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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
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Abstract

Controlling mesenchymal stromal cell (MSC) shape is a novel method for investigating and directing MSC behaviour in vitro. it
was hypothesized that specifigc MSC shapes can be generated by using stiffness-defined biomaterial surfaces and by applying cy-
clic tensile forces. Biomaterials used were thin and thick silicone sheets, fibronectin coating, and compacted collagen type I sheets.
The MSC morphology was quantified by shape descriptors describing dimensions and membrane protrusions. Nanoscale stiffness
was measured by atomic force microscopy and the expression of smooth muscle cell (SMC) marker genes (ACTA2, TAGLN, CNN1)
by quantitative reverse-transcription polymerase chain reaction. Cyclic stretch was applied with 2.5% or 5% amplitudes. Attach-
ment to biomaterials with a higher stiffness yielded more elongated MSCs with fewer membrane protrusions compared with bio-
materials with a lower stiffness. For cyclic stretch, compacted collagen sheets were selected, which were associated with the most
elongated MSC shape across all investigated biomaterials. As expected, cyclic stretch elongated MSCs during stretch. One hour
after cessation of stretch, however, MSC shape was rounder again, suggesting loss of stretch-induced shape. Different shape de-
scriptor values obtained by different stretch regimes correlated significantly with the expression levels of SMC marker genes.
Values of approximately 0.4 for roundness and 3.4 for aspect ratio were critical for the highest expression levels of ACTA2 and
CNN1. Thus, specific shape descriptor values, which can be generated using biomaterial-associated stiffness and tensile forces,
can serve as a template for the induction of specific gene expression levels in MSC. Copyright © 2017 John Wiley & Sons, Ltd.
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1. Introduction mesodermal origin including osteogenic, chondrogenic,
adipogenic and myogenic lineages (Caplan, 2007; Aicher
et al., 2011; Klein et al., 2015). To control MSC differenti-
ation via controlling cellular shape, previous studies have
generated dynamically elongated shapes using cyclic
tensile forces (Park et al., 2004; Maul et al., 2011). In
addition, specific shape geometries were engineered using
adhesive micropatterned surfaces (McBeath et al., 2004;
Kilian et al., 2010) and multi-perforated polycarbonate
membranes (Yang et al., 1999). Thus, controlling MSC
shape is an important method for investigating, under-
standing, and controlling MSC behaviour in vitro.
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The shape of cells is a fundamental signal of proliferation
(Singhvi et al., 1994), a potent regulator of cell growth
and physiology, and is adapted for specific functions
(Folkman and Moscona, 1978). During embryonic devel-
opment and tissue regeneration, many events are initiated
to change stem cell shape, and this change in shape can
influence tissue structure and function (Manasek et al.,
1972; Yang et al.,, 1999). Mesenchymal stromal cells
(MSCs) can differentiate in vitro into cell types of
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extracellular matrix (Sun et al., 2012). This suggests that
cell shape can be controlled through both matrix elasticity
and biomechanical forces. It was therefore hypothesized
that specific MSC shapes can be generated as a function
of the biomaterials chosen and the nanoscale stiffness as-
sociated with these biomaterials. Accordingly, the shapes
of human bone-marrow derived MSCs that adhered to dif-
ferent biomaterials with similar stiffnesses vs. similar bio-
material types with different stiffnesses were compared to
determine whether specific baseline shapes could be gen-
erated by altering biomaterial substrate properties. For
this purpose, compressed collagen sheets (Rothdiener et
al., 2016) and uncoated and fibronectin-coated silicone
sheets were used. The MSC shape was described using a
semi-automated high-throughput method for calculating
quantitative shape descriptors.

With cell shape being affected by the balance between
external and internally generated forces, it was theorized
that changes in external force would prompt a subsequent
change in shape. It was also hypothesized that the applica-
tion of tensile forces results in MSC elongation during cy-
clic stretch, and that the effects on MSC elongation are
diminished upon cessation of stretch. Hence, over time,
the MSC shape may revert towards its original
biomaterial-dictated state much like an elastic rubber
band released from tension. This was tested by comparing
the shape of MSCs that adhered to cyclically stretched
compressed collagen sheets with that of MSCs that ad-
hered to non-stretched control sheets. Importantly, this
setup established a system of two competing cues: dy-
namic effects on MSC shape through cyclic stretch and
static effects on shape through the stiffness-defined bioma-
terial. This allowed one to answer whether dynamic cues
on shape can potentially overpower static cues, or vice
versa. Because elongated MSC morphologies are associ-
ated with increased expression of smooth muscle markers
(Yang et al., 1999; Maul et al., 2011), and it has been
shown that biomechanical forces can increase MSC differ-
entiation towards a smooth muscle cell (SMC) phenotype
(Hamilton et al., 2004; Nieponice et al., 2007; Maul
etal., 2011), the present study investigated how the gener-
ated MSC shapes correlated with MSC differentiation to-
wards a SMC phenotype. The ability to understand and
control MSC shape would be an important tool in directing
the behaviour of these cells and would advance the fields
of biomaterials, biomechanics, and tissue engineering.

2. Materials and methods
2.1. Biomaterials

2.1.1. Compressed collagen type | sheets

Compressed collagen was produced with Amedrix
(Esslingen, Germany). Collagen type I fibres were isolated
from de-skinned rat tails, washed in acetic acid for 24 h,
purified, and lyophilized. Rat collagen type I hydrogels
with an initial collagen concentration of 8 mg/ml were
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generated and mechanically compressed from initial
thicknesses of 10 mm and 20 mm down to 1-mm
thick sheets within a custom-made polycarbonate
chamber (20.0 X 2.7 X 5.0 cm) with a porous
polytetrafluoroethylene (PTFE) bottom. The PTFE pore
size was 100 pm to allow water effusion during compres-
sion. For hydrogel compression within the chamber,
weights were used to generate compressed collagen with
final concentrations of 80 mg/ml and 160 mg/ml. Sheets
at 80 mg/ml were generated with a weight of 2 kg applied
for 2 h, 4 kg applied overnight, 9.5 kg for 8 h, and 27 kg
overnight (total time of compression 34 h). For
160 mg/ml sheets, the final compression step applied
27 kg for 30 h (total time of compression 52 h).

2.1.2. Silicone sheets and silicone coating procedures

Non-reinforced vulcanized matt silicone sheets with thick-
nesses of 127 um (termed ‘thin’) and 762 pm (termed
‘thick’) were obtained from Specialty Manufacturing
(No. 70P001-200-005 and 70P001-200-030, both
40durometer-Shore-A; Saginaw, Michigan, USA). Thick
silicone sheets were coated with fibronectin from bovine
plasma (F1141; Sigma-Aldrich, Seinheim, Germany) di-
luted in PBS (12.5 pg/ml). Silicone sheets (2 X 1 cm)
were covered with 700 ul coating substrate in 12-well cul-
ture plates for 24 h (room temperature), washed with
0.05% Tween 20 in 2 ml phosphate-buffered saline
(PBS), and washed three times with 2 ml PBS.

2.2. Atomic force microscopy

Atomic force microscopy (AFM) was performed to charac-
terize the nanoscale stiffness of the biomaterial surfaces.
Microspheres (Polybead Polystyrene 25.0 Micron
Microspheres; Polysciences, Eppelheim, Germany) were at-
tached to a tipless cantilever (All-in-One-cantilever D,
40 N/m nominal spring constant; Budget Sensors,
Sofia, Bulgaria) using the M-Bond 610-1 adhesive single
kit according to the manufacturer’s instructions
(Micro-Measurements, Vishay Precision Group, Wendell,
USA). The cantilever of the atomic force microscope
(CellHesion 200; JPK Instruments, Berlin, Germany) was
calibrated on the extend curve and its spring constant
was determined using the thermal noise method of the
software (JPK Instruments). Samples were measured with
a maximum force of 800 nN and an extend speed of
5 um/sec in triplicates at three locations for each sheet.
The Young’s modulus was calculated using the Hertz model
fit of the data processing software (JPK Instruments).

2.3. Human bone marrow MSCs

2.3.1. Source

Bone-marrow samples were obtained with institutional
approval of the local research ethics committee and with
informed consent (reference number 623/2013B0O2) from
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the proximal femur of patients undergoing total hip re-
placement (n = 14, age 50-86 years) in the Department
of Trauma and Restorative Surgery, BG Trauma Clinic,
University of Tiibingen.

2.3.2. Isolation, culture and characterization

Bone marrow MSCs were prepared as described previously
(Felka et al., 2009). The samples were washed with PBS
and centrifuged at 150 g (10 min, room temperature) and
resuspended in PBS. The MSCs were isolated using a Ficoll
density gradient fractionation (density 1.077 g/ml, 400 g,
30 min, room temperature; GE Healthcare-Life Sciences,
Uppsala, Sweden). The mononuclear cell layer was
harvested, washed with PBS and seeded in T75-flasks.
MSCs were expanded using good manufacturing practice
(GMP)-compliant expansion medium consisting of
Dulbecco’s Modified Eagle Medium (DMEM, low glucose;
Sigma-Aldrich, Hamburg, Germany) including 25 mwm
hydroxyethyl piperazineethanesulfonic acid (HEPES,
2.4% of total volume; Lonza Group, Basel, Switzerland),
0.2% (1000 IU) heparin (Carl Roth, Karlsruhe, Germany),
5% human plasma (TCS Biosciences, Buckingham, UK),
5% human pooled platelet lysate (10® platelets/ml me-
dium; UKT Tiibingen, Germany), 1% L-glutamine (Lonza
Group), and 1% penicillin—streptomycin solution (Life
Technologies, Darmstadt, Germany). After 24 h (37°C,
5% CO,), medium was replaced to remove non-attached
cells and GMP expansion medium was changed twice per
week. After 5-7 days, cells were removed with trypsin
and reseeded in GMP-expansion medium (passage 1,
density 1.5 X 10 cells/flask). The expression of MSC cell
surface antigens and their adipogenic, osteogenic and
chondrogenic differentiation were successfully demon-
strated as we have shown previously (Felka et al., 2009;
Pilzetal., 2011; Ulrich et al., 2013), and in accordance with
the method of Dominici et al. (2006) (data not shown).

2.4. MSCs on biomaterials

2.4.1. Seeding and cell culture

After expansion in GMP-expansion medium, MSCs were
seeded at passages 2-5 (density: 5000 MSCs/cm?) at day
0 onto the biomaterials and in medium consisting of
DMEM high glucose (4 g/1; Life Technologies), 10 % FBS
(Biochrom, Berlin, Germany), 1% penicillin—streptomycin
solution (Life Technologies) and 1% fungicide (Biochrom,
Berlin, Germany) at 37°C and 5% CO,. Upon binding of
the MSCs to the different biomaterial surfaces used in
the present study, different cellular shapes appeared spon-
taneously. These were subjected to further investigation.

2.4.2. Sinusoidal cyclic stretch

Compacted collagen sheets (80 mg/ml) were seeded with
MSCs at passages 2-5 at day O (n = 13 bone marrow sam-
ples from n = 8 donors; age range 61-81 years, average
age 69.1 years, gender ratio 1:1, seeding density 5000
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MSCs/cm?). They were inserted at day 4 and day 5
into the bioreactor chamber (150 ml medium) of an
incubator-housed ElectroForce-5210 BioDynamic Test
System (Bose, Eden Prairie, MN, USA), and stretched with
displacement-controlled uniaxial cyclic stretch (strain
2.5% and 5%, 60 min, f = 1 Hz) for 1 h on day 4 and
on day 5. Non-stretched MSCs served as controls. Each in-
dividual experiment consisted of six compacted collagen
sheets: two controls, two sheets 1 h after completion of
2.5% stretch and two sheets after 5% stretch. Half of the
first sheet was used for quantitative reverse-transcription
polymerase chain reaction (qQRT-PCR), and the second
half was used for fluorescence microscopy. To visualize
MSCs during stretch, sheets were manually stretched on
top of a microscope slide to a previously marked position
(5% stretch) and fixed to the slide with two clamps for
fluorescence microscopy.

2.4.3. Fluorescence microscopy

The cellular shapes that were generated by the MSCs
while attached to the various biomaterial surfaces were
visualized by fluorescence microscopy. Cells were stained
with the fluorescent dye calcein (Cell Viability Imaging
Kit; Roche, Mannheim, Germany) according to the manu-
facturer’s protocol to assess MSC shapes (see below). Ad-
herent MSCs were digitally recorded in a top-down view
(Zeiss LSM-510, AxioVison-4.8, Zeiss, Oberkochen, Ger-
many) according to (Rolauffs et al., 2010, 2011). Image
mosaics consisting of 10 x 10 tiles (12 633 X 9429 pixels
corresponding to 8211.45 X 6,128.85 um) were recon-
structed (Module MosaiX) for cyclically stretched sheets
and controls. For manually stretched sheets, mosaics of
17 629 X 7 564 pixels (11 458.85 X 4916.6 um) were re-
constructed. The numbers of stained nuclei were counted
using ImageJ (NIH, Bethesda, MD, USA).

2.4.4. MSC shape descriptors

Calcein-stained MSCs were recorded using a Zeiss
LSM-510 digital microscope and the images were
processed to reconstruct image mosaics. Using ImageJ,
the four shape descriptors — roundness (4 X area/
1 X major_axis_length?), aspect ratio (major_axis_length/
minor_axis_length), circularity (4n X area/perimeter®) and
solidity (area/convex_area) — and the total number of
cells/normalized area were calculated individually for
each recorded cell. The user input was to set a manual
threshold and the scale, which was 1.695 pixels/1 um.
A median filter with a radius of 2 pixels was then
applied for image smoothening before automated shape
descriptor calculations.

2.4.5. Gene expression (GRT-PCR)

Compressed collagen sheets were digested with Pro-
teinase K (4 min, 55°C; Fermentas/ThermoScientific).
mRNA was isolated using the RNA-Extraction-RNeasy-
Minikit (Qiagen, Valencia, CA, USA). cDNA was syn-
thesized with the Advantage RT-for-PCR Kit (Clontech,
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USA). Quantitative RT-PCR was performed with the
LightCycler-480 SybrGreen Master and LightCycler-480
Probes Master wusing a LightCycler 480 and
96-multiwell plates (Roche). Gene expression levels of
alpha-smooth-muscle-actin (ACTA2), transgelin
(TAGLN), calponin (CNN1), peptidylproplyl-isomerase-
A (PPIA) and human glycerinaldehyde-3-phosphate-
dehydrogenase (GAPDH) were determined according
to MIQE guidelines (Bustin et al., 2009) (reference
genes: PPIA, GAPDH). As positive controls and calibra-
tor samples human bladder-derived smooth muscle
cells (HBASMC; Promocell, Heidelberg, Germany) were
used. The oligonucleotide primers were TTG CCT GAT
GGG CAA GTG AT (forward primer sequence) and TAC
ATA GTG GTG CCC CCT GA (reverse primer sequence)
for ACTA2, AGA TGG CAT CAT TCT TTG CGA and
GCT GGT GCC AAT TTIT GGG TT for CNNI, CTC
TGC TCC TCC TGT TCG and ACG ACC AAA TCC
GTT GAC TC for GAPDH, and TTC ATC TGC ACT
GCC AAG AC and TCG AGT TGT CCA CAG TCA GC
for PPIA. For TAGLN, the Qiagen assay
Hs_TAGLN_2_SG (QT01678516) was used. For TAGLN
and PPIA, SybrGreen (Roche), and for ACTA2, CNNI
and GAPDH the Roche Universal Probe Library Probes
N58 (ACTA2), N71 (CNN1) and N60 (GAPDH) were
used. To confirm gene expression changes on protein
level, western blotting was performed (see the Supple-
mentary material online).

2.5. Statistical analyses

All data are presented as mean = SEM except when box
plots were chosen for data presentation. The box plots
give the median, 25th and 75th as well as the 10th and
90th percentiles and outlying points. Calculations were
performed with Microsoft Excel 2010 and SigmaPlot-
11.0.0.77 (Systat, Chicago, MI, USA). Data were analysed
for normality (Kolmogorov—Smirnov test). To compare
two groups, normally distributed data were subjected to
the Student’s t-test and non-normal data were subjected
to the Mann-Whitney rank sum test. More than two
groups were compared using analysis of variance
(ANOVA) and appropriate post-hoc tests. Correlation anal-
yses were performed using Spearman rank-order correla-
tion tests (non-normal data distribution) or Pearson
product-moment correlation tests (normal distribution).
Differences were considered statistically significant (*)
at P < 0.05.

3. Results

3.1. Shape descriptors for quantifying MSC morphology

Figure 1a shows representative images of calcein-stained
MSCs that were recorded digitally, illustrating the wide
range of MSC shapes encountered throughout the present
study. Using these images, the parameter roundness were
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quantitatively calculated (see below, section 3.2) for each
individual cell and sorted the depicted MSCs according to
their corresponding roundness values. In addition, in
silico patterns were drawn with Adobe Photoshop and
Microsoft PowerPoint, and their shapes were calculated
with the four quantitative shape descriptors (roundness,
aspect ratio, circularity, and solidity; see below) to dem-
onstrate how these can be used to analyse MSC shape in
detail, and how changes in shape can be quantified by
these four shape descriptors (Figure 1b,c). Figure 1df is
intended to be used by the reader as a reference chart to
‘translate’ reported shape descriptor values into images.

3.2. Shape descriptors of MSCs adhering to various
biomaterials

3.2.1. Shape descriptors of MSCs adhering to similar bio-
material types with different nanoscale stiffnesses

As a first step, the effects of similar biomaterial types with
different nanoscale stiffnesses were tested on the four
shape descriptors for MSCs that adhered to uncoated
thick vs. thin silicone sheets (Figure a—e). Interestingly,
all shape descriptors were significantly different for MSCs
on thick vs. thin silicone sheets (P < 0.001; Figure 2a-d).
In particular, MSCs on thick silicone sheets exhibited a
significantly lower cellular roundness, higher aspect ratio
and circularity, and a lower solidity, indicating a longer
MSC morphology with smaller or fewer membrane pro-
trusions, compared with MSCs on thin silicone sheets. To
investigate a potential correlation with the nanoscale stiff-
ness of the biomaterials used, the nanoscale stiffness of
the biomaterial surfaces were determined by calculating
the Young’s modulus. For uncoated thick silicone sheets
the Young’s modulus was 903.2 + 18.8 kPa. This value
was significantly higher than the Young’s modulus of un-
coated thin silicone sheets (P < 0.001), which was
185.8 + 14.2 kPa (Figure 2¢). This suggested that higher
nanoscale stiffness was associated with lower cellular
roundness, higher aspect ratio and circularity, and a lower
solidity.

3.2.2. Shape descriptors of MSCs adhering to different
biomaterial types with similar nanoscale stiffnesses

We tested the effects of different biomaterial types with
similar nanoscale stiffnesses on the four shape descriptors
by comparing MSCs that adhered to uncoated vs.
fibronectin-coated thick silicone sheets (Figure 2f-j).
There was no significant difference between the four
shape descriptors of MSCs on uncoated vs. fibronectin-
coated thick silicone sheets (Figure 2f-i). To examine
whether this could be explained by similar nanoscale stiff-
nesses of the two biomaterials, their Young’s moduli were
determined. There was no significant difference in the
nanoscale stiffness of the surfaces of uncoated
(903.2 + 18.8 kPa) vs. fibronectin-coated
(811.0 + 14.7 kPa) thick silicone sheets (Figure 2j). This
suggested that the MSC shape descriptor values were
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Figure 1. Range of observed mesenchymal stem cell (MSC) shapes and shapes drawn in silico to illustrate how changes in shape can be quantified by shape descriptors. Human
MSCs that adhered to the surfaces of compacted collagen type I sheets were stained with the fluorescent dye calcein and recorded in a top-down view. The shape descriptor
‘roundness’ was calculated for each cell individually. (a) Representative images depicting individual MSCs and their associated roundness are given to illustrate the broad range
of shapes that was observed in the present study. Bar: 50 pm. (b) A circular shape morphing into an elongated shape is best quantified with the descriptors roundness and aspect
ratio. A high value for roundness indicates a round cell, and a high aspect ratio indicates a rather elongated cell. High values for both circularity and solidity indicate the absence
of (cellular) protrusions. (c) A circle with a large number of protrusions morphing into a circle without protrusions is best quantified by the descriptors circularity and solidity,
while roundness and aspect ratio remain unchanged. (d) Reference chart to ‘translate’ reported shape descriptor values into images by providing standardized shape changes,
analogous to commonly used standard curves. [Colour figure can be viewed at wileyonlinelibrary.com]

comparable on different materials with similar stiffnesses
(uncoated and fibronectin-coated silicone), and that se-
lected shape descriptor values were associated with the
nanoscale stiffness of the biomaterials used for MSC
adherence.

3.2.3. Shape descriptors of MSCs adhering to biomaterials
with different collagen type | concentrations

The shape descriptors of MSCs that adhered to compacted
collagen sheets produced with different collagen concen-
trations and the shape descriptors of MSCs on these
compacted collagen sheets during days 4 and 5 were
assessed (Figure 2k—-n). All shape descriptors of MSCs on
compacted collagen type I sheets were significantly

Copyright © 2017 John Wiley & Sons, Ltd.

different, when comparing concentrations of 80 mg/ml
vs. 160 mg/ml (P < 0.001). In particular, MSCs on
80 mg/ml compacted collagen sheets exhibited a signifi-
cantly lower roundness (Figure 2k) and a higher aspect
ratio (Figure 2l), circularity (Figure 2m) and solidity
(Figure 2n, P < 0.001), indicating a longer MSC morphol-
ogy with smaller or less membrane protrusions on
80 mg/ml sheets, compared with MSCs on 160 mg/ml
sheets. When assessing the effect of time on 80 mg/ml
and 160 mg/ml sheets (Figure 2k-m), the shape descrip-
tors roundness, aspect ratio and circularity were not sig-
nificantly different on day 4 vs. day 5. In contrast, day 4
solidity was significantly higher than on day 5 (P < 0.001;
Figure 2n), indicating that only MSC solidity but not the
other shape descriptors underwent time-associated

J Tissue Eng Regen Med 2017; 11: 3508-3522.
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Figure 2. Mesenchymal stem cell (MSC) shape descriptors and nanoscale surface stiffness of thick and thin silicone sheets, thick silicone sheets coated with fibronectin, and
80 mg/ml and 160 mg/ml compacted collagen sheets. This figure reports the shape descriptors roundness (a,fk), aspect ratio (b,g,l), circularity (c,h,m), and solidity (d,i,n) of
calcein-stained MSCs that adhered to the selected biomaterial surfaces (a-d, thick/thin silicone: f-i, thick uncoated/fibronectin-coated silicone; k-n, 80 mg/ml and 160 mg/ml
compacted collagen type I on days 4 and 5, and (e,j,0) the nanoscale stiffness of these surfaces measured with atomic force microscopy. The figure illustrates significant differ-
ences in all four shape descriptors of MSCs adhering to thick vs. thin silicone sheets (P < 0.001, a-d), and differences in the nanoscale stiffness of the thick vs. thin silicone sheets
(P < 0.001, e). In strong contrast, the four shape descriptors were not significantly different when comparing thick uncoated silicone sheets vs. thick fibronectin-coated silicone
sheets (f-i). In addition, there was no significant difference in the nanoscale stiffness between the uncoated and fibronectin-coated silicone surfaces (j). There were significant
differences in the shape descriptors of MSCs adhering to 80 mg/ml vs. 160 mg/ml compacted collagen sheets (P < 0.001, k-n) and small but significant differences in the nano-
scale stiffness between these sheets (0). The box plots give the median and the 25th and 75th percentiles, the error bars give the 10th and 90th percentiles, and outliers are pre-
sented in a light tint. *Significant differences, with P < 0.05. Number of individually performed experiments for calculating shape descriptors: n = 3 sheets for each condition,
n = 2675-9056 MSCs per condition (silicone) and n = 1290-6209 MSCs per condition (compacted collagen). Number of individually performed experiments for AFM: n = 3 sheets
for each biomaterial category, n = 9 different measurement points per sheet

changes. Although differences in solidity were significant,
they were relatively small. To correlate MSC shape de-
scriptors with the nanoscale stiffness of the compacted
collagen sheets, their Young’s modulus was calculated.
The Young’s modulus of 80 mg/ml compacted collagen
sheets was 10.2 + 0.8 kPa and significantly higher than
the Young’s modulus of 160 mg/ml sheets (P < 0.001),
which was 7.2 = 0.6 kPa (Figure 20). As shown above
for silicone sheets (Figure 2a—e), these data indicated that
lower roundness, higher aspect ratio and circularity, and a

Copyright © 2017 John Wiley & Sons, Ltd.

lower solidity were associated with a higher nanoscale
stiffness of the same biomaterial type, presented here for
compacted collagen sheets (Figure 2k-o0).

3.3. Effects of cyclic stretch on MSC shape descriptors
To assess the effects of tensile forces on MSC shape de-

scriptors, cyclic stretch was applied to MSCs that adhered
to compacted collagen sheets with a concentration of
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80 mg/ml. This was also performed to assess whether the
application of tensile forces results in MSC elongation
during cyclic stretch, and whether the effects on elonga-
tion are diminished upon cessation of stretch. With both
loading regimes (2.5% and 5% strain amplitudes) and
after a recovery period of 1 h, cyclic stretch had significant
effects on all four shape descriptors (Figure 3a—d). The
most obvious changes were that cyclic stretch significantly
increased roundness (Figure 3a), decreased aspect ratio
(Figure 3b), and increased circularity and solidity
(P < 0.001; Figure 3c—d), when comparing non-stretched
controls with cyclically stretched MSCs. Statistically, all
differences between controls vs. 2.5% and controls vs.
5% stretched MSCs and between day 4 vs. day 5 reached
significant levels for all four shape descriptors
(P < 0.001). The effects of time on non-stretched and
cyclically stretched MSCs were significantly different for
all four shape descriptors (P < 0.001; Figure 3a—d). The
stretch-induced increase in roundness on day 4 was di-
minished on day 5 (Figure 3a) and the stretch-induced
decrease in aspect ratio on day 4 was also diminished on
day 5 (Figure 3b). However, the stretch-induced increase
in circularity was further increased (Figure 3c) whereas
stretch-induced responses in solidity depended on the
strain amplitude (Figure 3d). Thus, cyclic stretch had dif-
ferential effects over time on roundness and aspect ratio
vs. circularity. The non-stretched control MSCs also
underwent significant changes in their cellular roundness,
aspect ratio, circularity and solidity when comparing days
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4 and 5 (P < 0.001). However, the changes observed over
time in the non-stretched control MSCs were much
smaller than the changes that were biomechanically
induced. Collectively, these data demonstrated that bio-
mechanical stretch of 2.5% and 5% was associated with
a significant change in MSC morphology and, notably,
with a rounder MSC morphology (higher roundness,
lower aspect ratio) with a smaller amount of membrane
protrusions (higher circularity and solidity).

3.4. Changes in MSC shape descriptors after cessation of
cyclic stretch

To demonstrate that stretching the biomaterial actually
stretched the adhering cells, MSC-seeded compacted col-
lagen sheets were manually stretched on top of a micro-
scope slide, and the calcein-stained, unfixed MSCs were
imaged (Figure 4). Non-stretched control MSCs had an as-
pect ratio of 3.19 and a roundness of 0.398 + 0.002
(Figure 4b,f). During cyclic stretch, the aspect ratio in-
creased significantly to 3.34 (P < 0.001) and roundness
decreased significantly to 0.391 = 0.002 (P < 0.001;
Figure 4c,f). Thus, cyclic stretch increased aspect ratio
(by 4.58%) and decreased MSC roundness (by 1.82%),
which is consistent with the idea that elongated MSCs
were produced during stretch (P < 0.001). On day 4,
1 h after the completion of cyclic stretch, the MSC round-
ness was significantly increased to 0.438 = 0.001
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Figure 3. Shape descriptors of mesenchymal stem cells (MSCs) adhering to cyclically stretched 80 mg/ml compacted collagen sheets. This figure illustrates significant differences
in the shape descriptors roundness (a), aspect ratio (b), circularity (c), and solidity (d) when comparing cyclically stretched vs. non-stretched control MSCs (P < 0.001). The box
plots give the median and the 25th and 75th percentiles, the error bars give the 10th and 90th percentiles, and outliers are shown in light tint. *Significant differences, with
P < 0.05. Number of individually performed experiments for cyclic stretch: n = 13 sheets for each loading regime, n = 44 444-60 594 MSCs for each loading regime
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roundness values of non-stretched control MSCs (b), of MSCs during static stretch (c), 1 h after cessation of a 5% cyclic stretch on day 4 (d) and 1 h after cessation of a 5% cyclic
stretch on day 5 (e). (f) Average roundness and standard errors at these time-points (5% stretch amplitude: red line, 2.5 % amplitude: blue line). Data in (f) is presented as
mean * SEM. Number of individually performed experiments: n = 13 for controls and n = 14 for days 4 and 5 cyclic stretch; n = 5 for values recorded during stretch. [Colour
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Copyright © 2017 John Wiley & Sons, Ltd. J Tissue Eng Regen Med 2017; 11: 3508-3522.
DOI: 10.1002/term


wileyonlinelibrary.com

3516

(P < 0.001; Figure 4d, ). Interestingly, this suggested that
MSCs were rounder after cessation of stretch than during
stretch. This was an unexpected observation, which indi-
cated that biomechanically applied elongation of MSCs
had led to rounder MSCs. Comparable findings were ob-
served on day 5: 1 h after the completion of cyclic stretch,
the roundness was 0.425 =+ 0.001 and significantly
greater than during stretch (P < 0.001) but a little lower
than on day 4 (P < 0.001; Figure e,f). Under the chosen
conditions and with both amplitudes, cyclic stretch led
to elongated MSCs during stretch but yielded rounder
MSCs after the cessation of stretch; MSCs reverted to their
original biomaterial-dictated shape. Collectively, this sug-
gested that the effects of dynamically applied biomechan-
ical forces overpowered the biomaterial-dictated static
effects on shape, but only transiently.

3.5. Effects of cyclic stretch on MSC gene expression of
SMC markers

To determine the effects of tensile forces on the gene ex-
pression of SMC markers, 2.5% and 5% cyclic stretch
was applied to compacted collagen sheets (80 mg/ml)
and the adhering MSCs. These were subsequently
analysed by qRT-PCR. Compared with non-stretched con-
trols, 5% cyclic stretch significantly increased the gene ex-
pression of ACTA2 on day 5 (1.49 + 0.14-fold, P < 0.05;
Figure 5a), the expression of TAGLN on day 5
(1.22 = 0.11, 1.71 = 0.14, P < 0.05; Figure 5b) and the
expression of CNNI on day 4 (1.93 = 0.45, P < 0.05,
Figure 5c). In contrast, a 2.5% cyclic stretch only signifi-
cantly increased the expression of TAGLN on day 5. Thus,
biomechanical stimulation via a 5% cyclic stretch for 1 h
for two consecutive days (on day 4 and day 5) induced
the increased expression of the SMC marker genes ACTA2,
TAGLN and CNNI1. These changes in the gene expression
of SMC markers were confirmed on protein level (see
the Supplementary material online).

3.6. Biomechanical stimulation did not change MSC
numbers

To assess whether biomechanical stimulation had any
effects on proliferation, the total number of MSCs that
adhered to compacted collagen sheets was calculated.
However, the MSC numbers per normalized area did not
significantly change when comparing day 4 and day 5
controls, and when comparing cyclically stretched MSCs
with controls, regardless of stretch duration or amplitude
(see the Supplementary material online). Thus, biome-
chanical stimulation had no effect on MSC numbers.

3.7. Correlations between biomechanically induced MSC
shapes and SMC marker gene expression

Next, a correlation analysis was performed to determine if
the biomechanically induced MSC shape descriptors

Copyright © 2017 John Wiley & Sons, Ltd.
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Figure 5. Biomechanically induced changes in gene expression of smooth muscle cell
(SMC) markers. This figure reports the gene expression levels (relative mRNA expres-
sion) of (a) ACTA2, (b) TAGLN and (c) CNN1 of cyclically stretched MSCs, normalized
to unstimulated control MSCs (data is presented in fold-change; a value of 1 represents
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with the adhering MSCs, seeding at a density of 5000 MSCs/cm . The box plots give
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centiles, and outliers are shown in a light tint. *Significant differences with P < 0.05.
The number of individually performed experiments was 13 for each condition

correlated with the expression of specific SMC marker
genes. The expression of ACTA2 correlated significantly
with roundness (P < 0.01, correlation coefficient 0.309;
Figure 6a) and aspect ratio (P < 0.01, correlation coeffi-
cient —0.357; Figure 6b). The expression of TAGLN corre-
lated significantly with solidity (P < 0.05, correlation
coefficient —0.223; Figure 6c¢), and the expression of
CNNI1 correlated significantly with roundness (P < 0.01,
correlation coefficient 0.328; Figure 6d), aspect ratio
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Figure 6. Correlations between bior

1ly induced ch

in mesenchymal stem cell (MSC) shape descriptors and gene expression levels of SMC markers. On the x-axis,

this figure reports the shape descriptor values of MSCs for unstimulated controls and 2.5% and 5% cyclically stretched MSCs. On the y-axis, this figure reports the gene expression
levels of (a,b) ACTA2, (c) TAGLN and (d-f) CNN1 of biomechanically stimulated MSCs normalized to unstimulated controls (controls, n = 1). Only correlations between shape
descriptors and gene expression levels that reached significant levels are presented. Each panel also gives the calculated linear regression line between MSC morphology and gene
expression. A single data point represents the average of n = 13 individual experiments on the x-axis. For each individual experiment, all four shape descriptors were calculated
for each individual cell that was recorded (day 4, control n = 60 385 MSCs; day 4, 2.5% stretch n = 50 721 MSCs; day 4, 5% stretch n = 60 329 MSCs; day 5, control n = 60 594
MSCs; day 5, 2.5% stretch n = 44 444 MSCs, day 5, 5% stretch n = 49 623 MSCs). On the y-axis, a single data point represents the average mRNA expression of all adherent MSCs,
assessed by quantitative reverse-transcription polymerase chain reaction for each individual experiment (n = 13). [Colour figure can be viewed at wileyonlinelibrary.com]
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(P < 0.001, correlation coefficient —0.376; Figure 6e), and
circularity (P < 0.001, correlation coefficient 0.408;
Figure 6f). Increases in roundness and decreases in aspect
ratio always correlated significantly with higher gene ex-
pression levels, and those were exclusively observed in
the biomechanically stimulated MSCs. Increases in solid-
ity and circularity correlated significantly with higher
gene expression levels, which were only observed in the
biomechanically stimulated MSCs. Correlations between
ACTA2 expression and circularity (P = 0.086) or TAGLN
expression and roundness (P = 0.064) and aspect ratio
(p = 0.051) showed trends but did not significantly corre-
late. Thus, biomechanically induced shape changes corre-
lated significantly with changes in gene expression of
specific SMC marker genes.

3.8. Relative shape descriptor changes as function of
biomaterial type, concentration, application of cyclic
stretch and time

Table 1 presents absolute and relative values for the shape
descriptors calculated. This allowed comparison of the ef-
fects on MSC shape across the various experimental con-
ditions. Colour coding was used, where red indicated
relative decreases and green indicated relative increases.
Biomaterial type, coating, concentration as well as culture
time and the amplitude and loading time of cyclic stretch
had all complex effects on MSC shape. However, the
strength of the effects varied considerably.

4. Discussion

The present study demonstrates that both biomaterial and
biomechanical cues determine MSC morphology mea-
sured via quantitative shape descriptors. First, it was dem-
onstrated that specific MSC baseline morphologies were
associated with the nanoscale stiffness of the biomaterial
surface to which the MSCs adhered. This is important be-
cause it implies that specific baseline shapes can be gener-
ated by choosing different biomaterial properties. Next,
when applying cyclic tensional forces, time- and
amplitude-dependent effects on MSC shape were revealed
and, as was expected, demonstrated that MSC elongation
occurred during cyclic stretch. Surprisingly, after cessa-
tion of stretch MSC shape did not remain elongated; in-
stead a significantly rounder cellular shape was
observed. This suggested a remodelling effect of MSC
shape in response to tensile forces, which has not been
previously described. Finally, it was asked whether dy-
namic cues on cellular shape can potentially overpower
static cues, or vice versa. To answer this question, a sys-
tem of two competing cues was used, with dynamic
effects on MSC shape through cyclic stretch and static
effects on shape through the stiffness-defined biomaterial.
This approach demonstrated that the effects of dynami-
cally applied biomechanical forces on cellular shape can
overpower the biomaterial-dictated static effects on

Copyright © 2017 John Wiley & Sons, Ltd.
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shape, but only transiently. Ultimately, MSC shape reverts
towards its original biomaterial-dictated state. The in-
sights gained in the present study broaden our methodol-
ogy for measuring and understanding MSC shape under
static and dynamic conditions. This will be helpful for de-
signing the next generation of scaffolds aimed at directing
MSC behaviour under mechanical load in situ.

As ex vivo MSC culturing performed on rigid tissue cul-
ture plastics may adversely affect the multipotency of MSCs
(Zhang and Kilian, 2013), appropriate biomaterials with
lineage-specific biophysical cues may serve as a starting
point to develop cell-based therapies, where endogenous
in vivo signals can culminate in direct full differentiation
(Lee et al., 2014). The first hypothesis of the present study
was that specific MSC shapes can be generated as a func-
tion of the biomaterials chosen and the nanoscale stiffness
associated with these biomaterials. The shape of human
bone-marrow derived MSCs that adhered to different bio-
materials was compared with those of similar stiffness (un-
coated vs. fibronectin-coated silicon sheets), and with
similar biomaterial types with different stiffnesses (thin
vs. thick silicone sheets, and compacted collagen sheets
with 80 mg/ml vs. 160 mg/ml collagen I concentration).
Silicone sheets were previously used to investigate MSC be-
haviour under cyclic stretch (Hamilton et al., 2004; Park
et al., 2004; Liu et al., 2008; Maul et al., 2011; Morita
et al., 2013; Tondon and Kaunas, 2014). Compacted colla-
gen hydrogels compressed into dense sheets are termed
compressed collagen (Brown et al., 2005) and were previ-
ously used for the tissue engineering of artificial corneas
(Levis et al., 2012) and skin (Braziulis et al., 2012). The
present study demonstrated that higher nanoscale stiff-
ness, compared with lower stiffness of the same biomate-
rial type, was associated with lower MSC roundness,
higher aspect ratio and circularity, and a lower solidity. In
strong contrast, similar nanoscale stiffnesses of different
biomaterials were associated with statistically comparable
MSC shape descriptors. These data strongly suggested that
nanoscale stiffness has a significant effect on MSC shape
descriptors. This implied that specific shapes can be gener-
ated by choosing specific nanoscale stiffnesses for MSC ad-
herence. Other parameters such as fibre type and diameter
of a given biomaterial also affect MSC morphology and,
specifically, roundness (Phipps et al., 2011). Thus, when
comparing different biomaterial types with different nano-
scale stiffnesses, a more complex situation would arise.
This topic warrants further study. However, nanoscale
stiffness is clearly a relevant biomaterial property for
generating specific shapes of MSCs quantified with shape
descriptors just as the present study demonstrates.

As demonstrated by the present study shape descriptors
can be used for describing MSC morphology in a quantita-
tive fashion. In two recent publications, shape descriptors
were successfully used for characterizing cellular shape in
analyses pertaining to the differentiation of MSC into os-
teoblasts (Rocca et al., 2015) and to acute brain injury
models in mice (Zanier et al., 2015). The descriptors
roundness and aspect ratio are somewhat intuitive. A high
roundness describes a rounder shape, whereas a high

J Tissue Eng Regen Med 2017; 11: 3508-3522.
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aspect ratio describes an elliptical shape (Figure 1). These
have shown to be relevant factors as rounded MSC shapes
can aid adipogenic differentiation, while elongated
shapes can aid myogenesis (Yang et al., 1999; Hamilton
et al., 2004; Nieponice et al., 2007; Maul et al., 2011)
and osteogenic differentiation (McBeath et al., 2004). Cir-
cularity and solidity can be understood best in terms of
membrane protrusions such as lamellipodia (broad, flat
protrusions at the leading edge of cells), filopodia
(finger-like protrusions) and blebs (outward bulges in
the plasma membrane) that are relevant for adhesion,
migration and rigidity sensing (Krause and Gautreau,
2014). High values for circularity and solidity indicate
fewer such protrusions. Specifically, it appears that circu-
larity may be a better indication of the presence of
filopodia as it would decrease significantly as the number
of small protrusions increases. These small protuberances
radically increase the perimeter, which increases geomet-
rically in the circularity measurement. Blebbing would
have a less prominent effect on circularity but would
greatly reduce solidity as the larger part of the cell is a
concave area. These associations need to be confirmed in
future studies. The present study demonstrated that the
chosen methodology pertaining to shape analysis was suc-
cessful in identifying differences in MSC shape across the
experimental conditions tested. This was, in part, due to
the semi-automated approach and a large number of data
points (cells analysed) that were acquired (44 444-60
594 MSCs) per condition. Another question raised by the
data pertains to the apparently relatively small amount(s)
of the induced changes in MSC morphology. For example,
a 5% stretch led to a maximum change of 10% in round-
ness and 7% in aspect ratio, whereas biomaterial-
associated changes in shape induced a change of 20% in
roundness and of 34% in aspect ratio. To demonstrate
the relevance of these relatively small amounts in the con-
text of the literature, geometrically defined micro-
engineered adhesion sites used in Kilian et al. (2010) were
analyzed. That study used rounded pentagonal geome-
tries for inducing adipogenic and edged pentagonal ge-
ometries for inducing osteogenic differentiation of MSCs.
A difference of 3% roundness and 3% aspect ratio
between the two shape types was calculated, illustrating,
together with the present study, that small changes in
MSC morphology can have a large impact.

Next, cyclic stretch-induced changes in MSC shape were
examined. The underlying hypothesis was that tensile
forces may result in MSC elongation during cyclic stretch,
but this is relieved upon cessation of stretch, as a conse-
quence of diminished external force input. In vivo, the me-
chanical environment surrounding the stem cells changes
dynamically (Sun et al., 2012), and external biomechani-
cal forces and matrix mechanics are key regulators of stem
cell fate (Engler et al., 2006; Sun et al., 2012). In this con-
text, cyclic tensile forces have been used successfully for
the stimulation of tenogenesis (Wang et al., 2013),
myogenesis (Maul et al., 2011), osteogenesis (Jagodzinski
etal., 2004), and chondrogenesis of the intervertebral disk
(Driscoll et al., 2013) and articular cartilage (McMahon

Copyright © 2017 John Wiley & Sons, Ltd.
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et al., 2008). The data from the present study demon-
strated that cyclic stretch of MSCs induced significant cell
elongation during stretch that was comparable to the
stretch applied to the underlying biomaterial, which sup-
ports previous data (Maul et al., 2011). However, not much
attention has been given to cell shapes after biomechanical
stimulation. Usually, the experimental design of studies
deploying cyclic stretch consists of measuring cells imme-
diately upon completion of stimulation (Hamilton et al.,
2004; Park et al., 2004; Kurpinski et al., 2006, 2009;
Nieponice et al., 2007; O’Cearbhaill et al., 2008; Zhang
et al., 2008; Ghazanfari et al., 2009; Maul et al., 2011;
Sarraf et al., 2011; Throm Quinlan et al., 2011) except for
a live microscopy study (Tondon and Kaunas, 2014) or
studies that assessed the effects on MSC proliferation
(Kurpinski et al., 2006; Ghazanfari et al., 2009). Moreover,
few studies investigated MSC shape in combination with
cyclic stretch (Zhang et al., 2008; Ghazanfari et al., 2009;
Maul et al., 2011; Throm Quinlan et al., 2011). It is be-
lieved that the present study is the first to investigate
MSC shape systematically before, during, and after the
completion of cyclic stretch. Finally, the present study
attempted to address whether dynamic cues or static cues
had more influence over cell shape using a system of two
competing cues with dynamic and static effects on MSC
shape. Most surprisingly, it was uncovered that cyclic
stretch led over time to a rounder MSC shape. This
clearly uncovered an unreported and novel idea of shape
remodelling during the period immediately following
biomechanical stimulation. This behaviour is likely a
consequence of diminished force input. It was not asso-
ciated with proliferation-associated rounding as MSC
numbers did not change significantly across the stretch
experiment conditions, and because non-adherent MSC
would be lost into the medium of the loading chamber.
Thus, the data demonstrated that changes in MSC shape
occurred during stretch but continued to occur after the
completion of stretch, and that stretch had time-
dependent effects on roundness and aspect ratio, and
amplitude-dependent effects on roundness and circular-
ity. Moreover, the data clearly demonstrated that bioma-
terial properties dictated MSC shape but this effect was
temporarily overruled by cyclic biomechanical loading.
Upon relieving cyclic biomechanical tension, MSC shape
reverted to the shape associated with the biomaterial.
Moreover, the reverting of shape from the stretch-
generated values towards the biomaterial-associated
shape values caused the shapes to become even rounder,
overshooting the initial roundness values seen before
stretch. However, the roundness values were approxi-
mately similar to non-stretched controls after the second
day of stretch. This implies that MSC shape generated
during cyclic stretch could potentially be lost after stim-
ulation is stopped, and that this occurs within a rela-
tively short time. It also emphasizes that biomaterials
could be designed to sustain or counteract biomechani-
cally induced shapes. Thus, shape-controlling biome-
chanical forces and biomaterials could theoretically be
used for differential or synergistic effects on MSC shape.
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Given the range of MSC shapes generated here, the
study finally enquired how the recorded shapes may relate
to changes in gene expression. This was undertaken in the
context of MSCs differentiating towards a SMC phenotype
because dynamic elongation of MSCs is a well-recognized
model for inducing a SMC phenotype (Hamilton et al.,
2004; Nieponice et al., 2007; Maul et al., 2011) and be-
cause elongated MSC morphologies are associated with in-
creased expression of smooth muscle markers (Yang et al.,
1999; Maul et al., 2011). A recent study uncovered that the
attempt to drive differentiation of MSCs with soluble stim-
ulators of smooth muscle differentiation was only success-
ful when the MSCs were physically permitted to elongate
(Yang et al., 1999). Thus, MSC elongation seemed relevant
for inducing a SMC phenotype in MSCs. We reported in
the previous section of the discussion that cyclic stretch
led to an elongated MSC shape but that cessation of stretch
was associated with complex changes in shape. The
resulting shapes and the corresponding expression levels
of myogenic marker genes are given in Figure 6. Specific
aspects of MSC morphology, quantified with cellular shape
descriptors, correlated significantly with the expression
levels of specific marker genes. In particular, ACTA2 corre-
lated with roundness and aspect ratio (Figure 6a,b),
TAGLN with solidity (Figure 6c), and CNN1 with round-
ness, aspect ratio, and circularity (Figure 6d-f). Thus,
shape and differentiation were clearly associated under
the chosen conditions. Interestingly, lowest roundness,
highest aspect ratio and lowest circularity values were
associated with lowest gene expression levels, occurring
in the non-stretched controls. This is important because
the nanoscale stiffness of the 80 mg/ml compacted colla-
gen sheets was ~10 kPa and, thus, in the stiffness range
of 8-17 kPa known to support myogenic differentiation
of MSCs (Engler et al., 2006). Nevertheless, the non-
stretched control MSCs that experienced myogenic
differentiation-supporting nanoscale stiffness through
the compacted collagen sheets exhibited the lowest ex-
pression of SCM marker genes. In contrast, highest round-
ness, lowest aspect ratio and highest circularity were
associated with the highest expression of marker genes
and were exclusively observed in the biomechanically
stretched groups. This biomechanically induced increase
in SMC marker expression was confirmed on protein level
(see the Supplementary material online,). One interpreta-
tion is that the added effects of tensional force and bioma-
terial stiffness were more effective in inducing the gene
expression of SMC markers in MSCs than stiffness alone.
This is supported by Kurpinski et al. (2009) who demon-
strated that a synergistic upregulation of CNN1 through
TGF-B1 in combination with cyclic stretch was greater
than the increase in response to either stimulus alone. In
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addition, the present study emphasized that specific shape
descriptor values were associated (and significantly corre-
lated) with specific marker profiles. For example, a round-
ness value of approximately 0.4 and an aspect ratio value
of 3.4 were critical values for the highest gene expression
levels of ACTA2 and CNNI1, observed under the chosen
conditions. Circularity values higher than 0.35 were criti-
cal for a high expression of CNN1. Thus, specific shape de-
scriptor values may serve as a future template for the
induction of SMC phenotype and may also be adapted
for other differentiation lineages. Finally, these data illus-
trate that even subtle differences in MSC morphology
may have a relevant impact on MSC behaviour, and that
using quantitative shape descriptors is a suitable method
for studying this impact.

5. Conclusion

The present study demonstrates that MSC morphology
can be measured using quantitative shape descriptors.
The MSC shape was surprisingly dynamic and could be
manipulated through different methods. Dynamic tensile
forces were more effective in defining MSC shape than
stiffness-related cues. However, the biomechanical effects
on cellular shape were transient and MSC shape ulti-
mately reverted back to the shape dictated by biomaterial
properties. A potential application of this information
would be to develop shape-instructive biomaterials that
transduce the dynamic in vivo biomechanical environment
into specific MSC shapes for controlling MSC behaviour.
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