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Abstract

Embryonic stem cells (ESCs) are pluripotent cells capable of differentiating into all somatic and
germ cell types. The intrinsic ability of pluripotent cells to generate a vast array of different cells
makes ESCs a robust resource for a variety of cell transplantation and tissue engineering
applications, however, efficient and controlled means of directing ESC differentiation is essential
for the development of regenerative therapies. ESCs are commonly differentiated in vitro by
spontaneously self-assembling in suspension culture into 3D cell aggregates called embryoid
bodies (EBs), which mimic many of the hallmarks of early embryonic development, yet the 3D
organization and structure of EBs also presents unique challenges to effectively direct the
differentiation of the cells. ESC differentiation is strongly influenced by physical and chemical
signals comprising the local extracellular microenvironment, thus current methods to engineer EB
differentiation have focused primarily on spatially controlling EB size, adding soluble factors to
the media, or culturing EBs on or within natural or synthetic extracellular matrices. While most
such strategies aim to influence differentiation from the exterior of EBs, engineering the
microenvironment directly within EBs enables new opportunities to efficiently direct the fate of
the cells by locally controlling the presentation of morphogenic cues.
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1. Introduction

1.1. Embryonic Stem Cells

Embryonic stem cells (ESCs) are capable of limitless self-renewal in vitro and differentiate
into cells constituting all three primitive germ layers— mesoderm, ectoderm and endoderm,
as well as germ cells (sperm and ova). ESCs, isolated from the inner cell mass of blastocyst
stage embryos, were first derived from mouse embryos (1-3), followed by the derivation of
primate (4,5) and human (6,7) ESC lines. Recently, an alternative method for deriving
pluripotent cells by retroviral transduction of a combination of embryonic genes into
somatic cells was reported, first by Yamanaka’s group, followed shortly thereafter by
several other groups independently (8-12). The “induced” pluripotent stem (iPS) cells
created from both mouse and human somatic cells appear similar to ESCs in terms of both
self-renewal and differentiation capacity.
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A functional test of pluripotency is whether introduction of the cells into a blastocyst stage
embryo results in a chimera with ESCs (or iPS cells) contributing to all tissues of the
organism (13,14). Similarly, ESCs injected into various tissue sites of adult organisms
spontaneously form teratomas, benign tumors composed of a disorganized mix of cells from
all three germ layers. Blastocyst injection and teratoma studies demonstrate that the
environment into which pluripotent cells are introduced can influence differentiation,
however, in vivo studies are limited in their ability to attain mechanistic insights into the
effects of environmental factors on stem cell differentiation. In contrast, differentiation of
ESCs in vitro, affords more controlled methods to present morphogenic cues in the stem cell
microenvironment and directly assess differentiated cell phenotypes. Common formats to
induce ESC differentiation in vitro include monolayer culture on defined matrices (15), co-
culture with heterotypic cell types (16) and the formation of cell aggregates grown in
suspension termed embryoid bodies (EBs) (3). Culture of ESCs in planar formats (i.e.
monolayer, co-culture) attempt to provide a more defined substrate for ESC attachment and
uniform exposure to soluble media components, while the 3D aggregates of ESCs formed by
EB culture techniques more accurately recapitulate the complex assembly of cell adhesions
and intercellular signaling of early embryogenesis.

1.2. Embryoid Body Development

The in vitro culture of ESCs as EBs affords opportunities to mechanistically study early
differentiation events of 3D assemblies of pluripotent cells. One advantage of in vitro
differentiation studies is that genetic manipulation of ES cells can be studied for gene
mutations or knockouts that prove to be lethal during normal embryonic development in vivo
(17-19). Although several phenotypic and functional differences between mouse and human
ESCs have been determined (20-23), few studies have directly examined differences
between mouse and human EB differentiation. One such study, however, identified shared
signaling pathways active during mouse and human EB differentiation, suggesting that
mechanisms regulating differentiation may be conserved between the species (24). EB
differentiation begins with the formation of an aggregate of ESCs, the size of which is
dependent on the number of cells which initially self-assemble via cell-cell adhesion
receptors (25-27). Following cell aggregation, the first indication of differentiation is the
spontaneous formation of a layer of primitive endoderm (PE) on the exterior surface of the
EBs (23). While the specific cues responsible for stimulating PE differentiation remain
unknown, the formation of a PE layer on the exterior of EBs appears to be dependent on
fibroblast growth factor (FGF) signaling mediated by the Pl 3-kinase pathway (28,29). The
PE cells exhibit an epithelial morphology on the EB surface, further differentiate into
visceral and parietal endoderm, and deposit a basement membrane rich in laminin and
collagen 1V (17). The basement membrane which separates the PE cell layer from the
remaining mass of undifferentiated cells within the EB is generally thought to promote the
survival of adjacent cells, whereas cells not in direct contact with the basement membrane
undergo apoptosis, contributing to the formation of cystic cavities in most EBs (30-32).

As EB development progresses, differentiated cell phenotypes of all three germ lineages
begin to arise (33). For example, evidence of hematopoietic differentiation of EBs is
supported by the appearance of yolk sac-like blood islands and spontaneously contractile
foci of cells within EBs, indicative of cardiomyogenic differentiation, are readily apparent
under low magnification (3,34). Upon plating onto an adherent substrate, elongated cell
projections resembling neurite extensions emanate out from EBs and morphological
evidence of endothelial cells, fibroblasts and other cell types can be readily observed. Global
DNA microarray analysis indicates that EBs temporally express genes in a manner that
recapitulates the sequence of normal development from primitive ectoderm formation, to
gastrulation, and eventual early cell specification prior to organogenesis (35). Expression of
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phenotypic markers of endoderm (such as Foxa2, Sox17, GATA 4/6, a-fetoprotein, and
albumin), mesoderm (such as Brachyury-T, Msp1/2, Isl-1, a-actin, -globin, and Runx2),
and ectoderm (such as Sox1, Nestin, Pax6, GFAP, Olig2, neurofilament, and 111 Tubulin)
definitively demonstrate the ability of EBs to generate cells from all three germ layers (36).
However, the typical heterogeneous differentiation of EBs is a significant challenge for the
efficient production of defined cell types and can be influenced by EB formation and culture
methods.

1.3. Embryoid Body Culture Methods

The term ‘embryoid body’ has been broadly applied to describe pluripotent cell aggregates
induced to differentiate using a variety of different formation and culture methods.
Generally speaking, an aggregate of pluripotent stem cells, cultured in suspension, and
capable of forming derivatives of all three germ lineages is regarded as an EB. Although no
universally accepted benchmarks currently exist for EB formation, characteristics such as
EB size, shape and homogeneity are typically used as points of reference for comparison.
Common EB culture practices, such as hanging drop and static suspension culture were
adopted from in vitro differentiation methods originally used for embryonic carcinoma (EC)
cells, pluripotent precursors to the ESCs themselves (37). A comprehensive review
describing several of the most common EB culture methods has recently been published
(38).

The hanging drop method of EB formation produces homogeneous cell aggregates by
dispensing a defined number of ESCs in physically separated droplets of media suspended
from the lid of a Petri dish (39,40). Individual EBs form within each drop via gravity-
induced aggregation of the cells and although EBs created by the hanging drop method can
be subsequently introduced to suspension batch culture, the technique is not easily amenable
to scale up for production of large numbers of EBs. An additional limitation of hanging drop
culture is the difficulty in exchanging or manipulating the small volume of medium
(typically 10-20 pl) without disturbing the EBs, thus the composition of the media cannot
be easily controlled or assayed during the period of hanging drop suspension.

In contrast to hanging drop methods, static suspension culture is performed by simply
adding a suspension of ESCs to a bacteriological grade Petri dish or similar vessel that
inhibits cell adhesion (i.e. agar- or other hydrophilic polymer-coated substrate), thereby
allowing the cells to spontaneously aggregate via cell-cell adhesions (3,41,42). Static
suspension cultures produce a large number of EBs rather simply, but the size and shape of
the resulting EBs are highly variable due to the tendency of EBs in static suspension to
agglomerate after initial formation, often producing large, irregularly shaped masses of cells.
Often times, depending on the surface chemistry of the culture vessel, EBs may prematurely
attach to the substrate, leading to greater heterogeneity and loss of EBs from suspension
culture.

Entrapment of a single cell suspension or small clusters of ESCs in hydrogels, such as
methylcellulose (34,43,44), fibrin (45) or hyaluronic acid (46), represents a compromise
between hanging drop and static suspension approaches to attain physically separated EBs in
a bulk semi-solid suspension media. Entrapment in methylcellulose, a temperature sensitive
hydrogel, yields EBs of clonal origin, thereby improving the overall synchrony and
reproducibility of EB differentiation; however, the efficiency of EB formation from
individual ESCs can be rather low and soluble factor treatments and retrieval of
differentiated cells may be complicated by the presence of the hydrogel material (43).

Alternative techniques for EB formation and culture have also been recently developed
using multi-well and microfabrication technologies, as well as stirred and mixed suspension
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culture systems. Centrifugation of ESCs within round-bottomed 96-well plates induces
aggregation more rapidly than hanging drops, but still requires individual processing and
manipulation of the resulting EBs (47). Microwells fabricated by lithographic techniques
yield EBs in parallel at a much higher density than other physical separation methods and
the ability to form EBs within microwells in a continuous volume of medium permits batch
processing, therefore significantly improving the throughput of EB formation (48-50).
Likewise, batches of EBs can be formed in microfluidic chambers, separated from the
flowing culture medium by a semi-permeable membrane, which allows for temporal control
of the molecular makeup of the medium (51).

Formation of EBs in hydrodynamic conditions created by rotary orbital culture, stirred/
rotating culture vessels, or spinner flasks generally enhances ESC aggregation, forming EBs
faster and more uniformly than static bulk cultures (25,52-57). Hence, hydrodynamic
conditions can generate large populations of EBs at a relatively high density, while at the
same time, controlling the extent of EB agglomeration and subsequent differentiation of the
cells (53,55,57,58). The mixing environment also distributes media components more
homogenously throughout the culture volume so that the population of EBs is continuously
exposed to a more uniform concentration of soluble factors and environmental conditions
(i.e. pH, oxygen, etc.).

An inherent trade-off in most of the current systems available for EB formation is that batch-
based suspension methods produce large numbers of EBs rather simply, but generally lack
the fidelity of physical separation methods (hanging drop, microwell), thus yielding more
heterogeneous populations of EBs. On the other hand, physical separation methods capable
of generating homogeneous EB populations are often not capable of being directly scaled up
to produce the yields of ESC derivatives thought to be necessary for therapeutic or
diagnostic applications.

2. Engineering Embryoid Body Cues

Differentiation of cells within EBs is directed by morphogenic cues comprising the
intercellular and surrounding extracellular microenvironment, including exogenously
administered molecules and endogenous factors produced by the ESCs. Individual aspects of
the microenvironment can be studied rather simply in planar culture formats, but similar to a
developing embryo, the 3D organization of an EB is inherently comprised of a complex
milieu of integrated signals that synergistically affect cell differentiation. Although the 3D
assembly of cells to form EBs presents unique challenges for regulating the homogeneity of
stem cell differentiation, attempts to control EB size, soluble factor delivery, extracellular
matrix (ECM) interactions and cell-cell adhesions within EBs may influence differentiated
cell phenotypes (Fig. 1).

2.1. Size Control

The size of EBs, typically in the range of 100-400 um, is thought to be a simple, yet
important physical parameter capable of influencing the proportion of cells differentiating
toward different lineages. EB size, which is primarily a function of the number of ESCs
constituting each cell aggregate, impacts other environmental parameters affecting
differentiation, such as the diffusion of soluble molecules and the extent of ECM-cell and
cell-cell adhesive interactions. Recent developments in EB formation techniques have
enabled more controlled systems capable of modulating EB size in order to begin to
determine the effects on subsequent differentiation of the cells.

As described above, forced aggregation of ESCs using multi-well round-bottomed plates or
microtechnologies provides a very direct manner to precisely control the number of cells in
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individual cell aggregates. For example, the number of cells used to form hanging drops can
influence the chondrogenic differentiation potential of EBs (59). Likewise, forced
centrifugation studies examining hematopoietic differentiation of human ESCs of varying
sizes indicated that a minimum EB starting size (500 cells/EB) was required for myeloid
differentiation to occur in over 90% of EBs and that an intermediate size range (1000 cells/
EB) promoted erythroid cell differentiation (47). The initial size of EBs can also be
controlled through the geometric size of microwell or micropattern features in order to
spatially define the number of ESCs within individual aggregates (49,50,60). Micropatterned
control of ESC colonies can dictate both the size of EBs and the phenotype(s) of the starting
cell population used to form EBs, which can affect the differentiation of the cells to
particular germ lineages (60). Recently, microfabricated cell culture inserts compatible with
standard multi-well culture plates were reported which significantly enhance the yield of
EBs formed using forced aggregation (48). The size of the resulting EBs can be controlled
by the concentration of the cells inoculated into the well and after 24 hours, EBs can be
extracted from the microwells with gentle pipetting and transferred to suspension culture.
Depending on the dimensions of the microwells, the poly(dimethylsiloxane) inserts contain
between 104 to 108 microwells per 100 cm? of surface area - a dramatic increase over the
capabilities of round-bottomed 96-well plates (48).

In addition to forced aggregation methods, hydrodynamic culture conditions can be used not
only to prevent EB agglomeration, but also regulate the size of EBs formed from single cell
suspensions (52-54). For EBs in horizontal rotary culture and stirred bioreactor culture, an
inverse relationship exists between mixing speed and EB size, with decreasing EB size
achieved by faster mixing conditions; thus EB size in bulk suspension can be modulated by
hydrodynamic mixing conditions (53,57). EB size can also be controlled by encapsulating
suspensions of individual ESCs or primitive EBs into hydrogel microbeads of controlled
volumes. For example, agarose (25), alginate (61-63), and dextran (64) have all been used
successfully to encapsulate ESCs, either as single cells or small clumps of cells, to form EBs
within microgels. The diameter of the microgels laden with ESCs can vary greatly from 100
Um agarose beads (25) to 2.3 mm diameter alginate beads (63). One problem with increasing
microgel size, however, is that encapsulated ESCs may have a tendency to form multiple
EBs within individual beads, limiting the ability to accurately control EB size.

Depending on the different culture methods used, the kinetics of EB formation vary
dramatically from minutes (forced aggregation) to hours (hydrodynamic mixing) to days
(cell encapsulation),. Despite such differences, the consequences of the time scale for EB
formation on cell fate and lineage determination has not been directly examined
independently of EB size. In addition, although different methods to control initial EB size
have been developed, the mechanisms regulating the causal relationship between the size of
individual EBs and their propensity to differentiate into different cell phenotypes has yet to
be fully elucidated.

2.2. Soluble Factors

Controlling the molecular composition of culture media to direct ESC differentiation has
been studied extensively in a variety of systems and the effects of specific soluble factors
and signaling pathways on ESC differentiation have been thoroughly discussed previously
(65-67). Small molecules such as ascorbic acid (68), retinoic acid (69) and dexamethasone
(70), as well as larger growth factors such as fibroblast growth factors, bone morphogenic
proteins and transforming growth factors (66,71), are examples of soluble factors which
have been shown to affect ESC differentiation. Presentation of soluble signaling molecules
to ESCs in monolayer culture has been the primary method to screen the ability of libraries
of chemical compounds and biomolecules to induce ESC differentiation into specific cell
types (15,68,72). In lieu of direct co-culture, complex, yet poorly defined media conditioned
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by secondary cell types has been applied to stem cells in order to direct differentiation
(73,74). On the other hand, defined soluble media comprised of known amounts of different
factors has also been used successfully to generate relatively homogeneous populations of
cells, particularly for neural progenitors or neurogenic cell fates (15,75,76).

In stark contrast to 2D planar culture formats, only the cells on the exterior of 3D EBs are in
direct contact with soluble factors present in the culture medium. Soluble factors must
diffuse through this multi-layered cell environment and barriers to transport, which likely
vary as a function of stages of EB differentiation, contribute to the formation of
concentration gradients which comprise the cell microenvironment. Even the diffusion of
small molecules (<1000 Da), may have a limited ability to pass through the peripheral cells
of EBs (77). High-powered SEM microscopy analysis of EBs indicates that the surface layer
of epithelial-like cells (Fig. 2A) exhibit tight cell-cell junctions (Fig. 2B) and cross-sectional
analysis of EBs (Fig. 2C) indicates that EBs tend to form a relatively dense layer of ECM
and cells at the periphery of EBs (Fig. 2D), compared to the rest of the interior cellular
morphology. Therefore, steric barriers to diffusion posed by EB structure make it unlikely
that homogenous concentrations of molecules can be attained uniformly throughout the
interior of EBs and limit the efficacy of differentiation strategies relying solely on the
addition of soluble factors to the culture medium.

2.3. Extracellular Matrix Interactions

The ECM can be a potent mitigator of cell fate decisions by providing a complex assembly
of morphogenic cues to stem cells. The ECM is a structural framework of secreted
macromolecules consisting primarily of glycosaminoglycans and fibrous proteins which
provide mechanical support, adhesive interactions and sequestration of growth factors.
Native ECM components direct cell differentiation through integrin-mediated signaling
events with adhesive proteins, as well as proteolytic release of affinity-bound growth factors
during matrix remodeling (67,78). Integrin ligation and growth factor binding to receptors
initiate intracellular signaling cascades that ultimately culminate in gene expression changes
that modulate cell phenotype (79).

The effects of ECM molecules on EB differentiation have largely been examined by seeding
ESCs or pre-formed EBs directly within natural ECM hydrogel materials (45,46,71,80). EBs
differentiated in collagen scaffolds consisting of variable amounts of fibronectin and laminin
demonstrated that varying the composition of the ECM could differentially direct EB
differentiation. EBs in collagen scaffolds with high laminin content adopted a
cardiomyocyte phenotype more frequently, whereas EBs were directed towards more
epithelial and vascular cell fates in hydrogels with high fibronectin content, and EB
cavitation and differentiation appeared to be inhibited in hydrogels with increasing collagen
content (80). ECM signaling peptides can also be incorporated into non-bioactive hydrogels
used to encapsulate EBs, such as RGD modified dextran (64), to examine the effects of
ECM on ESC differentiation. In addition to changes in the specific biochemical constituents
of the ECM, differences in the elasticity of the ECM may also provide mechanotransductive
cues capable of affecting stem cell differentiation (81).

Encapsulation of EBs within ECM matrices limits the interactions between ESCs and the
ECM to the exterior surface of the ESC aggregates. Therefore, in an attempt to directly
manipulate the composition of the ECM within the EB microenvironment, individual matrix
molecules like collagen and laminin have been added solubly to suspensions of ESCs during
EB formation (17,82,83). Similarly, the addition of soluble complex, tissue-derived
matrices, such as Matrigel or Cartigel, to EB culture media has been used to promote the
formation of glandular and tubular-like structures or cartilage development, respectively
(82). Although soluble addition of ECM molecules to ESC suspensions may favor
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incorporation within EBs, soluble ECM molecules alone do not necessarily assemble to
form a functional matrix. Self-assembling peptide-based matrices, on the other hand, can
rapidly form within developing cell aggregates to form a hydrogel network of nanofibers
presenting different signaling epitopes (84,85). Utilizing this strategy, neural progenitor cells
encapsulated as neurospheres in a self-assembling IKVAV (laminin epitope) amphiphile
solution differentiated rapidly into neurons, while astrocyte differentiation was attenuated
(85). Interestingly, the density of the peptide epitope within the cell microenvironment, a
material characteristic which can be controlled by matrix formulation conditions, could
modulate the differentiation of the cells. Applying a similar principle to EBs, self-
assembling matrices could provide a novel route to control the composition and spatial
distribution of extracellular signaling motifs present within aggregates of ESCs undergoing
differentiation.

2.4. Cell-Cell Interactions

EBs are initially formed via cell-cell adhesive interactions, but intercellular adhesions can
also serve an important role in cell signaling throughout EB differentiation. Cell-cell
interactions are mediated primarily by cadherins, a family of Ca2* dependent
transmembrane adhesion receptors that play important roles in cell differentiation during
embryogenesis (86). Homophilic cadherin receptor binding triggers intracellular signaling
pathways mediated by cytoplasmic catenin proteins, such as p-catenin, which is linked to the
Whnt pathway, a potent regulator of cell morphogenesis and differentiation (86).
Undifferentiated ESCs express epithelial-cadherin (E-cadherin), which is the primary
molecular mediator of EB formation, but sustained E-cadherin expression can also be
responsible for the agglomeration of EBs at later stages of differentiation (25). Inhibition of
E-cadherin mediated adhesion, either by the use of E-cadherin binding antibodies or E-
cadherin null ESCs, prevents normal EB formation and subsequent differentiation
(25,26,54). Differential cadherin expression, associated with different cell phenotypes, is
temporally regulated during the course of EB differentiation and can directly influence cell
fate specification. For example, ESCs constitutively expressing E-cadherin are prone to
more epithelial differentiation, while ESCs constitutively expressing N-cadherin
differentiate more readily into cartilage and neuroepithelium (27). Although it has not been
systematically investigated, the use of cadherin signaling to control EB differentiation either
through integration of a genetically modified cell line over-expressing a particular cadherin
or through the presentation of cadherins on biomaterial surfaces integrated within EBs to
mimic cell-cell interactions is a promising area for control of EB differentiation.

Strategies to control other types of cell-cell interactions, including transmembrane receptors
and ligands not anchored to the cytoskeleton, have also been explored in stem cells. For
example, the Notch pathway is involved in a variety of cell fate decision processes through
development and adult tissue morphogenesis (87,88). ESCs can express multiple Notch
receptors and Notch signaling has been implicated both in stem cell self-renewal and
differentiation towards different phenotypes, such as neuronal cells (89-91). In general,
Notch signaling requires immobilized ligand presentation from a surface or cell membrane
in order to achieve optimal bioactivity (92). Jagged-1, a Notch ligand, immobilized to
polystyrene or polyHEMA surfaces promoted early and late stage differentiation of cultured
epithelial stem cells (93). Comparable methods of presenting Notch ligands to cells
uniformly within EBs would require that engineered biomaterials be integrated directly
within the interior of the ESC aggregate.

3. Future Opportunities

In general, most of the strategies attempted thus far to direct EB differentiation have relied
on an ‘outside-in’ approach to control aspects of the microenvironment. From the instant an
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aggregate of ESCs begins to form an EB, access to the interior intercellular environment and
molecular composition of an EB becomes progressively restricted and ‘outside-in’
manipulation of cell fate within an EB may become limited. Although 2D differentiation of
ESCs has been successfully used to spatially and temporally control the presentation of
molecules for the differentiation of several cell phenotypes, the differentiation of some cells
may require the synergistic effects of cell-cell and cell-ECM interactions provided within
the context of EBs in 3D. Therefore, in order to efficiently control the 3D microenvironment
of differentiating ESCs within EBs, further development of engineering technologies
capable of directly influencing cell fates within EBs are needed.

Future methods to enhance the directed differentiation of cells within EBs could be
engineered by utilizing an ‘inside-out’ approach. Integration of micro- or nano-scale
biomolecule delivery technologies directly within EBs could create a more homogeneous
and defined microenvironment for cells constituting EBs. One such approach is the use of
particles engineered to mimic elements of the natural microenvironment to control
differentiation signals. Microparticles have been previously used to create a synthetic
microenvironment, consisting of encapsulated growth factors and surface-bound ECM, in
spheroids of fetal rat brain cells (94) and recently PLGA microparticles delivering growth
factors were incorporated into EBs (95). Microparticles provide a versatile platform to
deliver molecular cues via surface engineering and controlled release approaches used in the
design of the particles (Fig. 3A). Similarly, adhesive microparticles can be readily
incorporated within EBs during initial formation when the particles are adequately mixed
with ESCs in suspension (Fig. 3B). Synthetic polymeric microparticles can be engineered to
release specific amounts of soluble factors with controlled kinetics, and cell adhesion
ligands and receptors can be coupled to the surface of microparticles to activate integrin and
cell-cell adhesion receptor signaling pathways. Molecules physically adsorbed or
immobilized to the surface of microparticles may not only promote efficient incorporation
into EBs as they form, but also subsequently influence extracellular signaling events
directing cell differentiation and morphogenesis. Even if small molecules are capable of
diffusing within small cell aggregates, delivery of larger molecules, such as ECM proteins or
growth factors is likely to be limited by steric diffusion barriers presented by the 3D
structure of EBs. Engineering the molecular composition of the EB microenvironment from
the “inside-out” represents a novel approach to control the presentation of morphogenic cues
to ESCs in order to enhance the directed differentiation of the cells in a 3D spheroid
configuration.

4. Conclusions

The formation of EBs is a reliable and commonly used method to induce the differentiation
of ESCs into various somatic cell types. Hence, EB differentiation permits mechanistic
studies of embryological development in vitro, including the examination of the effects of
morphogenic cues on cell fate determination. Previous efforts to engineer the EB
microenvironment have focused primarily on the regulation of EB size and cell-cell
interactions, as well as addition of soluble factors, and ECM-molecules to EB cultures. The
inherent 3D organization of EBs limits the effectiveness of ‘outside-in’ approaches which
aim to affect differentiation of cells on the EB interior by controlling elements of the
exterior EB environment. An alternative strategy to improve the control of the EB
microenvironment in order to better direct ESC differentiation may be to use an ‘inside-out’
approach, such as integrating engineered biomaterials within the assembly of ESCs during
EB formation. Engineering the interior of the EB microenvironment via molecularly
engineered biomaterials to enhance the directed differentiation of ESCs could facilitate the
production of large numbers of homogeneous cell populations useful to the development of
regenerative cellular therapies and diagnostic cell-based technologies.
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