ASCs and GF ASCs (Figure 6E, p < 0.05).
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GF ASCs and LS ASCs had larger surface areas than control ASCs at both time points
(Figure 6, p < 0.05).
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Figure 5. Morphology of ASCs cultured with different mechanisms of growth factor delivery in either static or mechanically
stretched culture (D7). Green indicates live ASCs stained with Calcein; red indicates µspheres (unloaded and loaded). ASCs
were cultured with either no µspheres (Control), with unloaded µspheres but containing growth factor in the media (GF), or
with µspheres preloaded with PDGF and TGF-β1 (LS). A subset of these hydrogels was cyclically strained for 6 h a day for
3 days starting on D4. Scale bar represents 50 µm.

Moreover, Figure 6 highlights that treatment can affect cell shape differently after day
4 and day 7. For example, in the static LS group roundness is increased in the presence
of loaded spheres after 4 days but is decreased after 7 days. These differential changes
can be explained by the fact that the cell shapes at day 7 result from effects of the chosen
experimental conditions as well as the effect of time. We noted such effects of time in our
previous study [61] and confirmed time-dependent effects in the present study as well
since all investigated day 4 vs. day 7 shape descriptors of a given experimental group were
significantly different from each other. Therefore, cell shape is time sensitive.

3.6. Shape of ASCs Cultured with Growth Factor Treatments and Mechanical Stretch

In corroboration of the qualitative cell shapes presented in Figure 5, quantitative
assessment of morphology revealed that cyclic strain had produced the largest, longest,
and most spindle-shaped cells regardless of the presence or absence of growth factors or the
growth factor delivery method. More specifically, ASCs in stretched constructs were less
round than their statically-cultured counterparts, regardless of the growth factor delivery
treatment (Figure 7A, p < 0.05). Subsequently, stretched cells had higher aspect ratios than
static ASCs, regardless of growth factor treatment (Figure 7B, p < 0.05). Stretched Con ASCs
and LS ASCs had higher projection factors than those in static culture; however, with GF
constructs, static cells had higher projection factors than stretched cells (Figure 7C, p < 0.05).
The circularity of stretched ASCs was significantly lower than that of static conditions
for all growth factor conditions (Figure 7D, p < 0.05). Both the length (Figure 7E) and
area (Figure 7F) of cells in stretched samples were higher than their statically cultured
counterparts (p < 0.05). ASCs from all growth factor treatments were more aligned when
the constructs were stretched (Figure 7G, p < 0.05).
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Moreover, Figure 6 highlights that treatment can affect cell shape differently after 
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Figure 6. The shape of ASCs differentiated with different growth factor delivery methods. (A–G) Blue bars represent control
gels with no growth factors (Con), red bars represent gels with unloaded µspheres and growth factor in the media (GF),
and green bars represent gels with growth factors in loaded µspheres (LS). Bars with striated patterns represent samples
from D4 and solid bars with fuller tones represent samples from D7. Lines ending above conditions with an asterisk (*)
above indicate statistical differences between cells with different groups (p < 0.05). Letters above bars indicate significant
differences between D4 and D7 data for CON vs. CON (as indicated by the letter a in blue), GF vs. GF (as indicated by
the letter b in red), LS vs. LS (as indicated by the letter c in green) (p < 0.05). Panel G indicates the number of biological
replicates and the numbers of cells from each condition.
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Figure 7. The Shape of ASCs in mechanically stretched constructs compared to statically cultured
constructs. (A–G) Blue bars represent control gels with no growth factors (Con), red bars represent
gels with unloaded µspheres and growth factor in the media (GF), and green bars represent gels with
growth factors in loaded µspheres (LS). Bars with striated pattern represent unstretched controls
and solid bars with fuller tones represent stretched samples. Lines ending with an asterisk (*) above
indicate statistical differences between cells with different groups (p < 0.05). Letters above bars
indicate significant differences between D4 and D7 data for CON vs. CON (as indicated by the letter
a in blue), GF vs. GF (as indicated by the letter b in red), LS vs. LS (as indicated by the letter c in
green) (p < 0.05). Panel H indicates the number of biological replicates and the numbers of cells from
each condition.

3.7. Smooth Muscle-Associated Protein Expression by ASCs Cultured with Growth Factor
Treatments and Mechanical Stretch

Hydrogels were stained for smooth muscle actin (SMA), transgelin (TGLN or SM22),
and smooth muscle myosin heavy chain (MHC), as shown in the representative images in
Figure 8. These proteins were chosen as indicators of early, intermediate, and late differen-
tiation [2], respectively. SMA and MHC are particularly important for force production
while TGLN modulates the contractile apparatus. Figure 9 presents quantitative protein
expression data from the same panel of markers stained in Figure 7. Under static conditions,
LS ASCs treated with TGF-β1 and PDGF-AB expressed the highest amounts of SMA and
smooth muscle MHC. In LS ASCs, the expression of SMA (Figure 9A, p < 0.05) and smooth
muscle MHC (Figure 9C, p < 0.05) was significantly higher than in control-treated ASCs
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but statistically not different from the SMA and MHC expression of GF-treated ASCs (i.e.,
unloaded µspheres with GF in the media). However, under static conditions, TGLN protein
expression was significantly lower in LS-treated vs. control hydrogels (Figure 9B, p < 0.05).
Stretching the constructs altered this response. After 3 days of cyclic stretch, LS-containing
hydrogels exhibited the highest amounts of SMA, TGLN, and smooth muscle MHC expres-
sion. Statistically, LS hydrogels contained significantly increased SMA compared to the GF
group (Figure 9A, p < 0.05) and significantly higher TGLN (Figure 9B, p < 0.05) and MHC
(Figure 9C, p < 0.05) expression compared to control hydrogels. Interestingly, GF ASCs that
were stretched produced significantly less SMA than ASCs in control hydrogels when also
stretched (Figure 9A, p < 0.05).
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Figure 8. Representative images depicting the protein expression of SMA, SM22/TGLN, and MHC
of ASCs. ASCs were cultured without growth factors (Con), with growth factors in the media (GF),
or with growth-factor-loaded µspheres to deliver PDGF-AB and TGF-β1 (LS) under static conditions
or with cyclic stretch applied for 3 days. Samples were stained on D7 for SMA (A), SM22/TGLN
protein (B), or smooth muscle MHC (SM-MHC) protein (C) (all green). Nuclei were stained with
DAPI (blue). Loaded µspheres can be seen in some images in red in the LS groups. The scale bars
represent 50 µm.
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Figure 9. Protein expression of smooth muscle protein from ASCs in mechanically stretched constructs compared to
statically cultured constructs and differentiated with different growth factor delivery methods (D7). (A–C) ASCs were
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The combination of LS and cyclic stretch led to significantly higher expression of
both TGLN (Figure 9B, p < 0.05) and MHC (Figure 9C, p < 0.05), compared to LS and non-
stretched (static) hydrogels. Moreover, while cyclic stretch alone significantly increased
MHC compared to static conditions in the control hydrogels, the addition of LS to both the
non-stretched and stretched hydrogels resulted in a significantly higher expression of the
late smooth muscle MHC marker (Figure 9C, p < 0.05). Collectively, these data demonstrate
that the combination of cyclic stretch and TGF-β1 and PDGF-AB release over time from
loaded µspheres significantly improved the differentiation of ASCs, as quantified by the
protein expression of intermediate and late differentiation markers.

3.8. Correlations between Cell Morphology and SMC Marker Protein Expression

To determine how the modification of cell shape is related to cell differentiation, a
correlation analysis was performed to determine if shape descriptors correlated with the
expression of SMC marker proteins. In stretched cells, the expression of TGLN signifi-



Cells 2021, 10, 3123 16 of 23

cantly correlated with the aspect ratio (Figure 10, p < 0.05, correlation coefficient −0.998).
Moreover, under stretch, regardless of whether the growth factor delivery was through
the media or from the loaded microspheres, they showed comparable values that were
significantly higher than the stretched control group, which is shown in more detail in
Figure 7B). Thus, further supporting that stretch modifies the MSC morphology and protein
expression towards SMC myogenic differentiation.
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protein expression of all adherent cells in n = 3–7 individual experiments.

4. Discussion

This study examined the separate and combined effects of growth factor stimulation
and uniaxial cyclic stretch on the differentiated state of human ASCs. In particular, we
expected that (i) the sustained release of PDGF-AB and TGF-β1 growth factors from
µspheres can be used to induce the differentiation of ASCs into SMCs, and (ii) that a
higher expression of SMC markers and a more SMC-like cell morphology can be achieved
by combining growth-factor-loaded µspheres with uniaxial cyclic stretch. This study
demonstrated that the combination of cyclic stretch and PDGF-AB and TGF-β1 release
over time from µspheres significantly improved the differentiation of ASCs, as quantified
by protein expression of early and late differentiation SMC markers, namely SMA, TGLN
and smooth muscle MHC. In conjunction with these data, the delivery of growth factors
via loaded µspheres produced large ASCs with a spindle-shaped, elongated SMC-like
morphology. Moreover, cyclic strain produced the largest, longest, and most spindle-
shaped cells regardless of the presence or absence of growth factors or the growth factor
delivery method. Collectively, the protein expression and cell morphology data confirmed
that the sustained release of growth factors from growth-factor-loaded µspheres can be
used to induce the differentiation of ASCs into SMCs and that the addition of uniaxial
cyclic stretch significantly enhances the differentiation level, as quantified by SMC protein
and a SMC-like elongated cell morphology.

While the crosstalk between mechanotransduction and other signaling pathways
still requires investigation, these concepts and experimental setups could be applied to
multiple fields, including vascular tissue engineering as well as sphincter and bladder
smooth muscle tissue engineering. Worldwide, tens of thousands of patients undergo
intestinal bladder replacement surgery each year, but due to the inherent shortcomings
of the current clinical methods of bladder augmentation, the development of bioactive
tissue-engineered bladder repair tissue remains a large focus of urological research [64]. It
has been demonstrated that mechanical stimulation is a necessary condition for bladder
development, since mechanical stretch regulates the in vitro survival of human bladder
SMCs [41]; therefore, the results of the current study are relevant for bladder-related tissue
engineering approaches, as the bladder wall exhibits plastic behavior during fast stretch or
extensive deformation [65,66]. In this context, the consideration of integrating mechanical
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stretch into novel technical approaches to generate SMCs or SMC-based repair tissues
might help in introducing new standards for methods in regenerative medicine.

We first examined the release of growth factors from µspheres as they degraded, to
allow the comparison of delivery of growth factors from µspheres to standard delivery
through the culture medium. We determined that collagenase produced linear degradation
rates, providing a model system to correlate degradation with growth factor release. This
was similar to earlier work in our group in which µspheres were developed for other
applications [38]. When loading µspheres with growth factors and degrading them with
collagenase, PDGF-AB released slowly and the total amount released plateaued at around
45% of the loaded growth factor. When the µspheres were loaded with TGF-β1 and
degraded with collagenase, the growth factor was released more quickly and to a higher
absolute concentration. Our assay measured more TGF-β1 released into the media than we
loaded into the µspheres. Some of this excess signal may be caused by gelatin degrading,
or it could have been due to collagenase or another enzymatic process degrading the
growth factor, thereby multiplying the epitope and producing a signal during the assay.
However, the data demonstrated that the µspheres released both PDGF-AB and TGF-β1
and that the maximum level of release was observed 4 h after degradation was initiated
with collagenase. In accordance with the degradation data, this implied that when cells
degraded 30% of the µsphere mass, the maximum amount of growth factor would be
released from the µspheres. This release profile of PDGF-AB is comparable to that of VEGF
using the same µsphere system (60% recovery of VEGF after 40% of the mass had been
degraded) and was released faster than BMP2 (80% recovered after 100% of the mass had
dissolved) [38]. This release rate can potentially be optimized by using another type or
formulation of gelatin, e.g., gelatin B [38] or by changing the extent of crosslinking [37,67].

When using ASCs, we found that 30% of empty µspheres were degraded by the ASCs
after 9–10 days in culture. By exposing ASCs to growth factors, either applied through
the media or loaded into the µspheres, 35% of the µsphere mass was degraded by D6.
This suggested that the maximum release from the µspheres occurred around D6, when
the µspheres were used for inducing ASC differentiation. This increased rate of degrada-
tion was likely due to growth factor-mediated upregulation of matrix metalloproteinase
production by the ASCs [68]. These experiments confirmed that we could load µspheres
with exogenous growth factors and that after 6 days, the µspheres would be degraded to
the point of releasing the maximum amount of growth factor. It is also possible the cells
produced their own growth factors in response to these factors, but it cannot be resolved
from the current setup.

We next investigated whether the method of growth factor delivery promoted the
differentiation of ASCs toward a SMC-like morphology. By D7, growth factors delivered
by µspheres produced SMC-like cells characterized by large cells with a spindle-shaped,
elongated SMC-like morphology. This is consistent with previous findings, as growth
factors have been qualitatively observed to increase the size [33,34,69–71] and polariza-
tion [26,33,70,71] of cells. Our data also suggest that the localized and sustained delivery
of growth factors through µspheres was more effective in producing this phenotype than
direct growth factor delivery through media, which is consistent with a previous study
using µspheres for induction of a different cell lineage [72]. The delayed polarization from
the conditions with µspheres may be due to the cells’ attraction to the µspheres [37] and,
thus, the cells may have needed to degrade or rearrange the µspheres before taking on an
elongated and polarized morphology.

We also examined how growth factor delivery impacted expression of selected SMC
protein markers including myosin heavy chain (MHC), a late SMC differentiation marker.
It is well known that growth factors used in differentiation media increase the expression
of smooth muscle genes [28,29,33,34,69,71,73] but these effects are frequently investigated
only for early-stage SMC markers (e.g., SMA) and intermediate-stage SMC markers (e.g.,
TGLN/SM22) in the differentiation of SMC-like cells derived from ASCs [74]. SMA is
known to contribute to the phenotypic regulation of cells through the cytoskeleton and
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the signaling processes that originate from or converge on the cytoskeleton, which could
regulate cell shape and differentiation [75,76]; however, SMA is not exclusive to SMCs [75].
Moreover, the expression of SMA and TGLN/SM22 often only indicates early progression
towards a SMC lineage. Smooth muscle MHC is a highly specific late-stage SMC marker
expressed in functionally mature SMCs [74]. Our data demonstrate that the use of µspheres
loaded with PDGF-AB and TGF-β1 led to a significant (almost 2-fold) increase in smooth
muscle MHC protein expression, which indicated ACS differentiation towards mature
SMCs. These results were corroborated by the observed changes in ASC morphology. The
protein expression of SMA and MHC was highest when the loaded µspheres were used;
however, the expression of these proteins was lower in the group with unloaded µspheres
and growth factors in the media. This difference engenders the question of why the
application of growth factors via the culture media in the presence of unloaded µspheres
vs. growth-factor-loaded µspheres led to differences in both SMC marker expression and
cell morphology. It is possible that the µspheres themselves attracted the cells [37], and
served as cell adhesion points, which in turn could impact the resulting cell morphology
and subsequent protein expression, alignment, and differentiation [54,77]. In most cases,
the two stimuli complimented one another and promoted differentiation as is evident in
much of the data presented here.

It is important to note that, in addition to being expressed in SMCs, SMA and, to a
lower extent, TGLN, are known to be expressed in myofibroblasts [78–80]. Moreover, the
conditions that we used in this study could theoretically induce some degree of differentia-
tion of ASCs into myofibroblasts. For example, TGF-β1 induces the differentiation of ASCs
into myofibroblasts [81] by activation of the mechanosensitive Rho–actin–megakaryoblastic
leukemia 1 (MKL1) transcriptional pathway [82] and strain and/or stiffening of the ECM
can liberate latent TGF-β1 present in the ECM [83,84] via integrin-dependent mechanically
induced mechanisms [85]. While we show that we achieved the highest expression of
TGLN as well as smooth muscle MHC, which is absent in myofibroblasts [79,80], using
stretch and growth-factor-loaded µspheres, the cells obtained after treatment may not be
a pure population of SMCs but may contain some myofibroblasts. A quantification of
the percentage of myofibroblasts vs. SMCs by double labeling the cells with SMA and
smooth muscle MHC and quantification of double positive (SMC) vs. single positive (my-
ofibroblast) cells by cell sorting should be considered in future studies to help determine
the percentage of ASCs that were differentiated into SMCs.

Our final objective was to examine how cyclic strain in combination with µspheres
influenced the differentiation of ASCs into SMCs. Stretch has been documented to inhibit
the synthetic SMC phenotype and induce a more contractile phenotype [51]. Although
rarely quantified, other groups observed that cyclic stretch qualitatively increases cell
length [42,49–51,86], area [42,86], polarization [20,47,50] and quantitatively increases cell
alignment [20,42,47–51]. We found that stretch enhanced the size, polarity, spreading, and
alignment of ASCs into a more SMC-like morphology regardless of which growth factor
treatment they received. In the present study, we showed that, in all experimental condi-
tions, under 3D conditions, stretch significantly increased the protein expression of TGLN
in ASCs. Moreover, under stretch conditions, the expression of TGLN correlated with an
increase in cellular aspect ratio, which is representative of the ratio of the cells’ width to
height. In our previous two studies using bone marrow-derived MSCs, stretch similarly
increased TGLN expression [46,61]. When comparing stretch vs. no stretch, TGLN expres-
sion correlated with cell solidity when bone marrow MSCs were plated onto compacted 2D
collagen hydrogels [61]. This collectively suggests that the expression of TGLN is respon-
sive to stretch and associates with changes in cell geometry, consistent with cell elongation
that is generally described in SMC myogenic differentiation [40,48,53,57]. Together these
studies confirm that stretch modifies MSC morphology and protein expression towards
SMC myogenic differentiation.

Moreover, in regard to stretch, regardless of the presence or absence of growth factors
or the growth factor delivery method, cyclic strain produced the largest, longest, and most
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spindle-shaped SMC-like cells. Additionally, after the application of 3 days of cyclic stretch,
ASCs in hydrogels with loaded µspheres exhibited the highest amounts of SMA, TGLN,
and smooth muscle MHC expression. Statistically, cyclic stretch in combination with loaded
µspheres led to more SMA but comparable TGLN and MHC protein expression, compared
to stretched cells with growth factor delivered via media. These data suggest that the
mechanism of growth factor delivery may not matter when combined with cyclic stretch.
However, the shape data suggest a more straightforward effect: that growth-factor-loaded
µspheres offer a slight edge over the soluble analog. In nearly every case, cyclic stretch
increased SMC protein expression in ASCs over their analogous controls, and the addition
of loaded µspheres resulted in a higher expression of the SMC differentiation markers.
Collectively, the combination of cyclic stretch, and TFG-β1 and PDGF-AB release from
loaded µspheres significantly improved the differentiation of ASCs, as quantified by altered
cell morphology and protein expression of intermediate and late differentiation markers.
The application of these techniques to smooth muscle tissue engineering not only improves
our technical ability to generate SMCs, but also confirms that quantitative cell morphology
can be used as an additional ASC differentiation phenotypic marker.

Author Contributions: Conceptualization, M.L.H., B.R. and J.P.S.; experimental design, B.W., P.A.T.,
B.R., J.P.S. and M.L.H.; experimental investigations, B.W. and P.A.T.; statistics: B.W.; interpretation of
the data, B.W., P.A.T., B.R., J.P.S. and M.L.H.; writing—original draft preparation, B.W., M.L.H., J.P.S.
and B.R.; writing—review and editing, M.L.H., J.P.S., B.R. and B.W. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported in part by a Rackham Graduate Student Research Grant (Uni-
versity of Michigan, B.W.). The article processing charge was funded by the Baden-Württemberg
Ministry of Science, Research and Art and the University of Freiburg in the funding program Open
Access Publishing.

Institutional Review Board Statement: Not applicable. Human adipose-derived mesenchymal stem
cells were purchased from the Biotechnology company Rooster Bio in Frederick, MD, USA.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from one of the corresponding authors upon reasonable request.

Conflicts of Interest: The authors declare that they have no competing interests.

References
1. Arias, E.; Heron, M.; Tejada-Vera, B. United States life tables eliminating certain causes of death, 1999–2001. Natl. Vital-Stat. Rep.

Centers Dis. Control. Prev. Natl. Cent. Heal. Stat. Natl. Vital-Stat. Syst. 2014, 61, 1–128.
2. Hart, M.L.; Neumayer, K.M.H.; Vaegler, M.; Daum, L.; Amend, B.; Sievert, K.D.; Di Giovanni, S.; Kraushaar, U.; Guenther, E.;

Stenzl, A.; et al. Cell-Based Therapy for the Deficient Urinary Sphincter. Curr. Urol. Rep. 2013, 14, 476–487. [CrossRef]
3. Lindroos, B.; Suuronen, R.; Miettinen, S. The Potential of Adipose Stem Cells in Regenerative Medicine. Stem Cell Rev. Rep. 2011,

7, 269–291. [CrossRef]
4. Fang, B.; Song, Y.; Liao, L.; Zhang, Y.; Zhao, R. Favorable Response to Human Adipose Tissue-Derived Mesenchymal Stem Cells

in Steroid-Refractory Acute Graft-Versus-Host Disease. Transplant. Proc. 2007, 39, 3358–3362. [CrossRef]
5. Cawthorn, W.P.; Scheller, E.L.; MacDougald, O.A. Adipose tissue stem cells: The great WAT hope. Trends Endocrinol. Metab. 2012,

23, 270–277. [CrossRef]
6. Dai, R.; Wang, Z.; Samanipour, R.; Koo, K.-I.; Kim, K. Adipose-Derived Stem Cells for Tissue Engineering and Regenerative

Medicine Applications. Stem Cells Int. 2016, 2016, 1–19. [CrossRef]
7. Hoang, A.C.; Yu, H.; Röszer, T. Transcriptional Landscaping Identifies a Beige Adipocyte Depot in the Newborn Mouse. Cells

2021, 10, 2368. [CrossRef] [PubMed]
8. Long, J.Z.; Svensson, K.J.; Tsai, L.; Zeng, X.; Roh, H.C.; Kong, X.; Rao, R.R.; Lou, J.; Lokurkar, I.; Baur, W.; et al. A Smooth

Muscle-Like Origin for Beige Adipocytes. Cell Metab. 2014, 19, 810–820. [CrossRef]
9. Shamsi, F.; Lynes, M.; Piper, M.; Ho, L.L.; Huang, T.; Tseng, Y.H. Vascular smooth muscle-derived TRPV1-positive progenitors are

a source of cold-induced thermogenic adipocytes. Physiol. Behav. 2017, 176, 139–148. [CrossRef]
10. An, Y.; Wang, G.; Diao, Y.; Long, Y.; Fu, X.; Weng, M.; Zhou, L.; Sun, K.; Cheung, T.H.; Ip, N.Y.; et al. A Molecular Switch

Regulating Cell Fate Choice between Muscle Progenitor Cells and Brown Adipocytes. Dev. Cell 2017, 41, 382–391.e5. [CrossRef]
[PubMed]

http://doi.org/10.1007/s11934-013-0352-7
http://doi.org/10.1007/s12015-010-9193-7
http://doi.org/10.1016/j.transproceed.2007.08.103
http://doi.org/10.1016/j.tem.2012.01.003
http://doi.org/10.1155/2016/6737345
http://doi.org/10.3390/cells10092368
http://www.ncbi.nlm.nih.gov/pubmed/34572017
http://doi.org/10.1016/j.cmet.2014.03.025
http://doi.org/10.1016/j.physbeh.2017.03.040
http://doi.org/10.1016/j.devcel.2017.04.012
http://www.ncbi.nlm.nih.gov/pubmed/28535373


Cells 2021, 10, 3123 20 of 23

11. Halvorsen, Y.-D.C.; Bond, A.; Sen, A.; Franklin, D.M.; Lea-Currie, Y.; Sujkowski, D.; Ellis, P.; Wilkison, W.O.; Gimble, J.M.
Thiazolidinediones and glucocorticoids synergistically induce differentiation of human adipose tissue stromal cells: Biochemical,
cellular, and molecular analysis. Metabolism 2001, 50, 407–413. [CrossRef]

12. Helder, M.N.; Knippenberg, M.; Klein-Nulend, J.; Wuisman, P.I. Stem Cells from Adipose Tissue Allow Challenging New
Concepts for Regenerative Medicine. Tissue Eng. 2007, 13, 1799–1808. [CrossRef]

13. Gao, L.; McBeath, R.; Chen, C. Stem Cell Shape Regulates a Chondrogenic Versus Myogenic Fate Through Rac1 and N-Cadherin.
Stem Cells 2010, 28, 564–572. [CrossRef]

14. Iyyanki, T.; Hubenak, J.; Liu, J.; Chang, E.I.; Beahm, E.K.; Zhang, Q. Harvesting Technique Affects Adipose-Derived Stem Cell
Yield. Aesthetic Surg. J. 2015, 35, 467–476. [CrossRef]

15. Li, R.; Liang, L.; Dou, Y.; Huang, Z.; Mo, H.; Wang, Y.; Yu, B. Mechanical stretch inhibits mesenchymal stem cell adipogenic
differentiation through TGFβ1/Smad2 signaling. J. Biomech. 2015, 48, 3656–3662. [CrossRef] [PubMed]

16. Furuhata, Y.; Yoshitomi, T.; Kikuchi, Y.; Sakao, M.; Yoshimoto, K. Osteogenic Lineage Commitment of Adipose-Derived Stem
Cells Is Predetermined by Three-Dimensional Cell Accumulation on Micropatterned Surface. ACS Appl. Mater. Interfaces 2017, 9,
9339–9347. [CrossRef] [PubMed]

17. Lim, S.; Cho, H.; Lee, E.; Won, Y.; Kim, C.; Ahn, W.; Lee, E.; Son, Y. Osteogenic stimulation of human adipose-derived stem cells
by pre-treatment with fibroblast growth factor 2. Cell Tissue Res. 2016, 364, 137–147. [CrossRef]

18. EEstes, B.T.; Wu, A.W.; Guilak, F. Potent induction of chondrocytic differentiation of human adipose-derived adult stem cells by
bone morphogenetic protein 6. Arthritis Rheum. 2006, 54, 1222–1232. [CrossRef] [PubMed]

19. Kabiri, A.; Esfandiari, E.; Hashemibeni, B.; Kazemi, M.; Mardani, M.; Esmaeili, A. Effects of FGF-2 on human adipose tissue
derived adult stem cells morphology and chondrogenesis enhancement in Transwell culture. Biochem. Biophys. Res. Commun.
2012, 424, 234–238. [CrossRef]

20. Lee, W.-C.C.; Maul, T.; Vorp, D.; Rubin, J.P.; Marra, K.G. Effects of uniaxial cyclic strain on adipose-derived stem cell morphology,
proliferation, and differentiation. Biomech. Model. Mechanobiol. 2007, 6, 265–273. [CrossRef]

21. Heydarkhan-Hagvall, S.; Schenke-Layland, K.; Yang, J.Q.; Heydarkhan, S.; Xu, Y.; Zuk, P.A.; MacLellan, W.R.; Beygui, R.E.
Human Adipose Stem Cells: A Potential Cell Source for Cardiovascular Tissue Engineering. Cells Tissues Organs 2008, 187,
263–274. [CrossRef] [PubMed]

22. Harris, L.J.; Abdollahi, H.; Zhang, P.; McIlhenny, S.; Tulenko, T.N.; DiMuzio, P.J. Differentiation of Adult Stem Cells into Smooth
Muscle for Vascular Tissue Engineering. J. Surg. Res. 2011, 168, 306–314. [CrossRef] [PubMed]

23. Moses, H.L.; Roberts, A.B.; Derynck, R. The Discovery and Early Days of TGF-beta: A Historical Perspective. Cold Spring Harb.
Perspect. Biol. 2016, 8, a021865. [CrossRef]

24. Solorio, L.D.; Dhami, C.D.; Dang, P.N.; Vieregge, E.L.; Alsberg, E. Spatiotemporal Regulation of Chondrogenic Differentiation
with Controlled Delivery of Transforming Growth Factor-β1 from Gelatin Microspheres in Mesenchymal Stem Cell Aggregates.
Stem Cells Transl. Med. 2012, 1, 632–639. [CrossRef] [PubMed]

25. Solorio, L.D.; Phillips, L.M.; McMillan, A.; Cheng, C.W.; Dang, P.N.; Samorezov, J.E.; Yu, X.; Murphy, W.L.; Alsberg, E. Spatially
organized differentiation of mesenchymal stem cells within biphasic microparticle-incorporated high cell density osteochondral
tissues. Adv. Health Mater. 2015, 4, 2306–2313. [CrossRef]

26. Williams, C.; Xie, A.; Emani, S.; Yamato, M.; Okano, T.; Emani, S.M.; Wong, J.Y. A Comparison of Human Smooth Muscle and
Mesenchymal Stem Cells as Potential Cell Sources for Tissue-Engineered Vascular Patches. Tissue Eng. Part A 2012, 18, 986–998.
[CrossRef]

27. Park, W.S.; Heo, S.C.; Jeon, E.S.; Hong, D.H.; Son, Y.K.; Ko, J.-H.; Kim, H.K.; Lee, S.Y.; Kim, J.H.; Han, J. Functional expression of
smooth muscle-specific ion channels in TGF-β(1)-treated human adipose-derived mesenchymal stem cells. Am. J. Physiol. 2013,
305, C377–C391. [CrossRef]

28. Brun, J.; Lutz, K.A.; Neumayer, K.M.H.; Klein, G.; Seeger, T.; Uynuk-Ool, T.; Wörgötter, K.; Schmid, S.; Kraushaar, U.; Guenther,
E.; et al. Smooth Muscle-Like Cells Generated from Human Mesenchymal Stromal Cells Display Marker Gene Expression and
Electrophysiological Competence Comparable to Bladder Smooth Muscle Cells. PLoS ONE 2015, 10, e0145153. [CrossRef]

29. Brun, J.; Abruzzese, T.; Rolauffs, B.; Aicher, W.K.; Hart, M.L. Choice of xenogenic-free expansion media significantly influences
the myogenic differentiation potential of human bone marrow–derived mesenchymal stromal cells. Cytotherapy 2016, 18, 344–359.
[CrossRef]

30. Parvizi, M.; Bolhuis-Versteeg, L.A.; Poot, A.A.; Harmsen, M.C. Efficient generation of smooth muscle cells from adipose-derived
stromal cells by 3D mechanical stimulation can substitute the use of growth factors in vascular tissue engineering. Biotechnol. J.
2016, 11, 932–944. [CrossRef]

31. Yang, L.; Geng, Z.; Nickel, T.; Johnson, C.; Gao, L.; Dutton, J.; Hou, C.; Zhang, J. Differentiation of Human Induced-Pluripotent
Stem Cells into Smooth-Muscle Cells: Two Novel Protocols. PLoS ONE 2016, 11, e0147155. [CrossRef] [PubMed]

32. Jeon, E.S.; Moon, H.J.; Lee, M.J.; Song, H.Y.; Kim, Y.M.; Bae, Y.C.; Jung, J.S.; Kim, J.H. Sphingosylphosphorylcholine induces
differentiation of human mesenchymal stem cells into smooth-muscle-like cells through a TGF-β-dependent mechanism. J. Cell
Sci. 2006, 119, 4994–5005. [CrossRef] [PubMed]

33. Wang, C.; Yin, S.; Cen, L.; Liu, Q.; Liu, W.; Cao, Y.; Cui, L. Differentiation of Adipose-Derived Stem Cells into Contractile
Smooth Muscle Cells Induced by Transforming Growth Factor-β1 and Bone Morphogenetic Protein-4. Tissue Eng. Part A 2010, 16,
1201–1213. [CrossRef] [PubMed]

http://doi.org/10.1053/meta.2001.21690
http://doi.org/10.1089/ten.2006.0165
http://doi.org/10.1002/stem.308
http://doi.org/10.1093/asj/sju055
http://doi.org/10.1016/j.jbiomech.2015.08.013
http://www.ncbi.nlm.nih.gov/pubmed/26341460
http://doi.org/10.1021/acsami.6b15688
http://www.ncbi.nlm.nih.gov/pubmed/28247751
http://doi.org/10.1007/s00441-015-2311-8
http://doi.org/10.1002/art.21779
http://www.ncbi.nlm.nih.gov/pubmed/16572454
http://doi.org/10.1016/j.bbrc.2012.06.082
http://doi.org/10.1007/s10237-006-0053-y
http://doi.org/10.1159/000113407
http://www.ncbi.nlm.nih.gov/pubmed/18196894
http://doi.org/10.1016/j.jss.2009.08.001
http://www.ncbi.nlm.nih.gov/pubmed/19959190
http://doi.org/10.1101/cshperspect.a021865
http://doi.org/10.5966/sctm.2012-0039
http://www.ncbi.nlm.nih.gov/pubmed/23197869
http://doi.org/10.1002/adhm.201500598
http://doi.org/10.1089/ten.tea.2011.0172
http://doi.org/10.1152/ajpcell.00404.2012
http://doi.org/10.1371/journal.pone.0145153
http://doi.org/10.1016/j.jcyt.2015.11.019
http://doi.org/10.1002/biot.201500519
http://doi.org/10.1371/journal.pone.0147155
http://www.ncbi.nlm.nih.gov/pubmed/26771193
http://doi.org/10.1242/jcs.03281
http://www.ncbi.nlm.nih.gov/pubmed/17105765
http://doi.org/10.1089/ten.tea.2009.0303
http://www.ncbi.nlm.nih.gov/pubmed/19895205


Cells 2021, 10, 3123 21 of 23

34. Aji, K.; Maimaijiang, M.; Aimaiti, A.; Rexiati, M.; Azhati, B.; Tusong, H.; Cui, L. Differentiation of Human Adipose Derived Stem
Cells into Smooth Muscle Cells Is Modulated by CaMKIIγ. Stem Cells Int. 2016, 2016, 1–9. [CrossRef]

35. Elçin, A.E.; Parmaksiz, M.; Dogan, A.; Seker, S.; Durkut, S.; Dalva, K.; Elçin, Y.M. Differential gene expression profiling of human
adipose stem cells differentiating into smooth muscle-like cells by TGFβ1/BMP4. Exp. Cell Res. 2017, 352, 207–217. [CrossRef]

36. Boroujeni, S.M.; Mashayekhan, S.; Vakilian, S.; Ardeshirylajimi, A.; Soleimani, M. The synergistic effect of surface topography
and sustained release of TGF-β1 on myogenic differentiation of human mesenchymal stem cells. J. Biomed. Mater. Res. Part A
2016, 104, 1610–1621. [CrossRef]

37. Solorio, L.; Zwolinski, C.; Lund, A.; Farrell, M.J.; Stegemann, J.P. Gelatin microspheres crosslinked with genipin for local delivery
of growth factors. J. Tissue Eng. Regen. Med. 2010, 4, 514–523. [CrossRef]

38. Turner, P.A.; Thiele, J.S.; Stegemann, J.P. Growth factor sequestration and enzyme-mediated release from genipin-crosslinked
gelatin microspheres. J. Biomater. Sci. Polym. Ed. 2017, 28, 1826–1846. [CrossRef]

39. Kawai, K.; Suzuki, S.; Tabata, Y.; Ikada, Y.; Nishimura, Y. Accelerated tissue regeneration through incorporation of basic fibroblast
growth factor-impregnated gelatin microspheres into artificial dermis. Biomaterials 2000, 21, 489–499. [CrossRef]

40. Strobel, H.A.; Dikina, A.D.; Levi, K.; Solorio, L.D.; Alsberg, E.; Rolle, M.W. Cellular Self-Assembly with Microsphere Incorporation
for Growth Factor Delivery Within Engineered Vascular Tissue Rings. Tissue Eng. Part A 2017, 23, 143–155. [CrossRef]

41. Galvin, D.J.; Watson, R.W.G.; Gillespie, J.I.; Brady, H.; Fitzpatrick, J.M. Mechanical stretch regulates cell survival in human bladder
smooth muscle cells in vitro. Am. J. Physiol. Physiol. 2002, 283, 1192–1199. [CrossRef]

42. Zhang, L.; Kahn, C.J.; Chen, H.-Q.; Tran, N.; Wang, X. Effect of uniaxial stretching on rat bone mesenchymal stem cell: Orientation
and expressions of collagen types I and III and tenascin-C. Cell Biol. Int. 2008, 32, 344–352. [CrossRef]

43. Ghazanfari, S.; Tafazzoli-Shadpour, M.; Shokrgozar, M.A. Effects of cyclic stretch on proliferation of mesenchymal stem cells and
their differentiation to smooth muscle cells. Biochem. Biophys. Res. Commun. 2009, 388, 601–605. [CrossRef] [PubMed]

44. Maul, T.; Chew, D.W.; Nieponice, A.; Vorp, D.A. Mechanical stimuli differentially control stem cell behavior: Morphology,
proliferation, and differentiation. Biomech. Model. Mechanobiol. 2011, 10, 939–953. [CrossRef] [PubMed]

45. Kim, T.-J.; Sun, J.; Lu, S.; Qi, Y.-X.; Wang, Y. Prolonged Mechanical Stretch Initiates Intracellular Calcium Oscillations in Human
Mesenchymal Stem Cells. PLoS ONE 2014, 9, e109378. [CrossRef]

46. Rothdiener, M.; Hegemann, M.; Uynuk-Ool, T.; Walters, B.; Papugy, P.; Nguyen, P.; Claus, V.; Seeger, T.; Stoeckle, U.; Boehme,
K.A.; et al. Stretching human mesenchymal stromal cells on stiffness-customized collagen type I generates a smooth muscle
marker profile without growth factor addition. Sci. Rep. 2016, 6, 35840. [CrossRef] [PubMed]

47. Rabbani, M.; Tafazzoli-Shadpour, M.; Shokrgozar, M.A.; Janmaleki, M.; Teymoori, M. Cyclic Stretch Effects on Adipose-Derived
Stem Cell Stiffness, Morphology and Smooth Muscle Cell Gene Expression. Tissue Eng. Regen. Med. 2017, 14, 279–286. [CrossRef]
[PubMed]

48. Kanda, K.; Matsuda, T.; Oka, T. Two-dimensional Orientational Response of Smooth Muscle Cells to Cyclic Stretching. ASAIO J.
1992, 14, 382–385. [CrossRef]

49. Liu, B.; Qu, M.-J.; Qin, K.-R.; Li, H.; Li, Z.-K.; Shen, B.-R.; Jiang, Z.-L. Role of Cyclic Strain Frequency in Regulating the Alignment
of Vascular Smooth Muscle Cells In Vitro. Biophys. J. 2008, 94, 1497–1507. [CrossRef]

50. Wanjare, M.; Agarwal, N.; Gerecht, S. Biomechanical strain induces elastin and collagen production in human pluripotent stem
cell-derived vascular smooth muscle cells. Am. J. Physiol. Physiol. 2015, 309, C271–C281. [CrossRef]

51. Kurpinski, K.; Park, J.; Thakar, R.G.; Li, S. Regulation of vascular smooth muscle cells and mesenchymal stem cells by mechanical
strain. Mol. Cell Biomech. 2006, 3, 21–34.

52. Walters, B.; Uynuk-Ool, T.; Rothdiener, M.; Palm, J.; Hart, M.L.; Stegemann, J.P.; Rolauffs, B. Engineering the geometrical shape of
mesenchymal stromal cells through defined cyclic stretch regimens. Sci. Rep. 2017, 7, 6640. [CrossRef] [PubMed]

53. Chen, Z.; Wang, P.; Wei, B.; Mo, X.; Cui, F. Electrospun collagen–chitosan nanofiber: A biomimetic extracellular matrix for
endothelial cell and smooth muscle cell. Acta Biomater. 2010, 6, 372–382. [CrossRef] [PubMed]

54. Kilian, K.A.; Bugarija, B.; Lahn, B.T.; Mrksich, M. Geometric cues for directing the differentiation of mesenchymal stem cells. Proc.
Natl. Acad. Sci. USA 2010, 107, 4872–4877. [CrossRef] [PubMed]

55. Zhang, D.; Sun, M.B.; Lee, J.; Abdeen, A.A.; Kilian, K.A. C ell shape and the presentation of adhesion ligands guide smooth
muscle myogenesis. J. Biomed. Mater. Res. Part A 2016, 104, 1212–1220. [CrossRef]

56. Lee, J.; Abdeen, A.; Zhang, D.; Kilian, K.A. Directing stem cell fate on hydrogel substrates by controlling cell geometry, matrix
mechanics and adhesion ligand composition. Biomaterials 2013, 34, 8140–8148. [CrossRef]

57. Yang, Y.; Relan, N.; Przywara, D.; Schuger, L. Embryonic mesenchymal cells share the potential for smooth muscle differentiation:
Myogenesis is controlled by the cell’s shape. Development 1999, 126, 3027–3033. [CrossRef]

58. Tay, C.Y.; Yu, H.; Pal, M.; Leong, W.S.; Tan, N.S.; Ng, K.W.; Leong, D.T.; Tan, L.P. Micropatterned matrix directs differentiation of
human mesenchymal stem cells towards myocardial lineage. Exp. Cell Res. 2010, 316, 1159–1168. [CrossRef]

59. Matsuoka, F.; Takeuchi, I.; Agata, H.; Kagami, H.; Shiono, H.; Kiyota, Y.; Honda, H.; Kato, R. Morphology-Based Prediction of
Osteogenic Differentiation Potential of Human Mesenchymal Stem Cells. PLoS ONE 2013, 8, e55082. [CrossRef]

60. Matsuoka, F.; Takeuchi, I.; Agata, H.; Kagami, H.; Shiono, H.; Kiyota, Y.; Honda, H.; Kato, R. Characterization of time-course
morphological features for efficient prediction of osteogenic potential in human mesenchymal stem cells. Biotechnol. Bioeng. 2014,
111, 1430–1439. [CrossRef]

http://doi.org/10.1155/2016/1267480
http://doi.org/10.1016/j.yexcr.2017.02.006
http://doi.org/10.1002/jbm.a.35686
http://doi.org/10.1002/term.267
http://doi.org/10.1080/09205063.2017.1354672
http://doi.org/10.1016/S0142-9612(99)00207-0
http://doi.org/10.1089/ten.tea.2016.0260
http://doi.org/10.1152/ajprenal.00168.2002
http://doi.org/10.1016/j.cellbi.2007.12.018
http://doi.org/10.1016/j.bbrc.2009.08.072
http://www.ncbi.nlm.nih.gov/pubmed/19695226
http://doi.org/10.1007/s10237-010-0285-8
http://www.ncbi.nlm.nih.gov/pubmed/21253809
http://doi.org/10.1371/journal.pone.0109378
http://doi.org/10.1038/srep35840
http://www.ncbi.nlm.nih.gov/pubmed/27775041
http://doi.org/10.1007/s13770-017-0033-6
http://www.ncbi.nlm.nih.gov/pubmed/30603484
http://doi.org/10.1097/00002480-199207000-00060
http://doi.org/10.1529/biophysj.106.098574
http://doi.org/10.1152/ajpcell.00366.2014
http://doi.org/10.1038/s41598-017-06794-9
http://www.ncbi.nlm.nih.gov/pubmed/28747783
http://doi.org/10.1016/j.actbio.2009.07.024
http://www.ncbi.nlm.nih.gov/pubmed/19632361
http://doi.org/10.1073/pnas.0903269107
http://www.ncbi.nlm.nih.gov/pubmed/20194780
http://doi.org/10.1002/jbm.a.35661
http://doi.org/10.1016/j.biomaterials.2013.07.074
http://doi.org/10.1242/dev.126.13.3027
http://doi.org/10.1016/j.yexcr.2010.02.010
http://doi.org/10.1371/journal.pone.0055082
http://doi.org/10.1002/bit.25189


Cells 2021, 10, 3123 22 of 23

61. Uynuk-Ool, T.; Rothdiener, M.; Walters, B.; Hegemann, M.; Palm, J.; Nguyen, P.; Seeger, T.; Stöckle, U.; Stegemann, J.P.; Aicher,
W.K.; et al. The geometrical shape of mesenchymal stromal cells measured by quantitative shape descriptors is determined by the
stiffness of the biomaterial and by cyclic tensile forces. J. Tissue Eng. Regen. Med. 2017, 11, 3508–3522. [CrossRef] [PubMed]

62. Stegemann, J.P.; Nerem, R.M. Phenotype Modulation in Vascular Tissue Engineering Using Biochemical and Mechanical
Stimulation. Ann. Biomed. Eng. 2003, 31, 391–402. [CrossRef] [PubMed]

63. Rao, R.R.; Peterson, A.W.; Ceccarelli, J.; Putnam, A.; Stegemann, J.P. Matrix composition regulates three-dimensional network
formation by endothelial cells and mesenchymal stem cells in collagen/fibrin materials. Angiogenesis 2012, 15, 253–264. [CrossRef]
[PubMed]

64. El-Taji, O.M.; Khattak, A.Q.; Hussain, S. Bladder reconstruction: The past, present and future. Oncol. Lett. 2015, 10, 3–10.
[CrossRef]

65. Bharadwaj, S.; Liu, G.; Shi, Y.; Markert, C.; Andersson, K.-E.; Atala, A.; Zhang, Y. Characterization of Urine-Derived Stem Cells
Obtained from Upper Urinary Tract for Use in Cell-Based Urological Tissue Engineering. Tissue Eng. Part A 2011, 17, 2123–2132.
[CrossRef]

66. Andersson, K.-E.; Arner, A. Urinary Bladder Contraction and Relaxation: Physiology and Pathophysiology. Physiol. Rev. 2004, 84,
935–986. [CrossRef]

67. Park, E.; Hart, M.L.; Rolauffs, B.; Stegemann, J.P.; Annamalai, R.T. Bioresponsive microspheres for on-demand delivery of
anti-inflammatory cytokines for articular cartilage repair. J. Biomed. Mater. Res. Part A 2020, 108, 722–733. [CrossRef]

68. Gomes, L.R.; Terra, L.F.; Wailemann, R.A.; Labriola, L.; Sogayar, M.C. TGF-β1 modulates the homeostasis between MMPs and
MMP inhibitors through p38 MAPK and ERK1/2 in highly invasive breast cancer cells. BMC Cancer 2012, 12, 26. [CrossRef]

69. Feng, C.; Hu, J.; Liu, C.; Liu, S.; Liao, G.; Song, L.; Zeng, X. Association of 17-β Estradiol with Adipose-Derived Stem Cells: New
Strategy to Produce Functional Myogenic Differentiated Cells with a Nano-Scaffold for Tissue Engineering. PLoS ONE 2016, 11,
e0164918. [CrossRef]

70. Floren, M.; Bonani, W.; Dharmarajan, A.; Motta, A.; Migliaresi, C.; Tan, W. Human mesenchymal stem cells cultured on silk
hydrogels with variable stiffness and growth factor differentiate into mature smooth muscle cell phenotype. Acta Biomater. 2016,
31, 156–166. [CrossRef]

71. Song, B.; Jiang, W.; Alraies, A.; Liu, Q.; Gudla, V.; Oni, J.; Wei, X.; Sloan, A.; Ni, L.; Agarwal, M. Bladder Smooth Muscle Cells
Differentiation from Dental Pulp Stem Cells: Future Potential for Bladder Tissue Engineering. Stem Cells Int. 2016, 2016, 6979368.
[CrossRef]

72. Solorio, L.D.; Fu, A.S.; Hernández-Irizarry, R.; Alsberg, E. Chondrogenic differentiation of human mesenchymal stem cell
aggregates via controlled release of TGF-β1 from incorporated polymer microspheres. J. Biomed. Mater. Res. Part A 2010, 92,
1139–1144. [CrossRef] [PubMed]

73. Zhao, Z.; Yu, H.; Fan, C.; Kong, Q.; Liu, D.; Meng, L. Differentiate into urothelium and smooth muscle cells from adipose
tissue-derived stem cells for ureter reconstruction in a rabbit model. Am. J. Transl. Res. 2016, 8, 3757–3768. [PubMed]

74. ZZhang, X.; Bendeck, M.P.; Simmons, C.A.; Santerre, J.P. Deriving vascular smooth muscle cells from mesenchymal stromal
cells: Evolving differentiation strategies and current understanding of their mechanisms. Biomaterials 2017, 145, 9–22. [CrossRef]
[PubMed]

75. Wang, J.; Zohar, R.; McCulloch, C.A. Multiple roles of α-smooth muscle actin in mechanotransduction. Exp. Cell Res. 2006, 312,
205–214. [CrossRef]

76. Lauer, J.; Selig, M.; Hart, M.; Kurz, B.; Rolauffs, B. Articular Chondrocyte Phenotype Regulation through the Cytoskeleton and the
Signaling Processes That Originate from or Converge on the Cytoskeleton: Towards a Novel Understanding of the Intersection
between Actin Dynamics and Chondrogenic Function. Int. J. Mol. Sci. 2021, 22, 3279. [CrossRef]

77. Jaiswal, S.; Jamieson, C.H.; Pang, W.W.; Park, C.Y.; Chao, M.P.; Majeti, R.; Traver, D.; Van Rooijen, N.; Weissman, I.L. CD47
Is Upregulated on Circulating Hematopoietic Stem Cells and Leukemia Cells to Avoid Phagocytosis. Cell 2009, 138, 271–285.
[CrossRef]

78. Talele, N.; Fradette, J.; Davies, J.E.; Kapus, A.; Hinz, B. Expression of α-Smooth Muscle Actin Determines the Fate of Mesenchymal
Stromal Cells. Stem Cell Rep. 2015, 4, 1016–1030. [CrossRef]

79. Hinz, B. Myofibroblasts. Exp. Eye Res. 2016, 142, 56–70. [CrossRef]
80. Bochaton-Piallat, M.-L.; Gabbiani, G.; Hinz, B. The myofibroblast in wound healing and fibrosis: Answered and unanswered

questions. F1000Research 2016, 5, 752. [CrossRef]
81. Desai, V.D.; Hsia, H.C.; Schwarzbauer, J.E. Reversible Modulation of Myofibroblast Differentiation in Adipose-Derived Mes-

enchymal Stem Cells. PLoS ONE 2014, 9, e86865. [CrossRef]
82. Scharenberg, M.A.; Pippenger, B.; Sack, R.; Zingg, D.; Ferralli, J.; Schenk, S.; Martin, I.; Chiquet-Ehrismann, R. TGF-β-induced

differentiation into myofibroblasts involves specific regulation of two MKL1 isoforms. J. Cell Sci. 2014, 127, 1079–1091. [CrossRef]
83. Froese, A.R.; Shimbori, C.; Bellaye, P.S.; Inman, M.; Obex, S.; Fatima, S.; Jenkins, G.; Gauldie, J.; Kolb, M. Stretch Induced

Activation of TGF-β1 in Pulmonary Fibrosis. Am. J. Respitory Crit. Care. 2016, 194, 84–96. [CrossRef] [PubMed]
84. Klingberg, F.; Chow, M.L.; Koehler, A.; Boo, S.; Buscemi, L.; Quinn, T.M.; Costell, M.; Alman, B.A.; Genot, E.; Hinz, B. Prestress in

the extracellular matrix sensitizes latent TGF-β1 for activation. J. Cell Biol. 2014, 207, 283–297. [CrossRef]

http://doi.org/10.1002/term.2263
http://www.ncbi.nlm.nih.gov/pubmed/28371409
http://doi.org/10.1114/1.1558031
http://www.ncbi.nlm.nih.gov/pubmed/12723680
http://doi.org/10.1007/s10456-012-9257-1
http://www.ncbi.nlm.nih.gov/pubmed/22382584
http://doi.org/10.3892/ol.2015.3161
http://doi.org/10.1089/ten.tea.2010.0637
http://doi.org/10.1152/physrev.00038.2003
http://doi.org/10.1002/jbm.a.36852
http://doi.org/10.1186/1471-2407-12-26
http://doi.org/10.1371/journal.pone.0164918
http://doi.org/10.1016/j.actbio.2015.11.051
http://doi.org/10.1155/2016/6979368
http://doi.org/10.1002/jbm.a.32440
http://www.ncbi.nlm.nih.gov/pubmed/19322820
http://www.ncbi.nlm.nih.gov/pubmed/27725856
http://doi.org/10.1016/j.biomaterials.2017.08.028
http://www.ncbi.nlm.nih.gov/pubmed/28843066
http://doi.org/10.1016/j.yexcr.2005.11.004
http://doi.org/10.3390/ijms22063279
http://doi.org/10.1016/j.cell.2009.05.046
http://doi.org/10.1016/j.stemcr.2015.05.004
http://doi.org/10.1016/j.exer.2015.07.009
http://doi.org/10.12688/f1000research.8190.1
http://doi.org/10.1371/journal.pone.0086865
http://doi.org/10.1242/jcs.142075
http://doi.org/10.1164/rccm.201508-1638OC
http://www.ncbi.nlm.nih.gov/pubmed/26771871
http://doi.org/10.1083/jcb.201402006


Cells 2021, 10, 3123 23 of 23

85. Van De Water, L.; Varney, S.; Tomasek, J.J. Mechanoregulation of the Myofibroblast in Wound Contraction, Scarring, and Fibrosis:
Opportunities for New Therapeutic Intervention. Adv. Wound Care 2013, 2, 122–141. [CrossRef] [PubMed]

86. Girão-Silva, T.; Bassaneze, V.; Campos, L.C.G.; Barauna, V.G.; Dallan, L.A.O.; Krieger, J.E.; Miyakawa, A.A. Short-term mechanical
stretch fails to differentiate human adipose-derived stem cells into cardiovascular cell phenotypes. Biomed. Eng. Online 2014, 13,
54. [CrossRef] [PubMed]

http://doi.org/10.1089/wound.2012.0393
http://www.ncbi.nlm.nih.gov/pubmed/24527336
http://doi.org/10.1186/1475-925X-13-54
http://www.ncbi.nlm.nih.gov/pubmed/24885410

	Introduction 
	Materials and Methods 
	ASCs Culture and Expansion 
	Production of Spheres 
	Loading Growth Factor into Spheres 
	Tissue Construct Production and Culture 
	Determining Growth Factor Release 
	Stretching Gels 
	Fluorescence Microscopy for Cell Shape 
	Compaction of Static Constructs 
	Immunocytochemistry and Analysis of Samples 
	Statistical Analysis 

	Results 
	Schematical Outline of Experimental Setup 
	Growth Factor Release from Genipin-Crosslinked Gelatin Spheres 
	Compaction of Constructs Cultured with Specific Growth Factor Treatments 
	Morphology of ASCs Differentiated Using Growth Factor Treatments and Mechanical Stretch 
	The Shape of ASCs with Induced SMC Differentiation Using Growth Factor Treatments 
	Shape of ASCs Cultured with Growth Factor Treatments and Mechanical Stretch 
	Smooth Muscle-Associated Protein Expression by ASCs Cultured with Growth Factor Treatments and Mechanical Stretch 
	Correlations between Cell Morphology and SMC Marker Protein Expression 

	Discussion 
	References

