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a b s t r a c t

Differentiation of human embryonic stem (hES) cells into cells for regenerative medicine is often initiated
by embryoid body (EB) formation. EBs may be treated with soluble biochemicals such as cytokines,
growth factors and vitamins to induce differentiation. A scanning electron microscopy analysis, con-
ducted over 14 days, revealed time-dependent changes in EB structure which led to the formation of
a shell that significantly reduced the diffusive transport of a model molecule (374 Da) by >80%. We found
that the shell consists of 1) an extracellular matrix (ECM) comprised of collagen type I; 2) a squamous
cellular layer with tight cell–cell adhesions associated with E-cadherin; and 3) a collagen type IV lining
indicative of a basement membrane. Disruption of the basement membrane, by either inhibiting its
formation with noggin or permeabilizing it with collagenase, resulted in recovery of diffusive transport.
Increasing the diffusive transport of retinoic acid (RA) and serum in EBs by a 15-min collagenase
digestion on days 4, 5, 6 and 7 promoted neuronal differentiation. Flow cytometry and quantitative RT-
PCR analysis of collagenase-treated EBs revealed 68% of cells expressing neural cell adhesion molecule
(NCAM) relative to 28% for untreated EBs. Our results suggest that limitations in diffusive transport of
biochemicals need to be considered when formulating EB differentiation strategies.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

EBs recapitulate the early stages of embryonic development and
therefore provide a unique system for differentiation of human
embryonic stem cells. EBs begin as suspended hES cell aggregates
which transform into three-dimensional cystic bodies that
comprise the three germ lineages. Exogenous soluble biochemicals
such as retinoic acid [1–3], ascorbic acid [4,5], dimethyl sulfoxide
[6,7], interleukins [8,9], bone morphogenetic proteins (BMPs)
[8,10,11] basic fibroblastic growth factor (bFGF) [12] and activin A
(activin) [13] are frequently used to stimulate EBs to differentiate
towards a specific lineage. These exogenous biochemicals are
added as supplements to the media. Complicated protocols
involving variations in duration of biochemical exposure, concen-
tration of biochemicals, time points for EB dissociation and
multiple stages of exposure to various biochemicals have been
reported [2,8,9,11,12]. Using these strategies, embryonic stem cells
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have been differentiated into several cell types, including neurons
[1], cardiomyocytes [6], hematopoietic cells [8,14], adipocytes [7]
and chondrocytes [10]. The inductive potential of soluble
biochemicals is therefore dependent on their diffusive transport
into the three-dimensional EB structure.

EBs are used as a model system to study early embryonic
development [11,14–17]. Of particular interest is the formation of
a peripheral visceral endoderm (VE) layer during EB development
[11,17]. BMP signaling within the EB is required for the formation of
the VE layer [11,17]. This VE layer deposits a basement membrane,
consisting of mainly collagen type IV and laminin, which provide
sites for cell anchorage [11,17]. The basement membrane may also
create a physical barrier to diffusive transport of inductive
biochemicals.

EBs are also a useful system for generating large numbers of cells
that may be needed for regenerative medicine. Scale-up of differ-
entiated cells from EBs has been demonstrated [18,19] however the
heterogeneity in differentiated cell types is a limitation to this
method. This heterogeneity most likely arises due to internal
concentration gradients of biochemicals within the EB. Concen-
tration gradients have been shown to play a role in differentiation
during embryonic development [20]. For example, gene expression
of brachyury and goosecoid can be regulated by the concentration
level of activin. Brachyury is activated when the concentration of
activin is below a critical threshold whereas goosecoid becomes
activated at concentrations above the threshold [20–22].
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Understanding the underlying biological mechanisms that control
diffusive transport and finding new ways to improve the effective
exposure of inductive biochemicals during EB development may
lead to more efficient differentiation strategies and more homog-
enous cell populations.

Several studies have reported techniques capable of producing
EBs with uniform size in order to create a more homogenous
environment [23–26]. However, these studies do not assess how
concentration gradients change during EB development and do not
identify the major obstacles to diffusive transport. We evaluate the
role of diffusive transport during EB development by: 1) identifying
key time points in EB development and characterizing the struc-
tural changes that influence diffusive transport dynamics; 2)
defining the components of the EB shell; and 3) creating a strategy
to increase diffusive transport by collagen inhibition or disruption
of the shell. Finally, we demonstrate the importance of molecular
diffusion by testing the impact of increased diffusive transport on
the differentiation output of neuronal cells from EBs.

2. Materials and methods

2.1. EB culturing

Undifferentiated H9 hES cells were cultured on mitotically inactivated (via
mitomycin C) mouse embryonic fibroblasts (MEFs) as previously described [27]
(Supplementary Fig. 1). EBs were formed as previously described [28]. EBs were
cultured in KO-DMEM supplemented with 20% FBS, 1% nonessential amino acids,
0.1 mM 2-mercaptoethanol, and 1 mM glutamine (denoted as EB media). Some EBs
were cultured in EB media supplemented with 10�4

M azetidine carboxylic acid
(AzC) (Sigma–Aldrich) or 100 ng/ml of human recombinant noggin (R&D Systems).

To facilitate diffusive transport, some EBs were treated for 15 min with 1 mg/ml
collagenase B (Roche) (denoted as Ase in figures) at days 3, 4, 5, 6 and 7. After
treatment, the collagenase was washed away and the EBs were cultured with fresh
medium.

2.2. Scanning electron microscopy

For scanning electron microscopy analysis, EBs were fixed in 2.5% v/v glutaral-
dehyde in PBS before serial dehydration in ethanol and critical point dried with
liquid CO2. Samples were either Au or Pt–Pd coated and imaged with a SEM at an
accelerating voltage of 2–3 kV. Same samples were sectioned with a razor blade to
reveal internal EB features.

2.3. Immunofluorescence staining

Whole EBs were fixed with 2% w/v paraformaldehyde in PBS, blocked with 5% v/v
normal goat serum and stained with mouse anti-human collagen IgG1 (1:250
dilution) (Sigma–Aldrich) followed by goat anti-mouse IgG1 conjugated to
FITC (1:250 dilution) (Jackson ImmunoResearch) and Hoechst 33342 (Invi-
trogen) nuclear stain. Some samples were also stained with the cell membrane
stain, 1,10-dioctadecyl-3,3,30 ,30-tetramethylindodicarbocyanine perchlorate (DiD)
(Invitrogen). The whole EBs were transferred onto glass slides and imaged using
an epifluorescence microscope (Axiovert 200 M, Carl Zeiss).

EBs were also embedded in optimal cutting temperature (OCT) medium (Ted
Pella) and frozen at �80 �C before being sectioned into 20 mm sections using
a cryostat microtome. The sections were blocked with 5% normal goat serum (NGS)
for 1 h, incubated with either monoclonal mouse anti-human collagen type IV
(1:500 dilution) (Sigma Aldrich) or anti-human E-cadherin (1:250 dilution)
(Chemicon) for 1 h followed by a 30 min incubation with goat anti-mouse IgG1
conjugated with FITC (1:250 dilution) (Jackson ImmunoResearch). Hoechst 33324
was used as a nuclear stain. Samples without primary antibody incubation acted as
controls. Fluorescence images were taken using an epifluorescence microscope.

2.4. Diffusion profile

EBs were washed in PBS before being treated with 1 mg/ml solution of methyl-
ene blue (Sigma–Aldrich) in PBS for 10 min and then washed with PBS. EBs were
embedded in OCT, frozen at�80 �C and sectioned with a cryostat microtome (20 mm
thick slices). Digital images of the cross-sections were acquired using bright-field
light microscopy and analyzed using ImageJ software (Supplementary Fig. 2). Color
thresholds were defined to include only the blue dye component of the pixel data
from which a grayscale radial profile was obtained. Some day 7 EBs were also
exposed to 1 mg/ml collagenase B treatment for 15 min or 60 min before being
prepared for radial diffusion profiling. Statistical analysis on EB shell intensity was
conducted using a paired t-test. Cell viability of collagenase-treated EBs (Supple-
mentary Fig. 3) was assessed using the Live/Dead assay (Invitrogen).
2.5. Neuronal differentiation

EBs were cultured in EB medium or EB medium supplemented with 10 mM all
trans retinoic acid following the protocol described by Carpenter and co-workers [1].
EBs were divided into untreated (control group) and treated with daily collagenase
digestions of 15 min on days 4, 5, 6 and 7 (treated group). Protein and gene
expression were assessed on day 7 using flow cytometry or quantitative RT-PCR,
respectively. For flow cytometry, the EBs were dissociated in to single cell suspen-
sions by a 5 min trypsin incubation followed by 15 min incubation in non-enzymatic
cell dissociation medium (Sigma–Aldrich) and stained for the neuronal surface
marker, NCAM, using a rabbit polyclonal antibody (1:50 dilution) which was
recognized with a goat anti-rabbit IgG secondary antibody conjugated to FITC at the
same dilution. Samples stained with isotype antibodies acted as controls. Samples
were analyzed with a flow cytometer (LSRII, BD Biosciences).

Quantitative RT-PCR was conducted by extraction of mRNA using the RNeasy
Mini Kit (Qiagen) followed by conversion into cDNA (TaqMan Reverse Transcription
Reagents, Applied Biosystems) and assessed by relative quantification with a real-
time PCR (7300 Real-Time PCR System, Applied Biosystem) with the primers listed in
Supplementary Table 1. Relative expression levels were calculated by the cycle
threshold (Ct) relative quantification (RQ) method (ddCt,RQ¼ 2�ddCt), using the cells
cultured in EB medium and not treated with collagenase as the calibrator, and
glyceraldehyde-3-phosphate dehydrogenase (GADPH) as the endogenous control.
Each sample was tested in triplicate.

Some EBs were embedded in OCT, frozen and sectioned with a cryostat micro-
tome. The sections were stained for collagen type IV and E-cadherin following the
methods described in the immunostaining section.
3. Results

3.1. EB morphology, shell characterization and shell disruption

EBs undergo a transformation from a hES cell aggregate to a larger
cystic body [28]. During this phase of structural changes, differentia-
tion of hES cells into all 3 germ layers commences. We conducted
a scanning electron microscopy survey over 14 days to observe
morphological and topographical changes during EB formation, as
summarized in Fig. 1. We find that day 1 EBs (Fig. 1A,B) undergo
remodelling and synthesis of a fibrous ECMcoating by day 3 (Fig.1C,D).
By day 7 (Fig. 1E,F), the voids between cells are filled with ECM
resulting in a smoother surface topography. ECM deposition conti-
nues and by day 14 (Fig. 1G,H) the cell boundaries become indistin-
guishable. The EB surface begins as a multi-cellular cluster (days 1–3)
with high surface area to volume (SA:V) ratio and is transformed to
a smooth cell-matrix structure (day 7) with low SA:V ratio.

We proceeded to characterize the EB surface by determining the
shell thickness and primary constituents. A cross-sectional view of
a fractured day 7 EB (Fig. 2A) revealed a dense shell of approxi-
mately 20 mm thickness. The shell surrounds a cystic interior with
cellular core components. The cellular network within the shell was
observed by fluorescence staining of cell membranes using DiD and
showed a squamous structure (Fig. 2B). We characterized the EB
shell by immunofluorescence staining and found collagen type I to
be a component of the surface (Fig. 2C,D taken at days 3 and 7,
respectively). Stained cryostat cross-sections of EBs revealed the
presence of collagen type IV lining the shell layer and internal
cavities (Fig. 3A,B). E-cadherin was found to be present in the shell
and throughout most of the EB as seen in Fig. 3C,D.

The observation that EBs formed a collagen type I coating of the
surface and collagen type IV lining in the shell led us to investigate
the impact of collagen formation on EB structure. We formed EBs in
culture media supplemented with L-2-azetidine carboxylic acid
(AzC), which is a known inhibitor of collagen synthesis [29–31]. The
surface topography of EBs exposed to AzC for 7 days revealed
pronounced cell boundaries (Fig. 4A,B) lacking the fibrous ECM
seen in untreated EBs (compare Fig. 4A,B to Fig. 1E,F). Collagen type
I was not detected on the surface of these EBs (Supplementary
Fig. 4). However, collagen type IV was detected in the shell of EBs
incubated with AzC as shown in Fig. 3E,F.

In comparison to AzC, noggin inhibits visceral endoderm and
basement membrane formation [17]. Collagen type IV was sparsely



Fig. 1. Scanning electron micrographs of morphological (left column) and topographical changes (right column) in EB structure with culture time: (A, B) day 1 EB; (C, D) day 3 EB;
(E, F) day 7 and (G, H) day 14 EB. EBs transform from dense lumpy cell clusters at days 1 and 3 to larger structures with a smoothened surface at days 7 and 14. The topography of
a day 1 EB shows mostly cells but by day 3 a fibrous extracellular matrix network has developed. These cellular boundaries become interwoven with ECM by days 7 and 14. Scale bar,
20 mm.
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found in EBs incubated with noggin (Fig. 3I,J) and was notably
absent from the periphery of the EB. Scanning electron micrographs
of noggin-incubated EBs revealed a surface structure similar to days
1 and 3 EBs (compare Fig. 4C,D to Fig. 1A–D) with pronounced cell
boundaries.

As a consequence of the EBs having a collagen-rich shell, we
investigated disrupting the shell with a mild enzymatic digestion.
Collagenase B (collagenase) is a mixture of enzymes responsible for
collagen degradation and is frequently used to dissociate hES cells
from feeder layers or in breaking up EBs [8,14]. EBs treated with
collagenase are denoted by ‘‘Ase’’ in the figures. EBs subjected to
a daily 15 min collagenase digestion from day 4 onwards revealed
the presence of collagen type IV and E-cadherin (Fig. 3M–P) similar
to the pattern observed with untreated EBs (Fig. 3A–D). However,
when assessed with scanning electron microscopy, it was found
that collagenase treatment eroded the EB shell and created visible
pores which revealed cell boundaries (compare Fig. 4E,F to Fig. 1F).
Increasing the incubation time with collagenase does not appear to
increase the pore size beyond 1 mm but does increase the number
density of pores (an approximate threefold increase in pores after
60 min collagenase treatment relative to 15 min treatment). The
morphology of digested day 7 EBs resembles that of days 1 and 3



Fig. 2. Day 7 EB shell structure and characterization. (A) Fractured EB revealing the shell structure (arrows) and core (*) with void (þ) components. (B) Cell membrane staining with
DiD of day 14 EB showing the tight squamous cell-cell network that forms the shell. Immunofluorescence images of (C) day 3 EB, and (D) day 7 EB. EBs stained with monoclonal
mouse anti-collagen conjugated to FITC (green) and merged with autofluorescence emission under a Texas Red filter. Due to high levels of broad spectrum autofluorescence
observed in EBs, the yellow is attributed to autofluorescence whereas the green shows positive staining of collagen on the shell. Scale bar, 20 mm (A); 100 mm (B–D).
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EBs with regards to exposed cell boundaries (compare Fig. 3E,F to
Fig. 1B,D). Creation of pores by collagen digestion may allow
penetration of inductive biochemicals (and other media compo-
nents) within the EB, facilitating a more homogenous exposure to
throughout the shell.

3.2. EB diffusive transport

In order to assess the impact of EB shell formation on the
diffusive transport of exogenous biochemicals, we developed
a semi-quantitative methylene blue (Mb) diffusion assay. Mb has
been broadly used in assessing diffusion in biological systems [32].
We considered the effect of EB age and changes due to treatment
with AzC, noggin and collagenase on molecular diffusion into the
EB. On day 3, Mb radially diffuses into the EB and is taken up in high
concentrations by the outermost cells (Fig. 5A). As EBs remodel and
proceed to become cystic (Fig. 5B), we note a reduction in Mb
uptake within the EB shell layer (Fig. 5B,C).

From cryosectioned samples (Fig. 5A–C) we quantified the
ability of Mb to penetrate EBs of (1) different age (Fig. 5D); (2) with
their ECM disrupted by AzC and noggin (Fig. 5E); and (3) disrupted
with collagenase for 15 min or 60 min (Fig. 5E). One consequence of
comparing EBs of different ages (Fig. 5D) is that the radius increases
with time as is evident in the graphs. We observe high uptake of Mb
on day 3 throughout the EB, but by day 7, when EBs have become
cystic, Mb uptake within the shell has significantly decreased by
greater than 80% relative to day 3 (Fig. 5F) and remains at this level
until the end of the study at day 14. EBs treated with AzC had
similar Mb diffusion profiles as untreated EBs at day 7 (Fig. 5F).
Incubation with noggin however increased the uptake of Mb within
68% of the level observed with day 3 EBs. Treatment with colla-
genase also improved diffusion of Mb within the EB by 25% and
approximately 40% for 15 min and 60 min digestions, respectively.
The peak intensity of the shell for each treatment (Fig. 5F)
confirmed that a significant improvement of Mb transport by
diffusion is obtained after incubation with noggin and collagenase
for 15 min or 60 min relative to untreated day 7 EBs.

3.3. Neuronal differentiation

We hypothesized that increased diffusive transport of RA by
collagenase treatment may facilitate the differentiation of hES cells
into neuronal cells. Immunofluorescence stained sections of EBs
incubated with RA showed similar features to EBs cultured in EB
medium with respect to collagen type IV immunoreactivity
(compare Fig. 6A–D to Fig. 3A–D). This collagen is present mostly
near the shell layer. However, the EBs treated with RA differed in
that they had markedly reduced cysts and higher expression of
E-cadherin at the periphery. Treating the RA supplemented EBs
with collagenase appears to decrease collagen type IV along the
shell, although it is still detectable in the EB (Fig. 6E,F). The
expression of E-cadherin in collagenase treated EBs (Fig. 6G,H) is
not altered relative to untreated EBs or EBs incubated with RA.

Flow cytometric analysis of NCAM expression showed that day 7
EBs treated with daily collagenase digestions with or without RA
supplementation had a greater population of NCAM positive cells
relative to untreated EBs (Fig. 7A,B). In the absence of RA (Fig. 7A)
and without collagenase treatment, 32% of cells in the EBs differ-
entiate into NCAM expressing cells. This population increases by
approximately 67% when the EBs were treated with collagenase to
permeabilize the shell. A similar comparison is found when
comparing EBs with and without collagenase treatment and
cultured in the presence of RA (Fig. 7B). EBs supplemented with RA
but not treated with collagenase had approximately 28% of cells
expressing NCAM. This population increased to 68% when treated
with collagenase and cultured with RA. This trend was further
confirmed by quantitative RT-PCR which revealed increased NCAM
expression in treated EBs (with and without RA supplementation)



Fig. 3. Immunofluorescence staining of cryostat sectioned day 7 EBs (A–D) EB, incubated in EB medium; (E–H) AzC, supplemented with AzC; (I–L) Nog, supplemented with noggin;
and (M–P) Ase, treated daily with collagenase for 15 min from days 4–7. (B, F, J, N) Collagen type IV staining and (D, H, L, P) E-cadherin is shown alongside nuclear staining (A, E, I,
M) and (C, G, K, O), respectively. Collagen type IV is found in EBs incubated in EB medium, AzC and treated with collagenase. There is a marked reduction in collagen type IV and cyst
formation in EBs incubated with noggin. E-cadherin is expressed throughout EBs incubated with EB medium, AzC and treated with collagenase. Scale bar, 200 mm.
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and untreated EBs supplemented with RA relative to untreated EBs
(Fig. 7C). The largest increase in NCAM expression was observed in
EBs cultured with RA and treated with collagenase followed by EBs
without RA supplementation but treated with collagenase and then
EBs supplemented with RA.

4. Discussion

Early EB development involves the transformation from
a cellular aggregate to a cystic body (Fig. 1). Structural contributions
from cell–cell adhesions and ECM deposition are most likely
involved in this transformation process. The activation of E-cad-
herin (Fig. 3) has been shown to be critical in the formation of cell–
cell adhesions within the EB [18] creating a squamous cell surface
(Fig. 2B). Our investigation however focuses on the role of ECM
development within the EB and its impact on molecular diffusion.

As EBs develop, paracrine and autocrine signaling contribute to
directing stem cell fate. This signaling may create concentration
gradients within the EB which can influence EB transformation and
differentiation. Inductive biochemicals, which have been solubi-
lized in the media, are used to maintain or alter these internal
concentration gradients to favor differentiation of a specific lineage.
We show that transformation of the EB, and in particular the
contribution from the ECM deposition, has a defining role in
molecular diffusion of biochemicals which regulates stem cells
differentiation.

During EB development, a fibrous ECM is secreted on the EB
surface from day 3 and continues to form until the surface is
completely coated (Fig. 1). Immunofluorescence staining of the EB
surface confirmed that collagen type I is a constituent of this ECM
coating (Fig. 2B). Collagen type IV was detected in the outer most
cell layer and lining of internal cavities (Fig. 3B). Formation of this
collagen type I coating can be inhibited by culturing the EB in the
presence of AzC (Supplementary Fig. 4 and Fig. 4A,B). This chemical
inhibits collagen synthesis by acting as a proline analogue and
interfering with the formation of the collagen triple-helix [33]. This
hinders tropocollagen formation and self-assembly into fibers. AzC
incubation did not inhibit collagen type IV formation (Fig. 3F). The
mode of AzC action as a proline analogue may inhibit collagen type
IV synthesis less than type I fiber formation. This may be due to the
differences in protein structure between the two collagen types.
Collagen type IV creates a sheet-like structure instead of fibers.
Although collagen type IV does possess a triple-helix section, it also
has hydroxyproline-free, globular non-collagenous (NC) domains
[34]. Two collagen type IV molecules bind NC-to-NC domains. This
binding may allow for stabilization of collagen type IV and self-
assembly of the basement membrane. In contrast, collagen type I
forms fibers by parallel self-assembly of tropocollagen molecules in
a quarter-staggered array structure which is dependent on inter-
molecular crosslinks to stabilize the fiber [35]. AzC appears to be
selective in inhibiting collagen type I deposition on the surface but
not collagen type IV, a major component of the basement
membrane.

Collagen type IV was instead disrupted by inhibiting the
formation of the visceral endoderm (VE) peripheral cell layer that
develops in EBs [17]. This VE layer, which creates the basement



Fig. 4. SEM micrographs showing the shell of day 7 EB after treatment with: (A, B) azetidine carboxylic acid; (C, D), noggin; (E) collagenase B treatment for 15 min; and (F)
collagenase treatment for 60 min. EBs treated with AzC possess a surface with well defined cell boundaries that lacks the ECM coating noted in Fig. 1F. Incubation with noggin
created EBs which lack cellular cohesiveness and the ECM coating. EBs treated with collagenase B for (E) 15 min and (F) 60 min developed pores (arrows) on the surface of the shell
as well as exposing cell boundaries. Scale bar, 20 mm.
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membrane [11,17], can be inhibited by incubating the EBs with
noggin. Noggin is a BMP antagonist which also reduces cavity
formation [17]. As a consequence of noggin inhibition, collagen
type IV found in the basement membrane is not deposited (Fig. 3J).
SEM micrographs of EBs cultured with noggin for 7 days revealed
a surface topography similar to that of days 1 and 3 EBs with well-
defined cell boundaries.

We conclude that the EB shell is a trilayer structure consisting of
1) a superficial outer ECM layer of which collagen type I is
a predominant component; 2) a squamous cell layer; and 3) an
underlying basement membrane. Diffusive transport of a soluble
biochemical into an EB depends on its ability to penetrate this shell.

We find that formation of a 20 mm shell after EB development
for 7 days reduces diffusive transport of Mb into the EB (Fig. 5). We
interpret the measured decrease in Mb uptake as evidence of
a reduction in diffusive transport across the shell layer. Reduced
diffusive transport may be more pronounced for large molecular
weight growth factors (the molecular weight of bFGF is 17 kDa and
Mb is 0.374 kDa), which raises the question as to the efficiency of
current EB culture strategies using soluble biochemicals to induce
differentiation.

We assessed three different methods to increase diffusive
transport by disrupting the shell using: 1) incubation with AzC to
inhibit the formation of collagen type I; 2) incubation with noggin
to inhibit basement membrane formation; and 3) treatment with
collagenase to penetrate the shell. We find that inhibition of
collagen type I by AzC does not increase diffusive transport,
whereas inhibition of collagen type IV from the basement
membrane restores the diffusive transport to levels comparable to
that of day 3 EBs. This leads us to identify the basement membrane
as the major obstacle to diffusive transport in EBs.

We hypothesized that increased diffusive transport of an
inductive biochemical would promote the differentiation of cells
within the EB. Although noggin treatment resulted in the highest
diffusive transport of day 7 EBs, its antagonist actions in BMP
signaling and documented affects on differentiation [36] create an
uncontrollable variable for testing our hypothesis. For this reason,
we decided to use a 15-min collagenase digestion to structurally
permeabilize the basement membrane and increase diffusive
transport in the EB. Collagenase treatment may initiate other
events that have yet to be identified, but our immunostaining
showed that treated EBs retained similar structural features with
regards to collagen type IV deposition and expression of E-
cadherin.

We have shown that enzymatic digestion using collagenase
creates pores in the EB shell which facilitates diffusive transport.
This treatment degrades the outer ECM’s collagen type I and the
basement membrane’s collagen type IV, making the EBs more



Fig. 5. Methylene blue uptake radial diffusion profiles of EBs. Bright-field images of sectioned (A) day 3, (B) day 7 and (C) day 14 EBs after exposure to methylene blue. (D) Radial
diffusion profiles of EBs over culture time. (E) Radial profile of EB treated with AzC, noggin and collagenase B treatment for 15 min (15 min) or 60 min (60 min). (F) Peak dye
intensity of EB shell for the different groups. Mean values� s.d. are shown. A significant difference in intensity is found between day 3 versus day 7 EBs (**p< 0.01) and day 7 EBs
versus collagenase B treated EBs (*p< 0.05, n¼ 3 per group). Scale bar, 200 mm.
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permeable to soluble biochemicals. Collagenase intervention can
therefore be used as a method to increase the diffusive transport of
biochemicals into the EB post-shell formation.

In order to assess whether increased diffusive transport
contributes to neuronal cell differentiation, we added RA to EBs
treated with a daily 15 min collagenase digestion after shell
formation on day 4. RA is a biochemical reported to promote
differentiation of neuronal cells from hES cells and has a molecular
weight (300 Da) comparable to Mb. We find that collagenase
treatment is able to increase the expression of NCAM positive cells
irrespective of whether RA is present in the medium relative to
untreated EBs. The increase in NCAM expression by flow cytometry
and qRT-PCR is indicative of a higher output of neuronal differen-
tiation due to increased diffusive transport of RA and serum. The
Fig. 6. Immunofluorescence staining of cryosectioned EBs (A–D) supplemented with reti
collagenase for 15 min from days 4–7 (RA D Ase). (B, F) Collagen type IV and (D, H) E-cadhe
type IV is found lining the outer periphery of EBs supplemented with RA. Collagenase treatm
untreated and treated EBs. Scale bar, 100 mm.
highest NCAM expression was detected in EBs treated with colla-
genase and supplemented RA followed by EBs treated with colla-
genase and then untreated EBs supplemented with RA. This trend
reasserts the increased output of neuronal cells following per-
meabilization of EBs. Higher NCAM expression may occur due to
increased diffusive transport which occurs after shell modification.

Numerous studies have shown the inductive properties of
soluble biochemicals on EBs grown for more than 4 days [1,6–
8,10,14]. Our findings suggest that the induction most probably
occurs before the formation of a shell, which in EBs from H9 hES
cells occurs between days 3 and 7. The transitory nature of the EB
shell can also explain the heterogeneity of differentiated cell pop-
ulations derived from EBs. Reduced diffusive transport would result
in altered concentration gradients of inductive soluble
noic acid (RA) for 7 days; and (E–H) supplemented with RA and treated daily with
rin staining is shown alongside nuclear staining (A, E) and (C, G), respectively. Collagen
ent appears to reduce this lining. E-cadherin is localized to the outer periphery of both



Fig. 7. Differentiation output of EBs. (A–B) Flow cytometry of NCAM stained cells. EBs treated with daily collagenase digestion for 15 min from days 4–7 (Ase treated) showed
a higher intensity of NCAM expression relative control EBs (untreated) when incubated with or without RA. (C) Quantitative RT-PCR of EBs under the same conditions. EBs cultured
in EB medium (EB) and treated with collagenase (EB D Ase) were compared to EBs cultured in medium supplemented with RA (RA) and treated with collagenase (RA D Ase). A
significant increase in NCAM expression is observed for EBs treated with collagenase (with and without RA supplementation) relative to untreated EBs incubated without RA
supplementation. To a lesser degree, untreated EBs incubated with RA also showed a significant increase in NCAM expression (*p< 0.05, **p< 0.01, n¼ 3 per group)
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biochemicals which may activate different genes, similar to how
activin induces activation of brachyury and goosecoid when its
concentration is below or above a critical threshold, respectively
[20–22]. Controlled EB exposure to inductive biochemicals at levels
below or above critical thresholds may lead to an increased output
of differentiated cells and a more homogenous population. A more
uniform concentration gradient during culture of EBs may assist in
cell lineage expansion for cell therapies.

During normal embryo development, the generation of
tissue-specific cell types is likely to arise from both physical (three-
dimensional cell–cell adhesions) and biochemical (morphogen-
mediated) signals. EBs recapitulate some of these physical and
biochemical signals. We have attempted to understand how
biochemical signaling and physical three-dimensional cues may
facilitate differentiation. We show that within our system,
increased diffusive transport of an inductive biochemical can lead
to increased differentiation of stem cells.

A reduction in diffusive transport of serum components may be
responsible for initiating several key events in EB development. For
example, it has been shown that the activation of mitochondrial
apoptosis-inducing factor (AIF) results in the programmed cell
death of core cells in the EB leading to the formation of a cystic body
[37]. Serum deprivation triggers apoptosis of embryonic stem cells
whereas genetically inactivated AIF embryonic stem cells were
resistant to cell death under the same conditions. Our findings
suggest that EB shell formation, which reduces diffusive transport,
is similar to depriving the core cells of serum which may lead to the
activation of AIF and initiation of morphogenetic changes. Similar
outcomes may be expected due to hypoxia arising from reduced
diffusive transport and activation of hypoxia inducible factor (HIF)
which can lead to apoptosis [38] as well as activation of vasculo-
genesis [39].

Furthermore, oxygen deprivation may trigger the differentiation
of stem cells into progenitor cells of the circulatory system.
Hemangioblast cells arise in EBs within 3–4 days of differentiation
[14]. When taken in context with the findings reported here, EB
shell formation coincides with the development of hematopoietic
and vascular systems. Serum-free conditions, which simulate zero
diffusion, have also been shown to increase differentiation into
cardiomyocytes [40].
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The relationship between biochemical molecular weight and
diffusive transport in EBs still remains to be elucidated. In addition,
the impact of shell disruption on differentiation requires further
investigation. We suspect a biophysical mechanism involving
diffusive transport of exogenous biochemicals may play a key role
in EB formation and embryogenesis.

5. Conclusions

In this paper, we have shown that control over molecular
transport plays a strategic role in stem cell differentiation. During
the first few days of development, ECM proteins are deposited on
the EB exterior, comprising a trilayer shell structure. This shell
consists of 1) a superficial outer ECM layer of which collagen type I
is a predominant component; 2) a squamous cell layer bound by
E-cadherin; and 3) an underlying basement membrane (primarily
made of collagen type IV and laminin). The basement membrane is
identified as the major barrier to diffusive transport from day 3
onwards.

We hypothesized that control over molecular transport could be
exploited to impact hES cell differentiation. Permeabilizing the EB
shell was achieved by an enzymatic digestion using collagenase,
which results in pores in the EB shell. Collagenase-treated EBs had
a higher expression of NCAM positive cells relative to untreated
EBs. This is due to the increase in molecular diffusion of retinoic
acid and other serum components into EBs, thereby promoting
differentiation into NCAM expressing cells.

Our results suggest that diffusive transport of inductive
biochemicals in EBs should be considered when formulating
differentiation protocols. Consequently, diffusive transport in EBs
can be manipulated to facilitate differentiation.
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