View Online

COMMUNICATION

www.rsc.org/loc | Lab on a Chip

Development of a multi-layer microfluidic array chip to culture and replate
uniform-sized embryoid bodies without manual cell retrieval†
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We have developed a multi-layer, microfluidic array platform containing concave microwells and flat cell culture chambers to culture
embryonic stem (ES) cells and regulate uniform-sized embryoid
body (EB) formation. The main advantage of this platform was that
EBs cultured within the concave microwells of a bottom layer were
automatically replated into flat cell culture chambers of a top layer,
following inversion of the multi-layer microfluidic array platform.
This allowed EB formation and EB replating to be controlled
simultaneously inside a single microfluidic device without pipettebased manual cell retrieval, a drawback of previous EB culture
methods.
Embryonic stem (ES) cells can self-renew and differentiate into
various cell types.1 Due to their potential of unlimited pluripotency
and differentiation, ES cells are of great interest in regenerative
medicine and cell-based therapies.2,3 In general, ES cells spontaneously form cell aggregates, called embryoid bodies (EBs), which
consist of three germ layers. Various microengineering approaches
have been developed to generate and control EBs in vitro.4–12 For
example, polymeric microwell arrays have been used to generate EBs
in a homogeneous manner.4–6,13 The EBs could be harvested and
subsequently replated onto matrigel substrates to investigate EB sizedependent ES cell-derived endothelial cell differentiation.6 One
drawback of these PEG microwell array systems, however, is the
requirement for manual manipulations using a pipette to harvest and
replate the EBs prior to inducing further EB differentiation. The bio
flip chip has also been developed to pattern mouse ES cells onto
cell culture dishes.14 The bio flip chip enabled the control of cellcell contact and colony formation of ES cells, showing that cell-cell
interaction decreased the efficiency of colony formation. Although
the effect of cell-cell interaction on colony formation of the ES cells
was investigated in a bio flip chip, this system requires spacer gasket
and binder clips for the chip assembling and flipping process. Alternatively, EBs can be generated by using a membrane-based microfluidic device.7 Although these microfluidic platforms hold great
potential in the control of EBs, they cannot harvest EBs. Furthermore, we have developed a poly(dimethylsiloxane) (PDMS)-based
concave microwell array system for the generation of controlled-sized
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EBs.15 Concave microwells, similar to the contour of EBs, generated
homogeneous EBs, resulting in EB size-mediated neuronal differentiation. Quantitative analysis showed that the neurite numbers and
average lengths of larger EBs were much higher than those of smaller
EBs. However, this approach also required pipettes to harvest the
EBs and replate them onto laminin substrates.
To address the limitations of a pipette-based manual cell-retrieval
process associated with previous microengineering methods, we have
developed a 3  3 multi-layer PDMS microfluidic array platform,
consisting of concave microwells (bottom layer) for the formation of
uniform-sized EBs and flat cell culture chambers (top layer) for
replating the EBs (Fig. 1, see supplementary data for detailed materials and methods†). Cells were seeded into microfluidic channels
using a syringe pump and were docked within concave microwells

Fig. 1 A 3  3 multi-layer microfluidic device containing concave
microwells and flat cell-culture chambers. (a) Schematic of the cell
docking within concave microwells at the bottom layer. (b) Schematic of
the EB formation within microwells in a medium perfusion multi-layer
microfluidic device. (c) EBs on flat cell-culture chambers after inversion
of the microfluidic device, resulting in the retrieval of EBs from the
concave microwells. (d) SEM image of the 3  3 multi-layer microfluidic
device. (e) Cross-sectional image (1–2 line) of the concave microwells and
cell culture chambers. (f) Schematic of the movement of cells within the
concave microwells at suitable velocity (top) and simulated results of
uniform shear stress on the surface of concave microwells (bottom).
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(500 mm in width and 150–250 mm in depth) in a bottom layer,
resulting in the formation of homogeneously sized EBs (Fig. 1a–b),
because the shape of concave microwells was similar to EBs as we
have previously described.15 The microfluidic device was inverted to
harvest EBs from concave microwells and the harvested EBs were
spontaneously replated into flat cell culture chambers (2 mm in width
and 500 mm in depth) by gravity (Fig. 1c). This platform did not
require any pipette-based manual cell retrieval and the EBs were
replated into flat cell culture chambers without any of the physical
and mechanical manipulations required by previous approaches. The
medium was orthogonally perfused into the flat cell culture chambers
using an osmotic pump16 to induce neural progenitor cell and
neuronal differentiation. Fig. 1d shows a phase contrast image of
a 3  3 multi-layer microfluidic array and Fig. 1e shows a crosssectional scanning electron microscope (FE-SEM, JEOL 4701F,
JAPAN) image of a concave microwell and flat cell culture chamber.
Computational fluidic dynamic (CFD) simulation also showed the
uniform shear stress on the surface of the concave microwells (Fig. 1f,
bottom). The PDMS surface conditions were optimized to generate
uniform EBs within the concave microwells by various surface
treatments, such as poly-L-lysine (PLL) with laminin, PLL with
laminin and oxygen plasma treatment (Supplementary Table 1†).
Uniform cell docking within the concave microwells of a multilayer microfluidic device was important in forming homogeneous
EBs. We hypothesized that this uniform cell docking could be
controlled by adjusting fluid flow rates and the concave microwell
may have better cell docking capability than a cylindrical one. We,
therefore, optimized the syringe pump-based flow rate conditions and

confirmed these optimized flow rates by CFD analysis (Fig. 2). We
observed that, at a lower flow rate (0.02 mL h1), almost 50% of the
cells were docked within deeper concave microwells (500 mm in width,
250 mm in depth) near the inlet (well numbers 1, 4, and 7 in Fig. 2a). A
higher flow rate (0.1 mL h1), however, allowed for uniform cell
docking of 8–12 cells per well within deeper concave microwells. This
difference may have been due to velocity streamline patterns, in that
lower flow rates resulted in shallower streamline patterns within the
concave microwells.17,18 The cells are more easily exposed to velocity
streamline profiles at a higher flow rate, allowing for uniform cell
docking within concave microwells. We also observed cell docking in
shallower microwells (500 mm in width, 150 mm in depth) (Fig. 2b).
Interestingly, fewer cells were docked in the shallower microwells
than in the deeper microwells, regardless of flow rates, due to the
greater penetration into shallower microwells. As a result, the
combination of faster flow speed and shear-protective deeper
microwells resulted in a higher cell docking efficiency and more
uniform numbers of cells in a multi-layer microfluidic array platform.
Fig. 2c–d shows the microparticle-based computer simulation of cell
number analysis. For the simulation analysis, we used microparticles
of the same size and density as the cells. The numbers of cells docking
within deeper (Fig. 2c) and shallower (Fig. 2d) microwells increased
with decreasing flow rate, whereas the numbers of cells were more
uniform at a fast flow speed, showing that simulation analysis closely
corresponded to the experimental data.
To test our hypothesis that the shape of microwells would enable
the control of cell docking efficiency and uniform cell docking, we
analyzed cell docking within cylindrical microwells (Supplementary

Fig. 2 Cell docking within concave microwells. (a,b) Numbers of cells docked within (a) deeper microwells (500 mm width, 250 mm depth) and (b)
shallower microwells (500 mm width, 150 mm depth). Microwells located close to the inlet were designated 1, 4, and 7, and microwells near the outlet were
designated 3, 6, and 9 (N ¼ 10). (c,d) Computer simulation-based analysis of numbers of cells within (c) deeper and (d) shallower microwells.
The microwell near the inlet was designated 1 and the microwell near the outlet was designated 3.

2652 | Lab Chip, 2010, 10, 2651–2654

This journal is ª The Royal Society of Chemistry 2010

Downloaded by HANYANG UNIVERSITY (ISX) on 30 September 2010
Published on 25 August 2010 on http://pubs.rsc.org | doi:10.1039/C0LC00005A

View Online

Figure 1†). In these cylindrical microwells, most cells were docked on
the edge, because of non-uniform shear stress and lower velocity
penetration. Interestingly, the number of cells docked within cylindrical microwells increased with increasing flow rate, resulting in nonuniform cell docking (Supplementary Figure 1a-b†). In cylindrical
microwells near the inlet, most cells were easily trapped and accumulated on the edge (well numbers 1, 4, and 7). In contrast, the
number of cells docked within concave microwells decreased with
increasing flow rate, resulting in uniform cell docking, because the
pattern of the velocity streamline was similar to the hemispherical
shape of these microwells, showing that the cells were easily removed
by fast flow speed. Therefore, we demonstrated that concave
microwells enabled the control of more uniform cell docking as
compared to cylindrical microwells.
After optimizing the flow rates and concave microwell depths for
uniform cell docking, we studied EB-derived differentiation in the
multi-layer microfluidic device. We observed the formation of
homogeneous EBs within the concave microwells, indicating that
the cells were uniformly docked (Fig. 3a), with EB diameters
increasing over time to 250–450 mm (Fig. 3b). Using live/dead
assays, we found that most cells cultured within these microwells for
3 days remained viable after replating into flat cell culture chambers
(Fig. 3c), showing that the inversion of the multi-layer microfluidic
platform for replating EBs did not damage the cells. Furthermore,
as a proof-of-concept, we assessed EB-derived neural progenitor
cells and neuronal differentiation in the multi-layer microfluidic
device (Fig. 3d). To induce neural progenitor cells and neuronal
differentiation, we inverted a multi-layer microfluidic device to
detach EBs from microwells and automatically replate them into
cell culture chambers pretreated with PLL and laminin, which

resulted in greater EB-derived neural progenitor cells and neuronal
differentiation than observed in untreated culture chambers
(Supplementary Table 1†). We found that EB-derived neural
progenitor cells and neurons formed a single cell monolayer in flat
cell culture chambers. Although we were able to generate and
replate EBs in a single microfluidic device and induce neural
progenitor cells and neuronal differentiation, some limitations
remained, such as the inability to minimize the background fluorescence of immunostained images, because PDMS channels may
adsorb the antibody or staining solution more than coverslips or
well-plate substrates.
In summary, the main advantage of this system was that we could
generate homogeneous EBs within concave microwells in a controlled
manner and automatically replate EBs into flat cell culture chambers
inside a single microfluidic device without the need for any pipettebased manual cell retrieval. The numbers of the cells docking inside
microwells were homogeneously controlled by applying fluidic flow
rates and the effect of the shear stress on ES cell proliferation and
differentiation could be investigated. Multi-layer microfluidic array
platforms may, therefore, be a potentially powerful approach for
studying EB-derived ES cell differentiation. Furthermore, by integrating on-chip valve systems into a microfluidic device to precisely
control individually addressable soluble factors, these platforms
could be used to control cell behavior in a high-throughput manner.
Integrated multi-layer microfluidic array platforms with on-chip
valve systems may be used to deliver soluble factors into each
microwell and perform high-throughput drug screening, making
these platforms a powerful tool for directing stem cell fate and
controlling cell-soluble factor interaction in a well-defined microenvironment.

Fig. 3 EB formation and differentiation in a multi-layer microfluidic device. (a) Homogeneous EB formation within concave microwells (500 mm width,
250 mm depth). Scale bar represents 200 mm. (b) Analysis of EB diameters in a multi-layer microfluidic device. (c) Cell viability of EBs cultured within
concave microwells for 4 days (green, live cells; red, dead cells). (d) EB-derived neural progenitor cell and neuronal differentiation. Neural progenitor
cells and neurons cultured on flat cell culture chambers for an additional 8 days were immunostained with antibodies to nestin (green) and neurofilament
(red).
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