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Short Communication

An integrated microfluidic culture device
to regulate endothelial cell differentiation
from embryonic stem cells
We developed an integrated microfluidic culture device to regulate embryonic stem (ES)
cell fate. The integrated microfluidic culture device consists of an air control channel and
a fluidic channel with 4  4 micropillar arrays. We hypothesized that the microscale posts
within the micropillar arrays would enable the control of uniform cell docking and shear
stress profiles. We demonstrated that ES cells cultured for 6 days in the integrated
microfluidic culture device differentiated into endothelial cells. Therefore, our integrated
microfluidic culture device is a potentially powerful tool for directing ES cell fate.
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Embryonic stem (ES) cells, which are pluripotent cells
derived from the inner cell mass of a blastocyst, play an
important role in studying regenerative medicine [1–4]. In
particular, endothelial cell differentiation derived from ES
cells is of great interest in understanding vascular regeneration processes, such as vasculogenesis and angiogenesis
[5–7]. A hydrogel microwell array system has been
previously developed to study endothelial cell differentiation
from ES cells [8]. This system promoted the formation of
uniform-sized embryoid bodies (EBs), which were spontaneously aggregated to form three-germ layers. It demonstrated that ES cell-derived endothelial cells were highly
expressed in smaller EBs and this vascular behavior was
strongly regulated by WNT5a signaling.
Integrated microfluidic platforms containing pneumatically actuated microvalves have been recently developed to
direct ES cell fate [9–12]. For instance, the gene expression
of single human ES cells has been investigated in an integrated microfluidic device, in which nanoliter amounts of
soluble factors can be manipulated [9]. To synthesize cDNA,
mRNA of single ES cells was extracted from the integrated
microfluidic device. The mRNA-to-cDNA conversion efficiency was five times higher as compared with conventional
methods. A real-time microfluidic system has also been
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developed to culture mouse ES cells in a 3-D environment
[10]. In this system, pneumatically actuated ring-shaped
microvalves were integrated in the microfluidic device to
enable real-time control of the delivery of soluble factors.
Computational fluid dynamic calculations revealed that the
flow rate increased with increasing conduit height in the 3-D
extracellular matrix environment. Fluorescent images indicated that mouse ES cells that were encapsulated within 3-D
Matrigels showed self-renewal for 5 days in the integrated
microfluidic device. Therefore, the integrated microfluidic
device is a potentially powerful tool for controlling the
proliferation and pluripotency of ES cells. Despite the
potential of integrated microfluidic devices, previous integrated microfluidic systems have some limitations, such as
the system is complicated to culture ES cells and ES cell
differentiation has not been fully explored in integrated
microfluidic devices.
The microfluidic perfusion devices with circular
microchambers have also been developed for cell culture
and medium perfusion [13, 14]. The cells were cultured
within circular microchamber arrays and their growth rate
was investigated in response to the perfusion rate.
Furthermore, microfluidic culture platforms containing
multi-layer arrays [12], microwells [15], and polycarbonate
membranes [16] have been previously developed for ES cell
docking, growth, and differentiation. However, these
microfluidic devices have been used for controlling uniform
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Figure 1. Integrated microfluidic culture
device. (A) Schematic of the integrated
microfluidic culture device containing a
fluidic channel and an air control channel.
(B) 4  4 integrated microfluidic culture
device with horizontal and vertical valves.
(C and D) Fluorescent images of microvalves that can actuate for cell seeding and
medium perfusion.

EB sizes and EB-derived differentiation. As compared with
the previously developed microfluidic devices, our integrated
microfluidic device has several advantages, such as shearprotective micropillar arrays for uniform single ES cell
docking and ES cell-derived endothelial cell differentiation,
valve-controlled cell seeding and medium perfusion system.
Furthermore, the effect of the microscale post distance on
velocity profile and shear stress within micropillar arrays is
investigated.
To culture ES cells, we developed a 4  4 integrated
microfluidic device containing an air control channel and a
fluidic channel with 4  4 micropillar arrays (300 mm in
diameter) (Fig. 1A and B) (see Materials and Methods of
Supporting Information). Microscale posts (12 mm distance
between the posts) were placed within the micropillar arrays
to facilitate the ES cell docking. We hypothesized that ES
cells would be docked within the micropillar arrays and
medium could be perfused into the micropillar array. We
also actuated microvalves in a sequential manner for ES cell
seeding and medium perfusion in our integrated microfluidic device (Fig. 1C and D).
To predict the velocity profile within the micropillar
arrays, we simulated the computational fluid dynamics
of the velocity profile using FEMLAB software (Fig. 2A)
(see Materials and Methods of Supporting Information).
The computational fluid dynamic simulations showed that
the velocity profiles were strongly affected by the distance
between the posts (i.e. 12, 42, and 96 mm) within the
micropillar arrays. The velocity profiles did not penetrate
into the micropillar arrays when the distance between the
posts was narrow (12 mm), whereas the velocity profiles
penetrated into the micropillar arrays when the distance
between the posts was 96 mm. We also simulated the shear
stress profiles within the micropillar arrays (Fig. 2B).
Similar to the modeling results of the velocity profile, the
shear stress profiles were also strongly affected by the
& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

distance between the posts within the micropillar arrays,
showing that micropillar arrays containing posts spaced
12 mm apart were shear-protective. The shear stress modeling analysis revealed that the shear stress profiles were
linearly proportional to the flow velocity (Fig. 2C). To control
the shear stress profiles within micropillar arrays containing
posts spaced 12 mm apart, we also optimized the shapes (i.e.
circle, triangle, and quadrangle) of the microscale post
(Fig. 2D). It was revealed that microscale posts with the
quadrangular shapes showed more shear-protective as
compared with circular and triangular shapes. Furthermore,
we hypothesized that microparticle tracking simulations
would predict cell docking within the micropillar arrays
(Fig. 2E). As expected, the numbers of particles entrapped
within micropillar arrays increased linearly with the
numbers of particles seeded into the micropillar arrays. This
computational modeling approach allows optimization of
cell seeding density to regulate uniform cell docking within
the micropillar arrays. However, it should be noted that
particle tracking simulations may not accurately reflect the
actual cell docking behavior, because the properties of
particles are not identical to those of cells.
After theoretical analysis of numbers of the particles
that could be entrapped within the micropillar arrays, we
investigated cell docking within micropillar arrays containing posts separated by 12 mm (Fig. 2F). ES cell docking was
controlled by the flow rate (1-10 mL/min). Arrays 1 and 4 are
the micropillar arrays that are close to the cell seeding inlet
and outlet, respectively (Fig. 1C). Quantitative analysis
demonstrated that the numbers of cells docked within the
micropillar arrays decreased with increasing flow rate. We
found that 35–52 cells were docked within micropillar arrays
at a flow rate of 1 mL/min, whereas only 7–12 cells were
entrapped within the micropillar arrays at a flow late of
10 mL/min. Interestingly, we observed that faster flow rates
(5, 10 mL/min) enabled more uniform ES cell docking than a
www.electrophoresis-journal.com
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Figure 2. Analysis of the velocity profile,
shear stress, and cell docking within micropillar arrays. (A) Modeling of velocity
profiles. (B) Shear stress profiles on the
bottom substrate of X-axis within
the micropillar array with respect to the
distance (12, 42, and 96 mm) between the
posts (3  10 5 m/s average inlet velocity).
(C) Analysis of shear stress profiles in the
micropillar arrays in response to fluidic
velocity (3  10 5 m/s average inlet velocity). (D) Analysis of shear stress profiles
in micropillar arrays containing various
shapes (i.e. circle, triangle, and quadrangle)
of the microscale posts. (E) Analysis of the
numbers of particles docked within the
micropillar arrays (3  10 5 m/s average
inlet velocity). (F) Quantitative analysis of
cell docking inside the micropillar arrays of
the integrated microfluidic culture device.
Cell docking was highly dependent on the
flow rate (1–10 mL/min). Arrays 1 and 4 of
the micropillar were close to the cell
seeding inlet and outlet, respectively
(po0.05).

slower flow rate (1 mL/min). The maximum number of cells
docked within a micropillar array was approximately 52 in
array 1, when a flow rate of 1 mL/min was used. The minimum number of cells docked within a micropillar array
was 7 in array 1 at a flow rate of 10 mL/min. Therefore, we
optimized the flow rate (5–10 mL/min) to achieve uniform
cell docking within the micropillar arrays.
To further study the ES cell-derived endothelial cell
differentiation, ES cells were cultured for 6 days with
50% EB medium and 50% endothelial growth medium-2
(EGM-2) in our integrated microfluidic culture device
(Fig. 3). ES cells were also cultured simultaneously in six-well
plates with 100% EB medium (Fig. 3A) or a mixture of 50%
EB medium and 50% EGM-2 medium (Fig. 3B). Fluorescent
images showed that ES cells cultured with 50% EB medium
and 50% EGM-2 differentiated to a greater extent into
endothelial cells than cells cultured in 100% EB medium. ES
cell-derived endothelial cell differentiation was confirmed by
& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

staining for the endothelial marker (anti-platelet endothelial
cell adhesion molecule, PECAM; green). Immunocytochemistry showed that ES cells were uniformly docked within the
4  4 micropillar arrays of the integrated microfluidic culture
device (Fig. 3C). Furthermore, ES cells cultured in the integrated microfluidic culture device did not aggregate in
contrast to the ES cells cultured in six-well plates. This
difference is probably due to the continuous perfusion of
medium in the microfluidic device, which would remove
molecules secreted by the ES cells. However, the shape (i.e.
round single cells) of ES cell-derived endothelial cells in the
integrated microfluidic culture device (Fig. 3D) was similar to
the shape of cells cultured in six-well plates (Fig. 3B, see highmagnification image). Quantitative analysis showed that ES
cells cultured for 6 days in the integrated microfluidic device
were more differentiated into PECAM-positive endothelial
cells (90%) (Fig. 3E). Furthermore, we are now performing
high-throughput experiments using various soluble factors to
www.electrophoresis-journal.com
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Figure 3. Comparison of ES cell-derived endothelial cell differentiation in a six-well plate and the integrated microfluidic culture device.
(A and B) ES cells were cultured with 100% EB medium or 50% EB medium and 50% EGM-2 in a six-well plate. The endothelial cell
marker, anti-platelet endothelial cell adhesion molecule (PECAM), is indicated in green and smooth muscle actin (SMA) is indicated in
red, respectively. Scale bars are 300 mm. (C and D) In the integrated microfluidic culture device, ES cells were cultured in 50% EB medium
and 50% EGM-2 to induce ES cell-derived endothelial cell differentiation. The white dotted lines indicate the microchannel.
(E) Quantitative analysis of ES cell-derived endothelial cell differentiation in an integrated microfluidic device. Percentages of
differentiated cells indicate the numbers of PECAM- or SMA-positive cells divided by total cell nuclei (po0.01). Scale bars are 200 mm.

determine the optimal culture conditions to promote endothelial cell differentiation from ES cells.
In summary, we developed an integrated microfluidic
culture device with 4  4 micropillar arrays and microvalves
to enable uniform docking of ES cells and medium perfusion.
Computational fluid dynamic simulations showed that the
velocity and shear stress profiles were strongly affected by the
distance between the docking posts within the micropillar
arrays. When the distance between the posts was narrow
(12 mm), the velocity profiles did not penetrate into the
micropillar arrays and shear stress was negligible. We also
optimized the flow rate (5–10 mL/min) to achieve uniform ES
cell docking within the micropillar arrays. ES cells cultured
with 50% EB medium and 50% EGM-2 more differentiated
into PECAM-positive endothelial cells. Therefore, this 4  4
integrated microfluidic culture device with shear-protective
& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

micropillar arrays is a potentially powerful tool for uniform
cell docking and directing ES cell fate.
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