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Recently, various approaches for controlling the embryonic stem (ES)
cell microenvironment have been developed for regulating cellular
fate decisions. It has been reported that the lineage specific differ-
entiation could be affected by the size of ES cell colonies and
embryoid bodies (EBs). However, much of the underlying biology has
not been well elucidated. In this study, we used microengineered
hydrogel microwells to direct ES cell differentiation and determined
the role of WNT signaling pathway in directing the differentiation.
This was accomplished by forming ES cell aggregates within micro-
wells to form different size EBs. We determined that cardiogenesis
was enhanced in larger EBs (450 �m in diameter), and in contrast,
endothelial cell differentiation was increased in smaller EBs (150 �m
in diameter). Furthermore, we demonstrated that the EB-size medi-
ated differentiation was driven by differential expression of WNTs,
particularly noncanonical WNT pathway, according to EB size. The
higher expression of WNT5a in smaller EBs enhanced endothelial cell
differentiation. In contrast, the increased expression of WNT11 en-
hanced cardiogenesis. This was further validated by WNT5a-siRNA
transfection assay and the addition of recombinant WNT5a. Our data
suggest that EB size could be an important parameter in ES cell fate
specification via differential gene expression of members of the
noncanonical WNT pathway. Given the size-dependent response of
EBs to differentiate to endothelial and cardiac lineages, hydrogel
microwell arrays could be useful for directing stem cell fates and
studying ES cell differentiation in a controlled manner.

hydrogel microwells � stem cell differentiation � WNT signal pathway

The developmental versatility of embryonic stem (ES) cells
offers a powerful approach for directing cell fate and is a

promising source of progenitors for cell replacement therapy and
tissue regeneration (1). ES cells can differentiate into a wide
spectrum of cell types, such as cardiomyocytes and endothelial cells,
by forming embryoid bodies (EBs) (2). Those lineages arise from
distinct mesoderm subpopulations that develop sequentially from
premesoderm cells (3). Such lineage specification is highly coordi-
nated with differential changes in gene expression (4–8).

Despite the therapeutic potential of ES cells, one of the signif-
icant challenges to their widespread clinical use, is the inability to
homogeneously direct ES cell differentiation into specific lineages.
One reason for the heterogeneity in EB differentiation is caused
from variations in EB size (9, 10). To address this challenge for
controlling the differentiation of ES cells, various microscale tech-
nologies (i.e., surface patterning, hydrogel microwells, and mi-
crofluidic systems) have been developed for directing the stem cell
fate (11–15). Micropatterning techniques have been used to eval-
uate the effect of EB size on ES cell differentiation. For instance,
microfabricated adhesive stencils were used to pattern ES cells for
controlling initial ES cell aggregate sizes, which influenced the early
differentiation to different germ layers (12). In another approach,
microcontact printed substrates were used to generate islands of ES
cells to regulate the self-renewal of ES cells by local modulation of

self-renewal signaling molecules (13). However, although the size of
ES cell aggregates has been shown to influence lineage specific
differentiation (16, 17), the underlying biology and EB-size medi-
ated factors for ES cell fate has not been well elucidated.

In this study, we elucidated the biological events that regulate
EB-size mediated cell fate into cardiac and endothelial lineages by
using nonadhesive poly(ethylene glycol) (PEG) hydrogel micro-
wells of various diameters (150, 300, and 450 �m) ES cells formed
homogenous EBs with different sizes. In the study of ES cell
differentiation into cardiac and endothelial lineage, we found a
highly size dependent response. Furthermore, we demonstrated
that the differential expression of WNT5a and WNT11, two mem-
bers of the noncanonical WNT pathway, was directly involved in the
size mediated response of the cell aggregates. We further validated
these responses by performing the studies to show that the size
mediated response could be altered by the modulations of these
signaling molecules. These results suggest that microwell-based
templates could be important in directing the differentiation of ES
cells and for elucidating stem cell differentiation mechanisms by
enabling the formation of controlled microenvironments.

Results
Hydrogel Microwell Arrays to Culture ES Cells. We used a templating
approach based on hydrogel microwell arrays to control the size and
shape of mouse ES (mES) cell aggregates. To fabricate hydrogel
microwells of different diameters (Fig. S1A), we used a micromold-
ing technique that we have previously described (16–18). SEM
images (Fig. 1A) showed that microwells were engineered with
controllable diameters (150, 300, and 450 �m.) In addition, the
results of the cell viability assay demonstrated that although cells
were cultured within microwells with different diameters, they
remained highly viable after 7 days (Fig. 1A).
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Green fluorescent protein (GFP) expression in Oct4/GFP
transfected R1 cell line derived EBs gradually decreased (Fig.
1B). The decrease of Oct4 expression was confirmed by immu-
nocytochemical staining against pluripotency markers, SSEA1
and E-cadherin. At day 3 of culture, relatively strong expression
of SSEA1 and E-cadherin on individual cell surface in EBs was
detected in all microwells. But, after culturing for 7 days, EBs
showed weak SSEA1 and E-cadherin expressions, indicating that
they were on the way to differentiate.

Cardiogenesis. We analyzed the effects of EB size on cardiogenic
differentiation by counting the frequency of beating EBs, as well as
characterizing the cardiac gene expression. Beating EBs were easily
detectable in microwells, which indicated the spontaneous cardio-
genic differentiation of mES cells even in basic EB medium. In a
parallel study, EBs were retrieved from microwells after 5 days and
replated in six-well plates. Within these cultures, cardiomyocytes
were readily identifiable from the EB outgrowth due to their
spontaneous contractions during the differentiation culture. Car-
diomyocytes within beating colonies were small and round (Fig. 2A)
and their numbers increased with the initial sizes of the EBs. As

shown in Fig. 2B, a higher frequency of beating EBs was also
observed in the culture of larger EBs (300 and 450 �m in diameter)
that were maintained in the microwells for up to 15 days.

Figure 2B shows the strong staining of sarcomeric �-actinin in
EBs cultured in microwells (450 �m in diameter). In comparison,
�-actinin expression was not detectable from smaller EBs (150 �m
in diameter). Similar to cardiogenic differentiation of intact EBs
within microwells, the outgrowths of EBs that were replated from
microwells (450 �m in diameter) also showed strong sarcomeric
�-actinin and tropomyosin staining with elongated cardiomyocytes.
Adjacent cardiomyocytes showed different degrees of sparse and
irregularly organized myofibrillar structure (Fig. 2A).

EB-size dependent cardiomyogenic differentiation was also char-
acterized by evaluating the gene expression of cardiogenic markers,
Nkx2.5, GATA4, and atrial natriuretic factor (ANF). Two of the key
transcription factors controlling cardiomyogenic differentiation,
Nkx2.5 and GATA4, were highly expressed in EBs cultured within
larger microwells (450 �m in diameter) (Fig. 2C). Interestingly,
GATA4 and Nkx2.5 expression was higher in EBs from 450 �m
microwells at early culture time (day 5). This result was consistent
with the higher number of beating colonies and strongly positive
expression of sarcomeric �-actinin in 450 �m EBs. In cardiogenesis,
it is known that GATA4 and Nkx 2.5 are expressed at the early
stages during heart development and their expressions occur in a
time-dependent manner. GATA4 and Nkx2.5 induce the expres-
sion of other genes related with cardiogenic functions, such as those
for cell contraction or beating (19–23). This is consistent with the
functional analysis, which showed increased beating in 450-�m EBs
during the entire culture period and higher expression of cardio-
genic markers at early culture time (day 5).

Endothelial Cell Differentiation. We analyzed the EB-size mediated
tendency of ES cells to differentiate into endothelial cells. After EB
formation within microwell arrays for 5 days, the EBs were trans-
ferred to Matrigel coated substrates in the presence of endothelial
cell growth medium. It has been reported that mesoderm and
progenitors for endothelial cell lineage are generated in EBs
between days 3–5. Vasculogenesis is also achieved by replating the
EBs on Matrigel or Type I collagen gel, following 3–5 days of EB
formation with the appropriate endothelial supplements (24–27).
Hence, in this study, the EBs were transferred to Matrigel for
inducing endothelial lineage differentiation after 5 days of culture.
Distinct vessel sprouting from EBs could be observed after 6 days
(total 11 days) of culture. The EBs from 150-�m and 300-�m
microwells showed much higher vessel sprouting activity as com-
pared to EBs from 450-�m microwells (Fig. 3A). These vessel
sprouting structures were characterized by immunocytochemical
staining with CD31(PECAM) and smooth muscle actin (SMA).
Fig. 3A shows the strongly positive reaction against CD31 and SMA
in vessel sprouting region and the internal region of EBs from
microwells that were 150 �m and 300 �m in diameter. In a parallel
study, we analyzed the internal vessel structure within microwells
for all EBs that were cultured in microwells. This study revealed that
150 �m and 300 �m EBs showed significantly higher internal
vascular structures in comparison with 450 �m EBs. To further
quantify the vessel sprouting activities, we measured the average
length of sprouting and the percentage of sprouting EBs. A higher
frequency of sprouting EBs and a longer sprouting length was
observed from EBs with 150 and 300 �m in diameter as compared
to EBs with 450 �m in diameter (Fig. 3B).

We also characterized the EB-size dependent-endothelial cell
differentiation by evaluating the endothelial cell-specific gene ex-
pression of flk-1, PECAM, and tie-2. As shown in Fig. 3C, flk1,
which is a receptor for vascular endothelial growth factor and
normally expressed in endothelial cell or vascular progenitors, is
highly expressed in EBs cultured within microwells that were 150
�m and 300 �m in diameter. In addition, EBs cultured within
microwells that were 150 �m in diameter showed much higher
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Fig. 1. Arrays of hydrogel microwells for culturing ES cells. (A) Analysis of EBs
cultured within microwells for 7 days. Scanning electron microscopy (SEM)
images show the formation of uniform arrays of PEG microwells with different
diameters (150 �m, 300 �m, and 450 �m) (Top). Phase contrast (Middle) and
fluorescent images (Bottom) of EBs cultured within microwells after 7 days.
(Scale bar, 100 �m.) Live and dead cells were stained with calcein AM (green)
and ethidium homodimer (red). (Scale bar, 200 �m.) (B) The molecular expres-
sion of ES cell pluripotency markers after 3 and 7 days. Oct4 expression of ES
cells expressing the Oct4/GFP reporter gene (left column for each day). Im-
munocytochemical staining of SSEA1 (red)/E-cadherin (green) in EBs within
microwells (right column for each day). (Scale bar, 100 �m.)
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induction of PECAM transcript in the late stage of culture as
compared to larger microwells with 300 and 450 �m in diameter
(Fig. 3C). Interestingly, tie-2 expression, a marker indicating endo-
thelial cells, in 150 �m and 300 �m EBs was much higher at late
culture time (day 15). Cumulatively, these results suggest that
cardiogenesis was developed in larger EBs with the highly
reduced endothelial cell differentiation. In contrast, small EBs
resulted in much higher endothelial cell differentiation with
reduced cardiogenesis.

Differential Expression of WNT5a and WNT11. To characterize the
factors that influence EB-size dependent differentiation into car-
diac and endothelial cells, we evaluated the gene and protein
expression of various extracellular matrix (ECM) molecules and
soluble factors. Specifically, the basement membrane components
that can be generated by endoderm within EBs (28) and WNT
signaling family, which is known to be important in cardiogenesis
and endothelial cell differentiation (4, 26, 29, 30) were evaluated.
The genes for various key components of basement membrane were
evaluated and showed no significant difference in expression (Fig.
S2A) at day 5 of EB formation. This was also supported by the
similarity in laminin distribution within EBs of distinct sizes (Fig.
S2B). In addition, the canonical WNT2 and noncanonical WNT5a
and WNT11 pathways were evaluated. We did not observe signif-

icant difference in WNT2 expression and �-catenin expression at
day 3 and 5 of EB formation within microwells. In contrast, we
detected differential expression of WNT5a and WNT11 in EBs with
different sizes (Fig. S2A). The smaller EBs (150 �m in diameter)
expressed high levels of WNT5a without WNT11 expression.
Meanwhile, the larger EBs (450 �m in diameter) expressed WNT11
with the highly reduced WNT5a expression at day 5 of EB forma-
tion. Thus, smaller EBs showed higher expression of WNT5a and
higher endothelial cell differentiation while suppressing WNT11
expression. In contrast, larger EBs showed highly increased expres-
sion of WNT11 and higher cardiogenesis with low expression of
WNT5a (Fig. S2C).

To further confirm the role of WNT5a and WNT11 on regulating
EB-size mediated cardiogenesis and endothelial cell differentiation,
inhibition and activation test were performed. For the inhibition
assay, we evaluated vessel sprouting activity and beating activity of
smaller EBs (150 �m in diameter) by silencing the WNT5a gene by
WNT5a-siRNA transfection. As shown in Fig. 4A, WNT5a gene
silenced 150-�m EBs did not show vessel sprouting structure on
Matrigel in endothelial cell culture condition, but showed relatively
high expression of sarcomeric �-actinin. This suggests an increase
in cardiogenesis and a decrease in vessel sprouting activity, altering
the behavior of normal 150-�m EBs (Fig. 4B). The WNT5a gene
silencing was confirmed by the highly reduced expression of

Fig. 2. EB size-mediated cardiogenic differentiation of ES cells. (A) Morphology and characterization of beating foci (red arrows) in EB outgrowths.
Immunocytochemical characterization of cardiomyogenic differentiation and quantification of beating colonies from EB outgrowths that were replated from
microwells. Sarcomeric �-actinin expression (red) of EB outgrowths at day 15 of culture. (Scale bar, 100 �m.) (B) Morphology of beating EBs, immunocytochemical
characterization of cardiomyogenic differentiation identified by sarcomeric �-actinin and evaluation of beating EBs cultured in microwells. Inset for 150 �m EB
figure indicates control stained only with secondary antibody. (Scale bar, 100 �m.) (C) Time course of cardiomyogenic gene expression from EBs within microwells.
(I) Gel pictures, (II) GATA4 mRNA expression, (III) Nkx2.5 mRNA expression, and (IV) ANF mRNA expression. Data shown as mean normalized mRNA expression
intensity � SEM (n � 3, * indicates P � 0.05 compared to 150 �m EB).
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WNT5a mRNA in WNT5a-siRNA transfected 150-�m EBs (Fig.
4C). Cardiogenic gene (GATA4 and ANF) expression was highly
induced in WNT5a gene silenced 150-�m EBs with distinctly low
expression of endothelial cell markers, PECAM and tie-2. Accom-
panied with the inhibition assay, the activation assay was performed
by the addition of recombinant mouse WNT5a in the culture of
450-�m EBs on Matrigel. The addition of recombinant mouse
WNT5a increased vessel sprouting structure on Matrigel in endo-
thelial cell culture condition, but there was no significant difference
in beating activity as compared to normal 450-�m EBs (Fig. 4 D and
E). Despite the addition of recombinant mouse WNT5a, there was
a slight increase in WNT5a mRNA expression, but no difference in
WNT11 mRNA expression. Also, cardiogenic gene (GATA4 and
ANF) expression did not show any significant difference except for
a slight reduction in ANF expression in 450-�m EBs with the
addition of recombinant mouse WNT5a at day 15 of culture.
However, the expression of endothelial cell markers, PECAM and
tie-2, was increased by the addition of recombinant mouse WNT5a
(Fig. 4F).

Discussion
Due to its similarity to the embryonic gastrulation process, EB
formation has been commonly used to induce spontaneous differ-

entiation of ES cells (2). The size of EBs is considered as an
important parameter that influences ES cell differentiation (31).
However, the complex series of interactions within a differentiating
cell aggregate is difficult to analyze and is further increased in
complexity in that most methods to form EB cultures are either too
cumbersome or unable to uniformly control the size of EBs. To
address these challenges, various microengineering approaches
have been recently developed (12–14). It has been observed that
size directs the early germ layer formation within EBs (12, 16).
Another approach showed relatively homogenous EB formation
using rotating bioreactor culture system (32) that enhanced differ-
entiation into cardiogenic lineage (33). However, previous studies
did not analyze the effects of EB size on various tissue types derived
from the mesoderm tissue, nor did they elucidate the biological role
of morphogenetic signaling molecules (i.e., WNT pathway) on
EB-size mediated response. In our work, we extend on these studies
to show that cardiac and endothelial cell differentiation, two
derivatives of mesoderm lineage, occurs based on developmentally
distinct WNT signals that are initiated based on the size of the EBs.

Our results show that uniformly formed EBs within microwells
differentiated upon removal of self-renewing factors by losing
expression of Oct4, E-cadherin, and SSEA-1. Similar to embryo-

Fig. 3. EB size-mediated endothelial cell differentiation of ES cells. (A) Phase contrast and immunocytochemical characterization of endothelial cell
differentiation indentified by CD31 (red) and SMA (green) at day 11. EBs retrieved from microwells (Top) and negative control staining only with secondary
antibody (Right fluorescent image). ES cells cultured within microwells for 5 days were plated onto Matrigel substrates and were cultured for additional 6 days
(Middle) and a fluorescent image of vessel sprouting from EBs on Matrigel (Right fluorescent image). EBs cultured within microwells for 11 days (Bottom) and
a fluorescent image of vessel sprouting from EBs on Matrigel (Right fluorescent image). Each inset indicates phase contrast image of corresponding EBs cultured
within microwells. (Scale bar, 100 �m.) (B) Characterization of sprouting vessel activity and frequency of EBs cultured within microwells. The sprouting activity
and frequency of ES cells cultured within smaller microwells were higher than those within larger microwells. (Scale bar, 100 �m.) (C) Analysis of gene expression
of ES cells to identify endothelial cell differentiation. (I) Gel pictures, (II) PECAM mRNA expression, (III) Flk-1 mRNA expression, and (IV) Tie-2 mRNA expression.
Data shown as mean normalized mRNA expression intensity � SEM (n � 3, * indicates P � 0.05 compared to 150 �m EB).
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genesis, in vitro EB formation results in primordial precursor cells
that further differentiate to highly specialized phenotypes of cardiac
(34) and vascular tissue (27). Interestingly, larger EBs supported
cardiac differentiation, while smaller ones generated endothelial
cells. This was despite the fact that at early stages the degree of
mesoderm formation in the EBs appeared to be independent of the
EB size. Thus, this suggests that signals derived from other tissues
may have played a critical role in directing the mesoderm tissue to
differentiate differently. Based on a previously published report
(12), it is known that larger EBs generate a larger degree of early
endoderm tissue. Thus, it may be that the inductive signals of early
endoderm drive the differentiation of the mesoderm cells in the
larger EBs. This is further supported in that endoderm has been
reported to be important in both Xenopus and chick embryos (35,
36). Alternatively, the endothelial cell differentiation in smaller EBs
may be the result of absence of cues from the endoderm tissue or
the presence of inductive cues from the ectoderm and mesoderm
tissue.

To further test these hypotheses, we analyzed the role of various
signaling molecules on the EBs of various sizes. Given the impor-
tance of ECM in regulating the surrounding microenvironment by
modulating the biomechanical and biochemical signaling, we tested
the level of expression of different ECM components in the EBs.
Surprisingly, despite differences in the early expression of

endoderm tissue, we did not observe significant difference in the
expression of various ECM molecules in the EBs of different sizes.
We, therefore, analyzed the role of WNT family members on
regulating early patterning and morphogenesis in the developing
embryos. WNT5a and WNT11, which have been known to partic-
ipate in cardiogenic and endothelial lineage differentiation (4),
were selected and evaluated. We also studied their differential
expression according to EB size mediated ES cell fate specification.
By performing these studies, we demonstrated that noncanonical
WNT family members, WNT5a and WNT11, were differentially
expressed in EBs of different sizes. Previous studies have shown that
WNT signaling pathway played an important role in controlling
morphogenesis in cardiac (4) and vascular (5) tissue development.
WNT5a is a key signaling molecule that mediates endothelial cell
proliferation and differentiation (5, 29), while WNT11 plays an
important role for cardiac development (4, 30). Our results directly
support the notion that the differential expression of these mole-
cules within the EBs, potentially from nonmesoderm tissues, di-
rectly contributes to the differentiation of mesoderm precursors to
either cardiac or endothelial pathways. This is further supported by
other studies that report the differential WNT5a and WNT11 gene
expression during embryonic development (37). In our study, we
did not observe difference in the WNT2 expression between EBs
of different sizes, which has been known to participate in mesoderm
formation (38).

Fig. 4. The inhibition and activation of WNT5a for directing EB-size mediated cardiogenic and endothelial cell differentiation of ES cells cultured within
microwells. (A) Inhibition analysis: Immunocytochemical characterization for WNT5a-siRNA transfection (green) indicates that siRNA is delivered throughout the
cell aggregates (Left). Endothelial cell (red, CD31) and cardiogenic (green, sarcomeric �-actinin) differentiation for siRNA transfected and control EBs. (B)
Characterization of EB beating and sprouting frequency. (C) Analysis of gene expression of ES cells cultured within microwells (150 �m diameter) to identify
endothelial cell and cardiogenic differentiation. (D) Activation analysis: Immunocytochemical characterization of ES cells cultured with the addition of
recombinant mouse WNT5a within microwells (450 �m diameter). (Scale bar, 100 �m.) (E and F) Analysis of cardiogenic and endothelial cell differentiation
confirmed by EB beating, vessel sprouting frequency, and gene expression. (n � 3, * indicates P � 0.05 compared to controls).
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Another important feature of our studies may be related to the
size of the EBs and their influence on regulating the temporal
expression of signaling molecules. It has been previously shown
that WNT5a expression was induced from approximately day 4
of EB formation (5) and WNT11 expression was induced from
approximately day 6 (4). This change in expression is also
correlated by an increase in EB size (Fig. S3). Therefore, it
appears that as the size of the EBs is increased with culture time,
there is a tendency of WNT5a to down-regulate and to express
WNT11, which correlates with our results, showing that WNT11
is expressed in larger EBs. Although this is yet to be proven, it
may be that by regulating the size of the EBs and it may be
possible to program aspects of the EB’s temporal signaling.

The addition and silencing of WNT5a experiments yielded a
number of other interesting features. First, although the addition of
recombinant WNT5a increased endothelial cell activity in large
EBs, we did not observe significant effect on cardiogenic differen-
tiation. This result was similar to a previous study, in which WNT
signaling through a �-catenin pathway did not change cardiogenic
potential over a range of WNT5a concentrations (39). Thus, the size
of EBs can preferentially enhance cardiogenesis simply by suppress-
ing the expression of WNT5a. Second, the silencing of WNT5a in
smaller EBs resulted in a decrease in endothelial cell differentiation
and an increase in cardiac differentiation. This suggests that upon
silencing of WNT5a, the mesoderm precursors in the EBs may
change their differentiation pathway from endothelial to cardiac.

Given these features, our results show a deterministic mechanism
in which noncanonical WNT pathway controls embryonic cardiac
and vascular development as a function of EB size. These data
suggest that homogeneous EBs formed within PEG microwells can
control WNT signaling pathway to direct cell fate specification.
Although it appears that WNT pathway plays an important role in
directing cardiac and endothelial cell specification, the relationships
between WNT5a and WNT11 or their interactions with other WNT
family members remain to be further studied.

Conclusion
We demonstrate that microengineered hydrogel wells can be used
to direct ES cell differentiation in a size dependent manner. In
particular, cardiogenesis was enhanced in larger EBs, while endo-
thelial cell differentiation was increased in smaller EBs. Further-
more, we found that noncanonical WNT pathway played an im-
portant role in controlling cardiogenic and endothelial cell
differentiation. Specifically, the higher expression of WNT5a in
smaller EBs enhanced endothelial cell differentiation while sup-
pressing WNT11 expression. Given the size-mediated differentia-
tion response, the homogeneous formation of EBs within micro-
wells could be a potentially useful tool for directing ES cell
differentiation for regenerative medicine and drug discovery ap-
plications.

Methods
Fabrication of Hydrogel Microwell Platforms. Silicon masters were developed
by using published microfabrication procedures (16). Detail methods of mi-
crowell fabrication are available in SI Methods.

ES Cell Culture and Embryoid Body Formation. Methods of ES cell expansion, EB
formation, cardiogenic cell differentiation, and following morphological ob-
servation and cell viability, as well as, evaluation of beating and vessel sprout-
ing activity are available in SI Methods.

Immunocytochemical Staining. Detailed method of inhibition and activation
assay is available in SI Methods.

Reverse Transcription-Polymerase Chain Reaction (RT-PCR). Detailed method of
RT-PCR is available in SI Methods. Primers and product sizes are detailed in
Table S1.

Inhibition and Activation Assay. Detailed method of inhibition and activation
assay is available is SI Methods.
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