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Mechanical forces play an important role in the initial stages of embryo development; yet, the influence of
forces, particularly of tensile forces, on embryonic stem cell differentiation is still unknown. The effects of
tensile forces on mouse embryonic stem cell (mESC) differentiation within a three-dimensional (3D) envi-
ronment were examined using an advanced bioreactor system. Uniaxial static or dynamic stretch was applied on
cell-embedded collagen constructs. Six-day-long cyclic stretching of the seeded constructs led to a fourfold
increase in Brachyury (BRACH-T) expression, associated with the primitive streak phase in gastrulation,
confirmed also by immunofluorescence staining. Further examination of gene expression characteristic of
mESC differentiation and pluripotency, under the same conditions, revealed changes mostly related to meso-
dermal processes. Additionally, downregulation of genes related to pluripotency and stemness was observed.
Cyclic stretching of the 3D constructs resulted in actin fiber alignment parallel to the stretching direction.
BRACH-T expression decreased under cyclic stretching with addition of myosin II inhibitor. No significant
changes in gene expression were observed when mESCs were first differentiated in the form of embryoid bodies
and then exposed to cyclic stretching, suggesting that forces primarily influence nondifferentiated cells. Un-
derstanding the effects of forces on stem cell differentiation provides a means of controlling their differentiation
for later use in regenerative medicine applications and sheds light on their involvement in embryogenesis.

Introduction

Embryonic stem cells (ESCs) can be indefinitely
maintained in an undifferentiated state but also bear the

potential to differentiate to most cell types.1,2 Several
techniques have been applied to induce ESC differentiation
in vitro, including culture in monolayers on extracellular
matrix (ECM) proteins and formation of three-dimensional
(3D) cell aggregates, termed embryoid bodies (EBs) that
can be further differentiated upon administration of spe-
cific factors3–5 or culture within microfluidics chambers.6,7

Newly emerging techniques use 3D polymeric scaffolds,
allowing for stem cell organization into multicellular
tissues.8–12 While numerous studies have shed light on the
elements governing ESC differentiation,13–15 some domi-
nant regulating factors, including mechanical elements, re-
main elusive.

It has been firmly established that mechanical forces play a
dominant role in transformation of the embryo from a group
of undifferentiated cells into the three primary germ layers,
namely, the ectoderm, mesoderm, and endoderm.16–19 Recent
studies have shown that mechanical manipulations, in the

form of forces, substrate geometry, and stiffness, can influ-
ence the behavior and differentiation of stem cells.20–25 More
specifically, ESCs have been shown to respond to the me-
chanical properties of their substrates, as manifested by
channeled differentiation toward the mesoderm germ layer on
stiffer scaffolds.26 Additionally, manipulation of the magni-
tude and duration of shear stress was shown to influence ESC
differentiation.27,28

This study evaluated the capacity of mechanical strain to
provide signaling cues influential on the early stages of
mouse embryonic stem cell (mESC) differentiation. We
hypothesized that mechanical forces in the form of tensile
stretching can direct ESC differentiation. Specific emphasis
was placed on the impact of such manipulations on forma-
tion of the mesoderm germ layer, which later gives rise to
cells naturally exposed to mechanical forces within the
body.

To this end, mESCs were cultured within highly porous
3D collagen scaffolds, which were mechanically manipu-
lated within an advanced computer-controlled bioreactor
system. Cell differentiation under the applied mechanical
forces was examined through gene and protein analysis.
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Additionally, the contribution of forces in the differentiation
process was examined through inhibition of the nonmuscle
myosin II, responsible for force transmission to the cell.

The ability to control ESC differentiation through me-
chanical manipulations can facilitate in vitro fabrication of
multicellular tissues. With such added depth of appreciation
of the involvement of forces in differentiation, this study can
pave the way for extensive in vitro use of controlled ESC
culture and differentiation within 3D constructs under a fine-
tuned regimen of external forces.

Materials and Methods

Cell culture

Mouse Nestin-GFP-expressing ESCs29 were grown on
mitomycin-C-treated, neomycin-resistant, primary mouse
embryonic fibroblasts (MEFs; Chemicon, Temecula, CA,
Millipore Corporate, Billerica, MA) in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Carlsbad, CA) supple-
mented with 15% fetal bovine serum (HyClone Laboratories,
Logan, UT), 2 mM l-glutamine, 1 mM sodium pyruvate,
0.1 mM b-mercaptoethanol, 0.1 mM nonessential amino
acids, 50 U/mL penicillin/50mg/mL streptomycin (Gibco),
and 1000 U/mL leukemia inhibitory factor (Chemicon). After
removing the cells from their MEF feeder layer, they were
grown on porous Helistat absorbable deep flexor (Achilles)
tendon collagen hemostatic sponges (5 · 5 mm2; Integra Life
Sciences, Plainsboro, NJ) in DMEM supplemented with 15%
knockout serum, 0.1 mM b-mercaptoethanol, 0.1 mM nones-
sential amino acids, 1 mM sodium pyruvate, 50 U/mL peni-
cillin, and 50mg/mL streptomycin.

In some experiments, cells were first grown in the form of
EBs before being seeded on the scaffold. EBs were formed
by placing a cell suspension on a low-adherence, 10-cm
Petri dish (Ein-Shemer, Shomron, Israel) immediately after
the cells had been detached from their feeder layer. The dish
was then incubated in a CO2 incubator until they were
seeded on the scaffold.

Collagen scaffold characterization

Scaffold morphology with and without cells was exam-
ined using a scanning electron microscope (SEM) (Quanta
200; FEI, Eindhoven, The Netherlands). The scaffold sam-
ples were gold-coated using a Polaron gold coater operated
at 0.1 Torr and 20 mA, and were observed under a vacuum
of 1.7 · 10 - 6 Torr, 10–20 kV, and an emission current of
100 mA. Cell-embedded scaffolds were prepared as follows:
scaffolds were immersed in 2.5% glutaraldehyde in 0.1 M
cacodylate buffer (Sigma-Aldrich, St. Louis, MO) for 5 min,
followed by dehydration with ethanol gradients of 70%,
85%, 95%, and 100% for 5 min each. Scaffolds were then
immersed in hexamethyldisilazane (Sigma-Aldrich) for
5 min and air dried at room temperature.

The mechanical properties of hydrated scaffolds (ramp)
were examined using the Biodynamic test instrument (BD,
@Electroforce, Bose, Eden Prairie, MN), by means of a
uniaxial tensile test with a strain rate of 0.01 mm/min until
failure was reached. To measure the mechanical properties
of cell-embedded scaffold, constructs were grown within the
BD system for 4 days and then subjected to the same ramp
protocol. Strain was calculated as change in length divided

by initial length. Stress was defined as the measured force
divided by the cross-sectional area. Stiffness was assessed
according to the slope of the linear part of the stress–strain
curve. Ultimate tensile strength (UTS) is the maximum
stress in the stress–strain curve.

Mechanical stimulation

The BD test instrument was used to apply tensile forces
on cell-seeded 3D constructs. This system allows for me-
chanical manipulations of 3D biological samples within a
sterile environment and within an incubator. Uniaxial
stretch was applied to a rectangular-shaped scaffold held
between the system’s grips. The protocols included static
stretching, to obtain constant displacement on the construct,
and oscillatory displacement, with an amplitude of 1.5 mm
(*30% strain) and a frequency of 0.3 Hz. The control
samples were grown in each experiment and included con-
structs held on one grip inside the system, under the same
culture condition, with minimum forces on the construct.

Quantitative polymerase chain reaction

Following each experiment, scaffolds were maintained in
RNA-later (Qiagen, Valencia, CA) at 4�C until homogeni-
zation. RNA was purified from the dispersed cells using the
RNeasy mini kit (Qiagen). RNA concentrations were
quantified using the NanoDrop� spectrophotometer and the
isolated RNA was reverse-transcribed using the High-
capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, Chicago, IL). cDNA was amplified with the Step
One Plus Real-time PCR System (Applied Biosystems),
according to standard protocols.26 Gene expression levels
were normalized to those of the GAPDH gene and the
minimal cycle threshold was determined for each sample.

To monitor mESC differentiation and pluripotency, a
broader range of genes was further examined using the
TaqMan� Array Custom Micro Fluidic Card (TaqMan�

mouse Stem Cell Pluripotency Array). The TaqMan array
card was loaded with cDNA samples (1mg) mixed with the
TaqMan� Universal PCR Master Mix. The Applied Bio-
systems 7900HT Fast Real-Time PCR System was used for
gene amplification and SDS Software v3 (Applied Biosys-
tems) was used for gene analysis, all according to the
manufacturer’s instructions. All gene values were normal-
ized to the GAPDH gene expression levels.

Immunohistochemistry

Scaffolds were fixed with 4% paraformaldehyde for 20 min.
For frozen-embedded sections, scaffolds were maintained
overnight in a 30% sucrose solution and then embedded within
optimal cutting temperature compound (Tissue-Tek�, Tor-
rance, CA). Immunofluorescence or hematoxylin and eosin
(H&E) staining was performed on transverse sections (5mm)
placed on slides. For immunostaining, sections were permea-
bilized with a 0.5% Tween solution (Sigma-Aldrich) for
20 min, at room temperature. Sections were then washed with
phosphate-buffered saline (PBS) and immersed for 30 min in
blocking solution (0.5% Probumin� bovine serum albumin;
Millipore Corporate). Immunofluorescence staining was per-
formed by incubating samples with goat anti-brachyury anti-
body (0.1 mg/mL; R&D, Minneapolis, MN), overnight at 4�C,
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and then with Cy3-conjugated anti-goat IgG (1:100; Jackson
Immunoresearch Laboratory, West Grove, PA) for 30 min, at
room temperature. 4¢,6-Diamidino-2-phenylindole (DAPI;
Sigma-Aldrich) was used for nuclear counterstaining.

Whole-construct staining of actin fibers was performed on
scaffolds permeabilized with 0.3% Triton X-100 (Bio Lab
Ltd., Jerusalem, Israel), for 10 min at room temperature.
Scaffolds were then washed in PBS, and immersed over-
night in blocking serum (10% fetal bovine serum and
0.1% Triton X-100) at 4�C. Phalloidin-TRITC (0.5 mg/mL;
Sigma-Aldrich) was added for 20 min with DAPI for nuclear
counterstaining.

All images were captured using a Leica� TCS LSI super-
zoom macroconfocal microscope.

Image analysis

Protein expression was quantified from immunofluores-
cence staining using MATLAB (The Mathworks, Natick,
MA). Double-blinded images were taken at several sections
of each type of sample, under the various mechanical con-
ditions. For each image, the total number of cells was
estimated by the extent of DAPI staining and the BRACH-
positive cells were estimated by the extent of the Cy3 signal.
The percent of BRACH-positive cells versus the total
number of cells is presented.

Myosin II inhibition

Blebbistatin (50 mM; Sigma-Aldrich) was added to the
culture medium for the entire duration of the experiments in
order to inhibit nonmuscle myosin II under cyclic stretching.

Statistical analysis

All results are shown as mean – standard error. When
comparing two groups, Student’s t-test was used. Significant
results were considered with probability value £ 0.05.

Median results of four experiments are shown for the
TaqMan array card.

Results

We aimed to examine the influence of mechanical ma-
nipulation of 3D mESC-embedded scaffolds on the early
stages of cell differentiation. Single-cell mESC samples
were cultured within a collagen scaffold mounted within the
Biodynamic test system and subjected to either static or
cyclic stretching. A control group was grown under the same
conditions within the system, but without additional external
forces. An illustration of the experimental protocol is pre-
sented on Figure 1.

Collagen scaffold characterization

The properties of the collagen scaffold were examined to
confirm its suitability for the planned mechanical experi-
ments. SEM-based analysis demonstrated that the scaffold
featured an interconnective fibrillar structure with pores of
varying sizes (50–200mm), supportive of cell infiltration
(Fig. 2A). The internal structure remained stable at 4 days
postseeding. Cells covered the scaffold and filled its pores;
some small pores were fully concealed by the cells. Cells
residing within the pores generated groups of cells in the

form of EBs, which is preferred for cell differentiation
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertpub.com/tea).

Using the BD system, scaffold elastic modulus was
measured as *21 kPa, with a UTS of 12 kPa, and strain at
UTS of about 80% (Fig. 2B, C). The observed porosity and
stiffness, along with high strain at UTS, enable mechanical
manipulations of the scaffold without risk of rupture, ob-
viating the need for an additional supportive matrix. One
cycle of the stress–strain curve derived from the cyclic
stretching protocol demonstrated a hysteresis loop, sugges-
tive of viscoelastic scaffold behavior. A slight decrease in
scaffold stiffness (elastic modulus of 13 kPa) and strength
(UTS of 5 kPa) was observed at 4 days postseeding (Fig.
2C). This decrease is likely due to cell-driven degradation of
the scaffold and yields a stiffness and strength of the same
order as acellular scaffolds, demonstrating its ability to re-
sist the mechanical manipulation and to transmit the forces
to the cells.

H&E staining of scaffold with cells 6 days postseeding
showed that, under all tested conditions, cells were more
clustered and seemed to form EB structures within the
scaffold pores (Fig. 2D). Following cyclic stretching, the
groups of cells were more dispersed throughout the scaffold
and scaffold fibers were less dense and more aligned.

mESC differentiation into the three germ layers

To examine the impact of the different mechanical con-
ditions on mESC differentiation, representative genes of
each germ layer were examined (summarized in Fig. 3A and
Supplementary Table S1). After 2 days of cyclic stretching
of 3D scaffolds embedded with undifferentiated cell cul-
tures, BRACH-T, a gene associated with primitive streak of
early gastrulation phase, expression was upregulated when
compared with control scaffolds (Supplementary Fig. S2).
The temporal significance of mechanical manipulations on
differentiation response was further examined by monitor-
ing gene expression of cells first grown for 4 days as EBs
and then mechanically manipulated for additional 3 days
after being seeded onto the scaffold. This setup involves
application of the mechanical forces after the cells have
already exited their nondifferentiated state. Under these
conditions, no significant changes in gene expression pro-
files were observed following stretching (Fig. 3B), sug-
gesting that mechanical stresses are primarily sensed by
undifferentiated cells.

Following a 6-day-long exposure to mechanical manip-
ulations, no significant changes in gene expression were
observed following static stretching, when compared with
control samples (Fig. 3C). However, upon application of
cyclic stretching, the most significant changes were ob-
served in BRACH-T expression, which was upregulated
fourfold. In parallel, immunohistochemical analysis of
scaffold sections demonstrated an increased number of cells
expressing BRACH following cyclic stretching, when
compared with both static stretching and control stress
conditions (Fig. 4), demonstrating compatibility between
mRNA and protein levels.

We next evaluated the impact of a 6-day cyclic stretching
regimen applied to mESC-embedded collagen scaffolds on
germ-layer-specific differentiation, using a TaqMan Array
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Custom Micro Fluidic Card. The list of examined genes is
presented in Supplementary Figure S3 indicating the role of
the significant upregulated genes. Genes upregulated or
downregulated by more than 20%, in at least three of four
experiments, are presented and were classified as either
representative of one of the three germ layers (Fig. 5A), or
as pluripotency- and stemness-associated genes (Fig. 5B). A
group of mesoderm-specific genes was highly affected
(upregulated or downregulated) by cyclic stretching. For
example, Actc1, a gene associated with cardiomyocytes, a
mesoderm-derived cell type,30 was upregulated 1.75-fold,
while col2a1, associated with chondrogenesis, was upregu-
lated 1.4-fold.31 Extensive upregulation (11.64-fold) in the
expression of Myf5, which plays a key role both in regu-
lating muscle differentiation and in the early stages of
embryogenesis, was observed.32 BRACH-T upregulation
detected by the real-time polymerase chain reaction (PCR)
analysis was further corroborated by the results of the mi-
croarray analysis, which measured a 2.63-fold upregulation
in its expression levels.

At the same time, most genes representing the ectoderm
and endoderm layers were downregulated, as were stemness
and pluripotency genes. The resulting gene profile (Fig. 5C)
correlated with those described, implies for processes such

as vasculogenesis, cell differentiation, migration, morphol-
ogy, proliferation, and mesoderm development (Fig. 5D).

Inhibition of myosin II decreases mesodermal
differentiation under cyclic forces

Inhibition of myosin II prevents the transmission of ap-
plied external forces to the cells.33 It has been shown that
myosin II plays an important role in regulation of actomy-
osin–microtubule crosstalk, through its mediation of cell
tension and contractility.34 We aimed to examine whether
myosin II plays a role in transmission of cyclic forces ap-
plied on the cells and to assess its influence on cell differ-
entiation. Following exposure to cyclic stretching, actin
fiber alignment was observed and cells were more dispersed,
when compared with control conditions (Fig 6A, B). In
contrast, in the presence of blebbistatin (50mM), punctate
actin staining replaced the previously observed fiber-like
structures (Fig. 6C). Gene expression analysis of mESC-
embedded scaffolds exposed to cyclic stretching in the
presence of blebbistatin demonstrated downregulated ex-
pression of all genes, with the mesoderm-associated
BRACH-T and Flk1 genes undergoing the highest degree of
downregulation.

FIG. 1. Mechanical manipulations of collagen scaffolds seeded with mouse embryonic stem cells (mESCs). Experiment
protocols included are as follows: static stretching—constant strain with an amplitude of 30%; static control—scaffolds
were attached to one side of the system chamber and were exposed to the same experiment conditions but without additional
external forces; and cyclic stretching—frequency of 0.3 Hz with a strain amplitude of 30%. Color images available online at
www.liebertpub.com/tea
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FIG. 2. Suitability of collagen scaffold for mESC growth. (A) Representative scanning electron microscopy micrographs
of a Helistat collagen scaffold. Upper: scaffold with no cells at two magnifications. Lower: scaffold with cells at two
magnifications. (B) A typical stress–strain curve of the Helistat collagen scaffold. Elastic modulus was determined as the
linear region of the curve and the ultimate tensile strength (UTS) was defined as the maximum stress in the curve. (C)
Elastic modulus and UTS as measured with the BD system for scaffold only (n = 3) and scaffold with cells (n = 2).
Mean – standard deviation is presented. (D) Hematoxylin and eosin staining of mESC-embedded collagen scaffold after 6
days of exposure to one of the three examined conditions: control, static stretching, and cyclic stretching. (*p £ 0.05). Color
images available online at www.liebertpub.com/tea

FIG. 3. Real-time polymerase chain reaction (PCR) analysis of gene markers of the three germ layers. Cells were seeded
on collagen scaffolds and exposed to external forces: (A) A list of genes and their associated germ layer. (B) Fold change
versus control in gene expression after 3 days of cyclic stretching of 4-day-old embryoid bodies (EBs) seeded on scaffolds.
(C) Fold change versus control in gene expression after 6 days of cyclic stretching of mESC-embedded scaffolds. Me-
chanical manipulation results were normalized to those of the trail-matched static control. Means – standard error are
presented, where significant differences are marked with asterisks ( p £ 0.05).
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FIG. 4. Bry immunofluorescence staining
in mESC-embedded collagen scaffolds fol-
lowing mechanical stress. Bry staining of
mESCs grown on collagen scaffolds for 6
days under various mechanical conditions:
(A) control, (B) static stretch, or (C) cyclic
stretching. (D) Image analysis quantification
of immunofluorescence staining for Bry
versus total number of cells. Means – stan-
dard error are presented (n = 5–8). Sig-
nificant differences of groups are marked
with asterisks ( p £ 0.05). Color images
available online at www.liebertpub
.com/tea

FIG. 5. Altered gene expression in mESC-embedded collagen scaffolds following exposure to cyclic stretching, as
determined using a TaqMan� Array Custom Micro Fluidic Card. (A) Fold change (log scale) in expression of genes
representing the three germ layers upregulated or downregulated by > 20% in at least three of four experiments. (B) Fold
change (log scale) in expression of genes associated with cell stemness or pluripotency upregulated or downregulated by
> 20% in at least three of four experiments. (C) A gene enrichment map of all the genes in the array that were down-
regulated or upregulated. (D) Cellular processes related to the resulting gene expression profile. Processes related to
mesodermal differentiation are presented. Color images available online at www.liebertpub.com/tea
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Discussion

In this study, we show that mechanical forces applied on
mESCs within 3D environments can influence their fate.
Under oscillatory stretching of whole 3D cell-embedded
constructs, mESCs were directed toward differentiation into
the mesoderm layer. Inhibition of nonmuscle myosin II, and
subsequent prevention of submission of the mechanical
cues, led to a significant decrease in BRACH-T and Flk1
expression when compared to oscillatory stretching only.

Lack of an in-depth understanding of the factors con-
trolling and influencing cell differentiation poses a major
challenge in leveraging the vast clinical potential of ESCs.
More comprehensive knowledge would enable exploitation
of ESCs in therapeutic applications and large-scale differ-
entiation techniques. To date, most studies have focused on
the chemical and biological factors that can direct differ-
entiation.35,36 Little attention has been given to elucidation
of the involvement of mechanical forces in the various
differentiation stages, and of the degree to which they can
assist in directing cells toward specific lineages or even in
prompting them to further differentiate into a specific cell
type. This study focused on characterizing the impact of
mechanical cues on mESC differentiation, with emphasis on
the early stages of differentiation into the mesoderm, ecto-
derm, and endoderm layers.

A 3D culture system was chosen to support mESC growth
and differentiation within an environment similar to that of
the embryo. In addition, this 3D environment encouraged the
cells to form EBs within the scaffold pores, as demonstrated
by the SEM images and H&E staining. Several studies that
assess cell–matrix adhesion,37 cancer cell interactions,38 and
cell differentiation15,39 have demonstrated that cells behave
differently in two-dimensional (2D) versus 3D environments.
Human ESCs in 2D culture exposed to cyclic strains under-
went inhibited cell differentiation,40 contrasting our findings
in a 3D environment. This emphasizes the important con-
sideration of the 3D natural environment of the cells.

A commercial collagen scaffold was chosen due to its
viscoelastic behavior and biological properties that closely
mimic the natural environment of the cells within the body.
In addition, collagen is one of the proteins in the ECM and
was identified in the blastocyst inner cell mass.41 Stretch
force parameters were chosen according to previous stud-
ies and our preliminary observations. The selected fre-
quency for cyclic stretch experiments was previously
demonstrated by Chowdhury et al. who reported that local
cyclic stress at 0.3 Hz applied on mESCs induced cell
differentiation as manifested by downregulation in oct3/4
expression.42 In addition, 30% strain amplitude was the
initial part of the linear region of the stress–strain curve, in
our setup (Fig. 2B, C), estimated as a stiffness of 21 kPa.
Moreover, the 6-day postseeding time point was chosen
following earlier observations of altered gene expression at
this time point, in mESCs grown on substrates with dif-
ferent elasticities.22

Upon oscillatory stretching of the entire 3D construct,
mESCs preferred mesodermal differentiation, which was
inhibited by addition of blebbistatin. Real-time PCR anal-
ysis was performed to assess changes in gene expression
resulting from the applied forces. Several studies that focus
on changes in gene expression of ESCs chose the same
genes as representative of each germ layer.22,26 Other
studies also chose BRACH-T as representative of the me-
soderm germ layer and indicated change in cell differenti-
ation based on its expression. For example, shear stress was
shown to induce mESC differentiation, where changes in
magnitude and duration of the applied stress resulted in
changes in gene expression for the ectoderm and mesoderm
germ layers.27

Analysis of gene expression, using a microfluidic Taq-
Man array, following a 6-day cyclic stretching regimen
identified a group of mesodermal genes that were influenced
by the manipulation, and were attributed to biological pro-
cesses associated with muscle and cardiovascular develop-
ment. The changes observed in expression of genes related

FIG. 6. Inhibition of
myosin II led to massive
downregulation of gene ex-
pression. Whole-mount actin
fiber staining with phalloidin
after a 6-day exposure to (A)
control, (B) cyclic stretching,
or (C) cyclic stretching in the
presence of blebbistatin. (D)
Real-time PCR analysis of
genes representative of each
of the three germ layers after
exposure to cyclic stretching,
in the presence of blebbista-
tin. Data are presented as
percent change in gene
expression when compared
with cyclic stretching in the
absence of blebbistatin as
means – standard error. Color
images available online at
www.liebertpub.com/tea
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to pluripotency and stemness (Fig. 5B) further indicated
initiation of differentiation and viability tests (presented in
Supplementary Fig. S4) demonstrated a high percentage of
viability under the applied forces. Taken together, these
findings suggest that the cells are growing and differentiat-
ing under the applied forces, which direct them toward
mesodermal fate.

ESC development and differentiation are complex pro-
cesses, which begin with the gastrulation stage, character-
ized by a biomechanical process that transforms a group of
cells into the embryo, an organized 3D sphere of cells.
Forces along with cell movement play key regulatory roles
in this, suggesting that their external application in culture,
in the form of compression, tension, and shear stresses, can
induce the same processes.43 The mesoderm and endoderm
cells move to inside the sphere toward the definitive endo-
derm layer, whereas the ectoderm cells are located on the
surface.16 Our results show that genes representative of the
endoderm and mesoderm are more influenced than those
associated with the ectoderm. This may be explained by the
more intense mechanical forces experienced by the inner
cells within the sphere when compared with the outer cells.
Upregulation in some mesoderm representative genes sug-
gests that mechanical forces trigger the differentiation to-
ward the mesoderm, while most of the endoderm-related
genes are downregulated. Gene expression analysis indi-
cated upregulation of mesodermal processes, such as vasculo-
genesis, development of cardiovascular tissue, differentiation
of endothelial cells, embryo morphogenesis, and other pro-
cesses, such as cell proliferation, movement, migration, differ-
entiation, and morphology. As the endoderm and mesoderm
cells are grouped together, we can assume that during
embryogenesis, the cells that experience higher mechanical
forces are directed to the mesoderm germ layer and not to
the endoderm.

The method used in this study for examining the corre-
lation between mechanical forces and ESC differentiation
overcomes limitations of other approaches, in that it allows
application of mechanical forces within the same 3D
structures without modifying the overall environment.
Consequently, this setup enables evaluation of the pure in-
fluence of external force on the cells. Moreover, the scaffold
used in this study demonstrated viscoelastic properties
characterized by the nonlinear stress–strain curve and the
hysteresis loop in the stress–strain curve of one cycle in the
cyclic stretching protocol. The observed viscoelastic be-
havior of the scaffold mimics tissue properties, demon-
strating close resemblance of the scaffold to natural
environments, along with the capability of the scaffold to
resist the external forces and to stretch to high strain values,
maintained also after cell seeding (Fig. 2C).

Additionally, although only two mechanical manipulation
regimens were assessed in this study, the resulting lineage
commitment demonstrated differential sensitivity to the
mechanical cues. However, at the same time, no differences
were noted in cell responses to static force, which may have
been the result of inevitable transmission of static forces on
one side of the scaffold in the control setup. Among all the
examined mechanical conditions, oscillatory forces had the
greatest influence on cell differentiation. This phenomenon
has been also observed for other cells; for example, mes-
enchymal stem cells that have been shown to be influenced

by external mechanical signals,44 where, for example, cyclic
compressive strain alone induced osteogenic lineage com-
mitment.45

Undifferentiated ESCs have been shown to be softer, as
defined by the ratio of the strain to the applied stress, when
compared with their differentiated state, rendering them
more susceptible to the effects of local cyclic forces.42 This
report resonates with our present results, which demon-
strated a greater influence of cyclic stretching on undiffer-
entiated cells, when compared with cells that were first
differentiated in the form of EBs. In addition, application of
cyclic stretching led to loss of stemness. Similar findings
have been reported for mesenchymal stem cells under the
influence of external factors, such as diverse matrix stiffness
and applied mechanical strain.46

In efforts to determine whether the underlying biophysi-
cal mechanism for ESC differentiation is governed by cy-
toskeletal deformation, we quantified gene expression after
applying oscillatory forces, in the presence of the myosin II
ATPase inhibitor blebbistatin.47 Blebbistatin influences cell
blebbing during cell division, resulting in a decrease in the
steady-state actin-activated ATPase activity of nonmuscle
myosin II.48 Cyclic stretching in the presence of blebbistatin
resulted in downregulation of cell differentiation, when
compared with cyclic stretching, where the greatest influ-
ence was observed in the expression of BRACH-T and Flk1,
further demonstrating the role of cytoskeletal elements on
mesodermal differentiation. Upon cell adherence to the
ECM, a continuous link between the cell cytoskeleton and
ECM is created, forming a means of direct transmission of
mechanical signal to the cell and resulting in elastic tension
in the cell cytoskeleton. This elastic tension is maintained by
myosin II molecular motors, which apply contractile forces
on the actin filaments, resulting in compression of the cy-
toskeleton.3 These elastic stresses regulate processes within
the cell, including, as suggested by our results, early stages
of differentiation of the embryo. Additionally, upon inhi-
bition of myosin II, we recorded downregulation of meso-
dermal genes, suggesting that the mesoderm germ layer is
most affected by external forces, under the conditions ap-
plied in this study. After cyclic stretching, actin fibers were
spread and aligned in the direction of the stretching. How-
ever, inhibition of myosin II activity resulted in rounded cell
that failed to spread within the matrix. These findings lie in
agreement with those that have demonstrated the significant
role of myosin II in regulation of cell organization in the
first days of the mouse embryo, where its deficiency led to
absence of germ layer organization.49

In conclusion, our results show, for the first time, that
early differentiation of ESCs is sensitive to tensile forces.
Moreover, this experimental setup demonstrates the ability
to manipulate and examine ESC differentiation and other
processes occurring within 3D natural-mimic constructs.
While other studies rely on 2D substrates or manipulation of
the mechanical properties of the matrix, this work integrated
a 3D environment with external tensile mechanical forces.
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