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Human pluripotent stem cells (hPSCs) are powerful tools for regenerative therapy and studying human de-
velopmental biology, attributing to their ability to differentiate into many functional cell types in the body. The
main challenge in realizing hPSC potential is to guide their differentiation in a well-controlled manner. One
way to control the cell differentiation process is to recapitulate during in vitro culture the key events in
embryogenesis to obtain the three developmental germ layers from which all cell types arise. To achieve this
goal, many techniques have been tested to obtain a cellular cluster, an embryoid body (EB), from both mouse
and hPSCs. Generation of EBs that are homogeneous in size and shape would allow directed hPSC differen-
tiation into desired cell types in a more synchronous manner and define the roles of cell–cell interaction and
spatial organization in lineage specification in a setting similar to in vivo embryonic development. However,
previous success in uniform EB formation from mouse PSCs cannot be extrapolated to hPSCs possibly due to
the destabilization of adherens junctions on cell surfaces during the dissociation into single cells, making hPSCs
extremely vulnerable to cell death. Recently, new advances have emerged to form uniform human embryoid
bodies (hEBs) from dissociated single cells of hPSCs. In this review, the existing methods for hEB production
from hPSCs and the results on the downstream differentiation of the hEBs are described with emphases on the
efficiency, homogeneity, scalability, and reproducibility of the hEB formation process and the yield in terminal
differentiation. New trends in hEB production and directed differentiation are discussed.

Introduction

Human pluripotent stem cells (hPSCs) such as em-
bryonic stem cells (hESCs) and induced pluripotent

stem cells (hiPSCs) that are able to differentiate into cell
types of all three somatic germ layers represent a powerful
cell source for regenerative therapy and studying human
developmental biology. Beyond the capability for self-
renewal and multilineage differentiation, more recent gen-
eration of hiPSCs from patient cells through reprogramming
has mitigated the concerns such as ethical rejections and re-
quirement for immunosuppression therapy that surround the
uses of hESC derivatives. Clinical and biopharmaceutical
translation of hPSCs are highly contingent upon the ability to
produce cells of desired phenotypes in high purity and large
quantity [1]. To date, the utility of these cells has not been
carried out to its full potential due to the lack of standardized
protocols to direct their lineage-specific differentiation. Al-
though a growing body of protocols exists, describing
directed differentiation of hPSCs into specific lineages, sig-
nificant barriers, including the variance between starting
populations, scalability, reproducibility, and culture defini-

tion (eg, substrate, media, feeders, and eventual cell lineage
of interest), have impeded the industrial and clinical trans-
lation of current differentiation protocols.

In vitro differentiation of hPSCs often requires the for-
mation of embryoid bodies (EBs), which represents the onset
of directed differentiation of hPSCs toward specific lineages
[2–5]. EBs are three-dimensional (3D) hPSC aggregates that
can differentiate into cells of all three germ layers (endoderm,
ectoderm, and mesoderm) [3]. Many events in the in vitro
lineage-specific differentiation process within the EBs reca-
pitulate those seen in vivo in the developing embryo [6],
which justifies the uses of EBs as a model system to simulate
the in vivo differentiation of hPSCs under in vitro culture
conditions, and mechanistically examine hPSC differentiation
programs/lineage commitment during embryogenesis as an
alternative to the whole embryo approach [7]. In addition, in
vitro formed EBs have opened access to early precursor cell
populations that are not accessible in vivo [8]. EBs have been
shown to effectively initiate lineage-specific differentiation of
hPSCs toward many lineages, such as cardiac [9], neural
[10,11], hematopoietic [12], and pancreatic b cells [13]. Al-
though EB permits the generation of cells arising from all
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three primary germ layers, the differentiation outcomes are
highly dependent upon the endogenous parameters of EBs,
including the media composition [14], the cell numbers, the
size, and the morphology of EBs [9,15]. For example, EB
viability and the yield in terminal differentiation vary in a
size-dependent manner [16]. While too small EBs did not
survive well during the differentiation procedures, too large
EBs underwent core necrosis [16]. A wide distribution in the
EB size introduces a source of variability in their downstream
differentiation [17], which depends on the immediate mi-
croenvironment perceived by individual cells in the EBs, that
is, the position of cells relative to others in the EBs. This
effect is more pronounced when EBs exceed a certain size
range: cells at the peripheral of the differentiating EBs tend to
differentiate into the primitive endoderm, while the cells at
the center of the EBs tend to give rise to primitive ectoderm
cells [18]. When cultured in chondrogenic medium, small
EBs exhibited higher propensity toward chondrogenesis, yet
medium and large EBs shifted their potential toward he-
matopoietic and endothelial differentiation [19–21]. EBs of
different morphology (eg, cystic-, bright cavity-, and dark
cavity-type EBs) also exhibited different differentiation pro-
pensities [15]. Cystic EBs primarily comprised the endoderm
lineage population, while both types of cavity EBs consisted
of cells from all three germ layers [15]. The fate specifica-

tions of the cells in the differentiating EBs may be fine-
tuned through cell–cell interactions within the aggregates
[22]. There may exist an ideal size range for the best via-
bility and differentiation of EBs toward desired lineages.

To harness the full potential of human embryoid bodies
(hEBs) as a powerful platform to direct hPSC differentiation
into desired cell types in large quantities and define the roles
of cell–cell interaction and spatial organization in lineage
specification in a setting similar to in vivo embryonic de-
velopment, a highly efficient scalable system capable of
reproducibly generating synchronous hEBs that are homo-
geneous in size and morphology is the key. In this review,
we will go over the existing methods for hEB production
from hPSCs and the results on the downstream differentia-
tion. The major techniques to induce hEB formation are
outlined in Fig. 1. The two conventional methods, that is,
suspension culture (Fig. 1a, b) and hanging drop (HD) (Fig.
1c), were covered in the review by Kurosawa in 2007 [23],
who also described advances on developing bioreactors for
EB production (Fig. 1d, e) up to then. To build upon Kur-
osawa’s review, which focused more on EB formation from
mouse ESCs due to the limited knowledge of hESCs, we
have, in the current review, highlighted the newly emerged
technologies such as low-adherence microwells that may al-
low quick cell aggregation for uniform EB formation from

FIG. 1. The major techniques for the formation of embryoid bodies (EBs).
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dissociated hPSCs (Fig. 1f). For the techniques with which
success has not been demonstrated for homogeneous EB
formation from dissociated human PSCs, results from mouse
PSCs are discussed.

Methods for EB Formation

Conventional methods

The key to healthy hPSC cultures is to maintain cell
pluripotency by preventing spontaneous differentiation. The
presence of antidifferentiation factors, such as basic fibro-
blast growth factor (bFGF), leukemia inhibitory factor, or
those released from feeder cells, are crucial for maintaining
hPSC pluripotency. EB represents the onset of differentia-
tion; therefore, antidifferentiation factors need to be with-
drawn before the induction of EB formation. Since hPSCs
are anchorage-dependent cells, the principle involved in EB
production deals with deprivation of cell attachment to the
culture surfaces and promoting cell aggregation while re-
maining in suspension. Two conventional methods are used:
suspension culture and HD. EBs are generally formed in
suspension culture in nonadherent cell culture dishes that
allow spontaneous aggregation in solution. The HD method
involves dispensing equal numbers of cells in gravity-
induced, physically separated cell aggregates that are sus-
pended from the lid of a Petri dish.

Suspension culture. Suspension culture with or without a
feeder layer was first tested in as early as 1985 by Doetschman
et al. for spontaneous EB formation from mouse ESCs [24].
Suspension culture was first tested on EB formation from
hESCs in 2000 by Itskovitz-Eldor et al. [13]. For hPSCs,
both feeder-based and feeder-free/floating culture systems
are used. In feeder-based culture, healthy undifferentiated
hESC colonies that were cultured on feeder cell layers (eg,
mouse embryo fibroblasts) were enzymatically or me-
chanically dissociated into medium-sized aggregates, fol-
lowed by scraping of adherent hESC colonies to suspend
cell clumps before transferring the clumps into suspension
culture in low-adherence vessels [13]. Overnight culture
results in EB formation in suspension, characterized by
colonies of a round shape and with clear borders. Following
the initial cellular aggregation of hESCs, the hEBs became
cavitated over time and eventually turned into cystic hEBs
with central cavities [13]. The enzymatic or mechanical
dissociation method is apparently associated with problems
of a wide range of size variation, irregular shapes, and the
tendency of EB agglomeration to form larger colonies. The
method is not reproducible, producing EBs of heteroge-
neous sizes and morphologies that are asynchronous in their
downstream differentiation, which may compromise the
utility of the ESC-derived cells in many applications [13,15].

Instead of using confluent hPSC colonies as the input cell
population, dissociated single-cell suspension of hPSCs
represents a better starting population for EB formation,
which allows strict control over EB sizes by seeding defined
numbers of cells for the formation of discrete EBs. Singu-
larized hPSCs also eliminate any pre-existing organizations
that may be present in the colonies, which may bias the
downstream differentiation [25]. One challenge when using
dissociated single-cell suspension of hPSCs is to maintain
cell viability. hPSCs have exhibited extremely low viability
when they are present in the form of dissociated single-cell

suspension [13,26]. Treatment with the p160 Rho-associated
coiled-coil kinase (ROCK) inhibitor (ROCKi, Y-27632) has
been widely used to promote survival of dissociated hESCs
after passages [27] and assist EB formation from dissociated
single-cell suspension of hESCs [27–29]. Nonetheless,
ROCKi is a xeno-factor and has been shown to bias cell fate
toward residual pluripotency and inhibit differentiation in
neural differentiation studies, reducing the utility of the
derived cells for potential clinical applications [30]. To fa-
cilitate cell aggregation in suspension for EB formation,
nonadhesive culture surfaces were developed [12,31], and
soluble factors that promote cell–cell interactions were ad-
ministered in the culture media [32]. Recently, a serum-free,
animal product-free defined medium, mTeSRTM1, has been
developed to support the feeder-independent culture and EB
formation from dissociated hESCs [33,34], making it pos-
sible to derive clinically relevant human cell lineages from
hPSCs in a reproducible manner. In feeder-free suspension
culture in nonadherent dishes (eg, extremely hydrophobic or
extremely hydrophilic surfaces) (Fig. 2) in the absence of
antidifferentiation factors such as bFGF, hESCs formed 3D
multicellular aggregated EBs [15]. At 10 days in suspension
culture, the EBs became morphologically classified into
three types: cystic-, bright cavity-, and dark cavity-type EBs
[15]. The organization of the EBs ranged from cystic
structures filled with fluid (cystic EBs) to spheroids with
loosely aggregated cores (bright cavity EBs) and to spher-
oids with dense cores like solid balls (dark cavity EBs). The
morphologically classified EBs possess different differenti-
ation capacities and are associated with different differen-
tiation stages, for example, cystic EBs exhibited greater
propensity toward endoderm lineages, and both types of the
cavity EBs displayed specification potential for lineages
associated with all three germ layers. Among the three EB
types analyzed, bright cavity EBs were the most pluripotent
with equal potential for all three germ layers, while cystic
EBs experienced the fastest induction of differentiation that
was enriched for endoderm lineages. In addition to the
morphology, EB sizes critically determine lineage specifi-
cations. These early studies suggest that directing the EB
formation process by governing the microenvironment fac-
tors may produce subsets of EBs that are enriched for spe-
cific lineage differentiation. However, the suspension
culture technique does not allow control over the distribu-
tions of EB classifications and therefore the differentiation
efficacy for target lineage production. In addition, micro-
dissection methods were applied to isolate regions of EBs

FIG. 2. Suspension culture in bacterial-grade nonadherent
dishes. Human embryonic stem cell suspension in a non-
adherent dish made of highly hydrophobic or highly hydro-
philic materials. To survive, the anchorage-dependent cells
spontaneously aggregate, giving rise to three-dimensional
(3D) spheroids.
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formed in suspension culture for enrichment toward specific
lineages [35,36]. The efficiency of these methods to enrich
EBs for target lineage specifications is only moderate, and the
involvement of labor-intensive procedures prevents scale-up.

Evolving of culture vessels, for example, round-bottomed,
low-adherence 96-well plates, and low-adherence conical
tubes have facilitated cell aggregation during EB formation
from defined numbers of dissociated hPSCs (Fig. 3). EBs
produced through forced aggregation of known numbers of
dissociated hESCs in round-bottomed, low-adherence 96-well
plates by centrifugation underwent reproducible hematopoi-
etic differentiation into blood cells in an input cell number-
dependent manner at 8–12 days after EB formation when
transferred to tissue culture-treated plates [12]. In contrast,
dissociated hESCs failed to aggregate to form stable EBs in
flat-bottomed wells even after centrifugation [12]. Burridge et
al. tested the formation of EBs from several lines of hESCs
using a high-throughput, forced aggregation system that was
based upon the centrifugation of known numbers of dissoci-
ated hESCs in V-bottomed 96-well plates (ie, V-96FA) and
evaluated the downstream cardiomyogenic differentiation
[37]. Their results were consistent with those from the Ng
group on the ability of the V-96FA system to promote re-
producible and homogeneous EB formation and synchronous
directed differentiation. The data also highlighted interline
variability among hESC lines in terms of the cardiomyogenic
potential as well as the amenability to growth factor induction
of cardiomyocyte differentiation. Evseenko et al. examined
the roles of extracellular matrix (ECM) components in cell
aggregation in round-bottomed, low-adherence 96-well plates
to form EBs from single-cell suspension of hESCs [32]. In the
presence of a purified protein complex comprising human
laminin-511 and nidogen-1, but without the feeder layer or
exogenous chemicals, hESCs in single-cell suspension con-
sistently assembled into uniform EBs that were later induced
to differentiate into endodermal, ectodermal, and mesodermal
derivatives [32]. Their findings suggest ECM protein-based
adhesion mechanisms in regulating cell aggregation during
EB formation from single hESCs. Low-adherence, polypro-
pylene conical tubes (Fig. 4) were also used to promote cell
sedimentation and aggregation during EB formation, but had
only been tested on mouse ESCs [38,39]. Round- and V-
bottomed 96-well plates and conical tube cultures allow
media change without disturbance on the cells for prolonged
culture and differentiation within the same vessels. Different
from the 96-well plates, there is a lack of control over the EB
sizes in the conical tube cultures. Scale-up EB production is
difficult with all these culture vessels.

EBs formed in suspension cultures have generally dem-
onstrated a high degree of heterogeneity in their downstream
differentiation patterns [18], reducing the overall efficiency

for directed differentiation into a specific lineage in high
fidelity. Optimization of the differentiation protocols of EBs
toward specific lineages requires the incorporation of the
appropriate microengineering technology to obtain a mono-
disperse synchronous EB population that has a differentia-
tion status enriched for desired lineages.

Enhancement of static suspension culture for EB homogeneity.

Although suspension-based EB derivation is simple, fast,
labor efficient, scalable, and cell friendly, it offers little
control over EB size and homogeneity. Upon formation, the
EBs may agglomerate to form bigger clumps, resulting in a
wide size distribution [40]. Current attempts to enhance
homogeneity in EB size and shape are based upon increased
stirrer speeds [40] or applying rotation to the suspension
culture [41]. EBs that were formed in these hydrodynami-
cally enhanced suspension cultures from hPSCs were further
differentiated into a variety of cell lineages, including neural
cells [13], cardiomyocytes [13,42], hepatic and pancreatic
cells [41,43], vascular cells [44], chondrocytes [19–21],
germ cells [45], hematopoietic cells [13], and endothelial
cells [44,46]. Nonetheless, concerns were raised surround-
ing the shear stresses and hydrodynamic forces that were
associated with the motions, which may alter cell viability,
aggregation, proliferation, and differentiation.

EBs in suspension tend to agglomerate, dissociate, as well
as adhere to the culture dish, which contribute to low EB
formation efficiency and poor viability [47]. To eliminate
these problems, hESC single-cell suspension was encapsu-
lated/cultured in a 3D semisolid matrix, such as a hydrogel,
to physically isolate individual cells as well as provide a
niche-like milieu for EB formation from individual hESCs
[48]. When compared with the regular suspension culture in
Petri dishes, EB formation in the agarose-based 3D environment

FIG. 3. For this type of suspension
culture, round-bottom, low-adherence
96-well plates are used. From these
plates, it is possible to obtain EBs from
a known number of cells: The round
bottom promotes cell–cell contact and
subsequent aggregation. In this way, it
is possible to investigate the number of
cells necessary to make a good quality
EB in both size and morphology.

FIG. 4. A polypropylene conical tube enables use of a large
amount of cells. In 1 mL media, 2 · 104 cells can be placed.
They promote sediment on the bottom of the tube. To culti-
vate the cells, the conical tube was put into an incubator with
the cap loosely closed to supply oxygen. A 5-day culture was
required to obtain good EBs for further differentiation.
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demonstrated higher efficiency with enhanced stability of
individual EBs and the lack of EB agglomeration into large
clusters or fragmentation into small unproliferative clusters
or single cells during prolonged in vitro culture. Similarly,
the addition of 1% methylcellulose to the culture media of
hESC suspension creates semisolid media, which is the key
to isolate the cells and develop single-cell-cloned EBs in
suspension (Fig. 5). Common problems of the semisolid
culture system for EB formation include low EB yield due
to the intrinsic instability of single hiPSCs during prolonged
culture, the hindrance of mass transport necessary for ef-
fective soluble factor treatments, as well as the complicated
process for differentiated cell retrieval [48]. It remains in-
teresting to see whether the 3D semisolid culture would
improve the yield in lineage-specific terminal differentiation
of the hEBs.

Hanging drops. HDs were first developed for EB for-
mation from mouse ESCs in 2002 by Dang et al. [49]. In the
HD method, droplets of cell suspension are placed on an
invertible substrate, for example, the internal face of the lid
of a Petri dish. When the lid is full of drops, it is flipped over
onto the bottom of the same Petri dish filled with phosphate-
buffered saline to avert drying (Fig. 1c). The resultant Petri
dish is put in an incubator for 2 days for EB formation in the
drops. The EBs will then be recovered from the drops and
put into a nonadherent plate for suspension culture (Fig. 6),
which compacts the EBs. The HD method allows easy
control of the EB sizes. It is noteworthy that there are nu-
merous technical difficulties with the HD method, such as
the maintenance of trace amount of culture media for each
droplet without disturbing the EBs, loss of EBs when
picking up using the pipette, controlling the shape after
harvesting the EBs, attachment of premature EBs onto Petri
dishes, and the upper size limit of the EBs due to the volume
limitation of the droplet allowing fluid tension to adhere the

droplet to the lid [23]. In particular, the number of EBs
formed per dish (about 100 per 10-cm plate) is limited by
surface area, which hinders scale-up production [50]. Al-
though the HD method allows the generation of uniform
EBs from murine PSCs for small-scale applications, it is
difficult to be used for automation due to the cumbersome
and time-consuming process. Furthermore, the reproduc-
ibility may be an issue due to the pipetting-dependent delay
between first and last HD preparations [51]. The formed EBs
are not spherical due to the cell spreading and the satellite
aggregation of PSCs. In the conventional HD culture, it is
impossible to change media during the culture if growth of
the EB is needed. However, by direct observation of the
drops using a stereomicroscope, it is possible to estimate the
growth state of the EBs. If necessary, growth factors may be
incorporated into the media used to make the drops to im-
prove EB formation or to initiate the differentiation process
directly from the drops, driving the cell fate from the first
moments of their differentiation.

To date, due to its laborious nature, which is further
confounded by the two-step process (ie, EB formation on the
lid, and then transfer to suspension culture for EB matura-
tion), the HD method has been largely abandoned for
hPSCs. Success of the HD method for uniform EB forma-
tion from singularized hPSCs has not been reported. The
experience of our group with HD culture of dissociated
hESCs in the presence of ROCKi failed to produce cell
aggregates (unpublished observation). With hESCs, it is
possible to use the HD technique to produce EBs with large
clumps derived from colonies. In such cases, an entire col-
ony will be scraped to use as a clump for the HD culture.
However, these clumps of hESCs should be uniform in size
to ensure consistency in further differentiation. Following
the HD culture, hEBs may undergo suspension culture for
further compaction before being used in a differentiation
protocol. A few studies have shown differentiation of
HD-produced human EBs to several cell types, including
hematopoietic cells [52], cardiomyocytes [53], and hepato-
cytes [54]. These investigations indicate propensities of the
HD-produced EBs to progress toward cell types of all three
germ layers.

New methods

The common problems with conventional methods for EB
formation such as static suspension culture or HD are the
lack of control over the homogeneity of the environmental
factors that individual cells are exposed to and are not
amenable for scalable production. Recently, new techniques
have emerged to enhance the production of uniform and

FIG. 5. Single-cell suspension culture in 1% semisolid
methylcellulose media. The semisolid media keeps the cells
isolated and allows single-cell-cloned EB formation. When
the EBs are transferred to standard media, they fuse into a
larger structure in a reproducible manner.

FIG. 6. In hanging drop culture, droplets of cell suspension are seeded onto the internal surface of the lid of a Petri dish,
followed by the inversion of the lid onto the bottom of the same dish filled with phosphate-buffered saline to avoid drying.
After 2 days, it is possible to obtain EB formation on the lid.
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synchronous EBs on a large scale in a reproducible manner.
These techniques include bioreactor cultures, hydrogel em-
bedding systems, and the microwells.

Bioreactor cultures and the rotary cell culture system. Bio-
reactors of various designs have been developed since early
2000s to induce EB formation and differentiation in a well-
defined scalable manner [55,56]. Bioreactors offer the ad-
vantages of easy scale-up EB production, controllable culture
parameters, and labor-efficient processing. The scaling-up is
highly dependent upon the design of the bioreactors [57]. A
variety of scalable dynamic culture systems, including spin-
ner flasks, stirred bioreactors, and rotary cultures, have been
tested in EB formation from hESCs [6,58–60]. To control cell
aggregation and therefore EB sizes and the mass transport in
the culture, stirring/agitation is oftentimes applied. For ex-
ample, direct seeding of hESC suspension into a spinner flask
equipped with an impeller would enable formation of EBs
(Fig. 7) that may be subsequently differentiated into cardio-
myocytes [61] or endothelial cells for vasculogenesis and
angiogenesis [60]. Through mixing in 3D systems, these
dynamic cultures have enhanced the physiochemical unifor-
mity of the culture condition (eg, oxygenation, pH, and the
mass transport), reduced EB agglomeration [52], improved
cell viability, and facilitated circulation of exogenous factors
in the culture, however, at the expense of introducing an
additional variable of shear stress on the cells. Low-speed
stirring results in extensive EB agglomeration that hinders the
mass transport, while high-speed stirring is damaging to the
cells [60]. A stirrer speed of 100 rpm has been shown to result
in smaller and more uniform EB formation than a speed of
60 rpm [60]. In addition to the stirrer speed, EB formation
also depends on the impeller type. The bulb-type impeller
resulted in more homogeneous and reproducible EBs when
compared with the paddle-type impeller [60]. To date, EBs

with uniform size distribution have not been achieved with
stirring bioreactors. Large clumps form when the cells are
directly inoculated into the bioreactors. To address this
problem, either preformed EBs have been added to the stirred
suspension culture [59] or the cells have been enclosed within
agarose hydrogel spheres of controlled size [52]. Systems that
combine different types of bioreactors [60], encapsulation
with bioreactors [62], or static suspension culture followed by
bioreactors [60] have been attempted to increase the EB
formation and directed terminal differentiation without
compromising the self-renewal properties of ES cells. It is
conceivable though that the hydrodynamic conditions present
in the bioreactors may alter cell pluripotency and differenti-
ation, and medium supplementation alone is not sufficient to
efficiently drive the lineage-specific differentiation of EBs in
suspension bioreactors.

Another class of bioreactors is the rotary cell culture
system (RCCS) [52,63]. The RCCS is a horizontally rotated,
bubble-free, disposable culture vessel with diffusion gas
exchange (Fig. 8). The system provides a reproducible,
complex, 3D, in vitro culture system with large cell masses.
During cell growth, the rotation speed can be adjusted to
compensate for increased sedimentation rates. The RCCS
and its unique environment of low shear forces, high mass
transfer, and microgravity leads to EB formation close to a
stationary point. The RCCS may provide hydrodynamic
culture conditions for many cell types, including PSCs. In
the RCCS, hESC suspension is subjected to constant circular
motion, which enhances cellular incorporation during EB
formation, and produces more uniform EBs with higher
efficiency of lineage-specific directed differentiation when
compared with the EBs generated in static suspension cul-
tures or under HD conditions [6,64,65]. The RCCS also
allows scalable production of EBs and EB-derived cells.

A simpler version of the rotary suspension culture in-
volves nontissue, culture-treated, polystyrene (ie, bacterio-
logical grade) Petri dishes placed on an orbital rotary shaker.
The resulting EBs were maintained for up to 7 days in
suspension [64]. Depending upon the rotation mode, there
are two types of RCCSs, that is, slow-turning lateral vessel
(STLV) and high-aspect rotating vessel (HARV). The STLV
appeared to be more efficient in producing EBs of a defined
size range than the HARV, which tends to generate very large
clusters [52]. When using an STLV to produce EBs from
hESCs, Come et al. observed formation of more uniform
hEBs in both shape and size compared with the conventional
static culture. Concurrently, the yield of neuroinductive dif-
ferentiation of the formed hEBs was substantially higher [66].
Although bioreactor cultures may provide a more uniform
environment to sustain EB formation and increase yield in
directed differentiation, the large volume of bioreactors (eg,

FIG. 7. Through a direct injection of stem cells into a
spinner flask with a paddle impeller, it is possible to obtain
EB formation.

FIG. 8. The rotary cell culture sys-
tem is a horizontally rotated, bubble-
free, disposable culture vessel with
diffusion gas exchange. The system
provides a reproducible, complex, 3D
in vitro culture system with large cell
masses. During cell growth, the rotation
speed can be adjusted to compensate
for increased sedimentation rates.
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minimally 100 mL) makes the bioreactor-based process la-
borious and expensive. For example, it is difficult to use
bioreactors to screen medium compositions for directed dif-
ferentiation of EBs and examine multiple samples in parallel.
This has posed a compelling need for a miniaturized cul-
ture system that allows quick EB formation while mimicking
the central attributes of a large volume of bioreactors. The
microwell technology to be described next may provide a
practical solution.

Microwell technology. Microwell-based technologies have
been previously used to create patterned substrates, on
which cell spheroids/clusters with controlled size, shape,
and uniformity may form cocultures with supporting cells to
study heterotypic cell–cell interactions [63] or interactions
between hESCs and supporting murine embryonic fibroblast
feeder cells [67]. These studies have demonstrated the utility
of microwells in improving the homogeneity of culture
conditions, specifically in templating cell spheroids/clusters
with enhanced control over sizes and shapes. The microwell
approach for EB formation was first introduced by Ungrin
et al. in 2008 [29] and has ever since been extensively
adopted for homogeneous EB formation from dissociated
hPSCs. EBs formed using the microwell approach are of-
tentimes referred to as spin EBs since in addition to heavy
dependence of hEB formation on the presence of ROCKi,
most protocols have applied centrifugation as a means to
force cell aggregation [12,37]. Although centrifugation may
avoid exposure of hPSCs to the ROCKi xeno-factor, it is
not conducive to high-throughput automated production of
hEBs and may alter the stem characteristics of stem cells
and their differentiation potential [68].

In the microwell approach, microwells/microcavities of a
volume in the range of several microliters were created on
nonadherent, micropatterned polydimethylsiloxane (PDMS)
surfaces to allow controlled cell aggregation and formation
of one discrete EB per microwell [69] (Fig. 9). By con-
trolling the input cell numbers in each microwell, EB size
can be well controlled. In addition, this approach allows
controlled delivery of soluble and bound cues to the cells,
recovery of the EBs for maturation and further experiments,
and reproducible high-throughput large-scale production of
uniform-sized EBs. The obstacle for scale-up, however,
resides in the cost of the single-use microwell-based con-

sumables. Alternatively, low-cost, time-efficient, in-house
mass production methods of microwell plates using off-the-
shelf materials are desirable. Attempts have been directed
toward creating nonadhesive agarose/Dulbecco’s modified
Eagle’s medium (DMEM) microwells using soft lithography
strategy from different templates [69]. Agarose is desirable
for microwell fabrication, attributing to its moldability,
transparency, and noncell-adhesive properties. Silicone
masters with defined patterned surfaces were created using
the soft lithography technique. A second soft lithography
step allowed solidification of the agarose-DMEM hydrogel,
and through replica molding, about 800 corner cube aper-
tures representing mirror-inverted replicas of the silicone
master topography were simultaneously fabricated on the
agarose surfaces to host EB formation. hESCs with con-
trolled inoculation densities were seeded into each agarose
microwell in the presence of ROCKi and allowed to ag-
gregate. Although cell aggregation started within 10 h, it
required about 20 h to complete. The resultant EBs were
uniform in size, which were correlated with the initial
seeding densities, and were able to retain pluripotency after
the short-term aggregation. However, this approach did re-
quire centrifugation and individual manipulation of the
formed EBs manually and an additional plating step for
further culture and maturation. The presence of the ROCKi
was necessary for cell viability and aggregation for EB
formation. Another important factor of cell aggregation is
the geometry of the microwells. It was found that an angled
geometry without horizontal interspaces was preferable
since cells settling on horizontal interspaces may not con-
tribute to aggregation and therefore die from anoikis [69].
Using the same technique, EB formation from murine PSCs
was much easier when compared with that of hPSCs [69].

To date, one commercial product for uniform and syn-
chronous EB formation from dissociated single-cell sus-
pension of hPSCs is based upon the AggrewellTM plates
[28], which are similar to a standard 24-well dish, except
that an array of microwells of inverse pyramidal configu-
ration are textured onto the center eight wells of the dish. By
seeding well-dispersed hPSC single-cell suspension at
known cell density to the plate, followed by centrifugation,
one discrete EB may form per microwell. The formed EBs
are then transferred after 24–48 h for further culture and

FIG. 9. Micromold technology allows for creation of a mold in various materials to form EBs with uniform shape and
size. The embryonic stem cells are digested with an enzymatic procedure and the resultant single-cell suspension is plated
into the micromold made with 50 mL of low-melting-point agarose at various concentrations, depending on the sizes of the
embryonic bodies to be produced. After 10 min, the cells fall into the microwells, and 950 g is applied for 5 min to force cell
aggregation. After 2 days of incubation at 37�C, the cells form EBs. The obtained human embryoid bodies (hEBs) are
transferred into a multiwell dish for subsequent differentiation or they may be shaken in an incubator at 37�C for 2 days to
promote compaction. The mold is constructed based on the type of EB sought.
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maturation in low-adherence plates. Using the Aggrewell
plates, at very high cell seeding densities, ROCKi is not
required for cell survival. The thus produced EBs were
spherical, uniform in size, and remained structurally intact
during transfer. EB size could be easily controlled by ad-
justing the density of the input cell suspension. Cen-
trifugation is not required if ROCKi is used [29]. This
technique allows ultrahigh-throughput production of size-
specific aggregates starting from an hPSC single-cell sus-
pension. However, it is time-consuming and experiences
limitations in scalability. Once EBs are pooled and trans-
ferred to low-adherence plates, they tend to agglomerate to
form conjoint EBs that are large and may cause center ne-
crosis due to restricted access to oxygen and nutrients. This
may also introduce additional variation in the EB size and
differentiation patterns.

Parallel to the development of the Aggrewell plates, low-
cost 3D culture plates and Petri dishes based on replica
molding for uniform EB formation are available commer-
cially under the trademark CellSphere� from Biomaterials
USA LLC. These presterilized, 3D hydrogel-supporting
products allow for uniform hEB formation without the need
for centrifugation. In addition, there are other versions of
cell-repellent microwells/micromolds for EB formation.
These microwells were made of different cell-repellent
polymers, such as poly(ethylene glycol) (PEG), agar, col-
lagen/matrigel, and agarose (Fig. 1f). Using the PEG mi-
crowells as templates to initiate EB formation, given precise
control of the input cell numbers, and the size and shape of
the microwells, homogenous spherical mouse EBs may be
produced in large quantities [70]. Existing reports on the
size effect of microwell-produced EBs on their directed
differentiation have solely been based on mouse embryoid
bodies (mEBs) [71], but not hEBs. Uniform mEBs of dif-
ferent sizes were formed in nonadhesive, PEG hydrogel
microwell arrays of various diameters. Upon inductive dif-
ferentiation, smaller mEBs exhibited greater propensity to-
ward endothelial lineages, while cardiac differentiation was
dominant in large mEBs. In line with these findings, Choi et
al. documented the utility of PDMS-based concave micro-
wells in the production of uniform mEBs that displayed
defined fate specifications in a size-mediated manner [72].
Both cardiac and neuronal differentiations were enhanced in
mEBs formed in large concave microwells when compared
with smaller microwells. Since dissociated hPSCs survive
poorly, it appears that the key to high cell survival and
successful hEB formation from singularized hPSCs is quick
cell aggregation and cell–cell contact during EB formation.
In addition to the low adherence of the dishes or microwells,
the shape of the microwells plays a role in determining cell
aggregation and the overall EB formation efficiency. The
round- and V-bottomed microwells promoted cell aggre-
gation relative to flat-bottomed wells. In particular, V-
bottomed wells seemed to better allow quick cell aggrega-
tion when compared with the round-bottomed ones [37].
Production of uniform-sized hEBs with controllable lineage
specifications has not been achieved using the microwell
technology.

To enable scalable, high-throughput, reproducible auto-
mated production of hEBs for mass generation of hPSC-
derived cells, our laboratory has recently developed a simple
technique based upon nonadhesive, round-bottomed, aga-

rose microwell arrays for hEB formation from dissociated
single hPSCs [3,73]. We have demonstrated robust pro-
duction of homogeneous and synchronous hEBs from sin-
gularized hPSCs while eliminating both ROCKi xeno-factor
and centrifugation for a total of three hPSC lines [ie, hiPSC
line derived from foreskin fibroblasts (WiCell Research
Institute—WB0002) and BG01V/hOG and H9 hESC lines]
[3,73]. Our microwell system has allowed quick and con-
trolled aggregation of singularized hPSCs to minimize the
residential time of the cells in the form of dissociated single
cells and promoted cell–cell interactions and therefore en-
hanced overall cell viability without the need for ROCKi
and/or the rate-limiting centrifugation step during EB for-
mation. Uniform-sized nearly spherical hEBs were formed
under the no ROCKi and no centrifugation conditions and
were extracted intact from the microwells for subsequent
culture/differentiation. The hEBs exhibited organized inter-
nal tissue-level structures and expressed proteins distinctive
for all three embryonic germ layers. When subjected to lin-
eage-specific directed differentiation protocols, the hEBs
formed in our system from all of the three tested cell lines
differentiated into tissue lineages specific to each germ layer
[eg, neural lineage (ectoderm specific), cardiac lineage (me-
soderm specific), and pancreatic lineage (endoderm specific)],
and the results were highly consistent. Our agarose microwell
system offers a new avenue in automated, low-cost large-
scale production of hEBs and hPSC-derived cells.

Complementary techniques to enhance EB
formation and differentiation

To minimize the variations in the microenvironment within
hEBs, which may lead to spontaneous and heterogeneous
differentiation, Ferreira et al. incorporated biodegradable
particles into the hEB structures as a means to homoge-
neously deliver growth factors to the cells within hEBs
[74,75]. Growth factor-releasing biodegradable poly(lactide-
co-glycolide) nano- and microparticles carrying regulatory
factors that are known to contribute to early vascular devel-
opment, including vascular endothelial growth factor
(VEGF), bFGF, and placenta growth factor (PlGF), were
mixed with hESCs during EB formation in round-bottomed,
low-adherence 96-well plates through forced aggregation by
centrifugation. It was shown that particles of a preferential
size range (0.24–5mm in diameter) were most actively up-
taken by the hESCs without interference on cell viability,
proliferation, EB formation, and cell organization within the
EBs. The incorporated nanoparticles distributed uniformly
within the EBs. Sustained release of VEGF, bFGF, and PlGF
from the incorporated nanoparticles within the hEBs en-
hanced vascular differentiation, suggesting the utility of
biodegradable particles in uniform growth factor delivery
throughout EBs for homogeneous directed differentiation
toward specific lineages. For the strategies to control ESC
differentiation through engineering the EB microenviron-
ment, please refer to the review by Bratt-Leal et al. [7].

Some studies examined the effect of key small biomole-
cules on EB formation and differentiation. According to
Khoo et al. [14], a physiological glucose concentration
(5.5 mM) was sufficient to sustain hESC culture as well as
hEB formation, growth, and further differentiation into germ
layer-specific lineages for all three germ layers. hEBs
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cultured at the physiological glucose concentration ex-
hibited a similar gene expression pattern to those cultured at
a high-glucose concentration, suggesting that high-glucose
concentrations currently used in the hESC differentiation
procedures were not necessary to support hESC culture, nor
differentiation even in the long term (eg, up to Day 104)
[14]. Instead of high-glucose concentrations, the use of
normal physiological glucose concentration on hESC cul-
ture and differentiation also reduced cell impairment due to
the exposure to high-glucose levels [14].

Mohr et al. applied a cell- and protein-repellent self-
assembled monolayer (SAM) in the microwells to constrain
colony growth, therefore promoting cell aggregation, cell–
cell interactions, and colony characteristics for better hESC
survival and proliferation [9]. hEBs formed from the hESCs
in these SAM-coated microwells demonstrated relatively
uniform sizes and shapes in a microwell size-dependent
manner when compared with standard unstrained cultures.
Subsequent cardiac differentiation of the hEBs indicated a
correlation between the yield in directed cardiogenesis and
the size of microwells used to form hEBs with enriched
cardiomyocytes derived from hEBs formed in smaller mi-
crowells. However, since the hEB formation started with
enzymatically digested hESC colonies from the microwells
rather than dissociated single hESCs, precise control of the
hEB size based upon the inputting cell numbers would not
be possible. After all, this study provided an alternative
means by using a cell- and protein-repellent SAM coating to
regulate the hESC colony size for the formation of uniform-
sized hEBs and demonstrated the benefit of uniform-sized
hEBs of a different size range on directed downstream dif-
ferentiation of hESCs.

Recently, microfluidic devices have been developed and
tested using mEBs to control the downstream differentiation.
In the study of Fung et al. [76], a Y-channel microfluidic
device that generates parallel laminar flows of two different
culture media without major intermixing has been used to
subdifferentiate a single EB into more than one lineage at the
same time. By placing EBs across both streams of two sep-
arate culture media resulting from laminar coflow in a mi-
crochannel, a single EB may be simultaneously induced into
different lineages, or control differentiated in some areas,
while remaining in undifferentiated stages in the rest of the
areas. Although similar work has not been performed on
hEBs, microfluidic technology may hold promise in admin-
istering differentiation conditions to EBs in a culture that
leads to better controlled fate specifications of hPSCs.

In alignment with this study, Kang et al. developed a
multilayer, microfluidic array platform consisting of PDMS
concave microwells of a bottom layer and flat cell culture
chambers of a top layer for mouse embryonic stem cells
(mESC) culture and mEB formation, but generated some-
what disappointing results [77]. Upon mEB formation in the
microwells of the bottom layer, the microfluidic device was
inverted to allow spontaneous plating of the mEBs into the
flat cell culture chambers, therefore avoiding manual mEB
retrieval and replating. Cell docking in the concave micro-
wells varied as a function of flow rates and microwell
depths. At 3 days in culture in the flat cell culture chamber,
structural fragmentation of some mEBs was observed. At 8
days upon neuronal induction, expression of neuronal markers
by the cells in each flat chamber appeared to be quite hetero-

geneous, suggesting the intrinsic limitations of microfluidic
array-based platforms in controlling EB formation, stability,
and directed differentiation.

In Table 1, we have compared all the techniques for hEB
formation from dissociated hPSCs with respect to the effi-
ciency, homogeneity, scalability, and reproducibility of the
hEB formation process and the yield in terminal differentia-
tion. An important criterion to choose a particular technique
for homogeneous hEB formation is better definition of culture
components that are xeno-free (ie, free of animal-derived
components). Involvement of undefined xeno-components in
the protocol may introduce batch-to-batch variability that
compromises the quality control during scale-up production,
along with increased possibility of the presence of immuno-
genic materials in the differentiated cell populations and
transmission of animal-origin diseases. In this regard, non-
adhesive microwell-based technologies, which may allow
quick aggregation of dissociated single hPSCs in the absence
of ROCKi (a xeno-factor), may offer better scalability and
reproducibility relative to the conventional methods that are
limited in scalability and compatibility with process control
strategies during mass production.

Discussion

Recent discovery of magic small molecules in enhancing
the survival of dissociated single hPSCs and hEB formation
has opened up new avenues to produce synchronous hEBs
for controlled differentiation. Examples of such molecules
include previously described ROCKi as well as Thiazovivin
(Tzv) and Tyrintegin (Ptn). Tzv and Ptn are two small
compounds that have been identified by Xu and colleagues
to enhance the survival of dissociated single hESCs over 30-
fold, despite inhibition of cell proliferation [78]. The
mechanistic investigation of hESC death following single-
cell dissociation indicated the significance of E-cadherin
signaling for hESC survival. E-cadherin signaling was dis-
rupted during enzymatic dissociation, leading to perturba-
tion of integrin signaling and ensuing hESC death. Tzv and
Ptn helped restore cell-ECM adhesion-mediated integrin
signaling and E-cadherin-mediated cell–cell interaction on
dissociated hESCs, an effect similar to ROCKi, therefore
promoting cell survival while maintaining pluripotency. Tzv
also allowed formation of aggregates from single hESC
suspension through stabilization of the E-cadherin protein
on the plasma membrane by inhibiting protein endocytosis.
Inhibition of the ROCK pathway by Tzv was another
mechanism accountable for increased hESC survival.
However, addition of Tzv and Ptn to the culture media of
dissociated hPSCs has not been extensively exploited as a
means to enhance cell survival for rapid expansion and
genetic manipulation or to produce uniform hEBs from
dissociated single-cell suspension.

A number of variations have emerged that should be
considered in the examination of hPSC biology, hEB for-
mation and subsequent directed differentiation, such as in-
terline differences. For instance, the hESC lines derived
between 2001 and today exhibit substantial differences in
behavior. Indeed, the spatial-temporal stage, from which the
cells from the inner cell mass were extracted, has resulted in a
predisposition of differentiation toward a specific germ layer
(ectoderm, mesoderm, or endoderm) based upon the theory of
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presumptive territories, also termed gastrulation [79,80].
Results from different hPSC lines should be interpreted and
compared with caution to predict the appropriate cell lines to
use in the generation of specific functional lineages for
therapeutic development and regenerative medicine.

New Trends and Future Directions

The lack of standardized protocol for EB formation has
resulted in a surge of interests in directed differentiation of
hPSCs while bypassing the EB stage. Success has been
achieved with directed differentiation of hESCs or hiPSCs
into hepatocyte-like cells [81–84], cardiomyocytes, or
chondrogenic lineage [85]. These procedures were based
upon the administration of developmental signals that prime
the cells to a definitive germ layer before terminal differ-
entiation and usually employed adherent, two-dimensional
culture conditions that allow scale-up. To date, varying
levels of culture definition, scalability, differentiation yield,
cell maturity, and function have been demonstrated using
these methods. One major obstacle, however, is the lack of
consistency. One effort in directly differentiating hESCs
into chondrogenic lineage without prior EB formation based
upon high-density micromass culture in the presence of
BMP2 yielded a mixed chondrogenic population of cells
residing at various stages of the chondrogenesis pathway
with the subpopulation percentages evolving over time in
culture [85]. The micromass culture, in which dissociated
hESCs of defined volume at a density greater than con-
fluency were spotted in each well of 24-well tissue culture
dishes, essentially created an environment that promoted
cell clustering and aggregation. Although EB formation was
absent, the high-density micromass culture recapitulates
tissue-level contexts of in vivo differentiation during em-
bryogenesis by generating a 3D multilayered culture to
foster close cell association, cellular aggregation, and con-
densation for differentiation in vitro, a setting that is similar
to EB formation in a microwell approach, yet it offers little
control over the size, the microenvironmental uniformity of
the micromass (eg, the availability of exogenous biomole-
cules/factors in the culture media to individual cells in the
micromass), as well as the spatial and temporal patterns of
cell–cell interactions in the micromass [86]. It is noteworthy
that the statement holding the inherent cellular heterogene-
ity of EBs as the major contributing factor that challenges
the generation of a homogenous population of desired lin-
eage from hPSCs is unfounded due to the limitation in the
ability of the existing techniques to produce uniform and
synchronous EBs.

Early success in directed differentiation of mouse ESCs to
a neuronal fate in the absence of both EB formation and
coculture [87] has prompted the interest in directed differ-
entiation of hPSCs into clinically relevant populations in
sufficient numbers while bypassing the EB step. These in-
clude directed differentiation of hPSCs that are cultured as
monolayers on ECM proteins [78,88] or directly cultured on
supportive stromal layers [89]. This area rests on the uses of
hiPSCs instead of hESCs, attributing to their ability to evade
the immune system and derive patient-specific hESC
equivalents. Although these EB-free differentiation proto-
cols have resulted in the differentiation of hPSCs into a
broad spectrum of lineages, they are not reproducible, nor

optimized to enhance the yields for the targeted lineages. In
a study by Palecek and coworkers [90], genetically un-
modified hPSCs were directly differentiated without EB
formation into human cardiomyocytes with a high yield of
over 80% using a monolayer-based (cultured on Synthemax
plates) directed differentiation platform with temporal ad-
ministration of two small molecules of Wnt signaling in-
hibitors, such as porcupine inhibitors IWP2 or IWP4, which
are known to have a biphasic effect on cardiac development.
Among the three hPSC lines being tested, the differentiated
populations expressed proteins that are characteristic of
cardiac development, formed spontaneously contractile
sheets of cardiomyocytes, and exhibited a ventricular-like
action potential morphology [90]. In a follow-up study by
Burridge et al. [91], testing of a similar differentiation
protocol was expanded to 11 hiPSC lines at passages
ranging from 20 to 83. In general, cardiomyocytes were
produced in greater than 85% purity and can be further
enriched to over 95% with metabolic selection. Although
these results are encouraging, they are highly sensitive to the
timing and dose of Wnt pathway modulation, which may
require individual optimization for each cell line. A tem-
poral assay of the subtypes of cardiomyocytes derived in a
chemically defined medium containing three key compo-
nents (CDM3) over the number of days of differentiation
revealed a temporal differentiation profile evolving from
unspecified cardiomyocyte precursors to a ventricular-like
phenotype, which conforms to an essential cardiac devel-
opment pattern. However, at various differentiation stages,
the composition of the derived population was highly het-
erogeneous, consisting of cells residing at various stages of
the cardiomyogenic pathway, indicative of asynchronous
differentiation, which compromises reproducibility of the
resulting cell population. To select a desired population in
the hPSC derivatives, fluorescence-activated cell sorting
may be used [46,92], but with the drawback of low
throughput, which requires expansion of the selected pop-
ulation. Alternatively, a genetic selection based upon ex-
pression of a marker driven by a lineage-restricted promoter
may be more efficient and may be combined with bioreactor
systems [93,94]. Nonetheless, this requires insertion of a
selection cassette into the host genome, which may alter cell
characteristics.

Regardless of whether the EB step is present in the dif-
ferentiation protocol, one major challenge with hPSC dif-
ferentiation is to increase the yield of target cells. Under
current differentiation conditions, only a subset of the
hPSCs specifies into the target fates. A scalable system for
homogeneous and synchronous EB production from disso-
ciated hPSCs would allow cost-effective simultaneous de-
livery of molecular factors that implement exogenous
factor-mediated control to predifferentiate or induce the
cells and therefore help to increase the differentiation yield.
Another factor to consider is the form of the hPSC-derived
cells. Directed differentiation of EBs would generate clus-
ters/aggregates of derived cells in suspension that are ready
for transplantation without the need for cell harvesting or
recovery, whereas directed differentiation of hPSCs without
EB formation is normally based on monolayers or culture
substrates that require cell retrieval through enzymatic or
mechanical digestion before transplantation. The digestion
procedure involved in cell retrieval from monolayer or
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substrate-based cultures without EB formation may damage
the derived cells and compromise cell viability as well as
phenotype stability.

Conclusions

hPSCs are useful to create models of human diseases and
generate almost all the cell types in adult humans for cell-
based therapies. hEB formation is a critical phase of the
differentiation process of hPSCs. The common techniques
illustrated, however, do not provide a large number of hEBs
suitable for clinical applications. To realize their potential
for lineage-specific differentiation, formation of highly
uniform and synchronous hEBs is the key. Initiation from
single-cell suspension of hPSCs may be the optimum solu-
tion to produce homogeneous and synchronous hEBs. It is
important that the procedures are standardized to obtain
reproducible results in hEB generation. The techniques de-
scribed above have shown varying degrees of success in
hEB formation with the major challenge of achieving hEBs
of uniform sizes and shapes. Of all the methods discussed,
microwell technology is likely to evolve into the best
available tool. By controlling the size, geometry, and ma-
terial properties of the low-adherence microwells, the con-
ventional centrifugation step as well as the ROCKi can be
eliminated, making it possible to develop a high-throughput
process for automated large-scale production of synchro-
nous hEBs. Delivery of soluble factors may synergistically
act with the microwells to fine-tune the time course of
uniform hEB formation as well as the subsequent differen-
tiation trajectory.
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