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Fig.2. Tissue engineering applications combine cells, microscale carriers, biodegradable
materials, and in vitro culture system.

substitutes that restore, maintain, or improve tissue function or a whole
organ.® For the in vitro fabrication of tissue engineered constructs, one or
more of each of the following three components may be used: 1) cells;
2) a biocompatible scaffold; and 3) in vitro culture systems that provide
proper environment for 3D tissue growth (Fig. 2).

Research and clinical therapies have explored the use of cells alone,
cells in combination with biodegradable scaffolds, and biomaterials that
induce host regeneration.””"! Transplanted cells are important for the pro-
duction of new tissue through extracellular matrix (ECM) synthesis as
well as restoring the metabolic and mechanical function of the tissues. The
scaffold material provides mechanical strength and a template for 3D
growth. Also, the addition of cells to the scaffold may aid in repairing
tissues at a faster rate as well as in repairing larger defects. Thus, cell
adhesion on the matrix surface, cell maturation, ECM production, and cell
proliferation are all important for the success of a tissue engineered
construct.
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Microengineering the Embryonic Stem Cell Environment 7

To date, there has been significant progress in developing tissue
engineered constructs using various scaffolds and cells.'” For instance,
in bone tissue engineering, many suitable materials have been gener-
ated, including synthetic hydroxyapatite/tricalcium phosphates and
polyglycolic and polylactic acids.*”"* Other commonly used materials,
such as synthetic polylactic acid or poly-L-lactic acid hybridized with
natural collagen, have been used as porous scaffolds to provide suitable
environment for osteogenic cells growth and function,'>"” and various
polymers could be combined with hydrogels, bioglass, or ceramics.'®*°
In addition, hydrogels, which are cross-linked networks of hydrophilic
polymers, provide attractive scaffolds for engineering tissues with high
water content, such as cartilage.”’ For instance, alginate, a seaweed-
derived polysaccharide approved by the FDA for medical use,* has been
used to culture annular chondrocytes in hydrostatic loading experi-
ments.>?* Recently, researchers have designed various biomaterials to
provide more complex and biomimetic environments for ESC expansion
and differentiation. For instance, Lammers and colleagues tested bio-
compatibility of various biomaterials for ESC proliferation and
differentiation, and reported that scaffolds made of insoluble collage-
nous bone matrix in combination with B-tricalciumphosphate were most
suitable for ESC differentiation into osteogenic lineage and for the
application of ESC-based bone tissue engineering.” In addition, Langer
and colleagues demonstrated that a rigid polymeric scaffold with proper
structure supported ESC differentiation. When ESCs were surrounded
by a soft biomaterial such as Matrigel, no tissue was formed. In contrast,
when the Matrigel was combined with rigid fibrous scaffolds, tissues
were formed.” This suggested that the mechanical property of poly-
meric scaffolds could be a parameter to direct ESC differentiation and
induce tissue formation.

Accompanied with suitable cell carriers, efficient culture systems
are required to fabricate 3D tissue-like constructs in vitro. There are
several kinds of in vitro culture systems, such as 2D culture flasks and
3D bioreactors (Fig. 3). Conventionally, 2D culture systems have been
used to expand and culture cells on a surface. However, such culture
processes in static culture system have a number of drawbacks, such
as mass transfer limitations that result in limited cell growth.?’2®
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Fig. 3. Example of in vitro culture systems (2D culture flasks for expansion of mam-
malian cells, 3D stirring culture system for stirring cells in suspension culture, 3D rotating
vessel wall culture system for cell suspension culture by balancing centrifugal force and
gravity, 3D perfused bioreactor for cell suspension culture with constant supply of medium
via perfusion system).

Alternatively, stirred culture systems have been used to simulate 3D tis-
sue formation and enhance mass transport of nutrients and oxygen.
However, these cultures cannot control the mechanical stress induced
by stirring. Hence, recently, several 3D bioreactor culture systems have
been developed to solve the limitations in controlling mass transfer of
nutrients and oxygen as well as mechanical stress. Among various
types of bioreactors, rotating wall vessel (RWV) bioreactors, such as
high aspect ratio vessel (HARV) bioreactors, have been used to culture
cells seeded either alone or in combination with scaffolds or microcar-
riers, in cartilage,” and bone®**' tissue formation. The RWV bioreactor
is designed to generate laminar flow and to minimize the mechanical
stress on cell aggregates by minimizing shear and turbulence. It creates
a unique environment that provides adequate nutrition and oxygenation,
ideal for mammalian cell culture, and supports 3D tissue growth.*
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The free falling of the microcarrier inside the bioreactor as a result of
gravity can be balanced by the centrifugal forces due to the rotation of
the outer-cylinder, thus establishing suspension culture environment
for microcarrier.’>** Recently, such bioreactors have been applied in
ESC-based tissue engineering to expand cells and to fabricate 3D
tissue-like structures. For example, ESC-derived cardiomyocytes were
expanded in bioreactors, and then seeded on porous polymeric scaf-
folds to make 3D cardiac tissue-like structure.** In another study,
3D bone-like structures were generated by culturing encapsulated
murine ESCs within alginate hydrogels that were subsequently cultured
in a bioreactor.”

2. Microenvironment

Microenvironment regulation is emerging as a key concept for controlling
cell survival, growth, function and differentiation. In microenvironment,
the interactions between cells, cells and ECM, as well as cells and soluble
factors, play a critical role in regulating ESC behavior (Fig. 4). In the fol-
lowing sections, various components of the cellular microenvironment
will be introduced.

2.1 Cell-cell contact

Cell-cell contact is a major regulatory mechanism that controls cell behav-
iour.*® For instance, the differentiation of skeletal myogenic cells has been
reported to depend on cell-cell contact which influences cell cycle arrest
and gene expression.”” One representative factor participating and con-
trolling cell-cell adhesion is cadherin. Cadherins are calcium-dependent
adhesion molecules that mainly interact in a homophilic manner to bind
cells together. There are several classes of cadherin molecules based on
different cell types. Cadherins in one class bind only to cadherins of
the same class. For instance, E-cadherins are generally found in epithelial
tissues, and can bind only to E-cadherin molecules. In addition to E-
cadherin, other cell types and tissues express other classes of cadherins.
P-cadherin is expressed in placenta, N-cadherin in neural cells, R-cadherin
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Fig. 4. Microenvironment surrounding an individual cell (cell-cell adhesion, cell-ECM
interactions, cell-soluble factor interactions).

in renal tissues, VE-cadherin in vascular endothelial cells, M-cadherin in
myotubules, OB-cadherin in osteoblasts, and K-cadherin in the kidney
cells.”®* Cell-cell contacts through binding between cadherins influence
cell function via signaling pathways. Upon binding of the extracellular
domain of cadherins, the intra-cellular domain binds to p120-catenin and
beta-catenin containing highly phosphorylated regions, which then bind to
alpha-catenin, resulting in regulation of acting-containing cytoskeletal fil-
aments, and control of gene expression.***’ Cell-cell contact via cadherins
plays a key role in ESC differentiation and growth. In ESCs, cadherin in
different classes can be expressed according to ESC differentiation stage.
For example, E-cadherin investigates cell-cell adhesion for the formation
of embryoid bodies (EBs), which are 3D spherical aggregates containing
differentiated cells of all three germ layers. Although E-cadherin is con-
stitutively expressed in an early stage embryo, it is downregulated as the
cells differentiate'** (Fig. 5).
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Fig. 5. Cell-cell adhesion via E-cadherin in ESCs. (A) SSEA-1 (stage specific embry-
onic antigen 1) expression (green fluorescence); for characterizing undifferentiated ESCs.
(B) E-cadherin expression (red fluorescence): E-cadherin is expressed in undifferentiated
ESCs. (C) Merged image of (A) and (B), cell nucleus was counter-stained with DAPI to
visualize cells.

2.2 Cell— ECM

ECM is an important component of many mammalian tissues that is made
from various protein and polysaccharide molecules. Cellular interactions
with ECM play a critical role in their function and physiology. Cells inter-
act with ECM components via cell surface receptors, such as integrins.
ECM components provide a template for cell adhesion, proliferation,
migration, differentiation and for tissue formation, and a reservoir for
growth factors.

The ECM is composed of three classes of biomolecules. One class is
structural proteins such as collagens. Collagen molecules are structural
macromolecules of the ECM that include in their structure one or several
domains that have a characteristic triple helical conformation. Collagens
form the large fibers of connective tissues and networks in basement
membranes. The fibril-forming collagens have a long, continuous triple
helix that gives the molecule a rigid, rod-like structure. These collagens
form large fibrils that give structural integrity and tensile-strength to the
tissues. Type I collagen is the most abundant protein in the human body
forming ECM in bone, tendons, and dermis, etc. Type II collagen has a
similar function in cartilage. The network-forming collagens have inter-
ruptions in the triple helix. Type IV collagen belongs to this subfamily and
is an important structural component of basement membranes (BM).*#4
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Cell interaction to collagens is mediated by the integrins. Four integrins,
namely o0, o,,B;, o,0B,, and a,3,, form a special subclass of cell adhe-
sion receptors, which are all collagen receptors, and they recognize their
ligands with an inserted domain (I domain) in their o subunit.*>*® The inte-
grins recognize a specific amino acid binding sequence that is present on
various collagen types. For instance, the integrin o,f, recognizes the
glycine-phenylalanine-hydroxyproline-glycine-glutamate-arginine
(GFOGER) motif in residues 502-507 of the o.1(I) chain of native type I
collagen molecules in a fibril form. However, once collagen molecules are
denatured, the different class of integrin, such as o35, responds to the
denatured collagen. In this interaction, o3, integrins recognize arginine-
glycine-aspartic acid (RGD) motif exposed on a denatured collagen
molecule, which is not exposed in the native collagen fibril.*** The vari-
ability in recognition domains with various classes of integrins according
to the physiological structure of collagen molecule derives different cell
functions.

Activation of integrins upon binding to collagens is believed to be a
crucial step for the regulation of cell survival and proliferation. These
integrin/collagen interactions are implicated in a number of key physio-
logical processes including cell adhesion, cell growth, and differentiation.
Another class of ECM molecules includes specialized proteins such as
fibronectin (FN) and laminin. FN is involved in many cellular processes,
including tissue repair, embryogenesis, blood clotting, and cell migration/
adhesion. FN exists in two main forms: 1) as an insoluble glycoprotein
dimer that serves as a linker in the ECM; and 2) as a soluble disulphide
linked dimer found in the plasma (plasma FN). The plasma form is syn-
thesized by hepatocytes, and the ECM form is made by fibroblasts,
chondrocytes, endothelial cells, macrophages, as well as certain epithelial
cells. FN sometimes serves as a general cell adhesion molecule by anchor-
ing cells to collagen or proteoglycan substrates.*” FN also can serve to
organize cellular interaction with the ECM by binding to different com-
ponents of the ECM and to membrane-bound FN receptors on cell
surfaces. FN is recognized by integrins o3, and o ;. The primary
sequence motif of FN for integrin binding is a tripeptide (RGD). The
RGD-loop is strategically located to undergo conformational changes and
constitute a mechanosensitive control of integrin recognition. Besides the
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RGD peptide, FN also contains a short peptide that binds to integrin o3,.
This site, a so-called synergy site of the RGD peptide, responds together
with the RGD binding site to enhance integrin-mediated cell adhesion.*

Laminins are a major component of basement membranes. Laminins
consist of a, B and y chains with molecular masses of 140—400 kDa, and
have numerous biological activities including promotion of cell adhesion,
migration, growth, and differentiation. Laminin appears to have important
functions in embryogenesis and also are thought to be important for early
epithelial morphogenesis in many tissues. Laminins can form independent
networks but can also form complex networks by combining with type IV
collagen via entactin, and perlecan. Some of these biological functions
of laminin have been associated with specific amino-acid sequences or
fragments of laminin. For example, the peptide sequence [Glycine-
Threonine-Phenylalanine-Alanine-Leucine-arginine-glycine-aspartic
acid-Asparagine-Glycine-Aspartic acid-Asparagine-Glycine-Glutamine],
which is located on the alpha-chain of laminin, promotes adhesion of
endothelial cells.’' They also bind to cell membranes through integrin
receptors, two major receptors such as o3, and o3, integrins, and other
plasma membrane molecules, such as the dystroglycan glycoprotein com-
plex. For example, Laminin-1 binds to cells via several Bl integrins,
integrin o, and dystroglycan. Laminin-10/11 is more adhesive than
laminin-1 for several cell types and is recognized by integrin o,f3,, integrin
0B, and integrin o, Through these interactions, laminins critically
contribute to cell attachment and differentiation, cell shape and movement,
maintenance of tissue phenotype, and promotion of tissue survival.

The other class of ECM molecules is proteoglycans. Proteoglycans
are produced by most eukaryotic cells and are versatile components of
pericellular and extracellular matrices. They belong to many different pro-
tein families. Proteoglycans are formed of glycosaminoglycans (GAGs)
covalently attached to the core proteins. There are several GAGs; chon-
droitin sulphate, dermatan sulphate, keparan sulphate, heparin, heparan
sulphate, and hyaluronan. They are found in all connective tissues, ECM
and on the surfaces of many cell types. The biophysical functions depend
on the unique properties of GAGs: the ability to fill the space, bind and
organize water molecules, and repel negatively charged molecules.
Because of high viscosity and low compressibility, they are ideal as a
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lubricating fluid in the joints.>*** On the other hand, their rigidity pro-
vides structural integrity to the cells.” In addition, aggrecan is one of the
most important extracellular proteoglycans. Aggrecan molecules are
non-covalently bound to the long molecule of hyaluronan, forming bris-
tles to the backbone in a bottlebrush by the linking proteins. To each
aggrecan core protein, multiple chains of chondroitin sulfate and keratan
sulfate are covalently attached through the trisaccharide linker.>
Hyaluronan is bound to the surface receptors such as CD44 of many
migrating cells. It is also very important during differentiation.”® For
example myoblasts, which are undifferentiated muscle cell precursors,
produce hyaluronan-rich ECM to prevent premature cell fusion. Because
of its loose and hydrated porous structure, the hyaluronan-rich ECM
keeps cells apart from each other such that they are free to move around
and proliferate.”’

During embryonic development and ESC differentiation, ECM plays a
critical role in regulating ESC differentiation into specific cell lineages, as
well as in cell proliferation. Undifferentiated murine ESCs can be induced to
differentiate in vitro by removal of the feeder-cell layer and leukemia
inhibitory factor (LIF), and subsequent transfer into suspension culture to
form 3D spherical aggregates.”® Much of our current understanding on ESC
differentiation is dependent on EBs recapitulating several aspects of early
development, displaying regional-specific differentiation processes to gener-
ate cells of all three embryonic germ layers.”® Within the first two to four
days of EB formation, ESC aggregates give rise to an outer layer of endo-
dermal cells that begin to synthesize ECM molecules, such as laminin, and a
complete basement membrane between the primitive endoderm cells and the
remaining cells in the aggregates. Shortly afterwards, the ESCs within the
cell aggregate start to differentiate to epiblast cells and, subsequently, around
day four some of the epiblast cells that are aligned against the BM polarize
to form a columnar epithelium. It has been reported that the deposition of
BM beneath the primitive endoderm prevents differentiation of primitive
ectoderm towards mesoderm by suppressing the Epithelial-Mesenchymal
Transition (EMT) in EBs.* In addition, it was also found that FN stimulates
endothelial cell differentiation and vascularisation from ESCs, and laminin
induces the ability of ESCs to differentiate into cardiomyocytes,” although
the precise mechanisms have not yet been determined.
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2.3 Cell-soluble factor interactions

One family of soluble factors that influences cell growth and differentia-
tion is growth factors. Growth factors are proteins that bind to receptors
on the cell surface to activate cellular proliferation and/or differentiation
pathways. Many growth factors are quite versatile, stimulating cellular
response in numerous different cell types; while others are specific to a
particular cell-type. There are several kinds of growth factors: epidermal
growth factor (EGF), platelet derived growth factor (PDGF), fibroblast
growth factors (FGFs), transforming growth factors-beta (TGFs-3), trans-
forming growth factor-alpha (TGF-o), nerve growth factor (NGF),
erythropoietin (EPO), and insulin-like growth factor-I (IGF-I). Each type
of growth factor has specialized biological functions. For example, PDGF
promotes proliferation of connective tissue, glial and smooth muscle cells;
EGF promotes proliferation of mesenchymal, glial and epithelial cells;
FGF promotes proliferation of various cell types and induces mesoderm
formation in early embryogenesis; NGF promotes neuritis outgrowth and
neural cell survival; and IGF-I promotes proliferation of many cell
types.®"* Cells express growth factor dependent receptors that activate
upon interaction with appropriate ligands to induce intracellular signaling
to induce cell proliferation, survival and differentiation.

The use of growth factors has been extensively investigated for direct-
ing the lineage specific differentiation of ESCs. For example, Activin A
was shown to mediate dorso-anterior mesoderm differentiation, and bone
morphogenetic protein 4 (BMP-4) was shown to mediate mesoderm for-
mation of a more ventral character, including hematopoietic cells.®**% In
addition to the TGF-P superfamily, it has been demonstrated that binding
of IGF-1I, a member of IGF family, increased mesoderm formation.*
Moreover, it was demonstrated that Activin-A and TGF-B1 induced meso-
dermal differentiation, while EGF, BMP-4, and FGF induced ectodermal
and mesodermal differentiation of human ESCs.®’

Although several growth factors have been identified to influence
human ESC differentiation, there have been other reports that such growth
factors might also participate in sustaining ESC self-renewal. For
instance, the self-renewal activity of ESCs was sustained by the addition
BMP-4 to the ESC maintenance medium by inhibiting both the extracellular
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receptor kinase (ERK) and p38 mitogen-activated protein kinase
(MAPK) pathways.®® Furthermore, Johansson et al. demonstrated that
members of both the TGF-B and the FGF families, such as TGF-B1, -B2,
and -B3, acidic FGF, and basic FGF, when applied individually, did not
produce any marked increase in the expression of the mesoderm markers,
suggesting that these factors normally operate in conjunction with
others.** These observations are consistent with the fact that ESC
differentiation involves multiple dynamic, overlapping signals that
progressively give rise to pattern formation.®*’ Thus, the self-renewal
and differentiation pathway of ESCs seems to be controlled by several
interactions interactively via cell-cell, cell-ECM, and cell-soluble factor
interactions.

3. Microengineering to Control ESC Microenvironment

Microengineering techniques are emerging biological tools that make it
possible to regulate the cell-microenvironment interactions, such as cell-
cell, cell-ECM, cell-soluble factor, and cell-mechanical stimuli.”! To
enable the control of ESC niche in a tempo-spatially regulated manner, a
number of microengineering approaches, such as microfluidics, surface
patterning, high-throughput microarrays, and 3D scaffolds have been
recently used (Fig. 6). In the following sections, we have reviewed
various microengineering tools for directing ESC fates.

3.1 Microfluidic platforms for controlling cell-soluble
factor interactions

Microfluidic devices are enabling tools for controlling cell-soluble factor
interactions, because they can control the spatial and temporal presenta-
tion of soluble factors to cells.””® In general, microfluidic devices
have been fabricated by photo- and soft lithography techniques. The soft
lithographic method utilizes elastomeric materials, such as poly(dimethyl-
siloxane) (PDMS), to fabricate microstructures. The low Reynold’s
number regions in microfluidic devices can be used to limit convective
mixing to form laminar flows in which multiple fluid streams can flow
side-by-side without mixing. In one application of such flow, cells were
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Microscale approaches to regulate cell microenvironment
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Fig. 6. Microengineering techniques (i.e. microfluidics, surface patterning, and high-
throughput microarray) to control cell-microenvironment interactions (i.e. cell-cell, cell-
ECM, and cell-soluble factor interactions).

locally stimulated by using multiple laminar flow streams to deliver
membrane-permeable molecules to cells.”* Similar microfluidic channels
can be useful for studying developmental biology and embryogenesis. For
example, nuclear dynamics and the bicoid gradients were studied by using
laminar flows of different temperature fluids in a microfluidic device.” In
this study, temperature gradients on different sides of the embryo enabled
a synchronized embryonic patterning.

Microfluidic cell culture systems have been used to control cell
docking’® and direct ESC fates.””” For example, a multiphenotype cell
array of microfluidic channels was fabricated by using soft lithographic
techniques.” In this approach, PDMS molds were reversibly sealed to a
microwell substrate. After sealing, cells and fluids could be selectively
delivered to the microwells through microfluidic channels. This platform
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Fig. 7. Reversible sealing of microfluidic channels onto microwell patterned substrates
to generate multiphenotype cellular arrays (Adapted from Khademhosseini et al.’®).

of sequentially aligned orthogonal microchannels is a potentially useful
approach for enabling high-throughput experimentation (Fig. 7). To
control EB size and shape, a microfluidic device consisting of two
microchannels separated by a semi-porous membrane was used.*® The
upper microchannels enabled cell capture to form cell aggregates and
medium was perfused through the lower microchannels. Using this
microfluidic device, homogeneous EBs, harvested from the microchannel,
differentiated into neurons. To culture murine ESCs within well-defined
microenvironments, the microfluidic device was also designed with loga-
rithmic ranges of flow rates.” In this application, a logarithmic flow
rate-derived concentration gradient was created to study the effect of the
medium flow rate for culturing murine ESCs.

The gene expression of human ESCs is a critical aspect for regulating
the differentiation.®’ Microfluidic systems that utilize fluids in a nanoliter
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scale provide an environment to monitor single cell gene expression. It
has been difficult to use existing methods for bulk gene expression by
using RNA from these heterogeneous samples. To focus on studying the
regulatory relationship of genes in the earliest phases of ESC differentia-
tion, a microfluidic system has been used to extract mRNA from single
cells for gene expression studies. It is expected that more efficient gene
expression processing of single cells can be performed in microfluidic
systems. Therefore, microfluidics that control cell-soluble factor interac-
tions and generate concentration gradients could be useful for directing
ESC fates and studying developmental biology within well-defined
microenvironments.

3.2 Surface micropatterning for controlling cell-cell contacts

ESC differentiation can be influenced by cell-cell contacts. Microscale
surface patterning techniques enable the control of cell-cell contacts
within geometrically defined surfaces.””’* A variety of microscale tech-
nologies including microtopography,®*" microfabricated stencil,
microcontact printing,”’ and layer-by-layer deposition®” have been used to
pattern ESCs on substrates. For example, hyaluronan modified with pho-
toreactive methacrylates was used to make microstructures as functional
components of microfabricated devices.** These hydrogel microwell
arrays generated low shear stress regions that enabled the stable docking
of ESCs. Similar microwell arrays were used to generate spatially and
temporally synchronised human EBs.*” The microwell arrays can be
directly utilized to screen and characterize ESCs, as well as homogeneous
EBs obtained from this microfabricated microwell can direct human
EB-mediated differentiation. Furthermore, Poly(ethylene glycol) (PEG)
hydrogel microwells have been used to generate homogeneous EBs
(Fig. 8).%* It was demonstrated that cells cultured within PEG hydrogel
microwell arrays remained highly viable, resulting in directed ESC
differentiation.

Cell-cell communication in cell aggregates plays a significant role in
controlling ESC proliferation and differentiation. A microfabricated
PDMS stencil can be used to regulate the initial size of ESC aggregates.®
Using this system, it was demonstrated that larger aggregates enhanced
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Fig. 8. Hydrogel microwell array systems fabricated by using micromolding techniques
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mesoderm and endoderm differentiation in comparison to small aggre-
gates that enhanced ectoderm differentiation. Also, microfabricated
parylene-C stencils can be fabricated to reversely seal on a hydrophobic
surface to enable surface patterning.®**° Using this inexpensive re-usable
stencil, microscale co-patterns of proteins and cells were generated on
various substrates. These microfabricated parylene-C stencils were used
to pattern co-cultures of ESCs with other developmentally relevant sys-
tems in both static and dynamic conditions by sequentially removing
several stencils that were placed on top of each other.

In addition to microfabricated stencils, microcontact printing has been
used to study the differentiation of micropatterned human ESCs.”" This
method was used to generate homogeneous EBs with controlled sizes.
The gene and protein expression analysis of micropatterned human ESCs
demonstrated that the endodermal and neuronal expression increased with
decreasing colony size. Moreover, higher mesoderm and cardiac induc-
tion was observed at larger EB sizes. This analysis demonstrated that
heterogeneity in human ESC colony and aggregate size generated subsets
of appropriate conditions for differentiation.

To study cell-cell interactions, patterned co-cultures have been
fabricated by using layer-by-layer deposition of ionic biopolymers.®* In
this approach, non-biofouling hyaluronan biopolymer was used for
micropatterning cells and proteins onto glass substrates. The adhesion of
a second cell type was accomplished by switching the cell repulsive
property of the hyaluronan surface by ionic adsorption of positively
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charged poly-L-lysine (PLL). After the PLL adsorption, the surface
turned from cell repulsive to cell adhesive. Using this approach, ESCs
and fibroblasts were co-cultured to study cell-cell contacts. These
microfabrication-based patterning techniques provide a potentially use-
ful approach to manipulate cell-cell interactions for regulating ESC
differentiation.

3.3 High-throughput microarray for screening microenvironments

High-throughput screening enables the analysis of toxic properties and
biological activities of large scale compound libraries in a fast and effi-
cient manner.”® In addition, the complex microenvironment associated
with directed stem cell differentiation can be potentially screened by using
high-throughput techniques.”® Synthesizing large numbers of biomaterials
and characterizing their interactions with stem cells are cumbersome
tasks. To address this limitation, Langer and his colleagues developed a
high-throughput microarray system to screen large numbers of biomateri-
als using a robotic spotter.”® To study human ESC proliferation and
differentiation, different combinations of 25 different monomers with a
radical initiator were deposited on substrates, resulting in 1,728 individ-
ual polymer microarray spots that were subsequently seeded with ESCs to
analyze their response. High-throughput system was also used to study the
effects of natural ECM combinations on ESC differentiation.” Only
1/1000 of protein used in conventional combinatorial mixtures was
required for this microarray system. High-throughput ECM microarray
was also used to explore the interactions of different combinations of
ECM molecules (i.e., collagen I, III, IV, FN, and laminin) on murine
ESCs. It was demonstrated that FN and collagen I stimulated the differ-
entiation of ESCs into the hepatic fate. Therefore, these micro-arrays
enable the precise control of cell-biomaterials and cell-matrix interactions
in a high-throughput and reproducible manner.

3.4 3D scaffolds for culturing stem cells

In vivo, ESCs are located within a 3D environment that provides the cells
with optimal oxygen levels and soluble nutrients. Thus, the merger of
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ESCs and 3D scaffolds can be beneficial in recreating this aspect of the
ESC environment. There are two main concerns in maintaining cell via-
bility and functions of scaffolds seeded with ESCs: immune reaction from
the body, as well as diffusion limitation of oxygen and nutrients.”® The
lack of vascularized structures within tissue scaffolds results in poor oxy-
gen and nutrition diffusivity. Microfabrication technologies can be used to
create tissues containing vascular networks. Vascularized tissue construc-
tion made by using the microfabricated scaffolds was pioneered by
Borenstein, Vacanti, and Langer.”” Replica molding made from silicon
wafers was used to create biocompatible polymer scaffolds with 1 um
high resolution. Dynamic seeding of endothelial cells on these scaffolds
was successfully performed without occlusion or contamination for
four weeks.”” Despite the potential of this microfabrication-based applica-
tion, no study so far has been performed to study ESC proliferation and
differentiation on these scaffolds. Therefore, in this chapter, we review the
conventional engineering of 3D scaffolds for ESC applications.
Biocompatible and biodegradable polymer scaffolds can be used to
control growth and differentiation of human ESCs.* Scaffolds provide
structural support and physical cues for cell orientation and spreading.
Along with chemical cues, the physical cues of scaffolds have impact on
the differentiation of ESCs. ESCs cultured within 3D scaffolds can be
differentiated into specific tissue lineages, such as bone” and brain.”” The
number of neural-like structures identified by neuronal marker (i.e.,
BIII-tubulin) has been shown to increase within 3D tissue constructs.”
Moreover, physical structures and chemical compositions of polymer
matrices enable the control of hematopoietic differentiation from
ESCs.'%!%! For example, the study on hematopoietic differentiation within
scaffolds found that smaller scaffold pores and higher polymer concentra-
tions, which resulted in a higher compression modulus of scaffolds,
significantly enhanced hematopoietic differentiation from ESCs.'"! High
cell seeding densities and co-cultures with stromal cells also enhanced
hematopoietic differentiation. Although further studies are required to
clarify the effects of physical and chemical parameters on stem cell fate
decisions, this area of research is promising for generating 3D tissue con-
structs. Therefore, engineered 3D scaffolds containing proper pore sizes
and microvascularized structures have the potential for addressing main
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challenges in creating 3D tissue constructs (i.e., the lack of sufficient vas-
cularization for the transport of oxygen and nutrients).

4. Conclusions

Although ESCs have been considered as a potent cell source for tissue
engineering, significant challenges still remain. Specifically, there is a
need to control the ESC microenvironment to direct differentiation.
Microfabrication techniques enable more control of cell-cell, cell-ECM,
and cell-soluble factor interactions by providing controllable microenvi-
ronments and enabling high-throughput screening. It is believed that
microengineering will lead to more precise understanding of cell biology,
and contribute to the therapeutic potential of stem cells in regenerative
medicine.
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