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Abstract
Embryonic stem (ES) cells have the ability to differ­
entiate into all germ layers, holding great promise 
not only for a model of early embryonic development 
but also for a robust cell source for cell-replacement 
therapies and for drug screening. Embryoid body 
(EB) formation from ES cells is a common method for 
producing different cell lineages for further applications. 
However, conventional techniques such as hanging 

drop or static suspension culture are either inherently 
incapable of large scale production or exhibit limited 
control over cell aggregation during EB formation 
and subsequent EB aggregation. For standardized 
mass EB production, a well defined scale-up platform 
is necessary. Recently, novel scenario methods of 
EB formation in hydrodynamic conditions created by 
bioreactor culture systems using stirred suspension 
systems (spinner flasks), rotating cell culture system 
and rotary orbital culture have allowed large-scale EB 
formation. Their use allows for continuous monitoring 
and control of the physical and chemical environment 
which is difficult to achieve by traditional methods. This 
review summarizes the current state of production of 
EBs derived from pluripotent cells in various culture 
systems. Furthermore, an overview of high quality EB 
formation strategies coupled with systems for in vitro  
differentiation into various cell types to be applied in 
cell replacement therapy is provided in this review. 
Recently, new insights in induced pluripotent stem (iPS) 
cell technology showed that differentiation and lineage 
commitment are not irreversible processes and this has 
opened new avenues in stem cell research. These cells 
are equivalent to ES cells in terms of both self-renewal 
and differentiation capacity. Hence, culture systems for 
expansion and differentiation of iPS cells can also apply 
methodologies developed with ES cells, although direct 
evidence of their use for iPS cells is still limited.
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INTRODUCTION
Embryonic stem (ES) cells are capable of  unlimited self-
renewal in vitro and differentiate into cells constituting 
all three somatic germ layers. ES cells were first isolated 
from the inner cell mass of  mouse blastocyst stage 
embryos[1,2], subsequently, followed by the derivation 
of  non-human primate and human ES cell lines[3,4]. 
Currently, an alternative method has derived pluripotent 
cells by retroviral transduction of  a combination of  four 
transcription factors, Oct4, Sox2, C-myc and Klf4 into 
somatic cells; known as “induced pluripotent stem (iPS) 
cells”[5,6]. These cells are equivalent with ES cells in terms 
of  both self-renewal and differentiation capacity[7,8]. The 
unique ability of  pluripotent cells to generate a vast range 
of  different cells makes both ES and iPS cells suitable 
for various cell transplantation, tissue engineering and 
drug testing applications. Efficient and controlled means 
of  directing ES or iPS cell differentiation is crucial for 
the development of  cell replacement therapies[9,10].

To realise the therapeutic potential of  ES cells, it is 
essential to regulate their differentiation in a reproducible 
manner. Differentiation of  ES cells is performed in two 
main ways; either by direct differentiation from pluripotent 
cells or through the formation of  cell aggregates in non-
adherent spheroids, called embryoid bodies (EBs)[11,12]. 
The molecular and cellular morphogenic signals and 
events within EBs recapitulate numerous aspects of  the 
embryo development and result in differentiation to cells 
of  three embryonic germ layers (endoderm, mesoderm, 
and ectoderm lineages), similar to gastrulation of  an 
epiblast-stage embryo in vivo[13]. The precise number and 
spatial coordination of  the various cell-cell interactions 
involved in EB formation are considered to influence 
the course of  ES cell differentiation and, as a result, the 
control of  cell number, size of  EBs and quality of  EB 
formation are important step directed differentiation 
strategies[14,15]. 

Methods of  inducing EB formation are based on 
preventing ES cells from attaching to the surfaces of  
culture vessels, thus allowing the suspended ES cells to 
aggregate and form EBs. Standard methods of  achieving 
EBs are via hanging drop and in static suspension culture 
to allow small scale formation of  aggregates. These 
culture systems maintain a balance between ES cell 
aggregation essential for EB formation and prevention 
of  EB agglomeration[16]. Even though hanging drop 
method is commonly used to prepare uniform-sized 
EBs (see details below), this method has disadvantages 
in the mass preparation of  EBs due to its labor-intensive 
procedure, which hinders the use of  differentiated ES 
cells for therapeutic application[17]. Mass EB production 
is easier from static suspension culture in which ES cells 

are suspended in a static Petri-dish. One drawback of  
this method, however, is that the EBs often fuse together 
to form large aggregates. This has negative effects on 
cell proliferation and differentiation, as well as causing 
extensive cell death. Hence, these methods are restricted 
as far as industrial applications are concerned because of  
their complication and difficult manageability[18].

Recently, novel bioreactors for large-scale production 
of  ES-derived cells have been developed. A bioreactor 
is often defined as a device in which biological processes 
(cell expansion, differentiation or tissue formation on 
biomaterial scaffolds) occur in a tightly controlled 
environment in vitro, including the exchange of  oxygen, 
nutrients and metabolites[19]. There are several types of  
bioreactors. For example, stirred suspension cultures 
(spinner flasks) have been successfully employed in some 
studies of  mass scale production of  ES-derived cells[20,21]. 
Conventional stirrer vessels may have the disadvantage 
of  generating shear forces and, although manageable, 
these forces still can damage the cells[22]. Another 
bioreactor that allows agglomeration-free EB formation 
is the rotating cell culture system (RCCS) developed by 
the US National Aeronautics and Space Administration 
(NASA). This system is characterized by EB immobility 
in space, due to an extremely low fluid shear stress and 
oxygenation by diffusion[23]. EBs produced by bioreactors 
were more uniform in size and had less necrotic centers 
in comparison to static suspension culture. Furthermore, 
bioreactors can be also used for culturing iPS cells, which 
is expected to become a main further application of  
mass EB production in the near future. This review is 
focused on EB production in different systems, provides 
data on a number of  existing bioreactors in comparison 
to conventional methods (hanging drop and static 
suspension culture) and describes differentiation of  end-
product EBs towards specific lineages. 

METHODS FOR CULTURING EMBRYOID 
BODIES
At the present time, no universally accepted standard 
exists for measurement of  EB formation although 
characteristics such as EB size, shape, homogeneity 
and the quality of  EB formation, ratio of  apoptotic 
and viable cell are typically used as benchmarks for 
evaluation[24]. There are several methods to generate 
EB formation, as schematically shown in Figure 1. A 
summary of  all of  the important methods (described 
below) is presented in Table 1. Traditionally the most 
common EB culture methods, such as hanging drop 
method and static suspension culture, were used for 
inducing differentiation.

Hanging drop method
The hanging drop method (Figure 1A) provides uniform 
sizes of  EBs by dispensing equal numbers of  ES cells in 
physically separated droplets of  media suspended from 
the lid of  a Petri-dish. This method offers a similar envi-
ronment for forming individual EBs within each drop via 
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Table 1  Overview of current in vitro  cell culture systems for production of EBs and other cell types

Cell culture methods Benefit Detriment Propose Yield Note Ref.

a b c d e f g h i j k l

1 Hanging drop 
method

x x x x Differentiation into 
three germ layers

ND Using mES cells [26]

2 Static suspension 
culture

x x Differentiation into 
three germ layers and 

neural lineage

ND Using mES cells [30,31]

3 Entrapment of ES 
cells (methylcellulose)

x x x x Differentiation into 
hematopoietic lineage

ND Using mES cells [26]

4 Multiwell/ 
microfabrication
4.1 Round bottomed, 
low attachment, 96 
well plate

x x x Differentiation into 
cardiac and neural 

lineage

94% of wells have a single EB 
with diameter of 415 microns

Using polyvinyl carbonate 
PCR plate without coating 

reagents

[37]

4.2 Low adherence, 96 
well plate coated with 
MPC or CS

x x x Differentiation into 
cardiac lineage

EB formed MPC and CS 
was increased cardiac 

differentiation 

Using mES cells [38]

4.3 Round bottomed, 
low attachment, 96 
well plate

x x x Differentiation into 
hematopoietic lineage

Single EBs were achieved from 
PC surface but not from PS 

surface

Comparison of EB 
formation derived various 

type of 96 well plate; PS 
and PS coated with MPC

[39]

4.4 Round bottomed, 
low attachment, 96 
well plate polyvinyl 
carbonate PCR plate

x x x Differentiation into 
cardiac lineage

Single EB achieved from PS 
coated with MPC was near 

100%

Comparison of EB 
formation derived various 

type of 96 well plate; PS 
and PS coated with MPC

[40]

4.5 Round bottomed, 
low attachment, 96 
well plate

x x x Differentiation into 
hematopoietic lineage

Differentiation was achieved 
with blood cells formed in 90% 

of EBs 

Force aggregation by using 
centrifugation; 
Using hES cells

[41]

4.6 V bottomed, 96 well 
plate

x x x Differentiation into 
cardiac lineage

> 90% EB formation was 
achieved from this method

Force aggregation by using 
centrifugation; 
Using hES cells

[43]

5 Bioreactor
5.1 A 2-L controlled 
spinner flask

x x x x x x x Differentiation into 
cardiac lineage

4.6 × 109 of cardiomyocytes 
were produced in a single run

Using MHC-neo ES cells [53]

5.2 Stirred x x x x x x x x Expansion and 
differentiation into 
three germ layers

ES cells went through 13 
passages over the same 28 d 

exhibiting higher pluripotency

Comparison of stirred and 
static suspension culture

[48]

5.3 Stirred x x x x x x x Differentiation into 
vascular lineage

ND ND [28]

5.4 Stirred x x x x x x x x Expansion and 
differentiation into 

neural lineage

10 fold increase towards neural 
differentiation

Using hEC cells [54]

5.5 Stirred x x x x x x x x Expansion and 
differentiation into 
osteogenic lineage

10 fold of calcium per total 
grams of protein increase over 

the control culture

Comparison of stirred and 
static suspension culture;

Transplantation

[75]

5.6 Stirred x x x x x x x Differentiation into 
hepatic lineage

No significant difference in the 
specific albumin productivity 
of EB derived from different 

groups

Comparison of stirred 
suspension culture and 

hanging drop

[81]

5.7 Stirred + 
encapsulation (HA and 
dextran)

x x x x x x x x Expansion and 
differentiation into 
three germ layers

Dextran can induce EB 
formation from ES cells

Using mES cells [31]

5.8 Stirred + 
encapsulation 
(agarose) + perfusion

x x x x x x x Differentiation into 
cardiac lineage

The cardiomyocytes 
production in encapsulated 

culture was higher than 
without encapsulation

Using MHC-neo ES cells;
Comparison of O2 tension

[72]

5.9 Two type of stirred,  
STLV and static 
suspension culture

x x x x x x Differentiation into 
cardiac lineage

EB formed GBI resulted in high 
EB yield with homogenous in 

size

Comparison of 
hydrodynamic condition 

(shear force)

[65]

5.10 RCCS (STLV and 
HARV)

x x x x x x Differentiation into 
three germ layers

3 fold enhancement in 
generation of EBs compared to 

static culture

Comparison of different 
type of bioreactors and 

suspension culture; 

[23]

Using hES cells
5.11 STLV x x x x x x Differentiation into 

cardiac lineage
> 90% of the NTEBs generated 

beating area
Comparison of STLV and 

static suspension

[62]

5.12 HARV+ 
encapsulation 
(alginate)

x x x x x x Differentiation into 
osteogenic lineage

ND Using mES cells [70]
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gravity-induced aggregation of  the cells. For this reason, 
this technique has been used to generate plentiful cell 
types such as neuronal cells[25], hematopoietic cells[26], car-
diomyocytes[27], vascular cells[28] and chondrocytes[29]. The 
hanging drop method is tremendously useful for appraisal 
of  molecular mechanisms occurring in early embryogen-
esis in any cell type. However, this technique is mainly 
used for research purposes and is not suitable for large 
scale of  EB production because of  its laborious nature; a 
typical 100-mm Petri dish can contain no more than 100 
drops and each drop usually creates only one EB[21]. Fur-
ther limitations of  this method include major difficulties 
in exchanging or manipulating the small volume of  me-
dium (less than 50 µL which can evaporate easily) without 
disturbing the EBs. Usually the hanging drop method is 
composed of  two steps; the aggregation of  ES cells in 
drops and maturation of  aggregates to EBs in suspension 
culture using low adherence bacterial Petri-dishes. Several 
elements of  the method may be troublesome such as loss-
es of  EBs during picking up the formed EBs by pipette 
and attachment of  premature EBs on Petri-dishes[17]. 

Static suspension culture
Static suspension culture (Figure 1B) is used to produce 
a large number of  EBs by simply inoculating a suspen-
sion of  ES cells onto a bacteriological grade Petri-dish, 
ultra-low adherence plate or a Petri-dish coated with cell 
adhesion inhibitor such as poly 2-hydroxyethyl methacry-
late (poly 2-HEMA), allowing the cells to spontaneously 
aggregate into spheroids[30]. Although simple, this meth-
od allows little control over the size and shape of  EBs. 
The result is frequent agglomeration of  EBs into large, 
irregular masses because of  the probability that ES cells 
encounter each other accidentally[26]. An additional limi-
tation of  this technique is that EBs may prematurely at-
tach to the plate because of  the surface chemistry of  the 
culture vessel, leading to a greater heterogeneity and loss 
of  EBs from the suspension culture. On another hand, 
this method is popular for some applications such as dif-
ferentiation of  ES cells into the neuronal lineage[31,32]. 

Encapsulation/entrapment
Encapsulation/entrapment of  a single cell suspension or 
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5.13 HARV+ 
encapsulation 
(alginate) + biograss

x x x x x x Differentiation 
into osteogenic 

lineage

ND Using 70s bioglass [71]

5.14 Rotary 
suspension culture 
using an orbital 
rotary shaker

x x x x x x Differentiation 
into three germ 

layers

20-fold enhancement in the number 
of cells incorporated into primitive 

EBs in rotary vs static conditions was 
detected in the first 12 h

Comparison of rotation, static 
suspension and hanging drop

[64]

5.15 Orbital shaker 
+ microsphere 
fibrification

x x x x x x x Differentiation 
into three germ 

layers

Degradable  PLGA microspheres 
releasing RA were incorporated 
within EBs and induced cystic 
formation earlier than in non 

microspheres

Degradable  PLGA 
microspheres releasing RA 

were incorporated within EBs 
and induced cystic formation

[68]

5.16 Perfused and 
dialyzed STLV

x x x x x x Differentiation 
into neural 

lineage

Perfused STLV can decrease 
in expression of markers of 

undifferentiated stage and increase 
in expression of markers of 

differentiation, specifically focusing 
on the neural lineage

Comparison of perfused and 
dialyzed STLV, perfused 

STLV, non-perfused STLV 
and suspension culture

[73]

a: Homogeneity of EB; b: Scalable production of EB; c: Controlled monitoring; d: Integrated single step of culture (expansion and differentiation); e: Easy 
to manage; f: Flexible culture cells; g: Heterogeneity of EB; h: Small scale production of EB; i: Labor-intensive procedure; j: Difficult to manage; k: Requires 
a lot of medium; l: Shear force; ND: No available data; EB: Embryoid body; MPC: Methacryloyloxyethyl phosphorylcholine; ES: Embryonic stem; hES: 
Human embryonic stem cells; mES: Mouse embryonic stem cells; PCR: Polymerase chain reaction; MPC plate: 96-well polystyrene plate coated with 
2-methacryloyloxyethyl phosphorylcholine; PS plate: Polystyrene plate; CS plate: A polystyrene plate coated with a type of glycosaminoglycan; HD: 
Hanging drop; hEC: Human embryonic carcinoma stem cells; MHC-neo: Myosin heavy chain-neomycin resistance; O2: Oxygen; RCCS: Rotating cell culture 
system; HARV: A high aspect rotating vessel; STLV: A slow turning lateral vessel; NTEB: EB derived from nuclear transfer ES; PLGA: Poly(lactic-co-
glycolic acid)/poly (L-lactic acid).

Rungarunlert S et al . Embryoid body and bioreactors

(A) Hanging drop culture (C) Encapsulation of ES 
cell culture

(E) Low adherence, 96 
well plate round bottom (G) Stirred/spinner flask 

suspension culture

(H) STLV culture (I) HARV culture (J) Orbital shaker

Bioreactor methods

(B) Static suspension 
culture

Basic methods

(D) Entrapment of ES 
cell culture

Alternative methods

(F) Low adherence, 96 
well plate V bottom

Figure 1  Schematic representation for vessels used in methods to form EBs from ES cells.



small clusters of  ES cells in hydrogels (Figure 1C and D,  
respectively), such as methylcellulose[26], fibrin[33], hyal-
uronic acid, dextran[34], alginate[35], or agarose[36] represents 
a transition between hanging drop and static suspension 
approaches by generating individually separated EBs in 
a semi-solid suspension media. Entrapment of  ES cells 
in methylcellulose, a temperature sensitive hydrogel, 
improves the overall synchrony and reproducibility of  
EB differentiation as it produces EBs of  clonal origin. 
However, the efficiency of  EB formation from indi-
vidual ES cells can be rather low. In addition, soluble 
factor treatments and retrieval of  differentiated cells may 
be complicated by the presence of  the hydrogel mate-
rial[26]. Interestingly, this method showed the possibil-
ity of  designing a single cell culture system that would 
mimic the early developmental milieu and allow ES cells 
to switch between differentiation states within the same 
culture setting. When human ES (hES) cells are encap-
sulated in a 3D hyaluronic acid hydrogel, the hES cells 
can be maintained in an undifferentiated state. On the 
other hand, when hES cells are encapsulated in a dextran 
hydrogel, the hES cells are induced to differentiate and 
form EBs. Different types of  hydrogels, therefore, act 
as a unique microenviroment for maintaining ES cells in 
either undifferentiated or differentiating state[31]. 

Multiwell and microfabrication
As an alternative approach for EB formation and 
culture, multiwell (Figure 1E and F) and microfabrication 
technologies have also been developed recently. Round-
bottomed 96-well plates coated with or without reagents[37]; 
2-methacryloyloxyethyl phosphorylcholine (MPC)[38-40], 
glycosaminoglycan (CS)[24] and poly 2-hydroxyethyl 
methacrylate (poly 2-HEMA), have been utilized to 
prevent cell adhesion to the plastic surfaces. This technique 
is among the tools for forming EBs with high uniformity 
similar to the hanging drop method as a defined number 
of  ES cells is seeded in the separated wells. In contrast 
to the hanging drop method, this technique has no 
requirement to exchange or manipulate the medium 
(approximately 200 µL) and it is easier to observe directly 
the EB formation with a microscope during cultivation. 
Because of  these advantages, this technique may be used 
instead of  hanging drop method for laboratory research. 
The forced aggregation system, involving centrifugation 
of  ES cells within round-bottomed (U-shaped)[41,42] 

and triangle-bottomed (V-shaped) 96-well plates[43], can 
induce aggregation more rapidly than hanging drops. 
This procedure improves the reproducibility of  EB 
production. On the other hand, it still requires individual 
processing and manipulation of  the resulting EBs due 
to the requirement of  one more additional plating step. 
Microwells fabricated by lithographic methods yield EBs 
in an equivalent or at a much higher density than other 
methods and allow preparation of  size-controlled EBs in 
a scalable manner for reproducible of  EB formation[44]. 
Likewise, batches of  EBs can be formed in microfluidic 
chambers and separated from the flowing culture medium 
by a semi-permeable membrane, allowing for temporal 

control of  the molecular makeup of  the medium. The 
cell patterning method is also useful for high-throughput 
screening assays, such as the exploration of  biochemical 
agents to direct aggregate-induced differentiation into a 
specific lineage without plating EBs[45].

Bioreactors
Stem cell-based technologies and tissue engineering 
possibly permit a wide span of  clinical and biotechnology 
applications in future. Nevertheless, realization of  the 
potential of  stem cells will require their large-scale 
generation in a robust system without any limitation[46]. 
This highlights the requirement for the in vitro expansion of  
stem cells used for therapy prior to their commitment into 
tissue-specific applications. The potential of  bioreactors 
to address this is demonstrated by their capacity to 
support a robust and well defined scale-up platform for 
expansion of  ES cells[47], EB formation[48,49] as well as 
differentiation[50]. The scaling up of  the design, given mass 
transfer limitations, will depend on the type of  bioreactor 
chosen[51]. The theory of  selecting bioreactors for stem 
cell expansion and differentiation beyond bench scale is 
largely reliant on whether the cells are adherent, suspension 
grown as single cells or aggregates for EB formation[52]. 
Therefore, bioreactor culture systems must be designed 
according to the application. In addition, bioreactors have 
a significant advantage over static suspension culture which 
are as follows: (1) scale up of  expansion and differentiation 
of  ES cells; (2) no labor-intensive requirements; (3) no 
space requirement for available area of  ES cell growth; 
and (4) the ability to monitor and control critical culture 
parameters (i.e. pH, dissolved oxygen, glucose consumption, 
and lactic acid production)[53]. At the present time, EB 
formation in hydrodynamic conditions has been achieved 
by using bioreactors. They comprise (1) spinner flasks; (2) 
RCCS; (3) rotary orbital culture; and (4) complex methods 
combining these techniques. All of  these techniques 
generally improve ES cell aggregation and form EB faster 
and more homogeneously in size compared to typical static 
suspension cultures. 

Spinner flasks: Spinner flasks (Figure 1G) have been 
pioneered, as promising in vitro  systems for stem cell 
expansion, EB cultivation and differentiation of  ES/iPS 
cells into specific cell types[54]. Spinner flasks provide 
attractive benefits due to their simple design, scalable 
configuration, the flexible culture of  cells as aggregates 
on microcarriers[55] or scaffolds[56], and ease of  continu-
ous monitoring for tight regulation of  the culture en-
vironment (e.g. O2 tension, pH, shear forces, medium 
exchange rate)[57]. The simpler process in spinner flasks 
equipped with paddle-impellers results in the forma-
tion of  large ES cells agglomerates within a few days[58]. 
The scaling-up is generally straightforward because of  
improved mass transport achieved by stirring. However, 
the flow environment created by the impeller renders 
them inappropriate, due to the shear stress[59]. Numerous 
culture parameters for this system have been optimized, 
including the agitation rate, cell initial concentration, me-
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dium compositions, and different culturing approaches 
have been developed. In addition, a low rate of  paddle-
impeller stirring results in cell clumping in aggregation 
supporting EB cultures (leading to lower mass transport 
to the cells), while high rates of  paddle-impeller stirring 
can be harmful for the cells. Consequently, an optimal 
fluid velocity promoting the suitable shear stress for the 
cell type being cultured is critical[60]. 

RCCS: Cells in conventional stirrer vessels are exposed to 
hydrodynamic shear stress resulting in damage to the cells. 
Another approach for controlling EB agglomeration em-
ploys RCCS which is comprised of  a slow turning lateral 
vessel (STLV) (Figure 1H) and a high aspect rotating vessel 
(HARV) (Figure 1I), as a milder bioreactor. The advan-
tages of  these bioreactors are as follows: (1) horizontal ro-
tation is characterized by extremely low fluid shear stress; 
(2) fluid-filled culture vessels are equipped with membrane 
diffusion gas exchange to optimize oxygen levels; and (3) 
membrane area to volume of  medium ratio is high, thus 
enabling efficient gas exchange[61]. The type of  rotating 
vessel had significant impacted on the process of  hEB for-
mation and agglomeration; hEBs formed small aggregates 
with no necrotic centers in STLV. Conversely, hEBs of  
extensive cell aggregation with large necrotic centers are 
formed in HARV[23]. STLV rotating bioreactors were used 
for cultivating mouse ES (mES) and hES cells to produce 
EBs and to compare both the quality and quantity of  EBs 
with those from static suspension culture. ES cells grown 
in a STLV bioreactor were of  higher quality and yielded a 
nearly 4-fold increase in the number of  EB particles. EBs 
derived from a STLV bioreactor showed enhanced cardiac 
differentiation in comparison to static suspension cul-
ture[62]. 

Rotary orbital culture: Bioreactors may offer a more 
uniform differentiation environment capable of  sustaining 
increased EB and differentiated cell yield. However, these 
methods may not be suitable solutions for assessing 
multiple experimental samples in parallel because of  the 
requirement for larger-volume bioreactors. Orbital rotary 
shakers (Figure 1J) have been used to produce EBs as the 
constant circular motion provided by this simple system 
is good for improving the efficiency of  EB formation[63]. 
The advantages of  this technique include accommodation 
of  cell culture dishes on the rotary platform, easily 
allowing production of  numerous parallel samples and 
allowing comparison of  different experimental parameters. 
EBs formed by using orbital rotary shakers appeared 
to differentiate more efficiently than those produced in 
static suspension culture on the basis of  morphological 
appearance and gene expression profile patterns. A 20-fold 
enhancement in the number of  cells incorporated into 
primitive EBs in rotary versus static conditions was detected 
after the first 12 h, and a fourfold increase in total cell yield 
was achieved by rotary culture after 7 d[64].

Complex methods combining these techniques: 
Recently, complex methods combining the above 

mentioned techniques have been adopted for solving the 
problems of  these methods and keeping cells floating 
continuously in the culture medium. For example, the 
agglomeration of  cells was avoided by keeping EBs in 
Petri-dishes for several days before transferring them into 
a different kind of  environment; (1) spinner flasks; (2) a 
rotation culture system of  Petri-dishes which were rotated 
on a horizontal rotation device; (3) rotary suspension 
culture in dishes on an orbital rotary shaker; (4) direct 
seeding ES cells into a spinner flask equipped with a 
glass ball bulb-shaped impeller or (5) two litres Stirred 
Tank bioreactor (STR) equipped with a newly developed 
pitched-blade turbine impeller[65]. 

In other cases, the encapsulation of  ES cells was 
combined with transferring them into a bioreactor. For 
example, encapsulation of  ES cells in defined conditions 
(i.e. number of  cells per EB and capsule size); alginate[35], 
agarose[66], poly (lactic-co-glycolic acid)/poly (L-lactic acid) 
microsphere[67,68], hyaluronic acid[31] and Matrigel[69] was 
used to control agglomeration of  cells. Then, after the 
initial period of  EB formation, all encapsulated ES cells 
were transferred to a spinner flask. The encapsulation 
system allowed a 61-fold expansion in the number of  
cells, similar to the static control non-stirred culture but 
significantly higher than the stirred non-encapsulated 
system. Moreover, combination of  the encapsulation 
of  ES cells within alginate hydrogel, with or without 
70s bioglass, followed by culturing cells in an HARV 
bioreactor directly enhanced both osteogenic differ
entiation in a functional test and generation of  functional 
3D mineralized constructs for further application of  
bone tissue engineering transplantation[70,71]. Finally, 
mES cells expanded as aggregates on microcarriers in 
stirred vessels retained expression of  stem cell markers 
and could form EBs. Perfusion combined with frequent 
feeding has been shown to increase the expansion of  
ES cells and their differentiation into specific lineages, 
without compromising their stem cell performance[72]. 
Additionally, the effect of  a rotary bioreactor promoted 
neural differentiation of  hES cells in perfused and dialyzed 
STLV. The mean time delay for growing to so-called 
“neural rosette” formations was significantly shortened 
under STLV conditions compared to conventional 
static suspension culture. Likewise a perfused STLV 
bioreactor can decrease the expression of  markers of  
undifferentiated stage and increase the expression of  
markers of  differentiation, especially towards neural lineage 
commitments[73]. 

Recently, researchers have sought to develop culture 
systems with integrated bioprocesses, controlling stem 
cell expansion and differentiation tightly in a fully con-
trolled bioreactor environment. For example, ten fold 
increase in expansion of  ES cells as well as consequent 
neural differentiation was reported while drastically re-
ducing, by 30%, the time required for the differentiation 
process[54]. Moreover, microcarrier spinner flasks have 
been used for the culture of  mES and hES cell expan-
sion and directed differentiation. Mouse ES cells were 
allowed to proliferate on microporous collagen-coated 
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dextran beads (Cytodex 3), glass microcarriers, and mac-
roporous gelatin-based beads (Cultispher S) in spinner 
flasks[74]. Under different inoculated cell densities and 
microcarrier concentrations, mES cells on microcarriers 
showed increased yield of  approximate 70-fold (8 d) to 
about 190-fold (15 d). These cultured cells also success-
fully expressed Oct4, Nanog, and SSEA-1, and when 
dissociated from the beads, they formed EBs yielding 
cells with differentiation markers such as Flk-1, CD34 
and α-MHC (mesoderm), HNF-3b19 (endoderm), and 
b3-tubulin57 (ectoderm)[60].

Computer-controlled bioreactors
As mentioned before, the main advantage of  computer-
controlled bioreactors is process development by allow-
ing online monitoring and control of  specific culture 
parameters (temperature, pH, PO2, lactic acid production 
and glucose consumption), and ensuring a fully con-
trolled environment for stem cell cultivation[18]. Oxygen-
controlled bioreactors have been used for culturing mES 
and hES cell-derived cardiomyocytes. These experiments 
also assessed the effect of  oxygen tension on cardiac 
differentiation which is a main concern[72]. Moreover, 
this system was recently applied to culturing cells not 
only for stem cell expansion but also for differentiation. 
Expansion of  a variety of  stem cell types in bioreactors 
under defined and controlled conditions remains to be 
addressed. Future challenges also include the combina-
tion of  expansion and directed differentiation steps in 
an integrated bioprocess that will ultimately result in 
scale-up of  well differentiated cells to clinically relevant 
numbers. 

It is worth mentioning that although differentiating 
cells in bioreactors have numerous benefits, these cells 
have been assessed for functionality by transplantation, 
and did not always perform well. Ten and twenty days 
post-implantation ES cells derived chondrogenic and 
osteogenic bioreactor aggregates showed no obvious 
influence on the healing process. In these experiments, 
all of  the bioreactor derived cells showed higher Oct4 
expression in the aggregates, even after 30 d of  induced 
differentiation in a medium without LIF[75]. This empha
sizes the importance of  proper condition set-up and 
timing during cultivation of  cells in bioreactors. 

EMBRYONIC STEM CELL DIFFERENTIATION 
TO CARDIOMYOCYTES USING 
BIOREACTOR
Regenerative medicine based on cell transplantation 
therapies has attracted increasing attention as a potential 
alternative to organ transplantation[76]. Pluripotent 
stem cells (ES/iPS cells), because of  their pluripotency 
and unlimited self-renewal capacity are promising 
cell sources to provide sufficient number of  cells for 
therapeutic applications. However, the expansion and 
differentiation of  these cells is still limited as a result of  
their complexity and difficult manageability in scale-up 

production for industrial purposes[77,78]. To solve these 
problems, bioreactor culture systems offer attractive 
advantages of  ready scalability and relative simplicity[79,80]. 

Recently, a single-step bioprocess for ES cell-derived 
cardiomyocyte production have been developed by 
combining methods to prevent ES cell aggregation (hydrogel 
encapsulation) and to purify for cardiomyocytes from the 
heterogeneous cell populations by using genetic selection 
(myosin heavy chain-neomycin resistance; MHC-neo), with 
medium perfusion in a controlled bioreactor environment. 
It has been shown that the cardiomyocyte yield per input 
ES cells achieved in encapsulated culture was much higher 
than without encapsulation (3.17 ± 0.90 vs 0.16 ± 0.07). 
Furthermore, higher cardiomyocyte yield was achieved 
under hypoxic conditions (4% oxygen tension) versus 
normoxia conditions (20% oxygen tension), when cultured 
in the stirred culture system[72]. In addition, a 2-L bioreactor 
process enabling the controlled generation of  EBs, 
derived from MHC-neo ES cell line, has been adopted for 
enhancing yield of  ES-derived cardiomyocyte production. 
The fill-and-draw feeding protocol was replaced in a 2-L 
bioreactor, which allowed constant medium supply and 
avoided daily fluctuations of  medium components. An 
optimized protocol resulted in more than five times greater 
cardiomyocyte yield, whereas medium consumption was 
40% less than that in the control system[53].

For the controlled large-scale generation for clinical 
and industrial applications in humans, the efficacy of  the 
dynamic process [Erlenmeyer, STLV bioreactor, Glass 
Ball Impeller (GBI) spinner flask and Paddle-Impeller (PI) 
spinner flask] was compared to static suspension culture in 
Petri-dishes by analyzing the quality of  EB formation and 
subsequent differentiation into cardiomyocytes. The EB 
prearrangement in the static system and EB cultivation in 
the GBI spinner flask resulted in high EB yield, a round 
homogenous shape, the fastest growth rate and high 
contracting EB percentages over all other systems[65].

As noted above, cardiomyocytes derived from ES 
cells are anticipated to be valuable for cardiovascular 
drug testing and disease therapies. However, the overall 
efficiency and quantity of  cardiomyocytes obtained by 
differentiation of  ES cells is still low. Recently, to enable 
large-scale culture of  ES-derived cells, we have tested a 
scalable bioprocess that allows direct EB formation in a 
well controlled STLV bioreactor system. Our laboratory 
has developed protocols of  cardiomyocyte differentiation 
from mES cells by using STLV. We have optimized the 
initial ES cell seeding density into the bioreactor, the 
rotation speed and the day of  transferring and plating of  
EBs on gelatin coated Petri-dishes. We have compared 
the quantity and quality of  EB production, as well as the 
efficiency of  cardiac differentiation of  samples derived 
form STLV, static suspension culture and hanging drop 
method. We found that the optimized rotary suspension 
culture method can produce a highly uniform population 
of  efficiently differentiating EBs in large quantities in a 
manner that can be easily implemented by basic research 
laboratories (Figure 2). Although EBs derived from STLV 
start rhythmically contracting later than static suspension 
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culture and hanging drop method, they beat with nearly 
100% efficacy (Figure 3). Furthermore, our results are 
similar to other reports of  EBs formed in STLV which 
were more uniform in size, and contained mostly viable 
cells whilst lacking necrotic centers. Additionally, STLV-
produced EBs differentiated into cardiomyocytes more 
efficiently than those from static suspension culture[62]. 
Hence, this method provides a technological platform for 
the controlled large-scale generation of  ES-derived cells 
for clinical and industrial applications. 

CONCLUSION
Bioprocessing and commercialization of  ES or iPS 
cells and tissue engineering products in cell replacement 
therapy have the potential to facilitate and transform 
breakthroughs from the research bench to the patient 
bedside. This is expected to be a long process, however, 
as there are many key practical issues to be addressed 
before moving ahead from the laboratory-scale 
fundamental research level. Laboratory-scale suspension 
cultures in hanging drops or Petri-dishes are useful tools 
for process development and initial optimization, and 
encapsulation/entrapment of  ES cells, multiwell and 
microfabrication methods can improve high-throughput 
EB production. However, these approaches are not 
suitable for further therapeutic application because of  
their labor intensive, time consuming nature, culture-
to-culture variability and lack of  monitoring. Bioreactor 
culture systems address many of  these problems and offer 

several advantages over the conventional use of  basic 
culture methods for expanding and differentiating ES 
cells into specific lineages, without compromising their 
stem cell performance. Future challenges in bioreactor 
development will include the design of  advanced and 
sophisticated monitoring platforms that allow monitoring 
at the cellular level of  parameters including temperature, 
pH and oxygen levels. With respect to ES or iPS cells, we 
envision a scenario, where a complete bioprocess would 
exist in the bioreactor for the expansion and subsequent 
differentiation of  the ES or iPS cells to generate the 
specialized cell type of  interest. For example, the current 
achievements with cardiomyocytes derived from ES cells 
would be developed into cardiovascular grafts tissue 
engineering, with an emphasis on its possible clinical use 
in cardiovascular surgery. The engineering of  a human 
cardiac tissue patch would be used to illustrate the 
biological requirements and engineering approaches for 
human applications. For future therapeutic application, the 
specialized cells differentiated from ES or iPS cells could 
then be used for cell therapies or combined with scaffolds 
to produce tissue construct and transplants for patients. 
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