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Human embryonic stem cells (hESCs) require specific niches for adhesion, expansion, and lineage-specific
differentiation. In this study, we showed that a membrane substrate offers better tissue niches for hESC at-
tachment, spreading, proliferation, and differentiation. The cell doubling time was shortened from 46.3 – 5.7 h for
hESCs grown on solid substrates to 25.6 – 2.6 h for those on polyester (PE) membrane substrates with pore size of
0.4 mm. In addition, we observed an increase of approximately five- to ninefold of definitive endoderm marker
gene expression in hESCs differentiated on PE or polyethylene terephthalate membrane substrates. Global gene
expression analysis revealed upregulated expressions of a number of extracellular matrix and cell adhesion
molecules in hESCs grown on membrane substrates. Further, an enhanced nuclear translocation of b-catenin was
detected in these cells. These observations suggested the augmentation of Wnt signaling in hESCs grown on
membrane substrates. These results also demonstrated that a membrane substrate can offer better physico-
chemical cues for enhancing in vitro hESC attachment, proliferation, and differentiation.

Introduction

Human embryonic stem cells (hESCs) are extremely
valuable for many clinical applications owing to their

capability of self-renewal and multilineage differentiation.
However, the use of hESCs for cell replacement therapy has
been very challenging so far partly due to the scarcity of
knowledge about in vitro lineage-specific differentiation
of hESCs. In vivo cells rely upon at least three interactions:
cell–cell, cell–extracellular matrix (ECM), and cell–growth
factors/signaling molecules to function within tissues. So-
luble and insoluble signaling molecules combined with
physiochemical factors constitute a tissue niche that offers
optimal control and regulation of biological stimulations to
instruct cell differentiation toward specific lineages. Ideally,
an in vitro hESC differentiation system should mimic these
in vivo environments that allow the orchestration of multiple
signaling pathways for directing hESC lineage specification.

Several molecular mechanisms underlying cell response to
surrounding environments have been identified to date. It
has been demonstrated that cells sense environmental factors
and signals mainly through cell–matrix and cell–cell inter-
actions. For instance, cells grown on a substrate detect a
mechanical signal using a set of molecules at their subcellular
sites, such as focal adhesions. In these regions, a super family
of transmembrane proteins, that is, integrins, plays a central
role in transducing a mechanical signal into a biochemical

signal, leading to the alternation of cell fates.1 Integrins act as
mechanosensors to detect a variety of mechanical signals.2,3

Their cytoplasmic domains interact with talin, a-actinin,
filamin, tesin, and other focal adhesion proteins to stabilize
or destabilize the focal adhesions,1,4–6 resulting in the re-
modeling of microfilament and microtubule networks, and
subsequently altering the gene expression. The signal trans-
duction events involve several types of enzymes, including
protein tyrosine kinase, protein tyrosine phosphatase, and
serine-theronine kinase.1,7–9 A body of evidence suggests
that mechanical stimulations occur at either adhesion sites or
the extracellular subunits of integrins.10,11 Thus, the adhesion
sites, that is, the interface between cell and substrates, are
critical to the regulation and control of physiochemical sig-
nals. Clearly, the adhesion sites are influenced by the topo-
graphical structure of a substrate, including elements such as
porosity and network structure of membrane substrates.
There is ample evidence that the contact between cells and
a substrate provides guidance for cells to attach, spread,
proliferate, migrate, and differentiate on the surface. The
contact-mediated guidance can alter cell focal adhesions,
cytoskeletal architecture, nuclear shape, and nuclear orien-
tation, thereby regulating cell signaling pathways and af-
fecting cell morphology,12,13 adhesion,14 proliferation,15

motility,16 and differentiation.17

Extensive studies have been conducted to characterize the
effect of topographical cues on cell behaviors. These studies
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have revealed many details on how surface-induced topo-
graphical stimulations affect stem cell behaviors. For in-
stance, a nanostructured surface has been found to be able to
significantly enhance osteogenesis of human mesenchymal
stem cells (hMSCs).18 These nanostructured surfaces are
fabricated by dispensing prepolymer polyurethane acrylate
on a supporting polyethylene terephthalate (PET) film,
forming surface conformal contacts with cells. Studies on
other stem cells/progenitors, including retinal progenitors,19

human umbilical cord blood hematopoietic progenitors,20

osteoblasts,21–24 neural cells,25,26 and hESCs,27,28 all showed
similar results. Further studies indicate that surface-induced
topographical stimulation influences not only the differenti-
ation efficiency, but also the lineage specification.29 For ex-
ample, the study of hMSC differentiation on microcontact-
printed surface revealed that cells on the periphery of the
pattern sense the edge, affecting the net differentiation of
cells on the interior.30,31 Another study on testing hMSC
differentiation on stress gradients suggested that cells that
attach to a high-stress region differentiate into osteoblasts,
whereas those grown in a low-stress region differentiate into
adipocytes.32 All these observations strongly suggest that the
topographical structure of a substrate can remarkably influ-
ence cell behaviors, including directed differentiation of
hESCs. During embryo development, cells are exposed to
various topological and biochemical cues in their surround-
ing environments, including basement membranes.33 Base-
ment membranes usually have a mixture of pores (*72 nm),
ridges, and fibers (*77 nm in diameter).34,35 They separate
tissues from each other and allow cells to develop their po-
larized morphology. Thus, we assumed that not only the
porous structure but also the roughness of a substrate is
essential for restoring the in vivo niche equilibrium crucial to
hESC growth and lineage specification.

It has long been known that cell fate can be manipulated
using growth factors. This strategy has been very successful
for most stem cells. However, it has shown limited success in
directing hESC differentiation into clinically relevant cell
lineages. In many cases, cells differentiated using growth
factors alone are immature, suggesting that the use of soluble
signaling molecules alone is insufficient to resemble in vivo
tissue niches. Recently, it has become clear that not only
growth factors but also insoluble factors, such as mechanical
stress, mechanical, chemical properties, and topography of
substrates, and so on, play roles in controlling and regulating
hESC fate.36 hESCs secrete ECM proteins and various cyto-
kines to coordinate cell–cell and cell–ECM interactions,
which in turn regulate cell attachment, proliferation, and
differentiation. In general, cells grown on a flat, solid, and
impermeable substrate will be forced to grow into a non-
polarized status due to their limitation of expansion at the
z-direction. The difficulty in maintaining optimal mor-
phology can impair the cells’ differentiation and matura-
tion, as morphology is one of the key factors affecting cell
fate.37,38 In addition, the impermeability of the substrate
prevents cells from taking or secreting signaling molecules
and nutrients from both basal and apical surfaces. This
causes cells to deviate from their natural environment, in
which they are always exposed to porous basement mem-
branes and interact with hundreds of signals from basal
and apical surfaces. Membrane substrates have been em-
ployed for growing various types of cells in the past.39

However, the use of membrane substrates for hESC pro-
liferation and differentiation has not yet been explored.
In this study, we intend to determine whether a porous
and permeable membrane substrate provides better tissue
niches for hESC proliferation and differentiation. In par-
ticular, we are interested in understanding how mem-
brane substrates enhance hESC growth and lineage-specific
differentiation.

Materials and Methods

hESC culture

The hESC line H9 (WiCell Institute) was maintained in
undifferentiated state on growth-factor-reduced Matrigel-
coated (BD Biosciences) dishes in a defined mTeSR1 (Stem
Cell Technologies) medium at 37�C and 5% CO2. The me-
dium was replaced daily. For passage, hESCs were treated
with 1 mg/mL dispase (Stem Cell Technologies) for 7 min at
37�C, and then washed three times with Dulbecco’s Modified
Eagle Medium/F12 to completely remove the dispase. hESC
colonies were gently scraped from the dishes and broken up
into small colonies before seeding. Cells were split at a ratio
of 1:3–1:5 every 3–4 days. PET and polyester (PE) mem-
branes were obtained from Millipore and Corning. They
were coated with Matrigel before cell seeding. The mem-
brane substrates were placed inside a six-well plate and
seeded with 50,000 cells/cm2 hESCs in the mTeSR1 medium.
The viability of hESCs was determined through trypan blue
staining assay after detaching the cells from culture plates
using trypsin-ethylenediaminetetraacetic acid (EDTA).

Definitive endoderm differentiation

Undifferentiated H9 cells were seeded onto Matrigel-
coated membrane substrates and cultured overnight in the
mTeSR1 medium. Cells were then fed with a definitive en-
doderm (DE) differentiation medium containing RPMI1640,
B27 (Invitrogen), 1 mM sodium-butyrate, and 4 nM activin A
next day. The sodium butyrate concentration was reduced to
0.5 mM after 24 h of differentiation. The differentiation me-
dium was exchanged every other day until day 7 post-
differentiation.

Gene expression assay

To detect gene expression in cells grown on membrane
substrates, the total RNA was isolated from cells using an
RNA extraction kit from Qiagen. Genomic DNA was elimi-
nated during the RNA purification. RNA was synthesized to
cDNA in a reverse transcription reaction using an RT kit
from Applied Biosystems. Samples were then subjected to
cell adhesion and ECM gene expression array plates (In-
vitrogen) using TaqMan RT-PCR Master Mix (Invitrogen)
according to the manufacturer’s instruction. GAPDH served
as an endogenous control. To determine DE marker gene
expression, the SOX17 and FOXA2 primer probe sets
were used, as reported elsewhere.40 The cyclophilin (Applied
Biosystems), a human endogenous gene, served as a house-
keeping gene for normalization. Their relative gene expres-
sion was expressed as fold changes to the corresponding
values detected from RNA prepared using adult human
pancreata (Stratagene). A control assay was performed to
ensure the absence of genomic DNA contamination in the
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quantitative real-time–polymerase chain reaction (qRT-PCR)
assay.41 The following primer pairs were used for character-
ization of mRNA expression. OCT4 forward: 5¢-TG
GGCTCGAGAAGGATGTG-3¢, OCT4 reverse: 5¢-GCATAGT
CGCTGCTTGATCG-3¢; FLK1 forward: ACTTTGGAAGACA
GAACCAAATTATCTC-3¢, FLK1 reverse: 5¢-TGGGCACCA
TTCCACCA-3¢; FOXA2 forward: 5¢-GGGAGCGGTGAAGA
TGGA-3¢, FOXA2 reverse: 5¢-TCATGTTGCTCACGGAGGA
GTA-3¢; SOX3 forward: 5¢-GAGGGCTGAAAGTTTTGCTG-3¢,
SOX3 reverse: 5¢-CCCAGCCTACAAAGGTGAAA-3¢; and b-
actin forward: 5¢-CTGGAACGGTGAAGGTGACA-3¢,
b-actin reverse: 5¢-AAGGGACTTCCTGTAACAATGCA-3¢.

Scanning electron microscopy

Scanning electron microscopy (SEM) imaging was per-
formed, as described in our previous work.42 In brief,
membrane substrates were fixed in 2.5% (v/v) glutaralde-
hyde (EM Sciences) for 2 h, followed by washing three times
with phosphate-buffered saline (PBS). Samples were fixed
again with 2% osmium tetroxide (EM Sciences) for 2 h and
dehydrated in a lyophilizer (Labconco). The lyophilized
samples were gold-sputtered and examined using a JEOL
Field Emission SEM JSM-6335F with acceleration voltage of
5 kV ( JSM-6335F; JEOL USA).

Immunofluorescence microscopy

To detect the expression of two DE marker proteins,
SOX17 and FOXA2, in differentiated hESCs, cells were fixed
in 4% paraformaldehyde (Fisher Scientific) and permeabi-
lized with 0.1% Triton X-100/PBS buffer. Cells were blocked
with 5% goat serum and 0.1% Triton X-100/PBS followed by
incubation with primary antibodies and fluorescence dye-
conjugated secondary antibodies. The samples were cross-
stained with diaminophenylindole (Invitrogen). Cells were
visualized under an Olympus IX-71 fluorescence microscope.
Mouse monoclonal anti-human SOX17 (1:50; R&D Systems),
rabbit monoclonal anti-human FOXA2 (1:1000; Abcam),
mouse anti-OCT4 (1:100; Millipore), and mouse anti-SSEA4
(1:100; Millipore) were used as primary antibodies. Goat
anti-mouse IgG FITC conjugates (1:100; Sigma) and donkey
anti-rabbit IgG TRITC (1:50) conjugates, goat anti-mouse
Alexa Fluro 488 IgG1 (1:200) and goat anti-mouse Alexa
Fluro 488 IgG3 (1:200) antibodies from Invitrogen were used
as secondary antibodies for labeling cells.

Western blotting

Cytoplasmic and nuclear proteins were extracted using a
kit from Thermo Scientific. Immunoblotting was performed,
as described in our previous work.43 Rabbit anti-human
b-catenin antibodies (1:2000) and anti-rabbit IgG HRP con-
jugates (1:1000; Sigma) were used as primary and secondary
antibodies, respectively. HRP-conjugated b-actin antibody
(1:35,000; Sigma) served as a loading control for the assay.
Proteins were visualized with chemiluminescent substrate
reagents (Thermo Scientific).

Indentation testing

The mechanical properties of the membrane substrates
were determined using an ultra nanoindentation tester by
the CSM Instruments, Inc.

Statistical analyses

All data were presented as mean – SD. Student’s t-test
using a one-tailed algorithm was performed and p-values £ 0.05
were considered statistically significant.

Results

Enhanced hESC attachment and proliferation
by porous-structured substrates

To determine whether hESC attachment and prolifera-
tion can be improved by growing them on a porous
membrane substrate, we seeded hESCs on a porous PET or
PE membrane substrate. Cells grown on a conventional
tissue culture polystyrene (TCP) plate served as a control
for comparison. We determined the structures of mem-
brane substrates before and after Matrigel coating. As
shown in Figure 1C and D, membrane substrates remained
porous after Matrigel coating. The determination of cell
growth rates suggested that hESCs grow much faster on a
porous and permeable membrane substrate (Fig. 2D). The
cell doubling time was 25.6 – 2.6 h when cultured on PE
membrane substrates with pore size of 0.4 mm; it was
46.3 – 5.7 h when cells were cultured on TCP plates. More-
over, hESCs tend to form larger colonies on membrane
substrates, as compared with those on TCP plates (Fig. 2A–C).
Interestingly, we observed the shortening of cell doubling
time on PET membrane substrates with 1 mm pores, as
compared with those grown on membrane substrates with
0.4 pores (Fig. 2). However, the comparison of hESC
growth on PET membrane substrates with 1 mm pores with
those on PE membrane substrates with 0.4 mm pores
revealed no significant differences in cell doubling time.
Although they had two different pore sizes, they had sim-
ilar porosity as indicated in Figure 2. These experimental
results suggested that the topographical and chemical
properties of a membrane substrate considerably influence
hESC attachment and proliferation. Thus, we reasoned that
hESC attachment and proliferation can benefit from phy-
siochemical cues offered by a porous membrane substrate.
The following experiments were designed to validate this
hypothesis.

First, we determined whether hESCs remain undifferen-
tiated when being grown on membrane substrates. We an-
alyzed pluripotency marker protein expression in hESCs
after five consecutive passages on PET or PE membrane
substrate. As shown in Figure 3A, we detected a high-level
expression of both OCT4 and SSEA4 in hESCs after five
consecutive passages on membrane substrates, suggesting
the undifferentiated state of the cells during passages.
To rule out any possible spontaneous differentiation of
hESCs during passage on the membrane substrates, we
further characterized gene expression levels of ESC marker
OCT4 and three germ layer, mesoderm, endoderm, and ec-
toderm, markers in these cells after their five passages on
membrane substrates. As shown in Figure 3B, we observed
no considerable difference in the expression level of these
marker genes as compared with those detected from
hESCs grown on Matrigel-coated TCPs (control in Fig. 3B).
These data demonstrated that it is possible to maintain
hESCs on membrane substrates without compromising their
pluripotency.
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Augmented lineage specification of hESCs
by membrane substrates

Having verified hESC attachment and proliferation, we
next examined whether membrane substrates improve cell
lineage specification. hESCs were differentiated into DE cells
on either PET (pore size of 1mm) or PE (pore size of 0.4 mm)
membrane substrates. We analyzed DE marker genes,
SOX17 and FOXA2, through TaqMan qRT-PCR assay and
compared their expression levels with those on TCP cultures.
As shown in Figure 4A and B, the expression of SOX17 and
FOXA2 in cells differentiated on PE membrane substrates was
4.9- and 9.6-fold higher than those on TCP cultures, indicating
significant enhancement of DE differentiation on porous
membrane substrates. No SOX17 and FOXA2 expression
could be detected in H9 undifferentiated cells. Interestingly,
the increase in SOX17 and FOXA2 expressing cells differen-
tiated on PET membrane substrates was marginal, although
both PET and PE membrane substrates supported hESC
attachment and proliferation. The immunofluorescence stain-
ing of SOX17 and FOXA2 in cells differentiated on membrane
substrates was confirmed by the qRT-PCR assay. Moreover,
we observed the formation of cell aggregates when hESCs
were differentiated on PE membrane substrates, whereas no
cell aggregates could be observed on PET membrane sub-
strates (Fig. 4C–J). The formation of cell aggregates is an es-
sential step for hESC differentiation toward DE tissues. Thus,
PE membrane substrates offered better physicochemical cues
for promoting hESC DE differentiation. To exclude the pos-
sible effect of chemical leakages from membranes on hESC DE
differentiation, we performed hESC DE differentiation on a
TCP substrate in the presence or absence of PET or PE
membrane hanging inserts. As revealed by Figure 4A and B,
no significant difference could be observed when cells were
differentiated in the presence of PET or PE membranes, sug-
gesting that any leakage of chemicals from PET or PE mem-
brane hanging inserts does not influence the DE

differentiation of hESCs. The effect of membrane hanging in-
serts on hESC DE differentiation is indeed due to the porous
structure of a membrane substrate.

Upregulation of ECM and adhesion molecules
in hESCs grown on membrane substrates

To understand the mechanisms underlying the enhance-
ment of hESC attachment, proliferation, and differentiation
on membrane substrates, we next performed global gene
expression profiling analysis. We detected 92 genes that are
considered to be involved in cell adhesion, cell–ECM, and
cell–cell interactions at 48 h after seeding. We observed the
upregulation of a number of ECM genes, including collagen
type XI a1; Catenin a1, b1, and d1; and laminin a3 and g1, in
hESCs grown on PET membrane substrates (Table 1). These
genes, with the exception of laminin a3, were upregulated in
cells grown on PE membrane substrates as well (Table 2). In
addition, a number of integrin and collagen genes were up-
regulated considerably in cells grown on PE membrane
substrates. In particular, the expression of integrin b1, aV,
and b5; collagen type XI a1, type XII a1, and type XVI a1;
and laminin g1 increased from three- to ninefold in hESCs on
PE membrane substrates. The increase in connective tissue
growth factors and cadherin 1 expression was also detected
in PE membrane cultures. Cadherin is a transmembrane
protein that helps cells cling to each other, forming organized
tissues. These results suggest that a PE membrane substrate,
as compared with a PET membrane substrate, tends to
encourage more cell–cell interactions. Interestingly, we ob-
served an increase in the expression of matrix metallopepti-
dase (MMP) family proteins in hESCs grown on membrane
substrates. The upregulation of CD44 expression in cells
grown on membrane substrates was also observed. CD44
molecules are cell surface adhesion molecules involved in
cell–cell and cell–ECM interactions.44 The upregulation of
this gene expression indicates the enhancement of cell–cell

FIG. 1. Scanning electron microscopy
micrograph of porous membrane sub-
strates used for supporting human
embryonic stem cell (hESC) prolifera-
tion and differentiation. Polyethylene
terephthalate (PET) (A) and polyester
(PE) (B) porous membrane substrates
were tested for hESC growth and dif-
ferentiation. (C) and (D) are Matrigel-
coated PET and PE membrane sub-
strates. The pore sizes of the PE and
PET membrane are 0.4 and 1 mm, re-
spectively. Scale bars: 1 mm in (A) and
(B), 2mm in (C), and 1 mm in (D).
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and cell–ECM interactions in these cells when they were
grown on the membrane substrates. The upregulation of
neural cell adhesion molecule 1 gene in hESCs grown on PE
membrane substrates further suggests the enhancement of
cell–cell adhesion,45 which is essential for hESC proliferation.

Promoted b-catenin-mediated Wnt signaling
in hESCs grown on membrane substrates

As shown earlier, we observed the upregulation of a
number of ECM genes in hESCs grown on PET membrane
substrates. No significant downregulation of ECM and cell-
adhesion-related genes in these cells was detected. For cells
grown on PE membrane substrates, 16 cell-adhesion-related
genes were upregulated. Among these upregulated genes, a
number of catenin family genes were elevated remarkably in
both PET and PE membrane substrates. The expression of
catenin a1, b1, and d1 had 2.3-, 4.7-, and 2.6-fold increases in
hESCs grown on PET membrane substrates, and 3.4-, 5.9-,
and 5.2-fold increases were observed in hESCs grown on PE
membrane substrates. We also noticed that the expression of

a panel of integrin and collagen genes was upregulated
considerably. For instance, the expression of integrins a1, aV,
and b5 and collagen type VII, XIa1, XIIa1, and XVIa1 was
increased from 2.6- to 7.2-fold on PE membrane substrates.

FIG. 2. hESC attachment and proliferation on various
substrates. hESCs were seeded onto tissue culture polysty-
rene (TCP) (A), 1mm PET (B), and 0.4 mm PE (C) membrane
substrates in mTeSR1 medium. The micrographic images of
cell attachment were taken at day 2 after seeding. Scale bar:
50 mm. (D) Time courses of hESC proliferation on various
substrates. Data were presented as mean – SD. All experi-
ments were carried out at least three times.

FIG. 3. Detection of pluripotency of hESCs after five pas-
sages on PET and PE membranes. (A) Cells were stained
with antibodies against OCT4 and SSEA4 marker proteins
after five passages. Cells were also labeled with diaminophe-
nylindole (DAPI) in order to localize the nucleus. Stained cells
were observed under a fluorescence microscope (Olympus IX
71) equipped with a charge-coupled device (CCD) camera.
Scar bar: 100mm. (B) Gene marker of hESCs and markers of
the three germ layers were detected in cells grown on mem-
brane substrates using quantitative real-time–polymerase
chain reaction (qRT-PCR) analysis. Control: hESC line H9
cultured on a TCP substrate in undifferentiated state. Color
images available online at www.liebertonline.com/tea
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These upregulations might suggest the activation of the Wnt
signaling pathway by the topographical, texture, and bio-
chemical properties of a membrane substrate. Wnt signals
modulate b-catenin expression, which triggers a high-level
expression of integrins.46 To investigate this possibility, we
detected the nuclear translocation of b-catenin in hESCs
grown on membrane substrates. Proteins in the cytoplasm
and in the nucleus were extracted and detected through
western blotting. b-Actin served as an internal control for the
assay. As revealed in Figure 5, most b-catenin was translo-
cated from cytoplasm to nucleus when cells were grown on

membrane substrates. The ratio of b-catenin in nucleus to
that in the cytoplasm was 0.21 in cells grown on TCP sub-
strates. It was, however, 1.58 in cells grown on PET and 3.74
in cells grown on PE membrane substrates. The translocation
of more b-catenin to the nucleus suggested the activation of
b-catenin-mediated Wnt signaling pathway in hESCs grown
on membrane substrates. The enhancement of Wnt signaling
appeared to lead to the increase in collagen and integrin
expression, which in turn improved hESC attachment, pro-
liferation, and differentiation. This is in consistence with
others work.47–49 The upregulation of MMP expression in

FIG. 4. Definitive endo-
derm (DE) marker gene and
protein expression in DE cells
differentiated from hESCs on
membrane substrates. Total
RNA was extracted from DE
cells on indicated days and
subjected to TaqMan qRT-
PCR analysis for detection of
expression of SOX17 (A) and
FOXA2 (B). Relative gene ex-
pression levels were normal-
ized to their levels detected
from adult pancreatic sam-
ples. Data were presented as
mean – SD. (C–J) Immuno-
fluorescence detection of DE
marker proteins in DE line-
age-specific differentiated
hESCs on membrane sub-
strates PET (C–F) and PE
(G–J). Cells were im-
munostained with antibodies
against SOX17 (E and I) and
FOXA2 (D and H) at day 7
postdifferentiation. Cells
were also counter-labeled
with DAPI (C and G). (F) and
( J) are overlay of SOX17 and
FOXA2 fluorescence micros-
copy images. TCP* stands for
the DE differentiation on a
TCP surface in the presence
of PET and PE membrane
insert. Scar bar: 100 mm. Color
images available online at
www.liebertonline.com/tea
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these cells (Tables 1 and 2) further confirms this observation.
As revealed by Doyle and Haas50 and Brabletz et al.,51 the
activation of Wnt/b-catenin signaling activates MMP ex-
pression. We indeed observed the upregulation of MMP in
cells grown on membrane substrates as mentioned previ-
ously. On the other hand, the upregulation of ECM and
adhesion molecules in these cells could also be induced by
the spontaneous differentiation of hESCs on these membrane
substrates. To eliminate this possibility, we analyzed the
expression of two ESC marker proteins, OCT4 and SSEA4,
after growing cells on PET or PE membrane substrates for 2
days when the cells were collected for Wnt signaling analy-
sis. As illustrated in Figure 5C, hESCs expressed a very high
level of OCT4 and SSEA4. Thus, these cells remained in
undifferentiated state when they were collected for Wnt

Table 1. Upregulation of Expression

of Extracellular Matrix and Cell Adhesion

Molecules in H9 Cells Grown on Polyethylene

Terephthalate Membrane Substrate

Gene title Gene ID Fold changea p-Value

Collagen type XI, a1 COL11A1 4.2 0.088
Catenin a1 CTNNA1 2.3 0.090
Catenin b1 CTNNB1 4.7 0.043
Catenin d1 CTNND1 2.6 0.069
Laminin a3 LAMA3 2.6 0.046
Laminin g1 LAMC1 2.4 0.063
Matrix metallopeptidase 15 MMP15 2.2 0.031

aGenes expressed in cells grown on TCP substrates served as a
control for determining the fold-change and up- or downregulation
of relevant genes in cells grown on membrane substrates.

TCP, tissue culture polystyrene.

Table 2. Upregulation of Expression

of Extracellular Matrix and Cell Adhesion

Molecules in H9 Cells Grown on Polyester

Membrane Substrate

Gene title Gene ID
Fold

changea p-Value

CD44 molecule CD44 5.0 0.039
Cadherin 1, type I CDH1 2.9 0.025
Collagen type XI, a1 COL11A1 6.8 0.016
Collagen type XII, a1 COL12A1 6.5 0.020
Collagen type XVI, a1 COL16A1 7.2 0.019
Collagen type VII, a1 COL7A1 7.2 0.023
Connective tissue

growth factor
CTGF 4.9 0.026

Catenin a1 CTNNA1 3.4 0.021
Catenin b1 CTNNB1 5.9 0.027
Catenin d1 CTNND1 5.2 0.029
Integrin aV ITGAV 2.8 0.036
Integrin b1 ITGB1 9.3 0.011
Integrin b5 ITGB5 2.6 0.035
Laminin g1 LAMC1 3.0 0.029
Matrix metallopeptidase 15 MMP15 2.0 0.039
Neural cell adhesion

molecule 1
NCAM1 4.7 0.034

aGenes expressed in cells grown on TCP substrates served as a
control for determining the fold-change and up- or downregulation
of relevant genes in cells grown on membrane substrates.

FIG. 5. Translocation of b-catenin to nucleus of H9 cells
grown on membrane substrates. (A) Western blotting anal-
ysis of b-catenin expression in nucleus (lanes 1–3) and cy-
toplasm (lanes 4–6) of hESCs grown on TCP substrates (lanes
1 and 4), PET (lanes 2 and 5), and PE (lanes 3 and 6) mem-
brane substrates. (B) Semiquantification of b-catenin in nu-
cleus (N) and cytoplasm (C) through western blotting assay.
The Kodak 1D gel imaging analysis software was used to
perform these semiquantification analyses. b-Actin served as
a control for semiquantification. (C) Detection of plur-
ipotency of hESCs after culturing cells on PET and PE
membranes for 2 days. Cells were stained with antibodies
against OCT4 and SSEA4 marker proteins and also labeled
with DAPI. The labeled cells were examined under a fluo-
rescence microscope (Olympus IX 71) equipped with a CCD
camera. Scar bar: 100mm. Color images available online at
www.liebertonline.com/tea
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signaling analysis. This undifferentiated state was main-
tained during passages. As shown in Figure 3B, hESC mar-
ker genes remained expressed at a high level after their five
passages on the membrane substrates. Thus, we reasoned
that the expression of ECM and adhesion molecules was
upregulated by b-catenin/Wnt signaling in the cells.

Discussion

In this work, we provided evidence that a porous mem-
brane substrate offers better niches for hESC attachment,
expansion, and differentiation. Porous, thin, and permeable
membrane substrates enable cells to take up and secrete
molecules from both basal and apical surfaces. They act on
cells more like basement membranes, allowing cells to grow
into a polarized morphology and carry out metabolic activ-
ities in a more natural fashion. Their porous structure pro-
vides suitable stiffness and topographic cues to promote cell
growth and differentiation. Our study supports this idea. We
showed that the topographical structure of a membrane
substrate significantly influences hESC behaviors. The de-
tection of ECM and cell adhesion gene expression in hESCs
grown on membrane substrates divulged a significant in-
crease in b-catenin, collagen, integrin, and laminin gene
expression in these cells. These noticeable upregulations
suggested the activation of b-catenin-mediated Wnt signal-
ing by membrane-substrate-associated physicochemical cues.

Interestingly, we observed upregulation of NCAM1 gene
expression as well in hESCs grown on membrane substrates.
NCAM1 is one of the protein markers associated with neu-
ral differentiation. However, a spontaneous differentiation of
hESCs toward neuron lineages during their passages on
membrane substrates was unlikely. As discussed previously,
we detected expression of hESC pluripotency marker genes
and proteins after five consecutive passages on membrane
substrates (Fig. 3). If the cells started spontaneous differen-
tiation toward neuron lineages, then the expression of these
stem cell markers would be significantly suppressed and
became undetectable. The fact of the high expression levels
of stem cell markers in these cells indicated the pluripotency
of the cells after passages on membrane substrates. Thus, the
upregulation of NCAM1 might suggest other functions of
this gene in regulating hESC attachment, proliferation, and
differentiation. Indeed, a number of studies suggested that
NCAM1 is also an important cell adhesion molecule that
plays an essential role in cell division, migration, and dif-
ferentiation.52 Its high-level expression is found during em-
bryo development.52 Thus, we were not surprised by the
upregulation of the NCAM1 in hESCs grown on membrane
substrates. It might indicate that cues offered by a membrane
substrate stimulated upregulation of adhesion molecules,
leading to their enhanced attachment to membrane sub-
strates, as suggested by our experimental data.

Another interesting phenomenon that we observed is the
upregulation of Wnt pathway in hESCs grown on membrane
substrates. Wnt/b-catenin signaling pathway plays a vital
role in regulating cellular proliferation, cell fate decision, and
organ development.53–55 It has been well understood that
Wnt signals modulate b-catenin expression and activate a
higher level expression of integrins.46 We observed an in-
crease in expression levels of ECM and integrins in hESCs
grown on membrane substrates. The upregulation of these

gene expressions contributed to the improvement of cell
attachment and proliferation. The role of Wnt/b-catenin
signaling in regulating stem cell self-renewal has been re-
vealed in many other studies.56,57 The Wnt/b-catenin path-
way is found to be active in hematopoietic stem cells (HSCs),
and is required for self-renewal of neural stem cells, limbal
stem cells, and leukemia stem cells.58–60 Overexpression of b-

FIG. 6. Enhanced Wnt signaling in hESCs grown on a
membrane substrate. Physicochemical cues of membrane
substrates stimulate the binding of Wnt ligand to its receptor
complex, resulting in stabilization and nuclear translocation
of b-catenin, which triggers upregulation of collagen and
integrin expression in hESCs grown on a membrane sub-
strate, enhancing cell proliferation and differentiation.

Table 3. Comparison of Mechanical Properties

of Polyethylene Terephthalate and

Polyester Membrane Substrates
a

PET2
(pore size: 0.4 lm)

PE
(pore size: 0.4 lm)

Hardness (MPa) 115.3 – 8.95 273.6 – 15.12
Modulus (GPa) 0.700 – 0.061 1.280 – 0.033

aThe indentation tests were performed six times for every sample.
PE, polyester; PET, polyethylene terephthalate.
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catenin in HSCs enables cells to be expanded in long-term
cultures.61

b-Catenin exists in both cytoplasm and nucleus. In the
absence of Wnt signals, cytoplasmic b-catenin is phosphor-
ylated and trapped in a multiprotein complex that includes
casein kinase-1 a, glucogen synthesis kinase-3, and tumor
suppressors adenomatous polyposis coli and AXIN.53,62 The
phosphorylated b-catenin is rapidly degraded.63–65 In the
presence of Wnt signals, b-catenin is translocated from
the cytoplasm to the nucleus where it interacts with T-cell
factor/lymphoid enhancer factor family transcription factors
to activate the transcription of target genes for regulating cell
growth and differentiation.66 A number of recent studies
revealed that the Wnt signaling enhances hESC self-renewal
and differentiation.67 For example, the Wnt signaling path-
way has been proven to play a critical role in maintaining
hESCs in undifferentiated state. It is shown that enhancing
Wnt signaling results in a considerable increase in the
number of undifferentiated hESC colonies formed on sub-
strates.68 In another study, maintenance of pluripotent
hESCs can be achieved by activating the Wnt signaling
pathway using a GSK-3-specific inhibitor.69 It was also dis-
covered that some small molecules such as activin A can
upregulate the Wnt signaling pathway, promoting self-
renewal of hESCs.70 In this study, we observed significant
enhancement of b-catenin translocation from the cytoplasm
to the nucleus in hESCs grown on membrane substrates. It
appears that the enhancement of Wnt signaling resulted in
more rapid cell growth and better DE differentiation. We
demonstrated herein that a porous membrane structure of a
membrane substrate can stimulate the canonical Wnt sig-
naling pathway, which improves the hESC proliferation and
differentiation. We speculate that the topographic structure
of the porous membrane triggers biomechanical stimuli that
activate Wnt signaling pathway in hESCs grown on mem-
brane substrates. A hypothesized pathway regulation is
shown in Figure 6. We reasoned that physicochemical cues
offer by a membrane substrate activate the translocation of b-
catenin from cytoplasm to nucleus, thereby enhancing the
Wnt signaling. This observation will have significant impli-
cations for hESC lineage differentiation. For example, Wnt
signals have been shown to induce the expression of pro-
glucagon gene, which cascades the glucagon-like peptide-1
expression.71,72 This cascaded induction promotes b-cell
proliferation and insulin production, while inhibiting b-cell
apoptosis in a mature pancreas. Wnt signaling can also
stimulate islet b-cell proliferation. Knockdown Wnt protein
decreases b-cell proliferation and mutation of genes associ-
ated to Wnt signaling increases the susceptibility of type 2
diabetes.73–75 Thus, the enhancement of Wnt signaling by
membrane substrates can potentially improve hESC pan-
creatic differentiation for producing glucose-responsive,
insulin-secreting b-cells.

In addition, we observed the upregulation of MMP family
proteins in hESCs grown on membrane substrates. MMP
proteins are involved in controlling the kinetics and the
breakdown of ECM in many physiological processes, such as
embryonic development and tissue remodeling. The upre-
gulation of these protein expressions contributes to the im-
provement of hESC attachment and spreading on membrane
substrates. In our experiments, we revealed the formation of
large colonies when hESCs were grown on membrane sub-

strates. It has been well documented that hESCs proliferate
better when they form colonies. The characterization of the
mechanical properties of membrane substrates revealed
the different stiffness of two membrane substrates tested in
this work. The Young’s moduli of the PE and PET membrane
substrates with pore size of 0.4 mm were 1.280 – 0.033 GPa
and 0.700 – 0.061 GPa (Table 3), respectively. Indeed, in-
duced hESC differentiation can be greatly promoted on PE
membrane substrates, suggesting the effect of membrane
stiffness on hESC differentiation. It is noteworthy to point
out that three-pore-size (3, 1, and 0.4 mm) membrane sub-
strates were tested in this work due to the availability of
membrane substrates. However, the data gained from these
experiments clearly demonstrated the advantage of mem-
brane substrates over the conventional TCP substrate for
improving hESC attachment, proliferation, and lineage-
specific differentiation.

Another advantage of using a membrane substrate for
hESC growth and differentiation is its coculture capability.
The coculture of hESCs with other signaling cells can po-
tentially elevate the maturity of cells differentiated from
hESCs. For example, the coculture of mouse embryoid bod-
ies (EBs) with human microvascular endothelial cells
(hMECs) shows a significant increase in the expression level
of pancreatic marker genes, such as Pdx1, Ngn3, Nkx6,
proinsulin, GLUT-2, and Pft1a, at the interfaces between the
EBs and hMECs.76 The communication between islet cells
and paracrine signals exchanged between endocrine and
nonendocrine cells has been found to be crucial to b-cell
differentiation, maturation, and homeostasis.77,78 Such cell–
cell interaction can readily be achieved in a membrane cul-
ture system. Both hESCs and signaling cells can be cultured
on two sides of the membrane, or one on the membrane and
the other on a solid plate that supports the membrane. The
transportable and permeable capabilities of a membrane
substrate facilitate cell–cell interaction and promote cell
lineage differentiation and maturation.
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