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Abstract

Several studies have demonstrated that 3D culture systems influence human embryonic stem cell 

(hESC) phenotypes and fate choices. However, the effect that these microenvironmental changes 

have on signaling pathways governing hESC behaviors is not well understood. Here, we have used 

a 3D microwell array to investigate differences in activation of developmental pathways between 

2D and 3D cultures of both undifferentiated hESCs and hESCs undergoing initial differentiation in 

embryoid bodies (EBs). We observed increased induction into mesoderm and endoderm and 

differences in expression of genes from multiple signaling pathways that regulate development, 

including Wnt/β-catenin, TGF-β superfamily, Notch and FGF during EB-mediated differentiation, 

in 3D microwells as compared with the 2D substrates. In undifferentiated hESCs, we also 

observed differences in epithelial-mesenchymal transition phenotypes and the TGFβ/BMP 

pathway between cultures in 3D and 2D. These results illustrate that 3D culture influences 

multiple pathways that may regulate the differentiation trajectories of hESCs.

Introduction

Human embryonic stem cells (hESCs) have the potential to differentiate into over 200 

diversely functioning cell types found in the human body1–3. The many processes involved 

in mammalian development, such as survival, self-renewal and differentiation, are regulated 

by the microenvironment, which is the coordinated spatial and temporal presentation of 

molecular, structural, mechanical and hydrodynamic cues4. In order to understand and 

control hESC behavior for downstream applications such as drug screening, tissue 

engineering, and regenerative medicine applications, in vitro studies that provide 

mechanistic understanding of how the physiologically relevant 3D microenvironment 

regulates hESC fates will be necessary.

To this end, various materials-based culture platforms have been engineered to 

systematically study how microenvironmental contributions, such as substrate stiffness, 

extra-cellular matrix (ECM) proteins, scaffolding and mechanical stimuli, affect ESC 

behavior5–10. 3D microwell cell culture platforms have been utilized to modulate cell-cell 

contact, intercellular and autoregulatory signaling that occur in hESCs and during 

differentiation, particularly in embryoid-body (EB) based differentiation11. Some studies 
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have demonstrated that pro-pluripotency autoregulation can be accentuated in various 

configurations of 3D microwell culture12–14. In addition, many studies have demonstrated 

that microwell culture affects differentiation toward multiple cell types including 

hematopoietic lineages15, myeloid and erythroid cells16 and cardiomyocytes17–19.

However, very little is yet known regarding the molecular mechanisms by which 3D 

microwell culture drive the significant differences in cell fate observed. A study by Azarin et 

al. showed that hESCs cultured in microwells exhibited less nuclear β-catenin when 

compared to hESCs cultured on 2D substrates20. However, upon enzymatic removal of 

hESC colonies from microwells and EB differentiation, significantly higher canonical Wnt 

signaling was observed in EBs made from microwell-cultured hESCs. The cells that 

demonstrated higher levels of Wnt signaling activity exhibited greater expression of genes 

associated with the primitive streak, mesoderm and cardiac lineage. In another study by 

Hwang et al, EBs derived from murine ESCs cultured in microwell sizes that favored 

cardiogenesis over endothelial cell differentiation expressed non-canonical Wnt11 at a 

greater level than Wnt5a21. Upon siRNA knock down of Wnt5a, endothelial vessel 

sprouting was ablated while cardiac markers became highly expressed. Exogenous Wnt5a 

addition increased the expression of endothelial markers and the sprouting of endothelial 

vessel structures, though with no significant change to cardiac markers. Finally, a study by 

Bauwens et al described a cellular mechanism by which microwell-derived EBs of different 

sizes influenced differentiation potential22. They posited that EB size specified the outer 

surface area-to-volume ratio, which determined the amount of cardiac-promoting extra-

embryonic endoderm cells in the EB, thus promoting cardiomyogenesis. Much has yet to be 

identified regarding the milieu of molecular mechanism by which morphology of ESC 

colonies regulates developmental signaling pathways and affects lineage commitment.

Therefore, using a microwell system previously established in our lab13, we sought to 

identify major signaling pathways modulated by 3D microwell culture of hESCs in the 

undifferentiated state and also during subsequent EB differentiation. In undifferentiated 

hESCs cultured in 3D versus 2D, we observed differences in epithelial-mesenchymal 

transition (EMT) and the TGFβ/BMP pathway. However, comparing 3D EB-mediated 

differentiation of aggregated hESCs cultured from 3D microwells versus 2D substrates, we 

observed increased induction into mesoderm and endoderm, and differences in expression of 

genes from multiple signaling pathways that regulate development, including Wnt/β-catenin, 

TGF-β superfamily, Notch and FGF.

Materials & Methods

Microwell fabrication

Microwells were prepared in three major steps as previously described13. First, silicon 

master molds with desired microwell patterns were made using hard lithography techniques. 

The cuboidal microwells had lateral dimensions of 300 µm and a depth of 120 µm. These 

master molds were fluorinated with (tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane 

vapor to passivate the surface and minimize fouling. Second, via soft-lithography, 

polydimethylsiloxane (PDMS) stamps were formed with the inverted pattern from the 

silicon masters. Finally, these PDMS stamps were elevated over glass microscope slides 
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with 250 µm spacers. In the space between, polyurethane prepolymer was fed, distributed 

via capillary action and crosslinked under UV light yielding patterned microwells.

Preparation of microwells for cell seeding

On the areas surrounding the wells, microwells were coated with an 80 Å titanium layer 

followed by a 200 Å gold layer via e-beam evaporation. After sterilization with UV and 

100% ethanol, microwell slides were immersed in tri(ethylene glycol)-terminated (EG3) 

alkanethiol self-assembling monolayer (SAM) solution overnight. This SAM functionalized 

only on the surfaces coated with gold while the EG3 functional group prevented protein 

adsorption and subsequent cell attachment. Thus, of the approximate 250 mm2 total surface 

area of the microwell array, about 45 mm2 are available for protein adsorption. After 

washing in ethanol, functionalized microwells were coated with growth factor reduced 

Matrigel for at least 1 hour at 37°C. To seed the microwells, cells were singularized via 

Accutase (Innovative Cell Technologies), resuspended in CM/F+ at 1×106 cells/100 µL/

microwell slide, and aliquoted to the top of each microwell array. The cell solution was 

maintained on top of arrays for at least 15 min to allow cells to settle into microwells before 

adding 2 ml/well of CM/F+. A flowchart of microwell fabrication and cell seeding is 

represented in Fig 1.

hESC culture and embryoid body differentiation

H9 hESCs were cultured on tissue culture polystyrene (TCPS) coated with growth factor 

reduced Matrigel (BD Bioscience) for at least 1 hour at 37°C. Unconditioned medium 

(UM/F−) composed of DMEM/F12 culture medium (Invitrogen) containing 20% KnockOut 

Serum Replacer (Invitrogen), 0.1 mM MEM non-essential amino acids (Invitrogen), 1 mM 

L-glutamine (Invitrogen), and 0.1 mM β-mercaptoethanol (Sigma) was conditioned on 

irradiated mouse embryonic fibroblasts (MEFs) for 24 hours and supplemented with 4 

ng/mL bFGF (Invitrogen), which resulted in the culture medium CM/F+.

For embryoid body differentiation studies, hESCs were cultured on TCPS or in microwells 

for 6 days in CM/F+. To initiate differentiation, colonies were detached from the Matrigel 

matrix at day 6 of culture using 1 mg/mL dispase (Invitrogen) and placed in suspension in 

UM/F− in Corning 3741 ultra-low attachment plates. Following 24 hours in UM/F−, the 

EBs were maintained in suspension for 4 more days in EB20 medium: DMEME/F12 

containing 20% fetal bovine serum (Invitrogen), 0.1 mM non-essential amino acids, 1 mM 

L-glutamine and 0.1 mM β-mercaptoethanol.

RT-PCR and Quantitative RT-PCR

For RNA extraction, cells were dissociated with Versene (Invitrogen), Accutase (Innovative 

Cell Technologies), TrypLE (Invitrogen) or 0.25% Trypsin-EDTA (Invitrogen). Total RNA 

was extracted using an RNeasy MiniKit (Qiagen) according to the manufacturer’s 

instructions. And treated with DNase I (Invitrogen). cDNA was generated from 1 µg of 

RNA using Omniscript reverse transcriptase (Qiagen) and Oligo-dT(20) primers 

(Invitrogen). End-point PCR was performed with GoTaq Green Master Mix (Promega) and 

then subjected to 2% agarose gel electrophoresis and imaged using ethidium bromide. 

Amplicon band intensity was semi-quantified using ImageJ with GAPDH and ACTB used as 
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endogenous controls. Quantitative RT-PCR (qPCR) was performed using iQ SYBR Green 

Supermix (Bio-Rad) on an iCycler (Bio-Rad).

Western Blot Analysis

Cells were lysed in M-PER Mammalian Protein Extraction Reagent (Pierce) in the presence 

of Halt Protease and Phosphatase Inhibitor Cocktail (Pierce). Proteins were separated by 

10% Tris-Glycine SDS-PAGE under denaturing conditions and transferred to a 

nitrocellulose membrane. After blocking with 5% BSA or Milk in TBS + 0.1% Tween-20, 

the membrane was labeled with primary antibody overnight at 4°C. The membrane was then 

washed and incubated with a horse-radish peroxidase-conjugated secondary antibody for 1 

hour at room temperature or overnight at 4°C. Protein levels were detected via a SuperSignal 

West Pico Chemiluminescent Substrate (Pierce). Equal protein loading was confirmed via β-

Actin and GAPDH levels. Band intensity was quantified using Image Lab Software (BIO-

RAD).

Flow Cytometry

Cells were dissociated into single cells and then fixed with 1% paraformaldehyde for >20 

minutes at room temperature and permeabilized in ice-cold 90% methanol for at least 30 

minutes. Primary antibodies were incubated overnight in PBS plus 0.1% Triton X-100 and 

0.5% BSA. Data were collected on a FACS Caliber flow cytometer (Beckton Dickinson) 

and analyzed using FlowJo.

Statistics

Data are presented as mean ± standard deviation (SD) and p-values were determined using 

an unpaired Student’s t-test.

Results

Microwell culture increased induction into mesendoderm in embryoid bodies

As previously demonstrated18, the differentiation of hESCs into cardiomyocytes can be 

enhanced by culturing the hESCs in 3D microwells system prior to inducing differentiation 

in embryoid bodies. Differentiation to functional, contracting cardiomyocytes did not occur 

until at least 9 days after hESC colony removal from microwell culture. However, since the 

direct effects from microwell culture end upon EB formation, we expect to observe 

differences in differentiation trajectory at much earlier developmental stages, including exit 

from pluripotency and germ lineage specification. The earliest steps in cardiogenesis involve 

the induction of pluripotent hESCs into mesendoderm and precardiac mesoderm, which are 

specified during gastrulation in vivo.

To ascertain whether microwell culture influences induction into mesendoderm during early 

EB differentiation, hESCs were seeded into Matrigel-coated, 3D microwells. The protein-

resistant SAM prevented cell attachment on all but the bottom of the microwells. hESCs 

were also seeded onto Matrigel-coated TCPS as a control representing traditional 2D culture 

of ESCs. After 6 days of culture in CM/F+, hESCs were enzymatically removed and 

cultured in suspension to form EBs. Cells were harvested for PCR, flow cytometry and/or 
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Western Blot analysis immediately prior to suspension culture and after selected number of 

days in suspension culture. A schematic representation of the general experimental plan is 

shown in Fig 2.

The expression of POU5F1 (Oct4) decreased at similar rates in EBs made from hESCs 

cultured on 2D TCPS and in 3D microwells, though the EBs from microwell-cultured 

hESCs continued to express more POU5F1 through day 4 of EB formation (Fig 3A). The 

percentage of Oct4 positive cells was nearly zero by the seventh day of EB formation from 

both 2D TCPS and 3D microwell culture, though EBs from microwell cultured hESCs 

exhibited a higher percent of Oct4 positive cells at day 4 of EB formation (Fig 3B).

We observed significant differences in expression of the transcription factors that control 

induction into the germ layers associated with cardiogenesis. The expression of SOX17, a 

marker of embryonic definitive endoderm, was detected by the third day of formation of 

EBs from microwell-cultured hESCs, which was about a day before detection of SOX17 in 

EBs made from 2D cultured hESCs. SOX17 expression continued to rise through the fourth 

day of EB differentiation (Fig 3C). This correlated with a higher percentage of cells 

expressing Sox17 protein in the EBs from microwell-cultured hESCs as compared to EBs 

made from 2D culture (Fig 3D). Importantly, there was a strong peak in expression of T 

gene (Brachyury), which encodes a transcription factor that controls mesendoderm induction 

early after loss of pluripotency23, at days 3 and 4 in EBs made from microwell-cultured 

hESCs, but no such peak in T expression in EBs made from hESCs cultured on 2D TCPS 

(Fig 3E). A similar peak at days 3 and 4 was observed in the expression of additional 

mesendoderm markers GSC24 and MIXL125 (Fig 4). A corresponding peak in the expression 

of Brachyury protein was also observed at day 3 (Fig 3F). This profile suggests EBs from 

hESC-cultured microwells favor mesendoderm lineages.

Though the enhancement in definitive cardiomyocyte specification from microwell culture 

was not observed until 1.5 weeks after the start of EB differentiation via functional beating 

or flow cytometry for cardiomyocyte markers18, the earliest markers of mesendoderm 

specification, an event in cardiac development, were observed as early as 3 days after EB 

formation. Thus, microwell culture influences the differentiation trajectory that correlate 

with the differences in cardiomyocyte differentiation observed at later times.

Differences in gene expression of multiple signaling pathways in EBs from microwell and 
2D culture

In order to broaden our understanding of the potential differences that occur during the 

differentiation of EBs made from hESCs grown in 3D microwells or on 2D TCPS, 

expression of genes related to signaling pathways and cellular transitions involved in hESC 

differentiation was surveyed. These include the Wnt/β-catenin pathway, TGF-β superfamily, 

Notch pathway, FGF signaling and epithelial-to-mesenchymal transition (EMT). Though 

this analysis was not comprehensive, it illustrated major differences in signaling pathway 

gene expression in hESCs cultured in 2D and 3D when subjected to differentiation in EBs.

In order to identify differences in gene expression in EBs, hESCs were seeded into Matrigel-

coated microwells or on 2D plates as previously described. After 6 days of expansion, 
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hESCs were enzymatically removed and cultured in suspension to form EBs. Cells were 

harvested for RNA purification and RT-PCR immediately prior to suspension culture and 

every day for 5 days. The amplified products were run on an agarose gel and the intensities 

were quantified to the intensities of housekeeping genes GAPDH and ACTB. Finally, the 

quantified intensities of each gene were standardized in Matlab across each of the biological 

samples and are presented as a heatmap (Fig 4).

As expected, there was a strong upregulation of genes associated with the mesendoderm 

lineage and early cardiogenesis, including ISL1, GATA4 and NKX2-5, at day 3 of 

differentiation in EBs formed from microwell-cultured hESCs. Moreover, there was also an 

upregulation of the genes responsive to Wnt signaling, such as WNT3A, WNT8A and LEF1, 

at day 3 of differentiation in EBs formed from microwell-cultured hESCs. These two trends 

had very similar expression profiles. Interestingly, some target genes of Wnt signaling, 

including DKK1 and BCL9, were upregulated in EBs from microwell-cultured hESCs even 

before the third day of differentiation.

Genes associated with the Notch pathway, FGF pathway and TGF-β superfamily were also 

generally upregulated in EBs derived from microwell-cultured hESCs. Genes in the Notch 

pathway such as NOTCH1 and DELTA1 were upregulated in EBs made from microwell-

cultured hESCs by day 3 of differentiation, while NOTCH3 was upregulated throughout 

differentiation. Similarly, FGF2 and FGF8, genes in the FGF pathway, were upregulated in 

EBs from microwell-cultured hESCs by the first day of differentiation. Representative genes 

from the TGF-β superfamily, such as BMP2, BMP7, NOGGIN and NODAL, were also 

upregulated in EBs from microwell-cultured hESCs when compared to those from TCPS-

cultured hESCs.

Differences in EMT phenotypes and TGFβ/BMP pathway activation in hESCs in 3D and 2D 
culture

While a general upregulation of Wnt, FGF, TGFβ and Notch family genes was observed 

during EB-based differentiation of hESCs cultured in microwells, there was also modular 

expression of some developmentally important signaling pathway genes between 

undifferentiated hESCs cultured in 3D microwells or on 2D TCPS. Such differences 

included genes related to epithelial and mesenchymal phenotypes and members of the 

TGFβ/BMP signaling pathway. Thus, differences in gene expression were supplemented 

with analysis of protein expression and activation.

To study differences in phenotypes of undifferentiated hESCs, cells were seeded into 

Matrigel-coated 3D microwells or 2D TCPS substrates. After 3 or 6 days of culture in CM/F

+, hESCs were harvested for PCR, flow cytometry and/or western blot analysis.

First, cells cultured in microwells exhibited reduced expression of markers associated with 

mesenchymal-like cells and the epithelial-mesenchymal transition (EMT), such as FN and 

CDH2 (Fig 5A). Conversely, a marker of epithelial-like cells, CDH1, was slightly 

upregulated. This trend suggests that the cells cultured in microwells exhibit a more 

epithelial phenotype, possibly due to increased cell-cell contact from neighboring cells in 3D 

culture. CDH1 encodes for E-cadherin, the protein necessary for the establishment and 
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maintenance of cell-cell contact in adherens junctions. Thus, by measuring the amount of E-

cadherin per cell, the degree of functional cell-cell contact per cell can also be determined. 

Therefore, the intensity of E-cadherin expression per cell was quantified using flow 

cytometry. The average fluorescence intensity of E-cadherin per cell was ~50% greater in 

cells cultured in 3D microwells than cells cultured on 2D TCPS (Fig 5B). The elevated 

expression of E-cadherin in hESCs cultured in microwells vs. TCPS was confirmed via 

western blot analysis (Fig 5C).

Another developmental signaling pathway regulated by microwell culture is the TGF-β 

superfamily. While the TGF-β superfamily interactome is extensive, most signaling channels 

through the Smad family of intracellular transcriptional mediators. In the Smad family, 

receptor-regulated Smads (R-Smads) are phosphorylated by receptor kinases that respond to 

specific TGF-β superfamily ligands26. For example, Smad2 and 3 are phosphorylated by 

TGFβ/Activin/Nodal receptors and Smad1, 5 and 8 are phosphorylated by BMP receptors. 

Once phosphorylated, these R-Smads complex with a single co-Smad, Smad4, and 

translocate into the nucleus to regulate gene expression. Thus, R-Smad phosphorylation can 

serve as an indicator of TGFβ/Activin/Nodal or BMP signaling.

NODAL and GDF11, genes related to TGFβ/Activin/Nodal signaling,, exhibited reduced 

expression in hESCs in microwells as compared hESCs on TCPS (Fig 6A). To determine 

whether the downregulation in expression of these genes correlated with less Smad2 

signaling, the protein level of phosphorylated Smad2 was measured via western blot. The 

relative protein level of phosphorylated Smad2 to β-actin was found to be lower in hESCs 

cultured in microwells as compared to those on a 2D substrate (Fig 6B). Together, the gene 

expression and phosphorylated Smad2/3 levels suggest that the cells cultured in 3D 

microwells compared to 2D surfaces may transduce less signaling through the TGFβ/

Activin/Nodal pathway.

The expression of genes associated with the BMP branch of the TGF-β superfamily did not 

provide clear evidence of activation or repression in 3D vs. 2D culture (Fig 6C). In hESCs 

cultured in microwells, there was greater expression of some BMP ligands, such as BMP2 

and BMP4 and less expression of other BMP ligands, such as BMP7. The expression of the 

BMP ligand inhibitor NOGGIN was upregulated in microwells, but expression of the 

inhibitor CHRD1 was diminished. However, the cells in microwells exhibited a greater ratio 

of phosphorylated Smad 1/5 than those in 2D culture (Fig 6D), suggesting elevated BMP 

associated Smad signal transduction in 3D compared to 2D.

Discussion

In this study, we utilized a microwell system to observe how major signaling pathways in 

hESCs are affected by culturing within a 3D microenvironment while in the undifferentiated 

state and also during subsequent EB differentiation. Based upon previous work18,20, we 

hypothesized that the gene targets of the canonical Wnt signaling pathway would be 

upregulated in the EBs made from microwells. Moreover, we hypothesized that many of the 

markers for the earliest stages of cardiogenesis would also be upregulated in the EBs made 

from microwells. Not only did we see an upregulation of multiple direct gene targets of 
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canonical Wnt signaling, we also observed a corresponding upregulation in mesendoderm 

genes (T, GSC, MIXL1, SOX17) and early cardiac mesoderm genes (ISL1, NKX2-5). 

Moreover, we observed a higher percentage of Brachyury and Sox17-expressing cells in 

EBs formed from microwells. Sox17, an endodermal transcription factor, has been shown to 

be indispensable for cardiac myogenesis27. The T gene that encodes Brachyury is a direct 

gene target of Wnt signaling in ESCs28. Furthermore, our group has also demonstrated that 

by modulating the Wnt signaling pathway alone, a high yield and purity of cardiomyocytes 

can be generated from ESCs29,30. Thus, information garnered from the study of the effects 

from 3D culture is pertinent to understanding the signaling pathways important during 

cardiogenesis.

Several studies have demonstrated that the proper balance and timing of TGFβ/Activin/

Nodal and BMP signaling can induce cardiogenesis in hESCs in vitro31–34. Moreover, these 

pathways are known to regulate gastrulation, primitive streak formation and mesendoderm 

specification35. Accordingly, our gene expression data demonstrate that TGFβ signaling 

pathways are influenced by 3D culture prior the start of differentiation and upregulated 

during EB differentiation of microwell-cultured hESCs. Activin/Nodal and BMP signaling is 

induced by activating Wnt pathway via GSK3β-inhibitors during directed cardiomyocyte 

differentiation29. However, during EB based differentiation from microwell-cultured hESCs, 

it is unclear how the interplay and crosstalk between these developmental signaling 

pathways operates. Also of note, immediately after differentiation began, we noticed an 

upregulation in FGF-related genes such as FGF4 and FGF8. FGF4 synergizes with BMP 

signaling to induce cardiogenesis36 and both FGF4 and 8 are known to be essential during 

primitive streak establishment and mesoderm formation37.

Interestingly, genes associated with the Notch pathway were upregulated in EBs made from 

microwell-cultured hESCs compared to TCPS-cultured hESCs. In prior ESC differentiation 

studies, activation of the Notch pathway during early differentiation was associated with 

neural commitment38,39 and is not believed to directly specify cardiac mesoderm during 

early stages of mesoderm formation in the primitive streak40. However, the context of Notch 

signaling may direct hESCs to alternative fates, such as early endocardium specification, 

which then provides coordinating cues to the developing cardiac tissue via lateral 

inhibition41. Alternatively, microwell culture may encourage differentiation down multiple 

lineages or promote the activation of juxtacrine signaling due to increased cell-cell contact. 

However, the heterogeneity of EB-based differentiation makes studying which signaling 

pathways are most important in directing any specific cell fate difficult. Batch-to-batch 

variability exists among experiments and the composition of individual EBs within any 

single experiment is variable. The population-level overview of gene expression presented 

here highlights the fact that there are substantial differences in the signaling and 

differentiation trajectories between EBs made from hESCs cultured in 3D microwells and on 

2D TCPS. The clearest difference was that genes associated with primitive streak, 

mesendoderm and cardiac differentiation were upregulated in microwell-cultured hESCs and 

the resulting EBs.

These differences between EBs generated from 2D substrates and 3D microwells were likely 

influenced by the effects of 3D culture and also the tighter control over EB size distribution 
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that microwells confer. A previous study demonstrated that that the distribution of EB 

diameters generated from microwells could be described by Gaussian distributions tightly 

centered at the dimensions of the microwell confinement18. In contrast, since hESC colony 

size was not constrained in 2D culture, EBs derived from hESCs cultured on 2D substrates 

were more broadly size distributed and not well described by a simple Gaussian distribution. 

Studies utilizing both mouse and human ESCs that were aggregated into EBs within 

different sized microwells have also indicated that EBs formed from microwell culture can 

affect lineage progression. Park et al. reported higher expression of ectoderm-associated 

genes and proteins in EBs made in smaller microwells (100 µm), while the EBs from larger 

microwells favored mesoderm and endoderm gene expression (500 µm)42. Nguyen et al. 

observed that EBs made from microwells around 100 µm preferentially upregulated 

endoderm and ectoderm markers when compared to EBs from smaller microwells43. 

Bauwens et al. controlled EB size by changing hESC colony size in 2D using circular 

extracellular matrix islands of varying diameters44. Their results indicated that aggregate 

size alone can play an important role in differentiation trajectories. Our recent study and 

others have also demonstrated that controlling EB size by changing 3D microwell 

confinement dimensions influences cardiac differentiation18,22. However, the entire 

influence of 3D culture cannot be restricted to the effects of EB size distribution control. 

Mohr et al. generated EBs from 3D microwells of dimensions ranging from 100 to 500 µm, 

which spans the range of EB sizes generated from unconstrained 2D culture18. In terms of 

cardiomyocyte differentiation efficiency quantified via flow cytometry and PCR for 

cardiomyocyte markers and % beating EBs for functioning cardiomyocytes, EBs generated 

from all microwell sizes outperformed those from 2D culture. These data suggest that the 

size differences in EBs generated from 2D substrates and 3D microwell culture cannot 

entirely account for the observed differences in cell signaling and differentiation fates.

In addition to observing substantial differences in gene expression during EB differentiation, 

we detected multiple molecular differences in undifferentiated hESCs cultured in 3D and 2D 

platforms. Culturing hESCs in a 3D microenvironment increased functional cell-cell contact 

and modulated developmental signaling pathways including TGFβ/Activin/Nodal and BMP 

signaling, and Wnt/β-catenin signaling. We observed that hESCs cultured in microwells, as 

compared to 2D, exhibited a lower ratio of phosphorylated Smad2 and a higher ratio of 

phosphorylated Smad1/5. This suggests less Smad signal transduction through the TGFβ/

Activin/Nodal branch and more through the BMP branch. In hESCs, TGFβ/Activin/Nodal 

regulates pluripotency while BMP signaling induces differentiation46,47. While this may 

suggest that hESCs cultured in microwells may be more primed for differentiation than 

those on 2D, the percentage of Oct4 positive cells remained the same, as indicated in Fig 3B. 

Importantly, the BMP antagonist NOGGIN was more highly expressed in microwell-

cultured hESCs. Noggin cooperates with Fgf2 to maintain pluripotency by inhibiting BMP 

signaling in hESCs48. In addition, we demonstrated that the amount of E-cadherin per cell 

was significantly higher in hESCs from microwells than from 2D. This trend was further 

expounded upon in a study by Azarin et al20, which demonstrated that the E-cadherin 

surface density was 5-fold higher in cells cultured in microwells. Moreover, Azarin et al 

demonstrated that changing the dimensions of the 3D microwells can modulate E-cadherin 

expression, further suggesting a link between the 3D culture conditions and molecular 

Hsiao et al. Page 9

AIChE J. Author manuscript; available in PMC 2014 December 08.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



changes like cell-cell contact. In a separate study, Nakazawa et al. also linked the expression 

level of E-cadherin in mouse ESCs to microwell dimension49. E-cadherin has been shown to 

function as both a regulator of pluripotent signaling pathways as well as improve hESC 

derivation50,51. Thus, the changes in other major signaling pathways, such as TGFβ/BMP 

and Wnt, may at least in part result from the increased cell-cell contact in the 3D microwell 

culture to change the hESC cellular context. This may serve as a means to bias the cells 

towards the mesendoderm lineages during differentiation. Nonetheless, it is intriguing that 

by simply culturing hESCs in a 3D microenvironment without additional changes to media 

or ECM, multiple pathways can be affected.

Furthermore, it is still unclear by what specific mechanisms these differences arise. The 3D 

microenvironment can influence not only cell-cell contact but also cell-ECM contact, 

mechanical interactions between cells, cytoskeletal tension, and cell morphology. Due to the 

many changes a cell can experience when cultured in 3D, it is reasonable that multiple 

mechanisms synergize to produce the range of molecular and signaling differences 

observed. However, it is also possible that one primary pathway is responsible for regulating 

the molecular differences observed during 3D culture and directly activates other pathways.

The collective data from this study illustrate that 2D and 3D culture of hESC leads to 

distinct developmental signaling early in differentiation and may potentially provide 

molecular targets for studying pathways by which the 3D microenvironment tranduces 

signals that prime hESCs for differentiation and influence desired differentiation outcomes. 

Not only may these molecular targets be exploited to engineer cell fate decisions in 2D 

differentiation processes, understanding how microenvironmental contributions from the 

intercellular and autoregulatory signaling that occur in 3D culture of hESCs and their 

derivatives can aid in the transition to 3D downstream applications, such as tissue 

engineering and regenerative medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of 3D microwell design, manufacturing and preparation for cell culture. Silicon 

master molds were fabricated via hard lithography. The master molds were passivated in 

order to pattern PDMS stamps. The reusable stamps were then elevated over glass slides 

with spacers. Polyurethane pre-polymer filled the space and was UV-crosslinked to form 

polyurethane microwells. E-beam evaporation was then used to coat the areas outside of the 

wells with a thin layer of gold. Finally, a tri(ethylene glycol)-terminated alkanethiol self-

assembled monolayer (EG3) was assembled on the gold surface. This confers protein 
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resistance on all but the bottom of the microwells. Cells were seeded into the microwells and 

allowed to grow for 6 days before enzymatic detachment and EB formation to initiate 

differentiation. The phase contrast inset shows suspended cell aggregates immediately after 

microwell colonies were detached.
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Figure 2. 
Schematic representation of the experimental plan. Undifferentiated hESCs were cultured 

either on 2D TCPS or in 3D microwells. After 6 days in culture as undifferentiated cells, 

colonies were enzymatically detached and placed in suspension to initiate EB formation and 

differentiation. EBs were collected immediately after removal from the substrate and every 

24 hours following for data analysis to compare differences between EBs generated from 2D 

and 3D microwell culture of undifferentiated hESCs.
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Figure 3. 
(A) RT-PCR quantification of POU5F1 expression in EBs 0–5 days after formation from 

hESCs cultured on Matrigel-coated TCPS (2D, light) and 3D microwells (dark) relative to 

expression of GAPDH and ACTB. (B) Flow cytometry for percentage Oct4-positive cells of 

EBs days 0, 1, 4 and 7 after formation. (C) RT-PCR quantification of SOX17 expression, 

relative to expression of GAPDH and ACTB, in EBs 0–5 days after formation from hESCs 

cultured on either 2D TCPS or in 3D microwells. (D) Flow cytometry for percentage Sox17-

positive cells in EBs days 0, 1, 4 and 7 after formation. (E) RT-PCR quantification of T 
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expression in EBs days 0–5 after formation from hESCs cultured on either 2D TCPS or in 

3D microwells. (F) A representative western blot of Brachyury in EBs from hESCs cultured 

from either 2D TCPS or 3D microwells is shown with quantification of western blot 

intensities of Brachyury relative to housekeeping β-actin. (• indicates p<0.05 compared to 

Day 0, •• indicated p<0.05 compared to same-day 2D control)
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Figure 4. 
Gene expression heat maps in EBs from 2D TCPS-cultured hESCs and 3D microwell-

cultured hESCs. RT-PCR quantification of gene expression, relative to GAPDH and ACTB, 

in EBs 0–5 days after formation from hESCs cultured on 2D TCPS or in 3D microwells. 

RT-PCR analysis of pluripotent, mesendoderm, pre-cardiac, FGF pathway, Wnt pathway, 

Notch pathway, Hippo pathway and TGFβ/BMP pathway was performed. Values along each 

row (representing a single gene) were normalized so that the mean equals 0 and the standard 

deviation equals 1. Lighter shades of gray indicate higher (>0) expression and darker shades 

of gray indicate lower (<0) expression.
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Figure 5. 
(A) Quantification of representative EMT-related gene expression agarose gel bands, 

relative to GAPDH and ACTB, in undifferentiated hESCs cultured for 6 days on 2D TCPS 

(light) and in 3D microwells (dark) (B) Average intensity of E-cadherin fluorescence per 

cell, determined by flow cytometry, in undifferentiated hESCs cultured on 2D TCPS and in 

3D microwells. (C) Quantification of western blot intensities of E-cadherin relative to β-

actin in biological replicates of hESCs cultured for 6 days on 2D TCPS or in 3D microwells. 

Sample western blots representative of data are shown (• indicates p<0.05 compared to 

same-day 2D control)
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Figure 6. 
(A) Quantification of representative TGFβ/Activin/Nodal pathway gene expression agarose 

gel bands, normalized to GAPDH and ACTB expression in undifferentiated hESCs cultured 

for 6 days on 2D TCPS (light) or in 3D microwells (dark) (B) Quantification of western blot 

intensities of phosphorylated Smad2 normalized to β-actin in biological triplicates of protein 

extracts obtained from undifferentiated hESCs cultured for 6 days on 2D TCPS or in 3D 

microwells. Quantification of intensities was normalized to 2D samples. (C) Quantification 

of representative BMP pathway gene expression agarose gel bands, relative to GAPDH and 

ACTB, in undifferentiated hESCs cultured for 6 days on 2D TCPS (light) and in 3D 

microwells (dark) (D) Quantification of western blot intensities of phosphorylated Smad1/5 

normalized to β-actin in biological triplicates of protein extracts obtained from 

undifferentiated hESCs cultured for 6 days on 2D TCPS or in 3D microwells. Quantification 

of intensities was normalized to 2D samples. (E) Sample western blots representative of data 

in panels (B) and (D).
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