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Embryonic stem (ES) cells hold great potential as a renewable cell source for regenerative medicine and
cell-based therapy. Despite the potential of ES cells, conventional stem cell culture methods do not
enable the control of the microenvironment. A number of microscale engineering approaches have been
recently developed to control the extracellular microenvironment and to direct embryonic stem cell fate.
Here, we used engineered concave microwell arrays to regulate the size and shape of embryoid bodies
(EBs)dcell aggregate intermediates derived from ES cells. Murine ES cells were aggregated within
concave microwells, and their aggregate sizes were controlled by varying the microwell widths (200,
500, and 1000 mm). Differentiation of murine ES cells into three germ layers was assessed by analyzing
gene expression. We found that ES cell-derived cardiogenesis and neurogenesis were strongly regulated
by the EB size, showing that larger concave microwell arrays induced more neuronal and cardiomyocyte
differentiation than did smaller microwell arrays. Therefore, this engineered concave microwell array
could be a potentially useful tool for controlling ES cell behavior.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Embryonic stem (ES) cell is a powerful cell type for studying
regenerative tissues and cell-based therapies, because it can self-
renew and differentiate into a variety of specific lineages [1],
including cardiomyocytes [2–4] and neurons [5–9]. ES cells possess
greater proliferative and differentiation potential than do adult stem
cells, and can recapitulate early embryonic development. Because of
these features, ES cells are of great interest to researchers in the
fields of regenerative medicine and tissue replacement. One critical
issue in realizing the potential of ES cells is obtaining large uniform
populations of clinically relevant cell types. When allowed to grow
under certain conditions, ES cells generate embryoid bodies (EBs)
that form the three primary germ layers: ectoderm, mesoderm, and
endoderm [10–14]. Cell-lineage specification during embryonic
development is largely controlled by temporally and spatially
regulated signals mediated by these three germ layers [11,15,16]. If
effectively harnessed, these promising characteristics make ES cells
þ82 2 920 4204.
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a potentially renewable source of cells for regenerative medicine and
chronic disease treatment.

Despite the great clinical promise of ES cells, a number of
technical challenges associated with culture of the ES cells stand in
the way of realizing their therapeutic potential. The most signifi-
cant challenge is the inability to control the microenvironment da
prerequisite for achieving homogeneous lineage-specific differen-
tiation from heterogeneous EBs. Unfortunately, traditional hanging
drop and suspension culture methods do not lend themselves to
resolution of such problems. These limitations of traditional culture
techniques have led to the development of various microscale
technologies that possess the potential to regulate the microenvi-
ronment of ES cells [17,18].

ES cell differentiation is regulated by microenvironmental
stimuli, such as cell–cell, cell-extracellular matrix, and cell-soluble
factor interactions. Thus, controlling cell–microenvironment inter-
actions is of paramount importance in directing ES cell differentia-
tion. Non-adhesive polyethylene glycol (PEG) microwell arrays have
been previously used to control the homogeneity of EB size and
shape [19,20]. Recent studies on PEG microwell-mediated control of
EB size have also investigated the effects on ES cell fate determi-
nation, specifically addressing cardiogenesis and vasculogenesis via
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WNT signaling pathways [21]. These studies showed that WNT11
was highly expressed in larger microwells (450 mm in diameter) and
ES cells cultured therein exhibited cardiogenesis. In contrast, higher
expression of WNT5a in smaller microwells (150 mm in diameter)
was associated with endothelial cell differentiation. In addition to
PEG, polyurethane microwells containing self-assembled mono-
layers have been used to culture human ES cells and have been
shown to allow ES cell pluripotency to be maintained [22]. In such
microwells, a triethylene glycol-terminated alkanethiol self-
assembled monolayer prevents cell and protein attachment. More-
over, a polydimethylsiloxane (PDMS)-based hollow sphere method
has been developed for culturing EBs [23]. The resulting hollow
sphere structure contains 500 mL medium, allowing for long-term
(10–15 days) culture of EBs in vitro without medium depletion.

A surface-patterning technique (i.e. microcontact printing) has
also been developed to regulate EB size-dependent ES cell differ-
entiation and to explore the underlying stem cell biology [24–27].
For example, microcontact-printed substrates (200–800 mm in
diameter) have been shown to provide control over colony size-
dependent human ES cell differentiation [24]. The small inter-
fering RNA (siRNA) and inhibition assays have shown that Smad1
activation was involved in this effect. Furthermore, micro-
fabricated adhesive stencils have been used to form murine ES cell
aggregates within micropatterned substrates (100–500 mm in
diameter) [25]. These studies demonstrated that mesoderm and
endoderm differentiation were highly induced in larger cell
aggregates, whereas ectoderm differentiation was enhanced in
smaller aggregates. However, previous microscale engineering
Fig. 1. (A) Schematic depiction of the process for fabricating concave microwell arrays. (i) Th
contains multiple through-holes. (ii) PDMS (w10 mm thick) is coated on the SU-8 mask sur
subsequently applied through the acrylic chamber to deflect the PDMS membrane. (iv–v) The
create convex-shaped microstructures. The thickness of the convex-shape microstructures
and docking within concave microwell structures. After gently aspirating cells that were
described in Materials and Methods. (C) Schematic drawing of cylindrical and concave-shape
surface of cell aggregates.
approaches still have some limitations, such as cylindrical
microstructures of PEG microwells are not similar to contour of
EBs and microcontact-printed substrates can only control the
initial size of EBs.

We have previously developed concave and convex-based
thin PDMS membrane arrays (w10 mm thickness) for culturing
the cells [28]. Cell attachment and proliferation were affected
by concave and convex surface topography. However, our
previous approach analyzed the adherence and growth of single
cells, not the behavior of cell aggregates. Here, we used the
concave PDMS microwell array, which was similar to the
contour of EBs, to culture EBs in a controlled homogeneous
manner. EBs were retrieved from concave microwells after
culturing for 4 days in vitro.

2. Materials and methods

2.1. Fabrication of concave microwell arrays

The fabrication process of concave microwell arrays is illustrated in Fig. 1 The
thin PDMS membrane (w10 mm thickness) was spin-coated on the substrate, which
contained a microscale through-hole. The membrane was deflected to form convex
microstructures by applying vacuum pressure through the through-holes. A SU-8 50
prepolymer solution was uniformly applied at a thickness of 1 mm to the deformed
PDMS membrane, and subsequently photo-crosslinked by exposure to UV light
(365 nm wavelength). Afterward, we separated the solid SU-8 on which the convex
microstructure was engraved and used this SU-8 plate as a master mold for the
fabrication of concave microwell arrays as we have previously described [28]. In this
study, we used PDMS concave microwell arrays with three different geometries:
200 mm width/150 mm thickness, 500 mm width/200 mm thickness, and 1000 mm
width/300 mm thickness. In a parallel study, PDMS cylindrical microwells with three
e system consists of an acrylic chamber, vacuum grease, and a SU-8 mask surface that
face. (iii) A SU-8 solution is layered on the PDMS membrane and negative pressure is
SU-8 solution is exposed to UV light (365 nm wavelength) during vacuum aspiration to

was controlled by the applied negative pressure. (B) Schematic process of cell seeding
not docked, the remaining cells docked within concave microwells were cultured as
d microwell structures. The concave-shaped microwell structure is similar to the curved



Fig. 2. EBs cultured within concave microwells with 200, 500, and 1000 mm in width. (A–B) SEM images of concave and cylindrical microwell structures with three different widths.
(C) Phase contrast images of EBs formed inside concave microwells. Homogeneous-sized EBs were generated within concave microwells. (D) Phase contrast images of EBs formed
within cylindrical microwells, showing heterogeneous-sized EBs. (E) EBs retrieved from concave microwells after culturing for 4 days in vitro. (F) Cell viability of EBs cultured for 4
days within concave microwells was analyzed by using a live/dead assay. Calcein AM stains live cells (green) and ethidium homodimer stains dead cells (red). Scale bars are 500 mm.
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different geometries, such as 200 mm width/200 mm thickness, 500 mm width/
300 mm thickness, and 1000 mm width/250 mm thickness, were used as a control
(Fig. 2A–B).

2.2. Murine ES cell culture

The R1 ES cell line (American Type Culture Collection, Manassas, VA) used
in this experiment is a sub-cell line of J1 ES cells established by Dr. Rudolph
Jaenisch (Whitehead Institute for Biomedical Research, Cambridge, MA). Cells
were maintained on gelatin-coated dishes and were cultured with medium
consisting of 15% ES-qualified Fetal Bovine Serum (FBS, Invitrogen, CA) and
1400 Unit/ml leukemia inhibitory factor (LIF, Millipore, MA) in Dulbecco’s
Modified Eagle Medium (DMEM, Invitrogen, CA) knockout medium. Cells were
passaged every 3 day by dissociating the cells into small colonies using 0.25%
trypsin (Invitrogen, CA) and replating on a 0.1% gelatin-coated dish at a sub-
culture ratio of 1:6.

2.3. Cell seeding and EB formation within concave microwells

Murine ES cell suspension (adjusted to 1.5�105 cells/ml) was directly seeded on
top of concave microwells without using the medium flow, allowing the cells to
become trapped within concave microwells (Fig. 1B). Most cells were evenly docked
within concave microwells. After 30 min of the cell seeding, the flow of culture
medium was gently applied to remove cells that did not dock within microwells.
A schematic depiction of cell aggregation in the concave microwell is illustrated in
Fig. 1C, which shows the initial aggregation of cells at the center of concave
microwells due to the effects of gravity and the subsequent formation of hemi-
spheric EBs with uniform size and shape (Fig. 2C). In contrast, the flat surface of



Table 1
The number of EBs formed within 200, 500, and 1000 mm wide concave microwells.
ES cells were cultured for 1 day within concave microwells. Single EBs were formed
within smaller concave microwells (200 mm in width), whereas multiple EBs were
generated within larger concave microwells (1000 mm in width).

Mold diameter Multiple formation of EBs

200 mm Single 97.79%
Double 2.21%
Triple 0%

500 mm Single 84.48%
Double 11.20%
Triple 4.31%

1000 mm Single 56.25%
Double 18.75%
Triple 25%

Fig. 3. Quantitative analysis of EB diameter distribution. EBs retrieved from concave
microwells after culturing for 4 days in vitro were more homogeneous in size and their
sizes were significantly regulated by microwell widths (200, 500, and 1000 mm).
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PDMS-based cylindrical microwells makes it difficult for the cells to aggregate as
a single EB, resulting in the formation of non-uniformly shaped EBs (e.g., dumbbell
or island shaped; Fig. 2D).

2.4. Live and dead assay

The viability of ES cells cultured within concave microwells was analyzed by
using a live/dead assay (Invitrogen, CA) (Fig. 2F). Briefly, 5 mL of phosphate-buffered
saline (PBS) containing 2 mL of calcein AM solution and 10 mL of ethidium
homodimer-1 solution was added to concave microwells and was then incubated at
37 �C in a 5% CO2 incubator for 40 min. The stained ES cells were analyzed by using
an inverted fluorescence microscope.

2.5. Three germ layer differentiation of EBs and gene analysis

Murine ES cells were cultured within concave microwells for 4 and 8 days in
vitro. The EBs formed within each of the three different-sized concave microwells
were gently retrieved and subsequently resuspended in Knockout-DMEM contain-
ing 15% FBS, non-essential amino acids, 2 mM L-Glutamine, b-mercaptoethanol
(Invitrogen, CA), and penicillin-streptomycin. The cells were also digested in TRIzol
Reagent (Invitrogen, CA), followed by chloroform extraction and precipitation with
isopropyl alcohol. cDNA was generated from purified RNA using reverse transcrip-
tase (TAKARA, Japan) as based on the manufacturer’s instructions.

2.6. Immunostaining analysis

Murine ES cell-derived neural progenitor cells grown within concave micro-
wells were analyzed immunocytochemically to confirm the spatial distribution of
neuroectodermal cells. After culturing for 4 days within concave microwells, cells
were retrieved and were cultured with neural differentiation medium on tissue
culture dishes for an additional 6 days. The cells cultured for 10 days were fixed for
20 min with 4% formaldehyde at 4 �C. Cells were permeabilized by using 0.1%
Triton-X100 in 0.1% PBS for 20 min at room temperature, blocked with 3% BSA in
PBS for 30 min, and were then incubated with primary antibody overnight at 4 �C.
Primary antibodies (Stemcell Technologies, Canada) against the following proteins
were used to characterize various cell types: neurofilament (1:1000) nestin
(1:100), and glial fibrillary acidic protein (GFAP; 1:100). After incubating over-
night, each microwell was washed with PBST (0.05% Tween in PBS) for 5 min.
Secondary antibodies (1:1000 dilutions, Invitrogen, CA) were applied for 1.5 h at
room temperature. Each concave microwell was washed with PBST, and fluores-
cent images were acquired by using a fluorescence microscope (AxioVision 4,
Germany) after counterstaining with 4,6-diamidino-2-phenylindole dihydro-
chloride (DAPI, Invitrogen, CA).

2.7. Culture conditions for ES cell-derived cardiac differentiation

EBs within concave microwells were cultured by using ES cell culture medium
for 4 days. After 4 days, EBs within concave microwells were cultured with cardiac
differentiation culture medium, such as MEM-alpha (Gibco), 15% FBS, 1% penicillin/
streptomycin. We measured the beating of EBs cultured within concave microwells
for 10 days.

2.8. Culture conditions for ES cell-derived neuronal differentiation

EBs cultured within concave microwells for 4 days in vitro were retrieved and
replated onto tissue culture dishes. Neuronal differentiation was induced by
culturing EBs with insulin/transferrin/selenium/fibronectin (ITSFn) medium
(Invitrogen, CA). On day 10, cells exhibiting the morphology of neuroepithelial
cells were observed. To obtain a large number of neural progenitor cells with high
purity, we dissociated differentiated cells from EBs with 0.05% trypsin (Invitrogen,
CA), resuspended them in N2 medium (Invitrogen, CA) containing human basic
fibroblast growth factor (bFGF, 20 ng/mL), and replated them at a density of
2 � 106 cells/cm2 on plates coated with poly-L-ornithine (PLO; 50 mg/mL, Sigma,
MO) and laminin (5 mg/mL). After culturing for 14 days, ES cells were cultured with
N2 medium without human bFGF for an additional 7 days to enhance neuronal
differentiation.
3. Results and discussion

3.1. Concave microwell arrays to culture ES cells

To generate concave microwells, we employed a simple three-
dimensional (3D), curved-microstructure fabrication technique
(Fig. 1) as previously described [28]. Briefly, to create the concave-
shape microwell, we applied negative pressure through an acrylic
chamber. The SU-8 prepolymer on the PDMS membrane was
deflected to form convex SU-8 microstructures. Thus, the concave
PDMS microwell was fabricated from the convex mold micro-
structure. To culture ES cells within concave microstructures, we
seeded the cells into concave microwells, allowing the cells to dock
within the microwells. One major feature of this system is that the
resulting EB shape is similar to the concave microwell array
structure in which they are grown, in contrast to previously
reported non-adhesive PEG microwells with cylindrically shapes
[19–21]. Scanning electron microscopy (SEM) images showed
concave microwell arrays with 200, 500, and 1000 mm widths
(Fig. 2A).

Although previous studies have been used by conventional soft
lithographic techniques [18,29], such methods have the inability to
control the 3D microstructures. A few studies have recently
reported the techniques for fabricating smooth, curved micro-
structures; these include ice droplet-based microcavity formation
[30], deep reactive ion etching (DRIE) [31], cylindrical microchannel
formation using a water mold [32], and electroplating [33]. The
concave PDMS-based microwell system is an attractive method,
because it can be used to control the formation of homogeneous-
sized EBs, which are important factor to control specific lineage
differentiation [34,35]. Furthermore, this system can be used to
fabricate larger microwell structures (>500 mm in width), because
the microwell size is only controlled by the applied negative
pressure and the concave microstructure is largely dependent on
the stretchable property of PDMS (shear elastic modulus,
G z 250 kPa).
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3.2. EBs cultured in concave microwells

EBs were harvested after culturing for 4 days within concave
microwells of three different widths (200, 500, and 1000 mm). ES
cells cultured in concave microwells were physically constrained
and formed EBs that were homogeneous in size (Fig. 2E). Cell
viability analysis demonstrated that cells cultured for 4 days within
concave microwell arrays remained viable regardless of the
microwell widths (Fig. 2F). Thus, the concave microwell array could
be a potentially useful tool for culturing ES cells in vitro.

Multiple formation of EBs cultured within concave microwells
for 1 day in vitro was analyzed (Table 1). It indicated that cell
aggregates cultured within concave microwells showed the single
EB formation. The probability of forming a single EB was much
higher in smaller (200 mm in width) concave microwells (97.79%)
than in larger (1000 mm in width) concave microwells (56.25%).
Multiple EBs were more easily generated within larger concave
microwells because of the larger surface areas of such microwells.
Furthermore, cells cultured within concave microwells generated
single EBs more readily than did cells in cylindrically shaped
microwells, because the shape of the concave microwell is similar
to that of the curved EB surface (Fig. 2C–D). In the cylindrical PDMS
microwell, smaller EBs were generated at the edge of larger
microwells (Fig. 2D), probably because of the hydrophobic and cell-
adherent properties of the PDMS substrate. Previous studies have
demonstrated that PEG microwells enable the control of homoge-
neity of EB size and shape, because hydrophilic PEG has cell and
protein-repellent properties [19–21]. However, hydrophobic PDMS
does not have the strong cell-repellent properties of PEG. Thus,
larger cylindrically shaped PDMS microwells generated multiple
and smaller EBs.

EBs were retrieved from concave microwells and the distribu-
tion of their diameters was analyzed (Fig. 3). EB concentration
means the size distribution of EBs retrieved from concave micro-
wells after culturing for 4 days in vitro. An EB concentration analysis
Fig. 4. Time-course of expression of markers for the three germ layers in EBs. (A) A represen
within concave microwells for 4 and 8 days in vitro. (B) The quantification of relative gene ex
The gene expression results show a greater degree of endoderm and ectoderm differentiat
deviation and ** indicates p < 0.01 as compared to 200 mm EBs (n ¼ 3; Student’s t-test).
showed that smaller concave microwells facilitated the formation
of homogeneous-sized cell aggregates. We confirmed that the size
of EBs cultured within smaller concave microwells was similar to
the original size of the microwells. In contrast, the size of EBs
cultured in larger concave microwells was approximately half of
the original microwell size.

3.3. Three germ layer differentiation

We analyzed three germ layer differentiation of EBs cultured
within concave microwells by evaluating the expression of gene
markers on day 4 and 8 (Fig. 4). We found no evidence for
expression of the endodermal differentiation marker, AFP, in any of
the three sizes of microwells on day 4. On day 8, however, AFP was
highly expressed in EBs grown in the larger microwells (500 and
1000 mm in width), but remained undetectable in EBs grown in
small microwells (200 mm in width), indicating that endodermal
differentiation was enhanced in larger EBs at day 8. An analysis of
the time-dependent expression of nestin, a marker for ectoderm
differentiation, showed that although nestin expression was higher
in smaller EBs at day 4, the expression of ectoderm in larger EBs
surpassed that in smaller EBs at day 8. In contrast, we found no
significant size-dependent difference in mesoderm differentiation
as based on expression of the BMP4 (bone morphogenetic protein
4) marker. This analysis also showed that cells were differentiated
into mesoderm at an earlier stage as compared to endoderm and
ectoderm differentiation. Therefore, gene expression data indicated
that three germ layer differentiation was affected by homogeneous-
sized EBs.

3.4. Neural differentiation

We analyzed EB size-dependent ES cell differentiation into
neuronal cells. After culturing within concave microwells for 4
days in vitro, EBs were harvested from the concave microwells,
tative gel showing expression of mRNA for three germ layer markers in ES cells cultured
pression of AFP (endoderm), BMP4 (mesoderm), and nestin (ectoderm) on day 4 and 8.
ion in larger concave microwells (500 and 1000 mm in width). Error bars are standard



Fig. 5. (A) Fluorescent images showing ES cell-derived neuronal differentiation. ES cells cultured within concave microwells for 4 days were retrieved and were cultured with neural
differentiation medium on tissue culture dishes for an additional 6 days. After culturing for 10 days, the cells were stained for neurofilaments (red) and nestin (green) to identify
neurites and neural precursor cells, respectively; nuclei were stained with DAPI (blue). (B) Quantitative analysis of neurite numbers and lengths from EBs retrieved from concave
microwells, showing that larger EBs had a greater number of neurites and longer neurite outgrowth than smaller EBs. Error bars are standard deviation; * and ** indicate p < 0.05
and p < 0.01 as compared to 200 mm EBs (n ¼ 3; Student’s t-test). Scale bars are 500 mm.
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transferred to tissue culture dishes, and cultured in differentiation
medium containing fibronectin (20 mg/mL) for an additional 6
days, resulting in neuroepithelial differentiation (Fig. 5). The EBs
were fixed and were immunostained with the neurofilament,
nestin, and counterstained with DAPI. The results indicated that
EB sprouting was more prominent in EBs retrieved from larger
concave microwells than from smaller microwells. The EB
sprouting represented neurite outgrowth that was confirmed by
positive staining for neurofilaments (Fig. 5A). Larger EBs retrieved
from concave microwells (500 and 1000 mm in width) were
similar to neurospheres, which showed the potential to generate
neurite outgrowth. In contrast, we found only a few neurite
outgrowth in EBs retrieved from smaller concave microwells
(200 mm in width).

To further quantify neurite outgrowth activities, we analyzed
neurite numbers and average neurite lengths by using an Image J
program (Fig. 5B). These quantitative analyses showed that the
average number of neurites in EBs grown in concave microwells
with 200, 500, and 1000 mm in width was 15, 115, and 130,
respectively. We found significant differences of neurite numbers
between smaller EBs (200 mm microwell in width) and larger EBs
(500 and 1000 mm microwell in width). The average lengths of
neurites were 600, 1010, and 1080 mm in EBs grown in microwells
with 200, 500, and 1000 mm in width. The larger EBs also
contained a greater number of neuronal cells, indicating that
larger concave microwells (500 and 1000 mm in width) induced
more EB size-dependent neural differentiation. In a parallel study,
we analyzed neuronal differentiation of ES cells in EBs cultured on
Petri dishes (Supplementary Fig. 1). We found that individual ES
cells were differentiated into morphologically identifiable glial
cells, such as star-like astrocytes, that were confirmed to be
positive for the glial cell marker, glial fibrillary acidic protein
(GFAP). Furthermore, neurofilament-positive neurite outgrowth
was observed in EBs grown on Petri dishes and neurites were
interconnected between each EB. Thus, the neurite outgrowth
behavior of EBs retrieved from concave microwells was similar to
that of control EBs cultured on Petri dishes. We also analyzed EBs
from the three different-sized microwells for tyrosine hydroxylase
(TH) expression (Supplementary Fig. 2), indicating dopaminergic
neuronal differentiation. To induce dopaminergic neuronal
differentiation, we isolated ES cells from EBs by trypsinization and
transferred ES cell suspensions to poly-L-ornithine- and laminin-
treated culture dishes, as described in Materials and Methods.
We found the high purity of dopaminergic neurons in ES cells
derived from EBs cultured in all three concave microwells (200,
500, and 1000 mm in width). It was revealed that ES cell-derived
dopaminergic neuronal differentiation was not affected by
homogeneous EB sizes.



Fig. 6. ES cell-derived cardiac differentiation. (A) Fluorescent images of immunostained EBs cultured for 10 days within concave microwells showing cardiac differentiation. The
cells were immunostained by sacromeric a–actinin (red) and DAPI (blue). (B) The beating frequency of EBs cultured within concave microwells. EB beating frequency refers to the
number of concave microwells containing beating EBs divided by the total number of concave microwells. Error bars are standard deviation and Scale bars are 500 mm.
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3.5. Cardiac differentiation

To analyze EB size-dependent cardiogenesis, the cells were
immunostained by the sarcomeric a-actinin (Fig. 6A). We charac-
terized cardiac function by measuring beating frequency (Fig. 6B).
The EB beating frequency refers to the number of concave micro-
wells containing beating EBs divided by the total number of
concave microwells. A quantitative analysis of EB beating demon-
strated that the frequency of spontaneous beating was strongly
dependent on the EB size. We found a higher frequency of beating
(56%) in larger EBs (1000 mm microwell in width) than in smaller
EBs (200 mm microwell in width), where the beating frequency was
approximately 30%. Furthermore, immunostaining images indi-
cated that cells cultured within microwells with 1000 mm in width
showed relatively high expression of sarcomeric a-actinin as
compared to microwells with 200 mm and 500 mm in width. It is
probably due to the higher total cell number of larger EBs cultured
within microwells with 1000 mm in width. This EB size-dependent
cardiac differentiation, which is consistent with the recent report
[21], may reflect the fact that larger cell aggregates can significantly
affect cardiac function and beating frequency.

4. Conclusions

We developed a PDMS-based concave microwell system that
enables the control of homogeneous EB sizes and demonstrated
that EB size is a determining factor in ES cell differentiation.
Specifically, we found that cardiac and neuronal differentiation was
regulated by the size of cell aggregates. EBs cultured within larger
concave microwells showed higher beating frequency and higher
neurite outgrowth activity as compared to smaller microwells.
Given these properties of EB size-dependent differentiation,
concave microwell arrays that enable the production of
homogeneous-sized cell aggregates could be a potentially useful
tool for directing ES cell fate.
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Appendix. Supplementary material

Supplementary Fig. 1 Fluorescent images showing ES cell-
derived neuronal differentiation. ES cells were cultured for 21
days on a Petri dish as a control. ES cells differentiated into star-like
astrocytes, which were confirmed by GFAP staining (green). Scale
bars are 200 mm.

Supplementary Fig. 2 Differentiation of TH-positive dopaminergic
neurons from ES cells cultured within concave microwells. TH,
nestin, and DAPI indicate dopaminergic neurons (green), neural
precursor cells (red), and cell nuclei (blue), respectively. EBs cultured
within different-sized concave microwells for 4 days were trans-
ferred to tissue culture dishes for an additional 17 days to enhance
dopaminergic neuronal differentiation. Scale bars are 100 mm.

Note: Supplementary material associated with this article can be
found in the online version, at doi:10.1016/j.biomaterials.2010.01.115.

Appendix

Figures with essential color discrimination. Figs. 1,2,5 and 6 in
this article are difficult to interpret in black and white. The full color
images can be found in the online version, at doi:10.1016/
j.biomaterials.2010.01.115.
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