
Dynamic 3D Culture Promotes Spontaneous
Embryonic Stem Cell Differentiation In Vitro

Jörg C. Gerlach, M.D., Ph.D.,1 Mariah Hout, Ph.D.,1 Josefina Edsbagge, Ph.D.,2

Petter Björquist, Ph.D.,2 Marc Lübberstedt, Dipl.-Ing.,3
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Spontaneous in vitro differentiation of mouse embryonic stem cells (mESC) is promoted by a dynamic, three-
dimensional (3D), tissue-density perfusion technique with continuous medium perfusion and exchange in a
novel four-compartment, interwoven capillary bioreactor. We compared ectodermal, endodermal, and meso-
dermal immunoreactive tissue structures formed by mESC at culture day 10 with mouse fetal tissue develop-
ment at gestational day E9.5. The results show that the bioreactor cultures more closely resemble mouse fetal
tissue development at gestational day E9.5 than control mESC cultured in Petri dishes.

Introduction

Embryonic stem cell (ESC) in vitro differentiation holds
high potential for therapy development in regenerative

medicine.1 Developing reproducible, safe and effective,
in vitro differentiation protocols is important, and innovative
culture methods are of interest to address the challenge of
differentiating ESC into specialized cells in vitro. While cur-
rent Petri dish or flask techniques offer static open two-
dimensional (2D) plastic areas with discontinuous medium
exchange (Fig. 1) and do not allow tissue formation similar to
fetal development,2 3D culture systems offer advance-
ments.3,4 Hollow fiber, capillary membrane bioreactor tech-
nology, with a 3D cell compartment surrounding a bundle of
capillaries, enables dynamic perfusion culture.5–7 However,
standard two-compartment devices provide nutrition mainly
via diffusion and are limited by nonuniform mass exchange
with substrate gradients over decimeters of capillary length.8

Our project hypothesis is that a spontaneous ESC in vitro
differentiation is qualitatively enhanced in the bioreactors
described in comparison to Petri dishes and more closely
resembles the development of early mid-term mouse fetal
tissue.

We provide an ESC culture model and subsequently a
bioreactor construction with continuous medium perfusion
and exchange in a four-compartment, interwoven capillary

technology. To test our project hypothesis, we compared
ectodermal, endodermal, and mesodermal immunoreactive
tissue structures formed by mouse ESC (mESC) at culture
day 10 with mouse fetal tissue development at gestational
day E9.5.

Materials and Methods

Bioreactor and perfusion periphery

The multi-compartment bioreactors were composed of
three independent yet interwoven hollow fiber capillary
membrane systems (compartments II to IV, see Fig. 1) that are
integrated into a two-component polyurethane potting=
housing (PUR 725A [isocyanat]=725B [polyol]; Room&Haas,
Bremen, Germany). Two of the hydrophilic medium perfusion
capillary membranes were made of microporous polye-
thersulphone with a molecular weight cut-off of approxima-
tely MW 500,000 (mPES; Membrana, Wuppertal, Germany;
inner diameter, 300mm� 40mm; wall thickness, 100mm�
25mm; pore size, 0.5mm� 0.1mm). The third was made of
hydrophobic multi-laminate hollow fiber membrane capillar-
ies (Mitsubishi, Tokyo, Japan; inner diameter, 200� 10mm;
wall thickness, 42� 3mm; O2-permeability >0.8 E� 5 cm3=
cm2=s=cmHg) to enable gas exchange. Thus, the cells located
within the extra-capillary space (cell compartment, Fig. 1, I)
were exposed to decentralized medium and plasma supply
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with high mass exchange rates and direct membrane oxy-
genation via flow-enhanced diffusion. For cell injection, a flow
head connected to open-ended silicone rubber capillaries
(Silastic, Dow Corning, New York) was used.

The bioreactor was integrated into a processor-controlled
perfusion device with electronic flow=pressure controlled per-
ed perfusion, medium, and waste pump operation. A heating
unit provided a constant temperature of 378C within the perfu-
sion circuit. Flow rates of air, O2, CO2, and N2 were controlled
by a gas mixing unit. For further details, see Figure 1 legend.
The perfusion tubing with bubble traps was made of standard
medical-grade dialysis poly vinyl chloride (PVC) (B.Braun,
Melsungen, Germany). Sterilization was performed by form-
aldehyde gas sterilization at 608C with alternating degassing.

Preparation of cells

129=SvEv mESC (passage 11) (#CMTI-1; Chemicon Inter-
national, Billerica, MA) were cocultured with mitomycin-
inactivated mouse embryonic fibroblasts (MEFs) strain circular
dichroism-1 (passage 5) isolated according to protocols from
the WiCell Research Institute (Madison, WI). mESC were
seeded at a cell density of 3.5�104 cells=cm2 into culture dishes
coated with 0.1% gelatin (EmbryoMax ES Cell Qualified;
Millipore, Bedford, MA) and pre-seeded with inactivated MEFs
which had been seeded at a density of 3.0�104 cells=cm2. Cells
were cultured in T175 culture flasks (BD Falcon, San Jośe, CA)
or in luminox multiwell plates suitable for immunofluores-
cence studies (TC-Quality, bio-one, Greiner). Every 2–3 days,
the cells were passaged, using a 0.05% trypsin=0.02% EDTA
solution (Biochrom, Berlin, Germany). Day 4–10 control cul-
tures were seeded into 2D culture flasks or multi-well plates
coated with gelatin, but lacking preseeded MEFs on the same
day as the bioreactor cultures were initiated. Thus, they con-
tained only those feeder cells that had been transferred with
the mESC from the previous passage, analogous to the biore-
actor cultures.

Culture medium

Cells were cultured in Dulbecco’s modified Eagle’s me-
dium supplemented with 15% fetal calf serum, penicillin=
streptomycin, L-glutamine, b-mercaptoethanol, nonessential
amino acids, and nucleosides (NEAA); for expansion,
1000 U=mL leukemia inhibiting factor (ESGRO) was added.
All medium components were purchased from Biochrom
AG, except leukemia inhibiting factor (LIF), fetal calf serum,
NEAA, and b-mercaptoethanol, which were purchased from
Chemicon International, CA.

Culture of cells in the bioreactors

After a conditioning phase of 24 h with recirculating cul-
ture medium, mESC=MEF cocultures were inoculated into
the bioreactors without additional MEF cells. The cell com-
partment was supplied with 100 mL=min of a gas mixture
consisting of 95% air and 5% CO2 by volume. Bioreactors
were perfused at a constant recirculation rate of 40 mL=min.
Fresh medium was supplied with an increasing feed rate
from 6 to 12 mL=min. The bioreactors were kept at 378C.
Daily measurements of pH, pO2, pCO2, and buffer capacity
were used to adjust medium perfusion and gas supply rates
(I-stat [Abbot, East Windsor, NJ] and ABL 5 [Radio Meter
Copenhagen, Copenhagen, Denmark]).

Metabolic parameters

Samples from the perfused medium were taken every day
for biochemical analyses. The metabolic activity of the cells
was determined by measuring glucose consumption and
lactate production, while potential cell damage was detected
by cellular lactate dehydrogenase release. Analyses were
performed with assays adapted for an automated clinical
analyzer (Roche=Hitachi Modular; Roche Diagnostics, Mann-
heim, Germany).

Bioreactor cell sample harvest

At the end of designated culture periods, bioreactors were
shut down and tubes were disconnected. The upper biore-
actor lid was opened, and the cell mass, including the cap-
illary layers, was cut from the surrounding potting and
transferred into a sterile glass vessel for dividing into sec-
tions for the microscopy methods.

Histology and immunofluorescence

Material from the bioreactor cell compartment was fixed
in 4% paraformaldehyde solution before paraffin embedding
and sectioning.

Antibodies and dilutions. Primary antibodies (alphabeti-
cal order): mouse anti-a smooth muscle actin (ASMA, cross-
reactivity with human), 1:500, Chemicon, Billerica, MA,
CBL171; rabbit anti-mammalian Neuronal Class III b-Tubulin,
1:250, Biosite, Princeton, NJ, PRB-435-P; goat-anti-mouse FoxA2
(HNF3b, cross-reactivity with human), 1:200, Santa Cruz, CA,
Sc-6554; mouse anti-rat Nestin (cross-reactivity with human),
1:200, BD Transduction Laboratories, San Jośe, CA, 611658;
mouse anti-human Oct 3=4, 1:250, Santa Cruz, Sc-5279; mouse
anti-mouse SSEA-1 (cross-reactivity with human), Develop-
mental Studies Hybridoma Bank, University of Iowa, East
Iowa City, IA, MC-480. Secondary antibodies: goat a-mouse
IgG2a TRITC, 1:500, Southern Biotech, Los Angeles, CA, 1080-
03; donkey a-goat IgG Cy3, 1:500, Jackson ImmunoResearch,
West Groove, PA, 705-165-147; goat a-mouse IgG Alexa 488,
1:500, Molecular Probes, Eugene, OR, A-11029; donkey
a-rabbit IgG Alexa 594, 1:500, Molecular Probes, A-21207;
goat a-mouse IgG1 Cy3, 1:500, Jackson ImmunoResearch,
115-165-205, goat anti-mouse IgG Cy2, 1:1000, Dianova,
115-225-003.

Staining procedure. Samples were deparaffinized and
rehydrated according to standard procedures using xylene as
an organic solvent and a decreasing ethanol gradient to re-
hydrate the sections. Hematoxylin-eosin or toluidine-blue
staining of sections was performed according to standard
laboratory procedures. For immunofluorescence, the antigen
was retrieved by boiling the sections in 0.01 M citric acid,
pH6.0. After cooling the sections at room temperature for
15 min, sections were washed twice in phosphate buffered
saline (PBS) and then permeabilized for 5 min in PBS sup-
plemented with 0.5% Triton X-100 (T8532; Sigma–Aldrich,
Germany). Primary antibodies diluted in staining buffer
(PBS supplemented with 0.1% Triton X-100) were added and
incubated with the sections overnight at 48C. Subsequent
to threefold washing with PBS, the secondary antibodies
diluted in staining buffer were added to the sections and
incubated at room temperature for another 2–3 h. Afterward,
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the sections were washed three times in PBS with addition of
DAPI, 1:1000 (D9542; Sigma–Aldrich) in the last washing
step. Sections were mounted with antifading fluorescent
mounting medium from DakoCytomation, s3023.

Immunofluorescence microphotographs were taken using
a Zeiss Axioskop 40 microscope with Zeiss Axiocam digital
camera and Zeiss Axiovision software (Zeiss, Oberkochen,
Germany). The brightness and contrast were uniformly en-
hanced using Adobe� Photoshop; color balance was used to
enable specific immuno-fluorescent (IF) signals be viewed
through the DAPI staining on both control and experimental
cells.

Transmission electron microscopy

For transmission electron microscopy (TEM), material from
the bioreactor cell compartment was fixed with 5% glutaral-
dehyde (Serva, Heidelberg, Germany). After immersion for
30 min in 60 mM phosphate buffer, pH 7.3, the cellular ag-
gregates were postfixed in 2% OsO4 (PaeselþLorei, Frank-
furt, Germany) for 2 h, progressively dehydrated in ethanol,
and then embedded in araldite (Serva). Ultra-thin sections
were contrasted with uranyl acetate and Reynold’s lead citrate
(Chroma, Münster, Germany) before electron microscopic
examination.

Results

To enhance mass exchange, address gradient distances,
and integrate gas exchange allowing to increases to more
physiological levels, we added two more compartments to
the typical two-compartment devices: an additional medium
capillary compartment for counter-current ‘‘arterio-venous’’
flow and an oxygenation capillary compartment (Fig. 2).
Each capillary membrane compartment can be perfused in-
dependently. Interweaving the four-compartment capillary
systems to form repetitive units allows bioreactor scalability
by multiplying the capillary units, and provides decen-
tralized medium perfusion while enhancing mass exchange
and reducing gradient distances from decimeters to more

FIG. 1. Conventional static two-dimensional (2D) culture
conditions (A) and dynamic three-dimensional (3D) perfu-
sion tissue-density conditions (B). The smallest interwoven
capillary membrane unit exhibiting the compartments II to
IV is shown; interweaving allows scale-up by multiplication
of these units. The cell aggregate size in the cell compartment
I is limited by the space between the capillaries. Each capil-
lary membrane compartment can be perfused separately
(medium perfusion compartment II, medium perfusion com-
partment IV, and oxygenation compartment III), addressing
the reduction of substance gradient distances between the
capillary units and enhancing mass exchange. Color images
available online at www.liebertonline.com=ten.

FIG. 2. Schematic drawing of the dynamic 3D perfusion
tissue-density bioreactor technology. (A) Housing with tube
connectors, partially opened to view the capillary systems.
All membrane compartments are interwoven, forming a
tight network. Interweaving the smallest capillary units (B)
allows scale-up without changing the smallest units, as
shown in (C). This allows scale-up by multiplication of these
units. The corresponding capillaries of each compartment are
bundled to common in- and outflow heads to be connected
to tube systems. Cells are inoculated via 16 (8 mL prototype)
open-ended tubes (not shown), allowing cell distribution
within the cell compartment. (B) The smallest interwoven
capillary membrane unit exhibiting the four compartments.
The cells are shown between the capillaries. The cell aggre-
gate size in the cell compartment is limited by the space
between the capillaries. (C) Each capillary membrane com-
partment can be perfused independently (compare Fig. 1,
medium perfusion compartment II, medium perfusion com-
partment IV, and oxygenation compartment III) addressing
the reduction of substance gradient distances between the
capillary units and enhancing mass exchange. Color images
available online at www.liebertonline.com=ten.
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physiologic lengths of <1 mm. The exterior of the resulting
membrane network, the cell compartment, is used as a
physically active scaffold for cell aggregation; adjusting in-
tercapillary distances enables control of the size of cell ag-
gregates.

Using this four-compartment bioreactor technology for longer-
term cultures, we wanted to demonstrate that a spontaneous
ESC in vitro differentiation is qualitatively enhanced in
comparison to Petri dishes and more closely resemble the

development of early mid-term mouse fetal tissue. We
compared 129=SvEv mESCs2 cultured in 3D perfusion bio-
reactors (3D) to those cultured in Petri dishes (2D) and also
with fetal gestational day E9.5 tissue, using histology and
immuno-fluorescence. We cultured 129=SvEv mESC (pas-
sage 11) with mitomycin-inactivated mouse embryonic cir-
cular dichroism-1 fibroblasts (MEFs)9,10 in 2D and then in
8 mL 3D cell compartment bioreactors for 4, 6, and 10 days.
Bioreactors were inoculated with 2.5�107 mESC with no

FIG. 3. Tissue-like structure formation of mouse embryonic stem cell (mESC) and lineage-specific immunofluorescence in
conventional 2D cultures versus 3D bioreactor cultures, compared to mouse embryos. DAPI staining (blue) was used as a
nuclear counter stain. Center column: histology of the day E9.5 mouse embryo; primitive gut tube (endoderm=Foxa2), cardiac
region (mesoderm=anti-a smooth muscle actin [ASMA]), neural tube (ectoderm=Nestin), and post-mitotic neurons in the
neuronal tissue (ectoderm=class III b-Tubulin). Right column: mESC after 10 days in 3D culture are partly differentiated into
structures resembling primitive gut (endodermal lineage FoxA2), structures resembling primitive cardium (mesodermal
lineage, ASMA), and structures resembling neural tube as well as neuronal-like cells (arrow; ectodermal lineage, Nestin and
class III b-Tubulin, respectively), similar in part to that in E9.5 mouse embryo (center column). Left column: differentiated
cells in 2D cultures at day 10 are unorganized, and most tissue-like structures found in 3D were absent. Scale bars: 25 mm.
Color images available online at www.liebertonline.com=ten.
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further MEF addition; the bioreactors contained approxi-
mately 1.5�107 MEFs from the previous passage. Glucose
consumption and lactate production during culture contin-
uously increased in both the dishes and the bioreactors
(data not shown), indicating continuous cell growth. His-
tology was confirmed by repeating the day 10 experiments
(n¼ 3).

Histology at the endpoints of 4, 6, and 10 days showed
that cells in 3D culture were assembled in aggregates be-
tween the capillaries. In TEM a regular distribution of ag-
gregates with an average estimated diameter of 490� 87mm
was seen; a central necrosis formation in the largest aggre-
gates was observed.

IF marker staining in the 2D group showed mostly indi-
vidual positive cells up to day 10. No extended organized
tissue-like structures were formed, except for Nestin11-positive
neural rosettes observed in multi-layer parts of the dishes.

IF positivity in the 3D group, demonstrated for marker of
all three germ layer, shows a time-dependent development
of tissue-like structures partly resembling structures of the
embryonic day E9.5 mouse embryo (Figs. 3 and 4). FoxA212

and Nestin-positive cells were observed already after 2 days,
while ASMA13 and class III b-Tubulin14–positive filaments
appeared after 6 and 10 days, respectively. After 10 days in
the 3D cultures, complex epithelial-like structures positive
for the endodermal marker FoxA2, resembling the primitive
gut tube, were observed (Fig. 3), and structures positive for
the mesodermal marker ASMA resembled the primitive
cardium (Fig. 3). In addition, neural tube–like structures
were positive for the ectodermal marker Nestin (Fig. 3), and
some cells exhibited protrusions that were positive for the
post-mitotic neuronal marker class III b-Tubulin (Fig. 3). Si-
multaneously, mESC characterized by Oct-415 staining di-
minished time dependently in both groups (Fig. 4).

Histology and IF marker suggest that the spontaneous
mouse ESC differentiation after day 10 in 3D perfusion is

qualitatively enhanced in comparison to 2D static culture,
and closer resembles the histology of E9.5 mouse fetal tissue.

Discussion

Because of their unique characteristics, ESCs, initially
generated from mice16,17 and later from humans,18 hold great
potential as a cell source for applications in basic science,
pharmacological drug screening, toxicity testing, and cell-
based therapies in regenerative medicine.

The embryoid body (EB) formation, originally developed as
hanging drop, is a well-established ESC culture method,19–23

already considering 3D techniques, but under static condi-
tions. EB culture is performed to enable the onset of a
spontaneous ESC differentiation, traditionally to take the
cells into further 2D culture or animal models. EB culture can
be performed until the EBs start showing central necrosis,
due to the limited mass exchange in the body. Providing
dynamic mass exchange in a larger cell mass was goal of our
culture model development. Our TEM analysis shows that a
central necrosis formation in the largest aggregates could not
be avoided, but was not seen in the regular aggregates, as
displayed in Figures 3 and 4. This may be addressed by
changing the membrane weaving patterns and thus reducing
the interfiber distances to mechanically further limit the
available space for ESC aggregate growth.

The types of bioreactors described for ESC culture and dif-
ferentiation include stirred bioreactors (e.g., Spinner flasks),
rotary systems like slow-turning lateral vessels,24,25 and fi-
brous bed bioreactors.26,27 Because embryonic stem cells
grow adherent in colonies and are dependent on tight cell–
cell contacts, they do not grow as single cells in suspension;
to culture the cells in stirred tank bioreactors, they are either
maintained as aggregates or adhered to microcarriers. Un-
differentiated expansion of mESCs has been shown using
microcarriers28,29 as well as in carrier-free suspension.30 The

FIG. 4. Differentiation pattern of mESCs inoculated into an 8 mL bioreactor at days 4, 6, and 10. Oct-4 staining was used to
reveal undifferentiated mESCs. Differentiation markers used were Foxa2 for endoderm, Nestin for ectoderm, ASMA for
cardiac and vascular mesoderm, and class III b-Tubulin for postmitotic neurons. Nuclei were costained with DAPI (blue).
Scale bars: 25mm. Color images available online at www.liebertonline.com=ten.
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culture of ESC as aggregates in suspension is limited by the
size of the cell clusters. If the clusters become too large in
size, mass transport into their center is reduced, for example,
oxygen and nutrients, leading to cell necrosis. Employing
microcarriers reduces the shear stress on the cells, but only
low cell expansions and seeding efficiencies could be
achieved.31,32 The use of microcarriers is limited by their
available surface area, thereby requiring frequent cell disso-
ciation and passaging, which leads to cell loss due to low
seeding efficiencies and the fragility of the cells. To solve
these problems novel techniques are needed. Perfusion cul-
ture techniques are of interest, since it has been shown that
medium perfusion is beneficial even in 2D cultures,33 and
perfusion also facilitates continuous nutrient and oxygen
supply34 in larger cell masses.

The four-compartment capillary membrane technology
described offers dynamic, perfusion-based culture conditions
with continuous medium exchange and decentralized mass
exchange, including oxygenation at controllable gas tensions
in larger cell masses. It also will allow the application of
differentiation regimes in a closed system, suitable for good
manufacturing practice conditions, which can be easily scaled
from laboratory to clinical translation requirements. Con-
trollable medium and system parameters include gas factor
application, medium factor gradients, and physical stimuli
such as flow and pressure. Dynamic perfusion also enables
the combination of twin bioreactors in one circuit, where
factors or soluble mediators of the first bioreactor can stim-
ulate the second bioreactor, while the cells remain compart-
mentalized in each bioreactor. This would be of interest if
soluble factors of a coculture are to be used, but cell–cell
contaminations between the cultures avoided. Thus, we believe
that this technology provides unique opportunities to further
ESC research by facilitating customized, well-controlled dif-
ferentiation and tissue induction protocols.
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Anatomy, Charité Berlin, Germany), and graphics from
Wolfgang Mudra (Charité).
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