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Stem and progenitor cells are emerging as a potential source for cell-based therapies, in which large homogenous
populations of differentiated cells are frequently deemed necessary for efficacy. Methods focused on biochemical
cues have not yet yielded the numbers of endothelial cells thought necessary for cardiovascular applications.
Interest in alternate methods has prompted the study of physical cues on stem and progenitor cell differentia-
tion. In this study, fluid-based shear stress, at levels comparable to those experienced by endothelial cells in large
vessels, was applied during the first few days of mouse embryonic stem cell differentiation. After 2 days of
applied shear stress, there were increases in cell proliferation and in protein expression of endothelial markers
(FLK1, VECAD, and PECAM). Further, treatment increased the number of FLK1þ cells from 1% to 40%, which
were then capable of forming vessel-like structures in vitro. Thus, shear stress may be used to direct differen-
tiation of embryonic stem cells toward an endothelial-like phenotype, helping to address the cell sourcing issue
in cardiovascular regenerative medicine and tissue engineering.

Introduction

Stem and progenitor cells are emerging as a potential
cell source for regenerative medicine and tissue engi-

neering, in which large homogenous populations of differ-
entiated cells are frequently deemed necessary for cell-based
therapies. In cardiovascular applications, the availability of
large numbers of endothelial cells will likely have the
greatest impact (1) as an anti-thrombogenic layer in the
endothelialization of vascular grafts, and (2) in promoting
vascularization, that is, formation of new vessel structures, in
injured or engineered tissues. Unfortunately, neither primary
nor culture-expanded sources of mature endothelial cells
adequately meet these needs. Stem and progenitor cells, in-
cluding bone marrow-derived stem cells,1,2 circulating pro-
genitor cells,3 umbilical cord blood cells,4 and embryonic
stem cells (ESCs),5,6 have been shown to differentiate into
endothelial cells and are potential cell sources for regenera-
tive medicine.

Endothelial cells have been derived from mouse ESCs
through both embryoid body (EB) formation and monolayer
differentiation. When ESCs are removed from feeder layers
and grown in the absence of leukemia inhibitory factor in
suspension culture, cells aggregate to form EBs and differ-
entiate into cells of all three germ lineages, including meso-
dermal endothelial cells.5 In a more directed approach to

endothelial differentiation using two-dimensional monolay-
ers, mouse ESCs are cultured on a collagen type IV substrate
with medium supplemented with vascular endothelial
growth factor (VEGF).7,8 In both of these approaches, the
number of endothelial-like cells is low or involves extensive
and diverse cultures conditions with periodic cell sorting.
Thus, methods using only biochemical cues to influence cell
fate decisions may not address the demand for large cell
numbers for clinical therapies. To explore a wider range of
cues to direct differentiation, recent studies have focused on
the use of physical signals during stem cell culture.9

Some efforts to generate large homogenous populations of
cells have focused on controlling the mechanical microenvi-
ronment. Application of fluid-based shear stress on cells
grown on a flat surface promotes an endothelial phenotype
in multiple progenitor cells, such as murine embryonic
mesenchymal10 and ESC-derived FLK1þ11,12 cells, as well as
human blood-derived endothelial13–16 cells. Those studies
utilized cells that already had been sorted and selected from
a mesodermal lineage. It has yet to be determined whether
shear stress can promote an endothelial-like phenotype from
pluripotent cells using a single-step process without pre-
sorting for specific subpopulations. Therefore, the objective
of this study was to determine the effect of fluid-based shear
stress on promoting an endothelial phenotype during the
early differentiation of murine ESCs.
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Materials and Methods

Materials

Knockout Dulbecco’s modified Eagle’s medium (DMEM),
knockout serum replacement, ESC-qualified fetal bovine
serum (ESQ-FBS), nonessential amino acids, trypsin-
ethylenediaminetetraacetic acid, cell dissociation buffer,
and phosphate-buffered saline with calcium and magne-
sium (PBSþþ) were purchased from Invitrogen. Beta-
mercaptoethanol, gelatin, donkey serum, bovine albumin,
ribonuclease A, triton-X, ethanol, polyoxyethylenesorbitan
monolaurate, mitomycin C, and dimethyl sulphoxide were
purchased from Sigma-Aldrich. Alpha modification of Eagle’s
medium (aMEM), FBS, L-glutamine, penicillin/streptomycin
solution (PS) and PBS were purchased from Mediatech, Inc.
Mouse ESD3 ESCs, STO cells, and DMEM were purchased
form ATCC. ESGRO� was purchased from Chemicon Inter-
national and collagen type IV was from BD Biosciences. En-
dothelial medium and cells were purchased from Lonza. The
peristaltic pump, tubing, pulse dampener, and media bottles
were all from Cole Parmer and plastic spacers for the flow
chamber were customized using material from Precision
Brand. Anti-OCT4, anti-PECAM1, anti-VECAD, and IgG
control unconjugated antibodies were from Santa Cruz Bio-
technology, Inc. Preconjugated anti-vimentin and anti-FLK1,
as well as all FITC- and PE-conjugated secondary antibodies,
were from Research Diagnostics, Inc. Low retention micro-
centrifuge tubes were from Fisher Scientific International.
Propidium iodide, phalloidin, Hoechst 33258, and Linear-
Flow� calibration beads were from Molecular Probes.

Expansion of mouse ESCs

Mouse ESD3 ESCs were initially expanded on a mitoti-
cally inactivated STO feeder layer. STO fibroblasts were ex-
panded in fibroblast medium (aMEM supplemented with
10% FBS and PS) and at confluence treated with mitomycin
C to inhibit further proliferation. After overnight acclimation,
the ESCs were plated onto the feeder layer in the medium
consisting of DMEM supplemented with 10% ESQ-FBS,
1000 U/mL ESGRO (leukemia inhibitory factor), 0.1 mM
beta-mercaptoethanol, and PS. Before the fusion of adjacent
colonies, cells were frozen down and stored in LN2. To
prepare the ESCs for use and markedly reduce (routinely to
<5%) the presence of the mitotically inactive feeder cells, vial
contents were thawed and expanded on gelatin-coated
dishes in the culture medium (knockout DMEM supple-
mented with 15% ESQ-FBS, 5% knockout serum replace-
ment, 4 mM L-glutamine, 0.1 mM nonessential amino acids,
1000 U/mL ESGRO, 0.1 mM beta-mercaptoethanol, and PS)
for 3 days.

Initial differentiation of ESCs (pretreatment)

For all samples, mouse ESCs were differentiated for 2 days
before treatment. Glass slides were coated with collagen type
IV at 3.5 mg/cm2 for 2 h. Expanded ESCs (as above) were
then seeded at 10,000 cells/cm2 in 1 mL and allowed to ad-
here for 1 h. At the end of seeding, 25 mL of differentiation
medium (aMEM supplemented with 10% FBS, 0.1 mM beta-
mercaptoethanol, and PS) was added and the cell-seeded
slides were cultured (378C and 5% CO2) for a period of 48 h
to allow cell attachment.

Applied fluid shear stress

Fluid shear stress was applied using a parallel plate ap-
paratus and a peristaltic pump, as described previously.17–19

Briefly, a plastic shim was placed atop a glass slide to create
a channel 0.5 mm high by 26.5 mm wide. A custom-designed
flow block was then placed flat on the shim, with inlet and
outlet ports that directed fluid flow through the channel. An
aluminum frame and rubber gasket were used to clamp the
pieces together and prevent fluid leaks (Fig. 1).

The parallel plate chamber was placed in a closed series
with a medium reservoir, peristaltic pump, and dampener.
The reservoir was filled with 125 mL of differentiation
medium that recirculated independently for each sample
through the system. A peristaltic pump was used to posi-
tively displace the medium through the dampener, resulting
in a steady flow of medium into the flow block. In this
configuration, t¼ 6Qm/(bh2), such that the shear stress (t) is
dependent on the flow rate (Q), viscosity of the medium (m),
and the width and height of the channel (b and h, respec-
tively). Using this system, we applied a steady laminar shear
stress of 15 dyn/cm2 (level experienced by endothelial cells
in large vessels) for 48 h. As in previous studies, control
samples were statically cultured in Petri dishes with 125 mL
of differentiation medium.

Cell number and flow cytometry

At the end of treatment, experimental (glass slides re-
moved from the parallel plate apparatus) and control sam-
ples were prepared for analysis. Cells were trypsinized off
the glass slides and assessed for number using a coulter
counter (Multisizer 3 from Beckman Coulter, Inc.).

Cells were assessed for cell cycle and protein expression
using flow cytometry. Cells were removed from the glass
slides for both experimental and control samples using ei-
ther trypsin or cell dissociation buffer. Cell suspensions for
cycle analysis were fixed by the drop-wise addition of 70%
ethanol and stored in 48C. These resuspended samples
were stained with 50 mg/mL propidium iodide and 100 mg/
mL ribonuclease A for 1 h at 378C. A cytometer (BD Van-
tage from BD Biosciences) was used to assess fluorescence;
histograms were analyzed to determine the percentage of
cells in the G0/G1, S, and G2/M phases. For protein ex-
pression, separate cell suspensions were fixed with 4%
formaldehyde for 15 min at 48C and then stored in buffer
solution (0.3% bovine serum albumin and 0.001% poly-
oxyethylenesorbitan monolaurate in PBSþþ) at 48C. Sam-
ples assessed for intracellular markers were permeabilized
with 0.5% triton-X. All samples were blocked with 10%
donkey serum and incubated with a primary and then a
secondary antibody (except for the PE-conjugated anti-
FLK1 antibody). Markers assessed included OCT4 (a tran-
scription factor related to pluripotency), vimentin (an in-
termediate filament associated with the mesodermal
lineage), FLK1 (a VEGF receptor), VECAD and PECAM1
(both markers of mature endothelial cells), as well as actin
found in smooth muscle cells (a-SMA). Primary and sec-
ondary antibodies were used at a dilution of 1:100 and
1:200, respectively. Species-appropriate IgG controls and
marker-appropriate cell lines (such as D1 marrow and brain
endothelial cells from ATCC) were used as negative and
positive staining controls, respectively.
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Quantification of population expression for each protein
marker utilized multiple replicates from three to four sepa-
rate experiments. In parallel to each sample set, fluorescence
was also measured of LinearFlow Calibration kits, composed
of sets of stable fluorescently labeled polystyrene beads,
generating a reference calibration curve of fluorescence
(range of 1%–100%). For each sample, histograms generated
from the cytometer were analyzed to compute a median
fluorescence, which was converted to standardized percent-
ages using the calibration curve.

Correlation of quantitative values with observation
of fluorescence was performed using ImageStream (Amnis
Corporation), a technology combining flow cytometry and
imaging. Preparation was similar to that described above,
except that samples were dual-labeled for OCT4 (FITC
fluorochrome) and FLK1 (PE fluorochrome). Before analysis,
samples were stored in 1% formaldehyde. Cell nuclei were
subsequently stained with DRAQ5. For each registered event
on the cytometer, fluorescence levels and corresponding
images were recorded. Single cells were selected by gating
for events with intermediate DRAQ5 intensity and high
nuclear aspect ratio, to distinguish from anucleate (low
DRAQ5 intensity) and multi-cellular (high DRAQ5 intensity
and low aspect ratio) events. Apoptotic cells were distin-
guished based on DNA condensation and nuclear fragmen-
tation.20 Using these selection criteria, protein expression
was assessed on intact, nonapoptotic single cells.

Structure formation

A functional assay for the endothelial phenotype is in vitro
chord-like structure formation.21 Tissue culture plates (48
well) were coated with 110 mL/well of cold BD Matrigel� and
then kept at 378C for 30 min for polymerization. Cells from
static and shear samples, as well as ESCs, were trypsinized to
generate single-cell solutions. Human aortic endothelial cells,
cultured per vendor instructions, were used as a positive
control for chord formation. Cells of each type (28,000) were
seeded into separate wells and imaged 24 h later. Evaluation
was repeated for three independent experiments.

Statistical analysis

Data are presented as mean� standard error of the mean.
Experimental and control samples were compared using a t-
test, where p-values <0.05 were considered significant.

Results

Cell number and cycle

In samples exposed to SHEAR stress compared to the
STATIC controls, there was an increase in cell number and
percentage of proliferating cells (Table 1). There was a more
than twofold increase in cell number in SHEAR samples
compared to STATIC controls (88� 15�105 vs. 43� 6�105

cells; p< 0.05). Additionally, the percentage of cells under-
going DNA replication (S phase) was also significantly
( p< 0.001) increased in the SHEAR samples (21.5%� 0.4%
vs. 17.7%� 0.2%). Thus, applied shear stress can increase cell
proliferation during early differentiation of ESCs.

Protein expression

Stem cell differentiation was characterized by quantifying
levels of protein expression. Markers of mesoderm (vi-
mentin), endothelial (FLK1, VECAD, and PECAM1), and
smooth muscle phenotype (a-SMA) were assessed using
flow cytometry (Fig. 2). While there was likely differentiation
to all three germ lineages, the significant ( p< 0.05) increase
in vimentin expression in SHEAR samples compared to
STATIC controls indicates a promotion toward the meso-
dermal lineage, which includes the vascular endothelial and
smooth muscle cells. a-SMA expression, however, remained
unchanged ( p¼ 0.67), whereas expression levels of the en-
dothelial markers FLK1, VECAD, and PECAM were all sig-
nificantly ( p< 0.05) increased in SHEAR samples.

Combined imaging and flow cytometry allowed for cor-
relation of quantitated fluorescence levels with fluorescent
images for each cell (Fig. 3). Four replicates were analyzed
for both SHEAR and STATIC samples, and the values, plots,
and images of a typical sample for each group are presented.
For STATIC and SHEAR samples, single nonapoptotic cells

FIG. 1. Fluid shear stress
system. A picture of the peristaltic
pump, dampener, parallel plate
chamber, and medium reservoir
in a closed loop system (left, ap-
pearing clockwise). A schematic
of the parallel plate chamber: cells
are seeded onto a glass slide, a
plastic spacer creates a flow
channel with a specified height (h)
and width (b), a flow block directs
medium from the inlet down
through the channel and then out,
and an aluminum frame with
rubber gasket clamps the pieces
together and prevent leaks (right).
Shear stress on the cell monolayer
is related to the flow rate, viscosity
of the fluid, and dimensions of the
channel (refer to Materials and
Methods for equation).
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were assessed for dual expression of OCT4 and FLK1 and
found to cluster in different regions of bivariate plots of
fluorescence. In samples exposed to shear, 40% of the cells
were highly expressing FLK1 (Fig. 3B). In control samples,
only 1% of the cells was in the same region and had similarly
high FLK1 expression levels (Fig. 3A). For five representative
cells from different regions, brightfield images, as well as
staining for OCT4, FLK1, and DRAQ5 are shown (Fig. 3C–F).
For all cells, the transcription factor OCT4 co-localized with
the nuclear stain DRAQ5. In Regions 1 and 3 (Fig. 3C–E),
only background levels of FLK1 staining are visible. The cells
in Region 2 (shown for SHEAR sample in Fig. 3F), however,
expressed FLK1, indicated by punctuated staining. Thus,
flow cytometry alone indicated that the overall population
expression of FLK1 increased in the experimental group,
whereas the combined technology of imaging with flow cy-
tometry showed that the number of FLK1-positive cells had
increased in response to fluid shear stress.

Structure formation

The ability of cells to form vessel-like structures in vitro is
considered a functional property of endothelial cells. When

expanded endothelial cells were seeded onto Matrigel-coated
surfaces, structures formed within 24 h (Fig. 4A). Under those
same conditions, both undifferentiated ESCs as well as after
4 days of differentiation under static conditions (STATIC
samples) only formed cell clumps (Fig. 4B and C, respective-
ly). Cells exposed to 2 days of shear during differentiation
(SHEAR samples) formed structures similar to that of the
endothelial cells. Failure of the STATIC samples to form
structures is likely due to an insufficient number of endothe-
lial-like cells, as dilution of endothelial cells with other phe-
notypes has been shown to inhibit structure formation in this
assay.22 Further, the apparent differences in structure thick-
ness between the SHEAR samples and the endothelial cell
controls are consistent with the presence of a limited popu-
lation of nonendothelial cells.22 Overall, it was found that
during the first 4 days of ESC differentiation, 2 days of fluid
shear stress promoted structure formation in vitro.

Discussion

The application of 2 days of shear stress during early
differentiation of ESCs promotes an endothelial-like pheno-
type. Fluid flow induces an increased percentage of prolif-
erating cells and a net increase in cell number. As assessed by
protein expression, differentiation is promoted along a me-
sodermal lineage toward a vascular phenotype. Shear stress,
comparable to physiologic levels imposed by blood flow on
endothelial cells in large vessels, specifically promotes dif-
ferentiation toward an endothelial-like, as opposed to a
smooth muscle, phenotype. Further, cells exposed to shear
stress during culture form chord-like structures in an in vitro
Matrigel assay, similar to primary endothelial cells. Overall,
the application of 2 days of fluid shear stress during the early
differentiation of mouse ESCs promotes protein expression
and functional capabilities similar to primary endothelial
cells.

Table 1. Summary of Cell Number and Cycle

Percentages for Samples That Were Cultured

Under STATIC or SHEAR Conditions

STATIC SHEAR p-Value

Number (106 cells) 43� 6 88� 15 <0.05
Cycle (% of total)

G0/G1 60.7� 0.6 56.1� 1.0 <0.01
S 17.7� 0.2 21.5� 0.4 <0.01
G2/M 21.9� 0.5 22.8� 0.7 0.33

p-Values were determined by t-test.

FIG. 2. Protein expression.
Using flow cytometry, STATIC
and SHEAR samples were
analyzed for smooth muscle
cell actin (A, C), vimentin (B),
FLK1 (D), PECAM1 (E), and
VECAD (F) expression levels.
(A) is a representative cytome-
try assessment, showing an
overlay of histograms for the
IgG control (filled), a STATIC
and a SHEAR sample (indi-
cated by arrows). For each
STATIC and SHEAR sample,
the median of each histogram
was determined and normal-
ized using calibration beads.
Graphs are averages (mean�
standard error of the mean) of
normalized values from differ-
ent experiments (3–4 replicates
were averaged per experiment;
n¼ 3–4 experiments). Asterisks
indicate significant changes
compared to static controls
( p< 0.05).
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In these studies a single-step process without any cell
sorting or additional growth factors markedly increased the
number of endothelial-like cells. Growth conditions included
2 days of culture on collagen type IV-coated glass slides
before treatment for 2 days of fluid shear stress at 15 dyn/
cm2. While the pretreatment was necessary to establish cel-
lular adhesion before the application of fluid flow, further
testing is necessary to determine if alterations in the experi-
mental parameters, including surface substrate and shear
stress magnitude and duration, might be more favorable for
differentiation toward a mature endothelial phenotype.

Endothelial cells, which see a range of shear stresses due
to blood flow through the vasculature, are often studied in
fluid-based shear studies in vitro. The influence of laminar
shear stress on adult endothelial cells has been well studied
and documented.23,24 More recently, studies have investi-
gated the effects of shear stress on cell populations derived
from stem and progenitor cells. Mature endothelial cells
differentiated from ESCs have been shown to align parallel
to the direction of laminar shear stress,8,25 as is known for
differentiated adult endothelial cells. For less differentiated
cells, laminar shear stress has promoted an endothelial-like
phenotype in ESC-derived FLK1þ cells,11,12 endothelial

FIG. 3. Co-expression of OCT4 and FLK1 in cells for a representative STATIC and SHEAR sample. Samples were dual
labeled with anti-OCT4 (AF488) and anti-FLK1 (PE) antibodies and analyzed on an imaging flow cytometer (A: STATIC, B:
SHEAR). Cells were categorized into three subpopulations: OCT4þ FLK1�(R1), OCT4þFLK1þ(R2), and OCT4�FLK1�(R3).
Values within parentheses indicate the percentage of cells within the region. Five representative cells are displayed from
different regions: STATIC R1 (C), STATIC R3 (D), SHEAR R1 (E), and SHEAR R2 (F). Columns, from left to right, consist of
brightfield (BF), OCT4, FLK1, and DRAQ5 images of a given cell in each row.

FIG. 4. Structure formation in vitro. Cells were seeded onto
BD Matrigel�-coated surfaces. Images were taken at 24 h of
endothelial cells (A), undifferentiated mouse embryonic stem
cells (B), cells cultured under STATIC conditions (C), and
cells exposed to SHEAR (D).
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progenitors,13–16 and mesenchymal progenitors.10 In the case
of those cells, however, shear stress had been applied after
cell sorting or more extensive differentiation than in these
studies. These differences in approach are meaningful, as
studies have shown that when sorted cells are cultured
separately, the differentiation patterns are markedly altered.6

Further, some studies investigated the effects of shear after
longer durations of pretreatment than was used in these
studies. Changes in pretreatment from 2 to 4 days, however,
can increase brachyury gene expression (indicative of
mesodermal lineage) almost fivefold (7.9� 0.6 vs. 38.3�
4.6 mM/M GAPDH, p< 0.001; unpublished data), indicating
markedly different populations. In allowing ESCs to differ-
entiate for only 2 days before treatment, our in vitro studies
currently report the effect of shear stress on the most
unspecialized cells, at the earliest stages of differentiation.
Future studies can use this model system with ESCs to
compare directly the effect of shear stress at different stages
of differentiation.

Fluid flow can differentially influence cell fate decisions
of ESCs and its derivatives. ESCs grown on Petri dishes in a
simple continuous fluid perfusion system tripled in number
over 6 days while retaining pluripotency.26 Recently Adamo
et al.27 used a rotating cone to apply fluid shear stress to
cells adhered to dishes and found differentiation toward a
hematopoetic phenotype. Stir-based bioreactors, in which
cells are in suspension in continuously moving fluid, have
been found to increase the quality of differentiating EBs by
preventing agglomeration.28,29 Under specific conditions,
these same bioreactors increase the cell number of specific
phenotypes, such as hematopoeitic precursors30 and cardio-
myocytes.31,32 These systems are convenient formats for
scaling up cell production, but create inhomogeneous shear
stress fields that complicate study of smaller subpopula-
tions of cells and intracellular signaling pathways. The par-
allel plate configuration used in these studies, however,
creates a well-defined steady laminar shear stress profile.17

Further work in this system to study the basic response
of stem cells to shear stress may help define design specifi-
cation and culture conditions for the optimization of scale-
able bioreactor systems for research and clinical cell
production.

Study into the effects of the physical microenvironment on
pluripotent cells has been limited. Results indicate, however,
that specific mechanical cues may interact synergistically
with chemical cues, potentially even replacing certain costly
growth factors. A study that applied mechanical strain in
addition to feeder conditioned medium found elevated ex-
pression of pluripotency markers in human ESCs.33 In an-
other study, it was found that the addition of VEGF was
necessary to promote an endothelial phenotype,7 while these
studies used similar conditions and were able to consider-
ably increase the percentage of endothelial-like cells in the
presence of serum without supplemental growth factors.
Other studies have also found that the application of fluid
shear stress to progenitor cells promotes endothelial differ-
entiation to levels commensurate to that achieved with VEGF
stimulation alone11 or can accelerate the kinetics of the pro-
cess.13 It remains unknown, however, whether the signaling
pathways governing differentiation due to applied physical
forces are the same in response to chemical cues. This
question is of increasing relevance with the emergence of

induced pluripotent stem cells for personalized regenerative
medicine applications.

These studies showed that applied shear stress can be
used to promote an endothelial-like phenotype during the
early differentiation of ESCs without the addition of cyto-
kines. Future studies are needed, however, to optimize
treatment conditions, such as stress magnitude and dura-
tion, for differentiation toward a mature endothelial phe-
notype, as well as characterize effects on other cellular
phenotypes. Overall, these studies help in understanding
the influence of the physical microenvironment on cell fate
decisions for the rational design of regenerative medicine
applications.
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