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Embryonic stem (ES) cells form spontaneous aggregates during differentiation, and cell–cell

communication in the aggregates plays an important role in differentiation. The development of a

controlled differentiation scheme for ES cells has been hindered by the lack of a reliable method to

produce uniform aggregate sizes. Conventional techniques, such as hanging drop and suspension

cultures, do not allow precise control over size of ES cell aggregates. To surmount this problem,

we microfabricated adhesive stencils to make mouse ES (mES) cell aggregates of specific sizes

ranging from 100 mm to 500 mm in diameter. With this technique, we studied the effect of the

initial aggregate size on ES cell differentiation. After 20 days of induction of differentiation, we

analyzed the stem cell populations using gene and protein expression assays as well as biochemical

functions. Notably, we found that germ layer differentiation depends on the initial size of the ES

cell aggregate. Among the ES cell aggregate sizes tested, the aggregates with 300 mm diameter

showed similar differentiation profiles of three germ layers as embryoid bodies made using the

‘‘hanging drop’’ technique. The smaller (100 mm) aggregates showed the increased expression of

ectodermal markers compared to the larger (500 mm) aggregates, while the 500 mm aggregates

showed the increased expression of mesodermal and endodermal markers compared to the 100 mm

aggregates. These results indicate that the initial size of the aggregate is an important factor for ES

cell differentiation, and can affect germ layer selection as well as the extent of differentiation.

Introduction

Embryonic stem (ES) cells promise to be useful therapeutically

due to their ability to self-renew and differentiate into

derivatives of all three major germ layers.1–3 Currently,

methods are available to differentiate ES cells into ecto-

derm,4–6 mesoderm,7–9 and endoderm10 derivatives. During

differentiation, ES cells form aggregates. In in vitro culture, ES

cell aggregates called embryoid bodies (EBs) can be typically

made by using the ‘hanging drop’ method.11 Once these

aggregates form, they keep proliferating and differentiating,

recapitulating early development and germ layer formation.

Extensive studies have been performed using differentiation

directed by growth factors.12–18 However, ES cells can also

spontaneously form aggregates and differentiate without

exogenous growth factors. This suggests that cell–cell interac-

tions induce differentiation, most likely by mimicking the

natural microenvironment and releasing autocrine factors.19,20

The question of how these aggregates affect differentiation is

poorly understood. For example, when ES cells are differ-

entiated as single cells in a monolayer culture, differentiation

into the hematopoietic lineage is repressed,9,21,22 and differ-

entiation into osteoblasts is dominant.23 Also, when ES cells

are differentiated as EBs, the EBs with an initial number of

cells of y1000 showed more hematopoietic differentiation,

indicating ES cell differentiation may depend on the extent of

initial cell–cell interaction.24,25

Microfabrication may offer advantages for studying ES cell

biology because it can provide control of the cellular

microenvironment. Reports have shown that microfabrication

is effective in providing a high level of control over heterotypic

cell–cell contact,26,27 cell geometry,28 cell differentiation,29,30

and size of EB.31,32 The majority of these studies were based on

extracellular matrix (ECM) patterning or geometric constraint,

such as a well, which later constrained differentiation and

proliferation of ES cells. In contrast, the microfabricated

stencil technique provides a homogeneous surface without

constraint on cells,33 thereby allowing cell outgrowth, and can

be useful for studying ES cell differentiation.

In this study, we investigated the effect of the size of ES cell

aggregates on differentiation through the use of a micro-

fabricated stencil technique.33 Using these microfabricated

stencils, we controlled the initial sizes of the ES cell aggregate

between 100 and 500 mm. We cultured them to investigate their

differentiation without physical constraint. After 20 days of

culture, we performed gene and protein expression studies. The

results demonstrated that germ layer formation varied with the

initial size of the aggregate. Among the aggregate sizes we

tested, the aggregates with 300 mm diameter showed gene and

protein expression profiles similar to EBs formed by the

‘‘hanging drop’’ technique with approximately 1000 cells

and approximately 300 mm in diameter. This study indicates

that initial aggregate size is a critical factor in ES cell

differentiation.
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Material and methods

Cell culture and differentiation

Culture medium to maintain the ES cells in an undifferentiated

state consisted of Knockout D-MEM supplemented with 15%

(v/v) Knockout Serum Replacement (Invitrogen, Carlsbad,

CA), 4 mM L-glutamine (Cambrex, Walkersville, MD),

100 mg mL21 penicillin–streptomycin (Invitrogen),

103 U mL21 leukemia inhibitory factor (LIF) (Chemicon,

Temecula, CA), and 10 mg mL21 gentamicin (Invitrogen), and

0.1 mM 2-mercaptoethanol (Sigma, St. Louis, MO). The tissue

culture plates (T75) were coated with 0.1% gelatin (Sigma). ES-

D3 cells (ATCC, Manassas, VA) and ES-R1 (Oct4-GFP,

provided by Dr A. Nagy, Mount Sinai Hospital, Toronto,

Ontario, Canada) were cultured in the non-differentiating

medium at 37 uC, with medium changed daily. When the ES

cells on the tissue culture plates were 80% confluent, they were

detached using trypsin/EDTA (0.1%/1 mM), and transferred

to new plates. Differentiation culture medium consisted of

Iscove’s Modified Dulbecco’s Medium (Gibco, Gaithersburg,

MD) supplemented with 20% (v/v) fetal bovine serum (Gibco,

Gaithersburg, MD), 4 mM L-glutamine (Cambrex),

100 U mL21 penicillin–streptomycin (Invitrogen), and

0.01 mg mL21 gentamicin (Gibco).

For hanging drop EB formation, approximately 1000 ES

cells were suspended in 30 mL differentiation medium without

LIF. Using a micro- multi-channel pipette, the arrays of the

micro drops were pipetted onto the lid of a culture dish. The

lid was inverted and placed on the culture dish, which

contained 5 mL differentiation medium to prevent the drops

from evaporating. After 2 days, the ES cells in the drops

aggregated and formed EBs, which were, then, transferred to a

bacterial culture dish and cultured for another 2 days for

proliferation. Thereafter, the EBs were transferred onto a

collagen (0.25 mg mL21) coated culture dish (P60), and

differentiated under controlled conditions.

The differentiation protocol by Hamazaki and Terada10

toward a hepatic lineage was used for both hanging drop

technique and the micropatterned EB culture. On day 8,

medium was replaced with medium containing fibroblast

growth factor (100 ng mL21) (MP Biomedicals, Aurora,

OH). On day 11, medium was replaced with medium contain-

ing hepatocyte growth factor (20 ng mL21) (MP Biomedicals,

Aurora, OH). On day 14, medium was replaced with medium

containing oncostatin-M (10 ng mL21) (Sigma, St. Louis,

MO), dexamethasone (1027 M) (Sigma, St. Louis, MO) and

ITS (insulin 5 mg mL21, transferrin 5 mg ml21, selenious acid

5 ng mL21) (BD Biosciences, San Jose, CA).

ES cell patterning using PDMS stencils and cell seeding

The shadow mask was designed to produce a center–center

spacing between aggregates of 5 mm. This was to eliminate the

possibility of cell interactions between the aggregates. The

number of aggregates in an array was 25 (5 6 5). Photo-

sensitive epoxy (SU-8, Microchem, Newton, MA) was spun-

coated onto the silicon wafers which had been cleaned with

oxygen plasma. The thickness of SU-8 was approximately

100 mm. The wafers were then soft baked at 65 uC for

5–20 min, followed by pre-baking at 100 uC for 20–90 min,

depending on the thickness of the SU-8. The wafers were

exposed to UV light (360 nm wave length) through the

shadow mask, followed by post-exposure baking at 100 uC for

10–20 min. The SU-8 patterns on the substrates were

developed in SU-8 developer (Microchem, Newton, MA) for

10 min and rinsed with IPA (isopropyl alcohol) three times.

After drying the substrates using nitrogen gas, they were over-

exposed to UV-light without a mask and baked at 150 uC for

1 h. Poly-dimethylsiloxane (PDMS) (Sylgard 184, Dow

Corning, Midland, MI) was mixed with curing agent (10 : 1

ratio), and poured on the wafers after degassing bubbles

entrapped in the PDMS mixture. On the applied PDMS, a

polyacetate film was placed and clamped with an aluminium

block, making the plastic film contact the top surface of the

SU-8. The PDMS and aluminium block were heated to 90 uC
for curing for 12 h. The next day, the PDMS stencil was

detached, trimmed and sterilized in ethanol for 20 min for cell

patterning (Fig. 1A). Rat tail collagen (type I) diluted in water

(0.25 mg mL21) was applied and incubated overnight on tissue

culture grade dishes (60 mm). The excess collagen water

mixture was aspirated, and dried in a laminar flow hood. The

PDMS stencil was then attached to the culture dish surface

(Fig. 1B). ES cells were seeded at a concentration of 0.5 6
106 cells mL21 in 2 mL culture medium with the stencil

attached. Cells immediately began to aggregate, even as early

as one hour after seeding. Detaching the stencil on day 2 after

seeding ES cells allowed for stable aggregate formation

(Fig. 1C). If the stencil was detached after day 2, the cells

proliferated and continued to grow up vertically to the height

of the stencil itself, and the detachment of the stencil became

difficult without disrupting the pattern.

After the stencil was removed on day 2, the average

diameters of the micropatterned aggregates and EBs were

measured by Sigmascan Pro image software (Jandel Scientific,

CA). Once the stencil was removed, the ES cells would migrate

out of the aggregates and form outgrowths. The phase-

contrast images demonstrate that these cells can form out-

growths, and the aggregates remained for 18 days of culture

with uniform spacing and at uniform size. Compared to other

studies,10,17,31 our protocol does not need a suspension stage in

the formation of aggregates. For monolayer culture, ES cells

were seeded in collagen-coated culture dishes (60 mm) at a

concentration as low as y1000 cells mL21 in 2 mL of culture

medium to prevent cell–cell interaction.

Immunofluorescence assay

Primary antibodies for intracellular staining were rabbit anti-

b-III tubulin (Chemicon, Temecula, CA), mouse anti-Muscle

specific actin (Lab Vision, Fremont, CA), and goat anti-AFP

(Santa Cruz Biotechnology, Santa Cruz, CA) with 1 : 200

dilution. Secondary antibodies were anti-goat, rabbit, or

mouse IgG conjugated with FITC or Cy3 (MP Biomedicals,

Aurora, OH). The samples were washed twice with phosphate-

buffered saline (PBS) and fixed in 4% paraformaldehyde in

PBS at room temperature for 30 min. After incubation, the

dishes were washed twice in PBS, followed by adding 0.2%

Triton X-100 in PBS to permeabilize cells for intracellular
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staining. After a 5 min incubation at room temperature, the

cells were washed twice in PBS and resuspended in blocking

buffer (PBS/20% FBS/0.05% Triton X-100) to block non-

specific antibody binding, and then incubated for 60 min at

room temperature. The primary antibodies were added and

incubated for 2 h at room temperature. After washing twice in

blocking solution, cultures were incubated with the secondary

antibody FITC or Cy3-conjugated rabbit, mouse, or goat IgG

for 60 min at room temperature, and washed twice at room

temperature. In some cases, cells were counter-stained with

49,6-diamidino-2-phenylindole (DAPI) (Invitrogen, Carlsbad,

CA) for nuclear staining. The immunofluorescence images

were obtained by using a Zeiss Microscope. Since the

central core of the aggregates and EBs showed non-specific

staining, the images were therefore obtained from the

peripheral area.

Functional analysis (albumin and urea assays)

The culture medium samples were collected for analysis of

albumin and urea content. The albumin content was deter-

mined by enzyme-linked immunosorbent assay (ELISA) using

purified mouse albumin and a peroxidase-conjugated antibody

(Bethyl Laboratory, Montgomery, TX, USA). Urea content

was determined with a commercially available kit (StanBio

Laboratory, Boerne, TX, USA). Standard curves were

generated using purified mouse albumin or urea dissolved in

culture medium. Absorbances were measured with a

Thermomax microplate reader (Molecular Devices,

Sunnyvale, CA, USA).

Reverse transcript PCR

Differentiated cells were collected by using trypsin/EDTA and

cell scraper. Typically, the number of the collected cells was

more than 106. RNA isolation was performed using the

Nucleospin II RNA kit according to manufacturer’s instruc-

tions. Isolated RNA typically demonstrated a ratio of A260/

A280 ¢ 1.8. One-Step RT-PCR kit from Qiagen (Qiagen,

Valencia, CA) was used for PCR. For each RNA isolation,

RNA gel was performed. Reaction conditions for all genes

were based on the manufacturer’s instructions. Primers were

designed using the Primer 3 Software available on the

Web (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.

cgi). RNA (10 ng) was added for each reaction condition,

and primer concentrations were calculated to be 0.6 nM. The

primers are listed in Table 1. Cycling conditions for three-step

cycling were: denaturation at 94 uC for 30 s, annealing at 55 uC
for 30 s, and extension at 72 uC for 1 min. The number of

cycles varied between 30 and 35, so as not to saturate the

reaction. A final extension time of 10 min at 72 uC was also

performed. Following PCR, samples were run on 2% agarose

gel, and labeled with ethidium bromide solution. The gels were

imaged using a Fluor-X Multiimager (Bio-Rad Laboratories,

Hurcules, CA). For better comparison, the gel images were

quantified by using Quantity One (Bio-Rad). The reading was

Fig. 1 (A) SEM (scanning electron microscope) images of microfabricated stencils of 100, 300, 500 mm diameter. The thickness of the stencils was

kept uniform at approximately 100 mm. (B) Schematic for patterning ES cells. The PDMS stencil was attached on a collagen-coated glass, and ES

cells were seeded with 0.5 6 106 cells mL21 in 2 mL. Initially, ES cells were seeded in each well as a confluent monolayer. By day 2, the ES cells

proliferated and formed an array of aggregates. When the PDMS stencil was detached, the aggregates remained attached on the collagen-coated

surface. (C) Phase-contrast photomicrographs of patterned ES cell aggregates on day 2.
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based on the average of the product of the intensity. The

background intensity at the outside of each band was read

orthogonally to the direction to the band migration, and was

subtracted from the intensity of the band. Finally, this

subtracted intensity was normalized with respect to the reading

of the brightest band in each gene. This semi-quantitative PCR

has a limitation that the intensity reading is meaningful only

when the RT reaction is not saturated. To address this

limitation, we adjusted the number of cycles ranging from 30

to 35. Also, to make it possible to compare a specific gene

expression level properly, all samples after PCR were migrated

in the same gel.

Results

Germ layer differentiation varies with initial size of aggregate

Using the microfabricated stencil technique as a tool to study

differentiation, we varied the diameter of the holes in the

stencil to investigate the effect of the initial size of the

aggregate on late stages of differentiation of three germ layers.

The diameters of the stencil holes were 100, 300, and 500 mm

(Fig. 1A). The actual sizes of the patterned aggregates after

stencil removal were measured on day 2. Compared to the

hanging drop EBs (SD = ¡ 65.8 mm, N = 8), the patterned

aggregates showed much less variation in size (SD = ¡

15.3 mm, N = 24). In terms of the aggregate size, the 300 mm

diameter aggregates were similar to the EBs made using the

hanging drop technique (Fig. 1C).

To establish baseline conditions of germ layer expression, we

investigated and compared the fate of the ES cells in EBs and

single ES cells plated in a monolayer configuration by using

PCR and immunofluorescence assays to assess germ layer

differentiation. In the EB culture, transcripts for all germ

layers, mesodermal (Fig. 2A), ectodermal (Fig. 3A), and

endodermal (Fig. 4A) genes were present. For the monolayer

condition, transcripts for endoderm and mesoderm were

present, but no transcript for ectoderm was present. This

PCR result was consistent with immunofluorescence image

data, showing that muscle-specific actin (mesoderm) (Fig. 2C),

b-III tubulin (neuroectoderm) (Fig. 3C) and AFP (endoderm)

(Fig. 4C) were positive for EBs. For the monolayer condition,

the immunofluorescence data showed that AFP was expressed

in a significant fraction of the cells, muscle-specific actin was

expressed in small clusters, and b-III tubulin was expressed

very weakly. These results show that EBs and monolayer

cultures were not only morphologically different, but also

different in differentiated lineages.

To measure mesodermal differentiation in the micropat-

terned ES cell aggregates, we measured the presence of major

regulatory transcription factors, Nkx2.5 (cardiac mesoderm),

Foxf1 (mesenchymal mesoderm) and GATA1 (hematopoetic

and endothelial). Foxf1 was not detected in ES cells patterned

in the 100 mm aggregates but was detected in ES cells patterned

in 300 mm and 500 mm aggregates (Fig. 2A, B). This supports

the fact that mesenchymal phenotypes varied with the size of

the aggregate. GATA1 expression was low but similar in the

100 and 300 mm aggregates, while higher in the 500 mm

aggregates, indicating that hemangioblast and/or hematopoie-

tic induction was favored in the larger aggregates. However,

both Foxf1 and GATA1 expressions in the aggregates were

lower than in the monolayer culture (Fig. 2B). Interestingly, a

significant difference was seen in the marker Nkx2.5. This

marker was strongly expressed in the 300 mm case with

decreased expression in the 500 mm case, and was very weakly

expressed in the 100 mm case. Thus, mesenchymal phenotypes

as well as cardiac mesoderm marker Nkx2.5 were favored in

the 300 mm and 500 mm aggregates, while the mesodermal

phenotypes were downregulated in the 100 mm aggregates. For

the immunofluorescence assay, (smooth) muscle-specific actin

was stained and showed a similar trend as Nkx2.5 gene

expression (Fig. 2C). Taken together, these results showed that

mesenchymal and hematopoietic mesoderm were favored in

the monolayer culture and the larger initial aggregate size,

while cardiac mesoderm was favored in the 300 and 500 mm

aggregates.

It has been shown that multiple bHLH genes play a critical

role in the regulation of neural stem cell differentiation.34 In

order to measure neural differentiation, we focused on three

critical transcription factors that represent early neural

commitment and/or early differentiation. For example, it is

known that HES genes regulate maintenance of neural stem

cells, while Ascl1 and Ngn promote neurogenesis.35 Thus we

chose to measure Ascl1, which is a proneural transcription

factor that specifies cortical neurons.35 In addition, we

measured HES genes, and Ngn2, which specifies neural

progenitors with glutaminergic receptors.34 The hanging drop

EBs expressed HES and Ascl1, while Ngn2 was less expressed

(Fig. 3A). For the 100 mm aggregates, HES1 was expressed

positive, while Ngn2 and Ascl1 were less expressed, compared

to the hanging drop EBs, respectively (Fig. 3A, B). At the

intermediate aggregate size of 300 mm, all three markers were

clearly expressed. ES cells in 500 mm aggregates did not express

any neural markers, similar to ES cells cultured in a monolayer

Table 1 Oligonucleotide primers

Marker Description Primer Sequence (59–39)

b-Actin House
Keeping
Gene

L GAGGGAAATCGTGCGTGA
R CCAAGAAGGAAGGCTGGAA

Foxa2 Endoderm L ACACGCCAAACCTCCCTAC
R GGGCACCTTGAGAAAGCA

AFP Endoderm L AACTCTGGCGATGGGTGTT
R AAACTGGAAGGGTGGGACA

Alb Endoderm L CCCTGTTGCTGAGACTTGC
R TGAGGTGCTTTCTGGGTGT

Sox17 Endoderm L ATCCAACCAGCCCACTGA
R TCGGCAACCGTCAAATG

Sox7 Visceral
Endoderm

L GACCAGCCTCATCTCAGTCC
R TTTGACCTCTTGCCAA

Foxf1 Mesoderm L CGTGTGTGATGTGAGGTGAG
R CTCCGTGGCTGGTTTCA

GATA1 Mesoderm L CACCATCAGGTTCCACAGG
R TTGAGGCAGGGTAGAGTGC

Nkx2.5 Mesoderm L CGTCCAACCCACACAAAC
R TTGTCTTCCGCTGTGTCC

Ascl1 Ectoderm L AAC AAACCAGACAGCCAACC
R TGTGACGCTCTT GCTCCA

HES1 Ectoderm L TGGGTCCTAACGCAGTGTC
R GTGAGAAGAGAGAGGTGGGCTA

Ngn2 Ectoderm L GCAGGCAGTTCGTGTGAA
R GCAATGGGAATAGAGCAGATG
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(Fig. 3A, B). An immunofluorescence assay was also

performed for b-III tubulin, which is specific for neuronal

differentiation, which is developed at late stage differentiation.

Accordingly, b-III tubulin showed the strongest expression in

the 300 mm aggregates (Fig. 3C). Taken together, these results

suggest that HES1 progenitors existed in the 100 mm and

300 mm case, but that a fraction of these were more

differentiated into Ascl1+ and Ngn+ populations in the

Fig. 2 Mesoderm differentiation of the patterned aggregates. (A) PCR gel images for mesoderm markers. (B) Quantified relative expression levels

of each gene, based on area and intensity. The product of area 6 intensity, from which the background was subtracted, was normalized to the

maximum value for each gene, (C) Immunofluorescence images of muscle-specific actin. Scale bar = 150 mm.
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300 mm aggregates. In the 500 mm case, it appears that

neuronal differentiation was very limited.

The endoderm gives rise to many lineages, and thus far it has

been the most difficult germ layer to induce and differentiate.36

In this case we chose to expand the endoderm lineage using a

known protocol, initially reported by Hamazaki and Terada.10

The major factors agreed upon include Foxa2 and Sox 1737

which are regulatory transcription factors coexpressed in

definitive endoderm. The visceral endoderm, a derivative of

extraembryonic endoderm, which many times can also be

Fig. 3 Ectoderm differentiation of the patterned aggregates. (A) PCR gel images for ectoderm markers. (B) Quantified relative expression levels of

each gene, based on area and intensity. The product of area 6 intensity, from which the background was subtracted, was normalized to the

maximum value for each gene. (C) Immunofluorescence images of b-III tubulin. Scale bar = 150 mm.
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generated in endoderm differentiation protocols, and also

coexpresses Foxa2 and Sox17, was measured using Sox7

expression.38 We chose to measure the extent of liver

differentiation by measuring Foxa2, AFP and Albumin (Alb)

gene expression, which when coexpressed, signifies activation

of the liver program in vivo.39 When we varied the size of initial

Fig. 4 Endoderm differentiation of the patterned aggregates. (A) PCR gel images for endoderm markers. (B) Quantified relative expression levels

of each gene, based on area and intensity. The product of area 6 intensity, from which the background was subtracted, was normalized to the

maximum value for each gene. (C) Immunofluorescence images of AFP. Scale bar = 150 mm.
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aggregate and measured markers for endoderm, Foxa2 was

positive for all sizes, suggesting that early endoderm-like

progenitors were present (Fig. 4A, B). However, AFP, a

marker for late endodermal and early hepatic expression, was

significantly lower in 100 mm aggregates compared to 300 mm

or 500 mm aggregates, suggesting that these cells had not

undergone endodermal differentiation even by day 20. Alb, a

marker for commitment to the hepatic lineage, was only

expressed in the 300 mm aggregates and not in the 100 mm and

weakly expressed in the 500 mm aggregates. This suggested that

only the 300 mm aggregate promoted hepatic differentiation.

For the immunofluorescence assay, AFP expression was weak

in ES cells cultured in monolayers or 100 mm aggregates, while

strong in 300 and 500 mm aggregates, and hanging drop EBs

(Fig. 4C). These results demonstrated that the extent of

endoderm differentiation varied from the least at 100 mm, to

intermediate at 500 mm, and most at 300 mm, indicating

that there was an optimal aggregate size for endoderm

differentiation.

Micropatterned aggregates demonstrate similar differentiation

kinetics

Screening of the germ layer markers while varying the size of

initial aggregate demonstrated that the size of the micro-

patterned aggregates could contribute to germ layer formation.

To further assess how well micropatterned aggregates differ-

entiated compared to EBs made using the hanging drop

technique, we examined both the kinetics of gene expression as

well as a functional assay. We focused analysis to endoderm

induction and differentiation, using the Hamazaki protocol.10

We also chose the aggregate condition of 300 mm because its

size and gene expression profile closely mimicked those of the

EB. In addition to Foxa2, AFP and Alb which were previously

measured, we also compared Sox 17 which is a regulatory

transcription factor coexpressed in definitive endoderm, and

Sox7 which is expressed in the visceral endoderm.37,38 Gene

expression studies indicated very similar kinetic profiles for the

EB and the 300 mm aggregate. Fig. 5A and B show the gene

expression profiles of endoderm and mesoderm markers on

culture days 10 and 20. As can be seen, transcripts for Foxa2,

Sox17, Sox7, and AFP were expressed in both the EB and the

micropatterned aggregates on day 10. On day 10, Alb was not

expressed in the EB or the micropatterned aggregate condi-

tions. This suggests that both conditions made the same

amount of endoderm progenitor cells. By day 20, there was an

up regulation of Alb in both the EB and the micropatterned

300 mm aggregate conditions. This indicated that the

endoderm had been specified towards liver. Hamazaki and

Terada10 reported that hepatic differentiation was observed

using hanging drop EBs and urea synthesis was detected. We

also examined urea and Alb secreted in medium, which are

specific for hepatocyte-like cells and have been used as

functional markers in hepatocyte studies (Fig. 5C). The EB

and the micropatterned aggregates demonstrated similar

urea function, 6.75 and 6.27 mg mL21 on day 11, 4.45 and

5.86 mg mL21 on day 14, and 5.69 and 5.41 mg mL21 on day 16

of culture, respectively. However, Alb secretion could not be

detected in the EBs or in the micropatterned aggregates,

possibly due to a shorter duration of differentiation or a

different protocol, compared to He et al.17

We also examined Oct-4 expression kinetics in the micro-

fabricated aggregates and the EBs. Oct4 is a regulatory

transcription factor that is a major regulator of pluripotency,

and is down regulated when the ES cells begin to differentiate.

The ES cell line we used to probe Oct4 expression had the GFP

protein knocked in at one allele of the Oct-4 locus. To compare

the Oct4 kinetics, we used three experimental culture condi-

tions, including micropatterned aggregates with 300 mm

diameter, EBs, and monolayer culture. Fig. 5D demonstrates

the conditions on culture day 2 and 10. On day 2, all three

culture conditions contained ES cells expressing Oct4-GFP

(Fig. 5D). In micropatterned aggregates and in the EB

condition, Oct 4 expression was prominent within the

aggregates. In the monolayer condition, single cells retained

Oct4 expression. On day 10, the outgrowths from the

microfabricated aggregates and EB condition no longer

expressed Oct4. The central or ‘‘core’’ ES cells still expressed

Oct4 in the case of micropatterned aggregates and EBs. In the

monolayer, most of the cells did not express Oct-4. These

results indicate that the single cells in the monolayer, which

have less cell–cell contact, differentiated faster, compared to

the micropatterned aggregates or EB cultures. In contrast, the

Oct-4 expression of the micropatterned aggregates was similar

to that of the EB culture.

In summary, the studies of gene expression kinetics and the

functional studies suggest that similar rates of differentiation

occurred in both EBs and the 300 mm aggregates, suggesting

that the ‘‘normal’’ mechanisms of differentiation due to

aggregation were present in the micropatterned 300 mm

aggregates.

Discussion

ES cell differentiation has been known to depend on

many different culture conditions, such as ECM,26 growth

factors,12–14 local oxygen concentration,40–42 and cell–cell

interactions.43,44 Given that ES cells form aggregates during

differentiation, direct physical contact among ES cells in an

aggregate plays an important role in differentiation. These

interactions can be modulated in several ways. By controlling

the size of the ES cell aggregate, we focused on the effects of

initial aggregate size on differentiation. Using hanging drop or

suspension culture methods,11,43 it is not easy to control the

initial size of the aggregates. Our study demonstrated that the

EBs generated in the hanging drop method had a large

variation in size. It has also been shown that the attachment

efficiency of EBs depends on the oxygen concentration which

is also an important differentiation factor.40,42 This poor

control of initial conditions of ES cells makes exact

characterization of differentiation difficult. Instead of forming

EBs in suspension, Konno et al. seeded ES cells directly on a

hydrophobic polymer surface and formed EBs on the sur-

face.20 They found that the size of the EBs depended on the

initial number of the seeded cells. However, it has been

reported that this method of EB formation resulted in

differentiation limited to the neural lineage. We demonstrated

that by using the microfabricated stencils, the initial size of the
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aggregates could be precisely controlled. By controlling the

aggregate size using the microfabricated stencils, we could

easily create aggregates over a 2 day period which is similar to

the time typically reported, using hanging drop technique or

suspension culture. The stencil technique offers increased

ability to control the shape and size of the aggregate.

Using the micropatterning method, we found that the

micropatterned ES cell aggregate with 300 mm diameter, which

was approximately the same size as the hanging drop EB,

showed very similar differentiation profiles to those of the

hanging drop EBs, while the smaller and larger aggregates

showed different differentiation profiles. The 100 mm aggre-

gates showed the stronger expression of ectodermal markers

than the 500 mm aggregates, while the 500 mm aggregates

showed the stronger expression of mesodermal and endoder-

mal markers than the 100 mm aggregates. However, the 300 mm

aggregates showed the strongest markers for all germ layers

compared to the other patterned aggregates, except for

mesenchymal (Foxf1) and hematopoietic (GATA1) mesoder-

mal differentiation which were strongest in the monolayer

culture. There could be several possible explanations for this

phenomenon. As the size of the aggregate changes, the cells

will experience different microenvironments. One mediator for

cell–cell contact for ES cell differentiation is cadherin.

Cadherins comprise a family of Ca2+-dependent cell adhesion

molecules which generally interact with each other

Fig. 5 Comparison of the kinetics of endoderm differentiation in EBs and the 300 mm aggregates. (A) PCR gel images for endoderm markers. (B)

Quantified expression levels. (C) Urea synthesis rates. (D) Oct4-GFP signal intensity was compared among the patterned 300 mm ES cell aggregate,

the hanging drop EB and single ES cells in monolayer on day 2 of culture. Both the 300 mm aggregate and the EB had a GFP+ primitive core at the

center, while single ES cells in the monolayer were mostly GFP- after 10 days of culture. Scale bar = 100 mm.
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homophilically. Larue et al. performed a comparative study of

the effect of E-cadherin on differentiation.45 When injecting

cadherin-/- ES cells into blastocysts to analyze their ability to

participate in the formation of the chimeric embryos, they

found that E-cad-/- ES cells contributed very poorly to

chimera, most likely due to their deficiency in cell adhesion,

indicating that E-cadherin is required for early cell condensa-

tion, which might be a prerequisite for subsequent inductive

events leading to controlled cell patterning and the generation

of differentiated structures. In addition, as ES cells differ-

entiate, E-cadherin expression is downregulated,46 hindering

cell aggregation.47 In our study the single cells in the

monolayer had less contact with neighboring cells, compared

to the cells in the aggregates where E-cadherin is expressed,

possibly inducing different differentiation. Also, when the

initial aggregate size was small, such as 100 mm, the cells in the

aggregates differentiated faster. This fast differentiation is

shown in the monolayer (Fig. 5D). These differentiated cells

may lose E-cadherin expression,46,47 resulting in the differences

seen in differentiation.

While E-cadherin is fixed on the membrane, soluble

factors can diffuse between cells. As the size of the ES cell

aggregate changes, the mass transport rate by diffusion

through the tissue will be different, and the local concentration

of exogenous and autocrine factors as well as metabolites

will be different. For example, when the size of the aggregate

is small, it may be difficult to localize autocrine factors.

This effect can be applied to many molecules, since ES

cells secrete morphogens, FGF, Activins and Wnts, which

form gradients in an aggregate and help promote

specification of specific cell fates at an early stage of

differentiation.37,48,49 In contrast, exogenous factors for

specific differentiation as well as nutrients can be supplied

easily in small aggregates.

Although the aggregate with 300 mm diameter showed

similar differentiation as the EBs, there was a slight difference

between them. Coucouvanis and Martin50 demonstrated that

EB lumen formation occurred as a result of inward apoptosis

signals from visceral endoderm on the outer surface of the EB,

and also showed that an extracellular matrix signal may

provide survival signals for ectodermal cells lining the lumen,

thereby disrupting the patterning during differentiation. That

means that these apoptosis and survival signals can be

disrupted as the initial three-dimensional geometry of the

micropatterned aggregate changes. Visceral endoderm has

been known to form on the surface of suspended EBs. The fate

of the cells attached on the extracellular matrix in the

aggregate was not clear. This fate uncertainty may disturb

the inward apoptosis signal and cause the slight difference in

differentiation seen between the suspended EBs and the 300 mm

diameter aggregates.

One interesting observation is that when the spacing

between the aggregates was small (1.5 mm), the aggregates

interacted. We suspect this interaction may affect cell

differentiation. To study the effect of the aggregate size, we

eliminated this interaction by providing enough spacing (5 mm)

between the aggregates. However, it will be interesting to

study the effect of the aggregate–aggregate interaction on

differentiation.

Conclusion

In this study, we introduced a microfabrication technique to

study ES cell differentiation. With this technique, we

characterized the differentiation of various sizes of micro-

patterned ES cell aggregates. We found that the differentiation

of ES cells depends on the size of the aggregate, and the initial

size is a critical factor controlling late stage differentiation.

Among the various sizes of the micropatterned aggregates, the

300 mm diameter showed a very similar differentiation profile

to the hanging drop EB, without the restriction of certain

lineages which has been observed in other ES cell differentia-

tion methods, that utilize cell attachment to a substrate. This

method can be useful to study ES cell differentiation due to its

ability to precisely control the size of the aggregates.
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